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Abstract

Phase transitions are ubiquitous in physical and biological systems, occurring when
a system undergoes a sudden change in its physical or functional properties as a result of
a small change in external conditions or internal interactions. In biology, phase transitions
play a critical role in various processes, from protein folding and assembly to membrane or-
ganization and cell division. In this thesis, I will explore the mechanisms and implications
of phase transitions in biological systems, focusing on the interplay between biochemistry,
biophysics, and evolution. The goal is to gain a deeper understanding of how phase tran-
sitions regulate biological function, and how these fundamental principles can be applied
to design new strategies for controlling biological processes. Herein, I will focus on the
members of a protein family, the ParB proteins which fulfil a variety of functions within
bacteria such as genome segregation and nucleoid occlusion. For several of these proteins, a
phase separating mechanism has been suggested to underlie the formation of higher order
structures observed in in vivo imaging experiments. Using the powerful approach of in
vitro reconstitution, I will study the potential liquid-liquid phase separation of the ParB
protein family.
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Kurzfassung

Phaseniibergiange sind in physikalischen und biologischen Systemen allgegenwértig.
Sie treten auf, wenn sich die physikalischen oder funktionellen Eigenschaften eines Systems
infolge einer kleinen Anderung der dufieren Bedingungen oder der internen Wechselwirkun-
gen plotzlich &ndern. In der Biologie spielen Phaseniibergange eine entscheidende Rolle bei
diversen Prozessen, von der Proteinfaltung und -assemblierung bis zur Membranorganisa-
tion und Zellteilung. In dieser Arbeit werde ich die Mechanismen und Auswirkungen von
Phaseniibergangen in biologischen Systemen untersuchen und uns dabei auf das Zusam-
menspiel von Biochemie, Biophysik und Evolution konzentrieren. Das Ziel ist es, ein tief-
eres Verstandnis dafiir zu erlangen, wie Phaseniibergange biologische Funktionen regulieren
und wie diese grundlegenden Prinzipien angewandt werden konnen, um neue Strategien zur
Steuerung biologischer Prozesse zu entwickeln. In dieser Arbeit konzentriere ich mich auf
die Mitglieder einer Proteinfamilie, die ParB-Proteine, die eine Vielzahl von Funktionen in
Bakterien erfiillen. Fiir mehrere dieser Proteine wurde ein Phasentrennungsmechanismus
vorgeschlagen, der der Bildung von Strukturen hoherer Ordnung zugrunde liegt, die in In-
vivo-Bildgebungsexperimenten beobachtet werden. Durch in wvitro Rekonstitution werde
ich die Flissig-Fliissigphasentrennung dieser Proteine untersuchen.
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Introduction

1.1 Phase transitions in biology

Phase transitions have been recognized as fundamental processes in early states
of biological research. In 1938, Oparin made use of the recently discovered coacervation
process -a first-order phase transition- to build his model of the origin of life [1]. By now,
phase transitions have been used to describe an immense variety of biological systems,
ranging from the reordering of lipid-bilayers [2, 3] to the synchronization of neural firing
[4], drastic changes in the environment [5], the flocking of bird or ant swarms [6, 7] and the
formation of subcellular structures [8, 9, 10]. While the individual biological phenomena
described by phase transition theories are highly diverse and complex, the underlying
physics are relatively simple.

Phase transitions in biology are often first order reactions which are characterized
through a discontinuous parameter change under certain environmental conditions. More
precisely, a phase transition is a physical, chemical or biological change that occurs when
a entity transitions from one phase or state of matter to another. Phase transitions are
characterized by changes in the macroscopic properties of the system, such as density,
fluidity, or volume, while the molecular structure typically remains unchanged. Examples
of such parameter changes leading to phase transitions can be the melting of ice upon a
temperature increase, the emergence of superconductivity as temperature is lowered [11]
or a sudden difference of density in a flock of birds upon changing the flying velocity [12].
While these are rather macroscopic changes, phase transitions have also been discovered
in cell biology, and were demonstrated to play a fundamental role in cellular organization.
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Figure 1.1: Phase transitions are ubiquitous in biologically relevant systems. A)
shows a so-called Viscek phase transition of self-propelled particles. Upon a change of velocity,
the particles flock together in denser structures. Reprinted from [12] with permission. B) shows
the co-existing of two phases of water, solid and liquid. Image reprinted with permission from
'upsplash.com’. C) A flock of birds escaping from a predator can also be described as a phase
transition. Image taken from Wikipedia under CC4 license. D) Schematic of a phase diagram
showing the different transitions from a liquid to a solid or vapor state.



1.1 Phase transitions in biology

1.1.1 Lipid phase separation

The most prominent example of a molecular phase transition phenomena used to
explain fundamental cell biology is likely the re-ordering of lipid bilayers into distinct lipid
rafts, altering in lipid and protein composition and other biophysical parameters. Already
in 1972, Singer and Nicholson formulated the fluid mosaic model to describe the cellular
plasma membrane [13]. This model pictures the cell membrane as a two-dimensional
fluid, mainly composed of lipids with proteins embedded into the bilayer. Additionally,
diffusion within the membrane can be restricted by protein-protein, protein-lipid and lipid-
lipid interactions. Building on this model, further investigations of the composition of the
cellular membrane led to the identification of different rafts, variable in size and composition
(14,15, 16, 17, 3]. These rafts are often enriched in sphingolipids and cholesterol and exhibit
altered diffusional dynamics [18].

Lipid Raft

Figure 1.2: A schematic representation of a lipid bilayer phase separation as an
example of a biological phase transition. The different components of a lipid-bilayer can
demix into distinct phases. The lipid composition and protein within the rafts can differ from
the surrounding membrane and therefore allow different biochemical reactions to happen.

Subsequently, the mechanism of lipid raft formation was uncovered. It is now widely
accepted that lipid bilayers, depending on their composition, can undergo a liquid-liquid
phase separation forming different membrane domains. Through the demixing into a liquid
disordered (Lp) and a liquid ordered (L) phase, the membrane is thought to minimize its
free energy [19]. The different membrane components preferentially partition into different
phases. For example, cholesterol is enriched in the Lo-phase, whereas many proteins are
up-concentrated in Lp-phases [20]. Intriguingly, these findings were soon linked to actual
biochemical events such as signal transduction [21, 22, 23|, vesicle trafficking [24, 25], cell
adhesion and motility [26] , and entry of pathogenic viruses and bacteria [27, 28]. An
interesting example of lipid raft driven biochemical process is the endocytosis of the SV40
virus, which has been demonstrated to utilize Lp-phase lipid domains to enter its host cells
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[29]. Also, the clustering of signaling complexes such as the epidermal growth factor EGF
has been suggested to happen via membrane phase separation [30, 20].

Taken together, lipid rafts differ in lipid and protein composition and have been
linked to a variety of biological processes such as cell signaling or viral entry. While explicit
evidence of these lipid rafts in vivo is still debated, the discovery of lipid domain formation
has brought phase separation to the spotlight. But how does a molecular phase separation
occur? Intriguingly, the underlying concepts applicable to lipid phase separation have been
shown to also apply to other biomolecules such as proteins or nucleic acids.
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1.2 Molecular mechanisms and theory of liquid-liquid

phase separation

Liquid-liquid phase separation (LLPS) is a phenomenon that occurs when certain
biomolecules, such as proteins, lipids or nucleic acids demix from the bulk solution to
form two distinct phases upon reaching a specific concentration, the saturation concentra-
tion. The two formed phases differ in composition, viscosity and many other biophysically
relevant parameters [8], but the liquid-like nature of the condensates allows for constant ex-
change of molecules with the environment. Usually, this process is enthalpically favorable
as the interactions of the biomolecules make up for the loss of entropy upon the demixing.
The phase boundary is used to describe the concentration necessary for phase separation,
and can differ depending on the cellular environment, post-translational modifications of
the phase separating protein or the temperature [31, 32]. Interestingly, the underlying
theory often used to describe LLPS has been formulated by Flory and Huggins to explain
the behavior of polymer blends [33, 34]. While it likely does not account for the complex-
ity of all biomolecular condensates, it has successfully been applied to a variety of phase
separating proteins [31, 35].

Some protein condensates do not behave like simple polymer blends [36, 37|, but
often change their property over time or upon protein mutations [38]. Such aberrant phase
transitions have been linked to a variety of neurodegenerative diseases like Huntington
or ALS, and often the material properties of the formed liquid-like condensate has been
identified as a potential source of these diseases [39]. Especially aging of condensates,
so the transformation of a liquid-like state to a hardened gel-like state, has been the
focus for novel drug targeting strategies [40, 41]. Often caused by protein mutations,
the biomolecular condensate dynamics drastically change and toxic aggregation is taking
place in the protein-dense environment. Complementing the in vitro work on these disease
causing processes, novel theory has been developed to accommodate the highly complex
phenomena observed [36].

As we gain more understanding of the underlying interactions that drive biomolec-
ular condensation, the theoretical framework to describe the formation and regulation of
these liquid-like structures is advancing. The molecular grammar of many phase separating
proteins has been identified as multivalent, but rather weak interactions evenly distributed
over the protein sequence [31, 42, 43, 44]|. These findings were summarized in the widely
accepted sticker-and-spacer model of phase separation [45]. Herein, the sum of multivalent
interactions and their spacing across the protein sequence dictates the phase boundary
and the material properties of the formed phases [46]. The sticker-and-spacer model has
initially been demonstrated for the polymer-like structure of many eukaryotic phase sep-
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arating proteins. These proteins have been shown to be highly enriched in unstructured
regions, so called intrinsically disordered domains. While these unstructured protein do-
mains are not abundant in prokaryotes [47], the model can also be applied to multivalent
interactions of folded proteins.

While LLPS has been the most prominent mechanism of biomolecular condensate
formation, other underlying processes have been identified. Namely, bridging-induced
phase separation (BIPS) has been suggested to drive the collapse of chromatin into a glob-
ular liquid-like phase almost indistinguishable from droplets formed by LLPS. Yet, BIPS
is not mediated by multivalent protein-protein interactions, but rather by the bridging of
a long polymer (such as DNA) through proteins [48, 49]. Taken together, the advances in
understanding the underlying grammar of protein and nucleic acid phase separation allow
a more rigorous theoretical description, also of disease relevant aberrant phase separations.

However, many biological systems are not sufficiently described by equilibrium pro-
cesses. Biomolecular condensates, similar to many other macromolecular cellular struc-
tures, are most likely maintained in an ’out of equilibrium’-state to allow for more precise
control over their composition, size and localization.
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Figure 1.3: Theory and molecular grammar of liquid-liquid phase separation. A)
shows a schematic phase diagram. Upon reaching the saturation concentration of the phase sep-
arating molecule, the solution demixes into two distinct phases differing in composition, viscosity
and other parameters. B) illustrates aberrant phase separation processes such as gelling or ag-
gregation. Such processes have been linked to various neurodegenerative diseases. C) shows the
sticker-and-spacer framework describing the interactions driving liquid-liquid phase separation of
forms of proteins. Images reprinted with permission from [45]. 7
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1.3 Out-of-equilibrium phase separation

Life happens away from equilibrium. As highly organized and complex organisms
all current life forms present, they cannot afford to give in to entropy. Therefore, all living
systems have developed metabolism to ensure a constant supply of energy, keeping their
interior organized and functional. Some of the most exciting molecular machines, such as
the ATP-Synthase, have evolved to use out-of-equilibrium conditions to generate energy
[50]. This energy is then used to maintain functional structures such as the cytoskeleton,
reaction networks or protein gradients. While many known biological systems operate
out-of-equilibrium, biomolecular condensates have mostly been studied under equilibrium
conditions. However, an intriguing body of theoretical work has shown that condensate
properties can differ between equilibrium and out-of-equilibrium conditions.

As biomolecular condensates have been suggested to serve as reaction hubs orches-
trating a variety of biochemical processes, theoretical work has started to unravel the novel
properties that such active droplets can exhibit. After nucleation, in-equilibrium conden-
sates will undergo a process called Ostwald ripening [51]. Herein, smaller condensates lose
material to larger ones, as the surface tension is higher for smaller droplets and therefore
pushes molecules to partition into the larger condensates. This leads to a single, large
droplet after enough time for condensate ripening and equilibration. However, in out-
of-equilibrium condensates, Ostwald ripening can be suppressed and therefore allows the
cell to simultaneously maintain multiple functional condensates within its cytoplasm. This
process would not be possible without energy dissipation and likely plays an important role
in condensate regulation [52]. Also, shape instabilities of biochemically active condensates
have been predicted, dividing individual condensates into two daughter droplets [53]. This
process has been suggested to allow for early life-like properties of active condensates, but
still awaits experimental verification.

The rate of chemical reactions happening within a biomolecular condensate can
control other parameters, such as condensate size. Depending on the turnover of phase
separating material through chemical reactions, the overall volume and number of droplets
is scaling with the reaction rate. These mechanisms allow for precise structuring of the
cytoplasm with differently sized biomolecular condensates [54, 55].

Similarly, the formation of condensates can be highly dependent on protein gra-
dients. For C. elegans P-granules, the first membraneless organelles to be described as
liquid-like condensate, dissolution of P-granules is mediated by a gradient forming protein
(Mex-5). Mex-5 can compete for the RNA-binding of important P-granule constituents
in vitro and in vivo and therefore dissolve the formed condensates. As Mex-5 is non-
homogeneously distributed within the cytoplasm, P-granules only form in the regions of
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low Mex-5 abundance [9, 56, 57]. Therefore, the P-granule is an intriguing example of a
protein gradient translating to an out-of-equilibrium positioning of biomolecular conden-
sates.
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Figure 1.4: Out-of-equilibrium liquid-liquid phase separation exhibits novel proper-
ties. A) Equilibrium condensates undergo Ostwald ripening, so larger droplets acquire material
from smaller droplets due to an increased Laplace pressure. In out-of-equilibrium conditions,
condensates can maintain their initial size by energy dissipation [52]. B) schematically shows
suggested shape instabilities of condensates induced by energy dissipation [53]. C) demonstrates
how a protein gradient can translate to out-of-equilibrium positioning of C. elegans P-Granules.
Image reprinted with permission from [9]. D) schematically shows how material turnover by en-
ergy dissipation can regulate condensate size as demonstrated in [55].

Surprisingly, it is still largely unexplored how the partitioning of active biochemical
processes into condensates influences enzymatic reactivity and signaling cascades. Initial
studies have demonstrated a concentration-dependent or independent enhancement of re-
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action rates through substrate and enzyme sequestration [58]. However, these examples
were rather artificial condensate systems and in vivo evidence is still scarce.

Taken together, active processes have a tremendous potential to shape biomolecular
condensates. While many theoretical studies have explored the implications of energy
dissipation for condensates, less experimental evidence is available [59]. However, the
known examples of active condensates have demonstrated that out-of-equilibrium phase
separation is likely to play a key role in condensate regulation and utilization.

10
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1.4 Liquid-liquid phase separation on surfaces

As we learn more about phase separation and biomolecular condensates, we come
to the conclusion that these cellular substructures do not exist isolated from other cellular
features such as lipid bilayers or DNA strands [60]. More precisely, many of the charac-
terized biomolecular condensates are known to interact with a variety of macromolecular
structures. Interestingly, the interaction of a condensate with a surface offers an extended
theoretical framework known as wetting [61, 62]. While the process of wetting has long
been known and extensively studied in material or physical sciences, it is a relatively un-
explored area of cell biology. Different phenotypes of surface wetting condensates have
been observed in vivo and in vitro. These range from a thick film on a DNA-strand, con-
densates on cytoskeletal fibers to clear three-dimensional structures on membrane vesicles

(63, 64, 65].

Theoretically, the preferential interaction with a surface allows proteins to form films
or condensates at lower concentrations than in bulk. As saturation concentrations for in
vitro phase separation of some proteins are significantly higher than their in vivo concen-
tration, this process has been suggested to enable the phase separation of many DNA- and
membrane-binding proteins in vivo [63]. Also, the specific interaction with DNA or mem-
branes, mediated e.g. by sequence-specific DNA binding or preferential interaction with
lipid raft components, have been demonstrated to enable precise positioning of nucleation
points for the formation of biomolecular condensates [66]. Wetting therefore permits fine
spatial control over the otherwise stochastic process of condensate nucleation.

l

WWWW U HMNWWWWWW LU ULl

Binding Undersaturated Partial Wetting Full Wetting

Increased Protein Concentration

Figure 1.5: Wetting transition of a biomolecular condensate on a lipid bilayer. Mem-
brane binding of phase separating proteins allows them to transition from bulk to a pre-wetting
and wetting state as explored in [61]. Different morphologies of wetting can be achieved through
differences in protein concentrations.

11
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Interestingly, phase separated organelles are not only nucleated on the surface but
can also exhibit forces on said surface. Protein condensates have been shown to exert
forces on single or double stranded DNA strands, collapsing them into a spherical shape
(63, 67]. This collapse is mediated by interactions of proteins on the DNA strand and
can be seen as a first order phase separation. This process is highly reversible and force
dependent, allowing for precise regulation of the formation of a DNA-protein condensate.
Such compaction of DNA upon protein phase separation could also play a role in chromatin
organization [48].

Similarly, biomolecular condensates have been shown to transform lipid membranes
upon phase separation. Prominent examples of such membrane-interacting biomolecular
condensates are found at the so-called post-synaptic densities, in cellular signaling sys-
tems or tight junctions connecting different cells [68, 69, 70]. Early work using simple
aqueous-two phase systems constituted of artificial polymers (ATPS) has demonstrated
that membranes can be strongly deformed by phase separating systems [71, 72, 73, 74].
These studies have identified a variety of wetting-mediated phenomena on model mem-
brane systems including membrane tubulation, deformations and even complete budding
induced by bulk phase separation. More recent work has shown that phase separating
proteins rather than artificial polymers can cause similar deformations or membrane tubu-
lations in vitro and in vivo [75, 64, 76, 77].

It is therefore obvious, that surface condensation offers a great variety of novel
biological mechanisms to spatially control condensate nucleation, but also exert forces
on other macroscopic cellular features. An intriguing example is the possibility of exo-
or endocytosis of condensates driven by membrane interactions. The plausibility of this
process was demonstrated by the endocytosis of membrane binding and phase separating
molecules but could also be applicable to clathrin mediated endocytosis [80, 79].

While the field of surface-mediated phase separation of biomolecules is still in its
infancy, it is certain that interesting biological and biophysical questions may be answered
with further model systems. We have now explored how biomolecular condensates can
be controlled and maintained, but what biochemical functions do these cellular structures
actually fulfill?

12
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Figure 1.6: Biomolecular condensates wet and deform lipid membranes. A) shows the
differential wetting of a biomolecular condensate on a lipid bilayer (GUV) in dependence on the
environmental salt concentration in vitro. Image taken with permission from [78]. B) shows in
vivo condensates wetting the vacuolar membrane and deforming said vesicles. Image taken from
[77] and reprinted with permission. C) shows the wetting-mediated endocytosis of biomolecular
condensates into GUVs. The image was taken with permission from [79].
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1. Introduction

1.5 Biological examples of phase separating structures
and functions

More than a decade after the discovery of liquid-liquid phase separation as the un-
derlying principle of C. elegans P-granule formation, an impressive variety of biomolecular
condensates have been identified across the tree of life. The discovery of these phase sep-
arated cellular compartments was accompanied by assigning biological functions to the
novel condensates. These range from transcription, mRNA, buffering of cellular noise and
protein storage to the nucleation of microtubule formation [81, 8, 82, 83]. While many of
these claims are still awaiting their in vivo verification, there are some intriguing examples
of complex biomolecular condensates fulfilling biochemical functions.

1.5.1 The Nucleolus

The Nucleolus is probably the most prominent membraneless organelle, likely due to
its clear visibility and interesting function. As it is detectable by rather simple brightfield
microscopy, it was first described as early as 1830. However, it took another 130 years to
assign a potential function to this obvious nuclear compartment and the mechanism of its
assembly was not resolved until very recently [84, 85].

The nucleolus is now widely accepted as the ribosome biogenesis site within the
cell nucleus. It forms around repetitive rDNA sequences and builds multiple layers to
accommodate the complex ribosome assembly. In particular, the nucleolus consists of three
distinguishable, non-membrane bound layers. The most inner layer is the so-called fibrillar
center, following the dense fibrillar component and the granular component. All three
layers are thought to have different biological functionalities and differ in composition.
The fibrillar center is responsible for rRNA transcription, which is then shuttled to the
dense fibrillar component for processing. Finally, ribosome biogenesis is taking place in
the granular component [85, 86].

While this hierarchical layering is highly relevant to the function of the nucleolus,
it was not understood how such complex topography is achieved. Initial experiments on
the dynamics of the nucleolus suggest a viscous but liquid-like behavior, with components
constantly exchanging with the environment [88]. These findings lead to the hypothesis
that the nucleolus is a multilayered biomolecular condensate [89].

Upon in vitro reconstitution, it was found that each of the main components of
the three phases can undergo liquid-liquid phase separation. Intriguingly, the biophysi-
cal properties differed between the distinct protein droplets, suggesting potential separate
environments for their specialized tasks within the nucleolus. Upon full in wvitro recon-

14
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Figure 1.7: The Nucleolus as a biomolecular condensate. In wvitro reconstitution of
the nucleolus components unraveled a multilayered structure of liquid-like condensates. The
multilayering is regulated by differences in the surface tension of the individual condensates and
intriguingly recapitulates the in vivo structure of the nucleolus. Each layer is thought to fulfil a
different biological function. Images reprinted with permission from [85, 87].

stitution, the three proteins formed liquid-like droplets which showed immiscibility, but
perfectly reconstituted the in vivo layering of the nucleolus. Interestingly, the immiscibil-
ity of the three distinct protein phases is governed by the different biophysical properties
of the formed dense phase, such as viscosity and surface tension [85].

These findings demonstrate the unique capability of phase separating systems to
build highly complex and functional structures through fine tuning of biophysical param-
eters. Moreover, in vitro reconstitution is a suitable method to unravel these complex
mechanisms.

15
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1.5.2 The Nuclear Pore Complex

Nuclear pores are large protein complexes that act as gatekeepers for the transport
of molecules in and out of the cell nucleus [90]. They play a crucial role in regulating
the exchange of genetic information, macromolecules, and signaling pathways between the
nucleus and cytoplasm [91]. Nuclear pore complexes are composed of tens of different
proteins, arranged in a precise but dynamic manner, forming a selective filter that controls
the traffic of molecules based on their size, shape, and charge.

In this way, nuclear pores play a key role in maintaining the integrity of the genome,
as well as in modulating the expression of genes and the response of cells to their environ-
ment. Understanding the structure and function of nuclear pores is essential for uncovering
the fundamental mechanisms of cell biology. While the composition of these highly complex
structures is largely known, the mechanism of selective transport was, until recently, not
well understood. Nuclear pores contain a permeability barrier which prevents uncontrolled
transfer of larger molecules and only allows passage of cargo-nuclear transport receptor
complexes larger than 30-40 kD. This permeability barrier is composed of multiple nucle-
oporins, which form the scaffold and contain phenylalanine-glycine (FG)-repeat domains
that allow nuclear target receptors to cross the permeability barrier efficiently [90]. The
binding of nuclear target receptors to the hydrophobic clusters in FG-repeats is essential
for facilitated nuclear pore complex passage [92].

Selective Partitioning
by FG-Repeat Phase Separation

Figure 1.8: The Nuclear Pore Complex exhibits properties of a biomolecular conden-
sate. Through the phase separation of so-called FG-repeat domains, core functionalities of the
nuclear pore complex such as selective transport of molecules were in vitro reconstituted [93, 94].

It is therefore clear that the FG-repeats are fundamental to the functioning of the
nuclear pore complex. However, the mechanism of assembly and regulation of molecular
diffusion through these structures has not yet been explored. Upon in wvitro purification of
the FG repeats of several nucleoporins, a phase transition (gelling) process was observed

16



1.6 Phase separation from an evolutionary viewpoint

[93, 94]. This gelling takes place under physiological conditions and is reversible, suggesting
non-covalent interactions as building blocks of the structure. Intriguingly, the formed gel
was able to recapitulate the selective permeability of nuclear pore complexes [94]. Upon
exposure of the gel phase with differently sized molecules, it was found that small molecules
were able to penetrate the gel. However, large molecules were excluded from the gel
unless a specific transportation signal, such as importin beta was bound to the large cargo.
Therefore, the phase separation from FG-repeats of nucleoporins can explain key properties
of the nuclear import mechanism. Depending on the saturation of the interactions within
the formed gel, a highly selective phase is formed, allowing for tight control over nuclear
import.

These two examples, out of many possible, clearly demonstrate the molecular di-
versity of phase separation processes. Also, for both presented biomolecular condensates,
the material properties of the formed phases are inherently intertwined with the biological
function fulfilled by these cellular substructures.

1.6 Phase separation from an evolutionary viewpoint

Proteins have evolved over time to perform a wide variety of functions in the cell,
such as catalyzing metabolic reactions, replicating DNA, responding to stimuli, or trans-
porting molecules across the plasma membrane. As these processes are fundamental to
an organisms’ survival, they are strongly shaped by evolutionary pressure. Malfunctioning
proteins lead to less efficient reproduction of an individual and will therefore be driven out
of the genetic pool of a species and ecosystem. Clearly, this evolutionary pressure does not
only act on a single protein level, but also shapes macromolecular structures which fulfil
cellular tasks.

A variety of macroscopic cellular features have evolved to maintain the structural
and functional properties of cells. Examples include the organization of proteins and
other biomolecules into subcellular compartments, such as the nucleus, or the formation of
cytoskeletal structures, such as microtubules and microfilaments, that provide mechanical
support and shape to the cell or orchestrate the biochemistry of the cytosol.

An intriguing example of evolutionary forces on a macroscopic cellular structure is
the adaption of the bacterial flagellum to different environmental constraints. The more
viscous the surrounding media of a bacterial genus, the higher the torque the flagellum
must create to allow movement. On a molecular level, this can be observed as a larger
diameter of the flagellum and therefore a direct change of a macroscopic protein structure
through evolutionary pressure [95].

While biomolecular condensate assembly and regulation has been of great interest in
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the last decade, only few studies focus on evolutionary conservation of phase behavior and
properties [96, 97, 98, 99, 100, 101]. As claims for the fundamental nature of biomolecular
condensates are surging, this is rather surprising. If condensates really fulfil many of the
functions attributed to them, one expects high conservation of properties and functionali-
ties across species. Intriguingly, recent work has started to shed light on the evolutionary
conservation of phase separation and their subtle changes driven by evolutionary pressure,
also providing more rigid proof of the functional relevance of these cellular substructures.

An interesting example is the heat stress response of the fungal Dedlp protein:
Upon a change of the environmental temperature, this protein undergoes a phase separa-
tion which has been suggested to adapt important translational processes to the change of
growth conditions. Obviously, this temperature-driven process is highly dependent on the
natural environmental conditions of any given organism. Therefore, the phase transition
temperature of Ded1p should correlate with the natural optimal growth temperature of the
organism. Indeed, this correlation was found and could be attributed to selection towards
higher or lower tryptophan content in the phase separating proteins, finely adjusting the
transition temperature of the protein. This study therefore shows that biophysical param-
eters such as the transition temperature of a phase separating protein can be subject to
evolutionary pressure and selection on an amino acid level [98].

Similarly, another study identified a protein family, the so-called DEAD-box he-
licases as global regulators of biomolecular condensates in eukaryotes and prokaryotes.
These proteins are thought to orchestrate the formation of a variety of liquid-like conden-
sates within cells through their unstructured tails. Importantly, many of the members of
this protein family have recently been shown to phase separate [96].

However, an evolutionary view on the underlying biophysics and regulation thereof
has been missing. Hondele et al. first compared the sequence features allowing LLPS of
DEAD-box helicases and found that only the protein family members with intrinsically
disordered regions formed droplets in vitro and in vivo. Remarkably, the sequence con-
servation of these intrinsically disordered regions within the family is low, showing that
standard bioinformatic tools to study protein evolution such as multiple sequence align-
ments would perform poorly on these features. Following, the authors linked the regulation
of forming condensates to the ATPase and RNA binding activity of these proteins, showing
a loss of dynamics or dissolution condensates upon mutating the enzymatic activity [96].

This exceptional work demonstrates that not only the propensity of a protein family
to form liquid-like condensates can be conserved, but also that regulative mechanisms are
subject to evolutionary pressure and selection. Also, our usual bioinformatic tools to study
the similarities of proteins should be taken with caution when applied to proteins containing
intrinsically disordered domains.
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1.7 Liquid-liquid phase separation in bacteria

While liquid-like compartments have attracted significant interest in eukaryotic or-
ganisms, fewer examples of membraneless organelles are known in prokaryotes. This is
likely linked to the limiting dimensions of most bacteria, making in vivo observations of
membraneless organelles rather challenging. Traditionally, bacteria and other prokaryotes
were long described as ‘bags of enzymes’, lacking the complex internal organization of many
eukaryotes.

However, it has become apparent that the bacterial cytoplasm is highly organized in
space and time [102]. An intriguing variety of cellular organelles has been found in bacteria:
These include lipid bilayer encapsulated cellular substructures such as Magnetosomes or the
protein-shelled microcompartments like the bacterial carboxysomes [103, 104]. With the
emergence of biomolecular condensates in eukaryotes, researchers begin to look for similar
structures in prokaryotes [105]. Excitingly, recent studies have identified several liquid-
like compartments in a variety of bacteria, such as cyanobacteria [106], C. cresentus [107]
or E. coli [108, 109]. In similarity to eukaryotes, the membraneless organelles identified
in bacteria are thought to fulfill a surprising variety of cellular tasks, such as regulation
of transcription [108], compartmentalization of carbon dioxide fixation [106] or partition
complex formation [109]. Most of these studies used a combination of in vitro reconstitution
and in vivo single molecule tracking or super resolution microscopy to link the observed in
vitro phase separation to biological functions.

These examples of biomolecular condensates prove that prokaryotes, just like eu-
karyotes, utilize phase separation processes to structure their cytoplasm and regulate bio-
chemical reactions in time and space.

1.8 The ParB protein family

The ParB protein family is a group of bacterial proteins that play a crucial role
in chromosome segregation and nucleoid occlusion during cell division. While the precise
mechanistic details of chromosome segregation differ between species, the overall structure
of these ParB proteins is highly similar. They have a charged N-terminal region, allowing
them to interact with ParB’s binding partner ParA. Also, all ParB protein family members
have a Helix-turn-Helix DNA-binding motif, which allows binding to the chromosomal
DNA. Lastly, the C-terminus of ParB proteins is responsible for homodimer formation.
While much of this structure is conserved for the Noc subfamily, slight adaptations to the
differing biological function are obvious. Instead of the charged N-terminal region for ParA
interaction, Noc has a membrane binding helix allowing it to recruit the nucleoid to the
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plasma membrane. The helix-turn-helix and dimerization domains however are conserved.
It was even demonstrated that the sequence specific DNA-binding of Noc and ParB can
be switched by a handful of amino acid substitutions [110]. It is therefore clear that the
ParB protein family fulfills different biological functions, but remains structurally similar.

1.8.1 The ParABS-System and ParB

The tripartite ParABS system consists of two proteins, ParA and ParB, and a
DNA-sequence, parS. First discovered in E. coli as the responsible protein machinery for
plasmid partitioning, it is now known to occur in many different bacterial species [110].
Also, the ParABS system is not only capable of low-copy plasmid segregation but has been
shown to segregate whole bacterial chromosomes in different species [111]. While the exact
mechanism of action is not yet clear, several hypotheses have been suggested. ParA is a
Walker-type ATPase and a non-specific DNA binding protein. Upon ATP binding, ParA
dimerizes which increases the affinity to DNA, therefore relocating ParA to the bacterial
nucleoid. ParB stimulates the ParA-ATPase activity, which leads to ParA monomerization
and detachment from the DNA. As ParB forms higher order structures on parS sites, these
clusters cooperatively detach ParA from the nucleoid. This dissociating and rebinding of
ParA generates a gradient which moves the ParBS complex towards the cell poles, therefore
segregating the chromosome or plasmids [112, 113, 114].
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Figure 1.9: The ParABS system is responsible for genome and plasmid segregation.
The partition complex as central element of the ParABS system displaces ParA from the nucleoid,
therefore forming a gradient along which it moves to the cell poles. Figure partially adapted from
[115].

However, several questions regarding the ParABS system remain open. Most im-
portantly, the formation of the higher order complex by ParB on the parS sites is not yet
understood. With the emergence of phase separated condensates in bacterial cell biology,
it was hypothesized that this so-called partition complex is a liquid-like structure [116].
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Through a combination of in vivo and in silico experiments, an initial model for partition
complex based on the combination of DNA binding and ParB-ParB interactions revealed
the potential of condensate formation [117, 116]. Further in wvivo analysis through super
resolution microscopy and single particle tracking revealed a round shape, fusion and fis-
sion events of the E. coli partition complex [109]. This further supported the hypothesis
of a liquid-like nature of the partition complex. An in vitro reconstitution of the partition
complex therefore represents the missing link for a coherent picture of its assembly and
regulation.

Moreover, it was recently established that ParB is an enzyme, concretely a CTPase
(118, 119, 120, 121]. This CTPase activity has been linked to the ability of ParB to
bind to parS sites and spread from there to the surrounding, non-specific DNA. Linking
the CTPase activity of ParB to the formation of higher order structures could explain
partition complex regulation. In vivo studies have linked the CTPase activity to the size
of the partition complex [119]. While it is not yet clear if a phase separation process is
needed to explain the three-dimensional structure of the partition complex, it is certainly
an intriguing possibility and a worthy motivation for further studies.
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1.8.2 Nucleoid Occlusion and Noc

Nucleoid occlusion is a regulative process for positioning the bacterial divisome
in midcell and avoiding the guillotining of the nucleoid by the constricting cell division
machinery [122, 123, 124]. It was first identified in E. coli but the molecular factors
involved remained mysterious. A decade after the initial discovery, SImA was identified as
the protein responsible for nucleoid occlusion in E. coli and shortly after, Noc was found
in B. subtilis [122, 123]. While the phenotypes of Noc and SImA knock-outs are relatively
similar, the molecular mechanisms seem to differ between the two species. SImA has been
shown to enhance the disassembly of the filamentous protein FtsZ which is thought to
drive divisome constriction, therefore making an assembly close to SImA unstable [125].
As SImA binds the nucleoid at specific sites, the divisome is less likely to assemble above
the nucleoid. Together with other divisome positioning mechanisms, such as the MinCDE
system, this prevents aberrant division sites and ensures faithful chromosome segregation.
Interestingly, it was recently demonstrated that SImA can form liquid-like condensates
upon interaction with FtsZ monomers [126]. Once FtsZ starts polymerizing, the SlmA-
FtsZ droplets dissolve due to a lack of FtsZ monomers, but reversibly reform when GTP is
depleted. It is, however, not yet clear if this regulative process of buffering FtsZ monomers
plays an in vivo role.

Negative regulation of Z-ring assembly ¢
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” FtsZ

Figure 1.10: Noc regulates the Z-Ring assembly above the nucleoid in B. subtilis.
Most likely through corralling FtsZ protofilaments, Noc foci restrict Z-Ring assembly to nucleoid-
free space. This prevents the guillotining of the bacterial chromosome through the constricting
Z-ring.

The B. subtilis nucleoid occlusion protein Noc however has not been shown to desta-
bilize these filaments through direct interactions. More likely, Noc forms large complexes
on the nucleoid which corral the FtsZ protofilaments diffusion towards midcell [127]. These
foci have been studied in vivo and were found to be highly responsive to environmental
changes [124]. Dynamic disassembly of Noc foci upon depletion of the membrane potential
was observed. Also, Noc is known to recruit the nucleoid to the membrane and was hy-
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pothesized to sterically hinder FtsZ ring formation in proximity to the membrane bound
nucleoid. Like other ParB protein family members, Noc has recently been identified as a
CTPase. However, CTP binding and hydrolysis is thought to regulate Noc’s membrane
binding and spreading, rather than its affinity to DNA. Mutants lacking the CTP-binding
and hydrolysis ability show no or impaired foci formation on the membrane, indicating a
regulative role of CTP-binding in nucleoid occlusion complex formation.

While the exact mechanism of action of Noc nucleoid occlusion is not yet unraveled,
it is obvious that the formation of large foci on the membrane is fundamental for the process
of FtsZ ring regulation. Also, the F. coli counterpart of Noc, SImA, has been shown to
undergo a liquid-liquid phase separation capable of regulating FtsZ-ring assembly in vitro.
A potential liquid-liquid phase separation by Noc is therefore a plausible hypothesis and
an exciting endeavor for in wvitro reconstitution efforts.

1.9 Main methods

1.9.1 Phase diagrams and turbidity measurements

Phase diagrams are fundamental to all research on phase transitions, may it be the
classic liquid-solid transition of water, or the formation of an Einstein-Bose condensate.
These basic processes are best characterized by phase diagrams [38]. In this thesis, I use
a simple but robust protocol to measure the protein concentration of the dilute phase in
a variety of conditions. The protocol allows to introduce changes in environmental condi-
tions, such as ionic strength or pH, but also accommodates the addition of small molecules.
Similarly, measuring the overall amount of phase separated material is a simple, but con-
clusive way to back phase diagrams up with a different protocol. I used a simple turbidity
measurement as a proxy for the overall amount of phase separated material. Through the
formation of phase separated droplets, the sample turns turbid and scatters light. An in-
crease in phase separated material increases light scattering, allowing a rough estimate of
the effect of environmental conditions or small molecules on the phase separation process.

1.9.2 Fluorescence microscopy

Fluorescence microscopy is a powerful imaging technique used in cell biology and
other related fields to visualize cellular structures and processes. It works by using a com-
bination of fluorescent dyes and specialized light sources to produce highly detailed images
of cells and their components. The fluorescence dyes emit light of specific wavelengths
when excited by the light source, allowing for selective labeling and visualization of cel-
lular structures. This technique has revolutionized our understanding of cellular biology,
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enabling researchers to study the dynamic interactions of various cellular components and
observe cellular processes in real-time. In this thesis, I used fluorescence microscopy to
visualize biomolecular condensates and quantitatively measure partitioning of molecules
into protein droplets.

1.9.3 Model membrane systems

To reconstitute the liquid-liquid phase separation of the membrane binding protein
Noc, I used two different in vitro model membrane systems. While supported lipid bilayers
allow quantitative imaging of binding and phase separation processes, giant unilamellar
vesicles represent more physiological membrane properties, such as deformability and faster
diffusion of the lipid molecules.

Supported lipid bilayers (SLBs) are thin bilayers of lipid molecules that are sup-
ported by a solid substrate, such as a glass or silicon surface. They are useful because
they mimic the physical and chemical properties of biological membranes, allowing for the
study of biological processes in a controlled and well-defined environment. Supported lipid
bilayers can be used to study a variety of cellular processes, including membrane transport,
protein-lipid interactions, and signal transduction. Additionally, they can be used to de-
velop biosensors and other biotechnological applications. The controlled and well-defined
environment provided by supported lipid bilayers allows for the precise manipulation and
study of biological processes, providing valuable insights into the underlying mechanisms
of these processes.

Giant Unilamellar Vesicles (GUVs) are large lipid vesicles (spherical or cylindrical)
that consist of a single lipid bilayer and an inner aqueous compartment. They range in
size from few to tens of microns and are used to study cellular processes in vitro, as they
closely mimic the physical and chemical properties of biological membranes. GUVs can
be used to study membrane transport, protein-lipid interactions, membrane fusion, and
other biological processes. The large size and simplified structure of GUVs make them
useful for imaging and biophysical studies, as well as for developing biosensors and other
biotechnological applications. The ability to control the composition and physical proper-
ties of GUVs also makes them valuable tools for investigating the fundamental principles
of cellular and molecular biology.

1.9.4 Fluorescence correlation spectroscopy in biomolecular con-
densates

Fluorescence Correlation Spectroscopy (FCS) is a technique used to analyze the be-
havior of fluorescently labeled molecules in solution at the single-molecule level. It works
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by measuring the fluctuations in fluorescence intensity produced by the diffusing molecules
in a diffraction-limited observation volume. The autocorrelation of these fluctuations is an-
alyzed to determine the diffusion coefficient and concentration of the fluorescent molecules.
FCS is a highly sensitive and quantitative method that provides information about the ki-
netics and dynamics of molecular interactions in solution. It is widely used in biophysics,
chemical physics, and cell biology to study a variety of processes, such as protein-protein in-
teractions, membrane transport, and molecular diffusion in crowded environments. While
FCS has been used in biomolecular condensates to study molecular diffusion and concentra-
tions [68, 128, 129], there are several experimental pitfalls. In publication 4, we optimized
FCS measurements to account for the unique properties of the condensate environment. A
particular problem is the refractive index mismatch created by the phase separation and
slow molecular diffusion. Refractive index mismatch can cause a distortion of the confocal
volume and therefore lead to misinterpretation of the data. Also, the high viscosity and
therefore low diffusion rates of molecules in condensates can cause excessive bleaching,
making various data analysis adjustments necessary. We developed approaches to check
for these pitfalls and potential experimental strategies for circumventing them.
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The process of protein self-assembly has been extensively studied for its critical role
in cellular function and regulation. Self-assembly refers to the spontaneous formation of
higher order structures from individual protein molecules without the need for external
assistance. The ability of proteins to self-assemble into a wide range of structures, such as
filaments, shells, and droplets, has been essential for the evolution of complex life forms.
Thus, the study of protein self-assembly has gained significant attention in recent years
due to its wide-ranging implications in biotechnology, origin of life, and the molecular
basis of cellular function. This thesis explores the self-assembly of a large bacterial protein
family, focusing on the molecular and regulative aspects of the process, and how they are
conserved across different species and protein family members.

Liquid-liquid phase separation (LLPS) is a biophysical process in which proteins self-
assemble into liquid-like droplets within a cellular environment, and is distinct from other
organizational processes in several ways. Unlike other protein self-assembly mechanisms,
LLPS is highly dynamic allowing for the rapid exchange of proteins between the liquid
droplet and surrounding cellular environment in response to changes in the environment
or the cellular homeostasis. This flexibility enables the regulation of cellular processes
through the modulation of protein or client concentrations within the liquid droplet or
droplet material properties such as viscosity. As a result, LLPS is a versatile mechanism
for the formation of complex protein structures in cells. An increasing variety of biolog-
ical functions have been assigned to these biomolecular condensates and first therapeutic
approaches drugging these cellular substructures are being developed. While our knowl-
edge on the regulation, formation and maintenance of these condensates is advancing, we
only have few examples of the evolutionary adaption and conservation of phase separation
processes within protein families. Therefore, studying a bacterial protein family for the
evolutionary conservation of liquid-liquid phase separation offers insights into the func-
tional importance and broad occurrence of this self-assembly process in various organisms
and distinct cellular processes. There are four main reasons why I choose to study the
bacterial ParB protein family in this thesis:
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1) ParB proteins are highly abundant in prokaryotes and essential for faithful seg-
regation of genetic material. This allowed me to test several homologues of ParB for their
propensity to phase separate and even more excitingly, characterize the phase behavior of
a orthologue with a distinct biological function. This comparison across distinct biolog-
ical functions offers the opportunity to find similarities, but also differences between the
orthologues.

2) While in vivo studies have shown higher order structures of ParB proteins and
theoretical and in vivo studies suggest a liquid-like behavior of the partition complex, no in
vitro reconstitution has been carried out so far. By this reconstitution, I am able to explore
the specific biochemical and environmental parameters influencing ParB phase behavior,
unraveling details hardly accessible by in vivo studies.

3) The recently discovered enzymatic activity of ParB proteins has been linked to
the control of the partition complex assembly and ParB spreading on DNA. Theoretical
studies have suggested that active processes can be highly efficient in controlling the nu-
cleation, growth and distribution of biomolecular condensates. ParB’s CTPase activity is
therefore a perfect model system to study the potential influence of enzymatic processes
on condensates.

4) ParB phase separation is inherently intertwined with its interaction with DNA/
and similarly Noc’s formation of higher order structures is related to its membrane bind-
ing activity. Therefore, both proteins interact with different biological surfaces or large
molecules. T will explore the impact of phase separation on these large cellular structures
and aim to understand the specificity of droplet formation on biological surfaces such as
lipid membranes.

These four topics are not only relevant to the biochemistry of the ParB protein
family, but rather represent areas of general interest for the field of biomolecular conden-
sates. By exploring the diverse properties of the ParB protein family, I will be able to
explore out-of-equilibrium regulation of condensates, surface wetting and the evolutionary
conservation of the formed liquid-like condensates.
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5.1 Publication P1

Self-organized protein patterns:
The MinCDE and ParABS systems

Summary:

The review article explores recent advances in the understanding of two prokaryotic pattern-
forming systems, the MinCDE system and the ParABS system, that play important roles in
biological decision-making processes such as cell division and DNA segregation. Both sys-
tems have similar molecular components, mechanisms, and strategies to achieve biological
robustness despite functional differences [115].

Reprinted with permission from Elsevier.

Merino-Salomén, A.*, Babl, L.* and Schwille, P. (2021). Self-organized protein patterns:
The MinCDE and ParABS systems. Current Opinion in Cell Biology, (Review); shared
first author.
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Abstract

Self-organized protein patterns are of tremendous importance
for biological decision-making processes. Protein patterns have
been shown to identify the site of future cell division, establish
cell polarity, and organize faithful DNA segregation. Intriguingly,
several key concepts of pattern formation and regulation apply
to a variety of different protein systems. Herein, we explore
recent advances in the understanding of two prokaryotic
pattern-forming systems: the MinCDE system, positioning the
FtsZ ring precisely at the midcell, and the ParABS system,
distributing newly synthesized DNA along with the cell. Despite
differences in biological functionality, these two systems have
remarkably similar molecular components, mechanisms, and
strategies to achieve biological robustness.
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Introduction

Living entities depend on the continuous formation and
maintenance of structures and gradients. The spatio-
temporal symmetry breaks that these can be achieved
based on various levels, ranging from the formation of
concentration gradients in single cells up to multicel-
lular or organismic organization [1,2]. Protein gradients,
in particular, show interesting properties, pointing to
essential requirements for life-like systems. Several
well-studied examples of pattern-forming protein sys-
tems can be found in various model organisms. In yeast,
the Rho family GTPase Cdc42 plays a key role in polarity
induction and cytoskeletal organization [3], while the
organization and division of C. eegans are driven by the
PAR proteins [4]. Cell division, in particular, is often

guided by specifically oriented morphogenetic cues that
are, in fact, concentration gradients of proteins reflecting
on the cell’s spatial features. Similarly, prokaryotes use
protein patterns and gradients to achieve the positioning of
large-scale structures. Extensive research on the Escherichia
coli Min system has shown a dynamic gradient on the cell
membrane which achieves the precise positioning of the
division machinery to midcell [5,6]. In a similar manner,
the ParABS system forms patterns on the nucleoid and
thereby achieves faithful segregation of genetic material
[7]. A large number of quantitative biology and theoretical
biological physics approaches have been accompanying the
experimental investigations of pattern and gradient for-
mation throughout the history of modern cell biology, with
increasing success and predictive power [1,8—12]. How-
ever, elucidating the fundamental molecular features
supporting the emergence of self-organized patterns
generated by protein reaction-diffusion,actively regulated
by the cell through energy dissipation to maintain its out-
of-equilibrium state is still a formidable goal in biology.

The prokaryotic Min system has been extensively
studied, and the mechanisms of pattern formation and
regulation are thought to be well understood [5].
However, recent advances have revealed not only new
surprising discoveries on pattern formation, linking the
biochemical reaction-diffusion mechanisms to biophys-
ical phenomena, such as active directional transport on
membranes induced by MinCDE, but also the role of
charge-dependent effects, such as liquid condensate
formation, in the ParABS system. Intriguingly, these
new insights point toward important differences in the
molecular mechanisms of pattern formation, despite
several conceptual and molecular similarities of the Min
and Par systems. Thus, in this study, we focus particu-
larly on a comparison between pattern-forming mecha-
nisms of these prokaryotic systems, highlighting the
general importance of the Min and the Par system as
models for understanding biological self-organization
mechanistically from first principles (see Figure 1).

The MinCDE system

The Min protein system constitutes a spatiotemporal
regulatory mechanism for positioning the division ma-
chinery in FE.co/i [13]. Min proteins self-organize after a
reaction-diffusion mechanism forming a protein con-
centration gradient that allows the assembly of the
divisome only at midcell (Figure 2A and B).
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Figure 1
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Comparison of the cellular organization of the two pattern-forming protein systems MinCDE and ParABS. The MinCDE system positions the FtsZ ring
(purple) through negative feedback, while the ParABS system localizes cargo DNA through a positive feedback mechanism. The time-averaged gradients
of the systems display the differences of negative versus positive feedback. However, the molecular mechanisms of both systems are intriguingly similar.

Briefly, the P-Loop ATPase MinD dimerizes in an ATP-
dependent fashion, enhancing its membrane affinity and
binding to the plasma membrane in a cooperative manner
[14—16]. The MinD ATPase-activating protein MinE is
then recruited by a threshold concentration of membrane-
bound MinD, forming an asymmetric MinDE complex.
MinE stimulates the AT Pase activity of MinD), which in turn
results in MinD’s monomerization and detachment from the
membrane (Figure 2A) [14,17—20]. Thereby, MinDE pro-
teins appear to move along the bacterial membrane through a
reaction-diffusion mechanism of membrane attachment-
detachment that generates pole-to-pole oscillations.

The third component of the Min system is MinC, which
is also recruited by membrane-bound MinD and inhibits
the assembly of the early division machinery on the
membrane [14,17]. MinC does not participate in the
reaction-diffusion mechanism, although it is displaced
by MinE during the MinDE oscillatory process. As a
result, MinC travels with the MinDE movement
generating a time-averaged MinC gradient that prevents
the assembly of the divisome at the cell poles, driving its
formation at the geometric cell center.

Despite its compositional simplicity, the actual interac-
tion mechanisms of MinDE self-organization on the

structural level are still far from being comprehensively
understood. However, a key feature underlying the Min
dynamics is the dimerization and cooperative self-
enhancement of MinD on the membrane after ATP
complexation (Figure 2C) [21,22]. Previous studies sug-
gested that membrane-41bound MinD dimers recruit
further proteins from solution, although the mechanism
has long been unknown [21,23]. However, a recent study
has determined the presence of MinD—MinD interaction
interfaces distinct from the canonical dimerization site,
allowing the formation of higher-order oligomers [16].
The presence of multiple transient low-affinity in-
teractions gives rise to a dynamic oligomeric equilibrium
that leads to higher robustness needed for the MinDE
wave formation and propagation on the membrane [16].
Thus, the classical model of MinD monomeric/dimeric
state is now expanded to a dynamic scenario in which
MinD exists in a range of oligomeric states.

Interestingly, it has recently been found that Min pro-
teins can also regulate the localization of other periph-
eral membrane proteins without any specific molecular
interactions (Figure 2D) [24]. Cooperative self-
recruitment of MinD generates a mobile diffusion bar-
rier able to locally affect the membrane attachment and
detachment of proteins by binding site competition

www.sciencedirect.com
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Figure 2
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MinCDE system. (a) Scheme of the MinCDE reaction mechanism. (b) Min proteins drive the localization of the division machinery. Pole-to-pole oscil-
lations generate a time average protein gradient that inhibits the formation of the FtsZ ring at cellular poles. Min proteins form pole-to-pole oscillations
in vivo and dynamic waves (among other patterns) in vitro. Scale bar is 50 um (Images adapted by permission from the study by Loose et al. [15], Wu et
al. [37]). (c) MinD shows a cooperative membrane binding forming oligomeric species on the membrane that favor its self-recruitment from the cytoplasm.
(d) MinDE proteins can regulate the localization of other membrane proteins without any specific molecular interaction by binding site competition and
repulsion. In vitro reconstitution of the MinDE system in supported lipid bilayers (SLBs) adding Membrane-bound streptavidin (restricted detachment from
the membrane, only lateral movement) and mCherry-mts (Lateral movement, exchange with cytoplasm). (Top) Scheme of the unspecific binding and
fluorescence intensity profiles. (middle) Representative time-lapse images and kymographs of MinDE oscillations, streptavidin and mCherry-mts counter-
oscillations. Scale bars 50 pm. (below) Reconstitution of those systems in cell-sized PDMS microcompartments, scheme of the experimental setup and
representative images of the time-lapse images. Scale bar 10 pm. Images and schemes adapted by permission from the study by Ramm et al. [24]. (e)
MinE can be dissected into four functional modules: ATPase stimulation, dimerization, conformational switch and membrane attachment. Representative
images of the MinDE system reconstituted in SLBs using minimal MinE modules. Scale bars 300 um. Images adapted with permission from the study by
Glock et al. [29]. (f) Quasi-stationary patterns formed using MinDE proteins reconstituted in SLBs. Representative confocal images of patterns were
observed under different MinD-MiInE protein ratios. Adapted with permission from the study by Glock et al. [44]. Scale bar 50 um.
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[24,25]. Even more intriguingly, diffusible membrane
proteins unable to dissociate will be directionally
pushed by the traveling MinDE by repulsive and fric-
tional forces into large-scale gradients, described as
diffusiophoresis [26]. This mechanism may function as
an unspecific active transport system in bacteria and
might disclose new insights of possible additional roles
of the Min system inside the cell [27]. In particular, the
Min system may play a role in the chromosomal segre-
gation process by directly or indirectly driving the
localization of components involved in the process [28].
Even though more research has to be conducted on this
phenomenon, the unspecific transport of molecules is an
interesting feature that might be found in other self-
organizing systems able to generate protein gradients.

The second key molecule of the dynamic Min system,
MinE, has been the primary target of bottom—up
functionality engineering because of its small size.
MinE’s structure can be principally dissected into four
functional modules: ATPase stimulation of MinD,
dimerization, membrane binding and conformational
switch between a catalytically active and inactive form
[29] (Figure 2E). MinE ATPase stimulation of MinD is
mediated by a short peptide [15,30] and its dimerization
has been found to be important to generate patterns
in vitro [31]. While the MinE membrane attachment
regulates the Min wave shape and dynamics i ovitro
[32—34], its conformational switch enhances the
robustness of the pattern formation over different pro-
tein concentrations [35,36]. Curiously, Glock et al. have
reduced MinE to the minimum function of each
module, revealing the structure-function relationship
and the minimal requirements to form Min patterns
in vitro (Figure 2E) [29]. The minimal peptide of MinE
required to stimulate MinD AT Pase activity is not able
to generate patterns, although its combination to either
of the two protein motifs for membrane attachment or
dimerization results in MinDE patterns with different
dynamics [29]. Importantly, these modular features may
be replaced by artificial units of similar function. This
has recently been demonstrated by fusing the catalytic
MinE peptide to minimal dimerizing motifs, such as
short complementary nucleic acid strands, the DNA-
peptide hybrids resulting in clear pattern formation
[31]. The combination of different functional modules
enriches the capacity of MinE to modulate the MinDE
dynamics, affecting the outcome of the reaction-
diffusion system, and highlighting the structural plas-
ticity of MinE.

New insights about the Min system have been possible
thanks to a remarkable improvement of its m vitro
reconstitution in recent years, which have revealed a
rich variety of different dynamics [5,8]. Besides trav-
eling waves, several patterns can be found mostly driven
by differential protein densities [32]. Interestingly,
other factors such as geometry or bulk-to-surface ratio of
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the chambers are found critical for the MinDE oscilla-
tory features [37—39]. Min proteins adapt their behavior
and pattern formation under different geometries,
highlighting the high plasticity of the system [40]. At
the same time, 3D confinement into lipid vesicles and
other transformable membrane structures revealed the
Min proteins’ capacity to affect the physical properties
of the membrane and actually induce mechanical forces
[41—43]. Furthermore, a recent study has observed the
formation of quasi-stationary patterns that assemble
into a variety of shapes reminiscent of “Turing patterns’
depending on the protein concentration and MinD/
MinE ratio [10—12,44] (Figure 2F). In those patterns,
Min proteins are in constant exchange with the mem-
brane, although the patterns appear to be arrested in
space once they are established [44]. To our knowledge,
they represent the first reconstitution of dynamic
Turing-like patterns by a biological reaction-diffusion
system, an interesting discovery for the self-organized
systems [1,9,12].

To sum up, improvements in the understanding of the
cooperative membrane binding of MinD and detailed
MinE structure-function relationships have shed light
on the dynamics of the Min system. Formation of quasi-
stationary patterns and new and unexpected Min fea-
tures and functionalities, such as non-specific active
transport of membrane proteins or mechanical mem-
brane transformations, suggest interesting secondary
roles of the system in the cellular context that may have
been lost or masked in the progress of evolution.

The ParABS system

Similar to the positioning of the division site, faithful
segregation of genetic material is a fundamental
requirement for functional cell division. Many bacteria
achieve this complex task using the so-called ParABS
system. Like for the Min protein system, the active, that
is, energy-dissipating core of the ParABS system is a P-
Loop ATPase, ParA. However, unlike the Min system
that operates viz variable membrane affinity, the Par
system attaches to DNA as a template, achieving cargo
positioning by a DNA-binding protein (ParB) and a
DNA sequence (parsS). But still, the proposed mecha-
nism of DNA segregation shows many parallels to the
MinCDE system: The P-Loop ATPase ParA dimerizes in
an ATP-dependent manner which increases non-specific
template — in this case, DNA-binding affinity, recruit-
ing the ParA dimers to the nucleoid. ParB dimers, bound
to par§ marked cargo, interact with nucleoid-bound
ParA and stimulate the ParA-ATP hydrolysis rate. ATP
hydrolysis subsequently leads to ParA-DNA dissocia-
tion, which generates a ParA-gradient on the nucleoid.
This ParA-gradient is thought to cause the ParBS§ com-
plex to travel along with the formed patterns through a
still debated mechanism, separating the newly synthe-
sized DNA or plasmid cargo [45—47] (Figure 3A and B).
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The mechanisms of formation and regulation of the
ParBS complex are not yet fully understood, and
different models have been discussed. These models
can be categorized by their different modes of ParB—
ParB and ParB—DNA interactions. A one-dimensional
(1D) ParB binding to par§ and either recruiting more
ParB through ParB—ParB interactions [48] or sliding
along the DNA until a conformational switch modulates
ParB-DNA affinity [49] was used to explain the
spreading from pars sites found in ChIP-Seq data. Other
models assume a higher-order structure of the ParB§
complex. Herein, ParB initially binds par§ and then
bridges DNA through interactions with non-specific

Figure 3

DNA and other ParB dimers bound to non-specific
DNA [50—52]. However, a more detailed structure of
the partition complex remains elusive.

An intriguing possible explanation on how the ParBS§
complex is formed and regulated has been theoretically
proposed in the study by Broedersz et al. [50] and was
recently experimentally supported # vivo by Guilhas
et al. [60]. It involves the possibility of liquid conden-
sate formation, at present, very widely discussed phe-
nomenon in the cell biological context [53]. Single-
molecule imaging revealed that the ParBS complex is a
spherical and ParB-rich structure with lowered
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ParABS liquid—liquid phase separation. (a) Mechanism of ParB mediated ParA displacement. (b) In vivo pattern of ParA (images adapted from the study
by Ringgaard et al. [71]) and ParBS positioning (Image adapted from the study by Guilhas et al. [60]). (c) FRAP and fusion of ParBS condensate adapted
from the study by Guilhas et al. [60]. (d) Phase diagram describes parameter space for demixing of homogenous solution into two distinct liquids. These
demixed liquids can have different biochemical and biophysical properties. (e) Potential lowering of ParB phase boundary and dependence of condensate
formation on parS. (f) Condensate wetting surfaces. (g) Potential cooperative displacement of ParA by a ParB condensate; (h) Properties of active
condensates (adapted from the study by Zwicker et al. [57], Zwicker et al. [64]).
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molecular mobility. Fluorescently tagged ParB was able
to diffuse between different ParBS clusters, and these
clusters were observed to fuse upon contact
(Figure 3C). Also, fluorescence recovery after photo-
bleaching indicates a mobile phase rather than a solid-
like structure. Taken together, these experiments
point toward a formation of the partition complex
through liquid—liquid phase separation (LLPS).

LLPS has been shown to organize a wealth of biochem-
ical processes in eukaryotes, from pattern-forming P-
granules in C. elegans embryos to complex stress responses
[54,55]. More recently, a variety of bacterial proteins
involved in different biological functions have been
shown to undergo LLPS 7 vitro and in vivo [56].

LLPS is a highly cooperative molecular process. Upon
reaching a saturation concentration, a homogenous so-
lution is separated into two distinct phases. These
liquid phases usually differ in composition, dielectric
constant, and viscosity and are, therefore, thought to
provide a distinct chemical environment for certain
biological processes [53] (Figure 3D). They have even
been discussed in the context of constituting the first
potential compartmentation strategies in the evolution
of cells before the emergence of membranes from
amphipathic building blocks as defined boundaries [57].

Intriguingly, key properties of the ParBS complex could
be explained by liquid—liquid phase separation. Nucleic
acids have been shown to organize many LLPS driven
processes and alter the biophysical properties of con-
densates [58,59]. ParB condensate formation depends
on the presence of at least one par§ site [51,60], and
biophysical properties of ParB condensates could be
altered by par§ as has been observed for other phase
separating systems [59]. ParB specifically binds to par§
sites, and therefore, local protein concentration at par§
sites is significantly enriched when compared to cyto-
plasmic concentrations. Thus, this would be a plausible
mechanism to spatially control the nucleation of ParB§
condensates (Figure 3E).

Recently, it was found that different ParB orthologs have
enzymatic CTPase activity, which is stimulated upon
pars binding [49,61,62]. The ParB CTPase activity was
shown to facilitate the reopening of closed ParB dimers
to unload ParB from non-specific DNA. Intriguingly,
mutations of the CTP binding pocket lead to a more
uniform distribution of ParB in cells, pointing toward a
regulatory mechanism of the energy dissipation in the
potential liquid—liquid phase separation of the ParBS
complex [61].

ParB clusters are known to spread to non-par§ sites
in vivo, but until recently # vitro reconstitution of this
spreading behavior was not possible. In the study by Soh
et al. [49], 1D spreading i vitro is achieved by addition
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of C'TP, which was shown to facilitate the formation of a
ring-like structure of ParB. However, ChIP-Seq data
points to more complex behavior z wvivo with 3-
dimensional interactions within the ParBS§ cluster
[52,72]. LLPS of ParB offers an exciting mechanistic
explanation for these observations. Interactions of con-
densates with large surface structures can lead to a
wetting behavior, where the liquid phase spreads around
the original nucleation point, like a drop of water wets a
glass surface. Therefore, a ParB condensate could bridge
and condense surrounding non-specific DNA as
observed m vivo (Figure 3F).

Also, ParB—CTPase activity and its dependence on par§
presence could be another physiologically relevant rep-
resentation of the theoretically predicted ‘out-of-equi-
librium’ condensates [64]. The positioning of parsS sites
within ParB condensates could, in this case, be
explained by the theoretical framework of active particle
behavior within condensates. Herein, the particle is
positioned precisely in the middle of a condensate
because of chemical fluxes originating at the particle
surface [64]. This theory was successfully applied to
eukaryotic centrosome formation through liquid—liquid
phase separation [65] and could potentially be trans-
ferred to the bacterial ParBS complex, where par$§
stimulates ParB—CTPase activity. It was recently argued
that ParB foci sizes do not scale with cell length, as
expected by equilibrium LLPS [66]. However, energy-
dissipating condensates can regulate size, shape, and
localization through kinetic rates of chemical reactions
[67] (Figure 3H).

Interactions of ParBS§ condensates with ParA could
answer some outstanding questions with regard to the
ParABS mechanism. All currently discussed diffusion
ratchet models assume a lag time after ParA displace-
ment where no rebinding is occurring [45—47]. This
could be achieved by partitioning of ParB-displaced ParA
monomer into the viscous ParB§S condensate
(Figure 3D). Also, the ParB§S condensate interface
constitutes a strong chemical gradient, and its interac-
tion with nucleoid-bound ParA dimers could lead to the
highly cooperative displacement of ParA, reminiscent of
the traveling wavefront of the MinCDE system as
discussed previously, generating higher chemical gradi-
ents and larger molecular forces to act on the ParBS§
condensate (Figure 3G).

Taken together, the recently hypothesized concept of
the partition complex as a bacterial condensate offers
interesting insights and may help to explain pertinent
questions regarding the mechanisms of complex for-
mation, function, and interaction with ParA. The for-
mation of dynamic patterns through liquid—liquid phase
separation has been shown for eukaryotic systems,
where protein gradients achieve the spatial positioning
of phase-separated P granules [54].
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Table 1

Summary of similarities and differences of the MinCDE and ParABS systems.

MinCDE ParABS
Components MinD P-Loop ATPase Protein ParA P-Loop ATPase Protein
Dimerization (ATP-dependent) Dimerization (ATP-dependent)
Membrane Attachment (ATP-dependent) DNA Attachment
Cooperative Binding (ATP-dependent)
Interaction with MinE and MinC Interaction with ParB
MinE Dimeric Protein ParB Dimeric Protein
Membrane attachment CTPase activity
Conformational switch DNA attachment
MinD ATPase activating protein Conformational switch
Unclear mechanism of traveling ParA ATPase-activating protein
on the membrane Unclear mechanism of traveling t
hrough the Nucleoid
Cooperative LLPS
MinC Dimeric Protein parS DNA sequence
Cargo of the system Cargo-tether of the system
Interaction with MinD Interaction with ParB
Inhibitor of Z-ring
Matrix Plasma membrane DNA from Nucleoid

Cooperativity Oligomerization

Function Positioning of divisome by
negative feedback

Pattern In vivo Pole-to-pole Oscillations

Formation In vitro High Variety

potential LLPS

Chromosomal Segregation
by positive feedback

Oscillations on the Nucleoid

?)

Summary and perspectives

MinCDE and ParABS represent two pattern-forming
protein systems in bacteria that show remarkable simi-
larities at first glance (Table 1). The purpose of both
protein patterns is to provide a spatiotemporal cue for
cell division by the generation of a protein gradient on a
matrix. Their modular composition and mechanistic
details of the pattern-forming systems are remarkably
similar. The two systems use ATP-dependent dimer-
ization and subsequent binding to a matrix, that is,
dramatic reduction of their diffusional mobility, to
generate a uniform layer of protein-covered matrix. The
molecular antagonist of the matrix binding protein then
stimulates ATP hydrolysis and causes detachment of the
matrix-bound protein. Intriguingly, this ATP-operated
and thus, energy-dissipating switch of molecular
mobility and consequently, diffusional range of an
‘activator’ molecule, additionally classified by coopera-
tive binding to its matrix, is a biologically very
straightforward variant of the local self-amplification and
long-range inhibition, as originally proposed by Gierer
and Meinhard [68]. Herein, the long-range inhibition is
simply implemented by dramatically slowing down the
activator molecule — with respect to its inhibitor —
upon matrix binding. For the MinDE system, it has
already been demonstrated that MinD binding to the
membrane reduces the diffusion coefficient by at least
two orders of magnitude [15,19]. Similar to the change
of diffusion by MinD membrane binding, ParA mobility
is drastically reduced by three orders of magnitude upon
DNA binding [69]. To drive the speculations further,

also the transition of molecules into liquid condensates,
with their presumably increased viscosity and thereby
reduced diffusion, could be one way of fulfilling the
condition early formulated for pattern-forming systems
of symmetry breaking in diffusional mobility.

However, despite these conceptual similarities, the
detailed modes of assembly and the mechanisms of
transport in the two discussed bacterial systems appear
to be different. Moreover, while the MinCDE system
positions the divisome through negative feedback, the
ParABS' system achieves positioning through positive
feedback. On a molecular scale, this difference is
obvious by the inhibition of FtsZ polymerization
through MinC on one hand and the direct interaction of
ParB with par§ on the other hand. Both systems use
cooperativity to enhance the stability of the positioning,
however, different players show cooperative behavior.
MinD forms higher-order oligomers to ensure the
robustness of the MinCDE pattern [16], and the ParB
liquid—liquid phase separation offers a mechanism to
buffer cellular noise through a cooperative process
[56,70].

To conclude, even though there seem to be some shared
conceptual motifs in the design of the two discussed
bacterial pattern-forming protein systems, a remarkably
similar composition, and conserved crucial details of the
molecular mechanism, their variations are remarkable
and intriguing. Both patterns forming systems make use
of different strategies to achieve cargo positioning and to
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confer robustness. In better understanding these dif-
ferences, we hope to be able to significantly enrich our
conceptual toolkit for the bottom-up design of biological
structure and function. With respect to the physiological
understanding of the principles that govern self-
organized systems, their reconstitution ## oitro in
recent studies has not only helped to shed light on the
common mechanisms of protein gradient formation but
also revealed functionalities that have neither been
observed nor hypothesized in the cellular context so far,
such as the ability of the MinDE system to directionally
transport membrane-attached molecules of mechani-
cally transform membranes. It seems, therefore, obvious
that 7z vitro reconstitution should ideally accompany any
mechanistic study in cell biology to enlarge our still far
too limited assortment of mechanistic hypotheses for
the fundamental functions of life.
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CTP-controlled liquid-liquid phase separation of ParB

Summary:

In this manuscript, I establish the in vitro phase separation of ParB. Together with col-
laboration partners, we use a combination of in wvitro reconstitution and in vivo super
resolution microscopy to identify CTP and parS binding as regulative mechanisms of ParB
phase separation. Also, I purify and test ParB homologues and find that the propensity
to phase separate and the control thereof is evolutionary conserved [130].

Reprinted with permission from Elsevier.

Leon Babl, Giacomo Giacomelli, Beatrice Ramm, Ann-Kathrin Gelmroth, Marc Bramkamp,
Petra Schwille, CTP-controlled liquid-liquid phase separation of ParB, Journal of Molec-
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Abstract

The ParABS system is supposed to be responsible for plasmid partitioning and chromosome segregation
in bacteria. ParABS ensures a high degree of fidelity in inheritance by dividing the genetic material equally
between daughter cells during cell division. However, the molecular mechanisms underlying the assembly
of the partition complex, representing the core of the ParABS system, are still far from being understood.
Here we demonstrate that the partition complex is formed via liquid—liquid phase separation. Assembly of
the partition complex is initiated by the formation of oligomeric ParB species, which in turn are regulated
by CTP-binding. Phase diagrams and in vivo analysis show how the partition complex can further be spa-
tially regulated by parS. By investigating the phylogenetic variation in phase separation and its regulation
by CTP, we find a high degree of evolutionary conservation among distantly related prokaryotes. These
results advance the understanding of partition complex formation and regulation in general, by confirming
and extending recently proposed models.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Faithful segregation of genetic material during cell
division is a key requirement for living systems and
fundamental to evolutionary processes. While the
molecular mechanisms governing chromosome
segregation in eukaryotes are relatively well
understood, our understanding of these processes
in bacteria is still insufficient.

Bacterial chromosome and plasmid segregation
is often achieved through a tripartite system,
ParABS, consisting of two protein components
(ParA and ParB) and a DNA-site (parS)."”” The
interplay of specific ParB-parS interactions and
energy-dissipation of ParA is thought to drive a
diffusion-ratchet or DNA-relay mechanism to sepa-
rate newly synthesized genetic material.®'° ParA
non-specifically binds to the nucleoid in an ATP-

dependent manner, while ParB specifically binds
to parS sites forming a partition complex. Upon
interaction of ParB with ParA, ParA-ATPase activity
is stimulated which leads to a detachment from the
nucleoid. The partition complex is then thought to
translocate into the ParA-freed space and thereby
move directionally.’~'? Despite its fundamental role
in prokaryotic cell biology, no molecular mechanism
of partition complex assembly is fully accepted, with
different models currently being discussed.'®

Early findings in partition complex formation were
interpreted as a 1D-filamentation process, with
ParB filaments nucleating on parS sites and then
growing to non-specific DNA sites.'*'®> While this
mechanism is in principle feasible, the ParB con-
centration is likely too low to form long filament net-
works that could explain the spreading in vivo. This
led to models of a higher-order partition complex

0022-2836/© 2021 The Authors. Published by Elsevier Ltd.This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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that is governed by low-affinity and long-range inter-
actions between ParB-dimers themselves and non-
specific DNA."®"'® However, the underlying molec-
ular nature of these interactions remains elusive.

A recent in vivo study used single molecule
tracking and super resolution microscopy to
investigate dynamics of the the E. coli F-plasmid
partitioning. Intriguingly, this study suggests a
liquid-like nature of the partition complex with
multiple hallmark criteria for liquid—liquid phase
separation (LLPS) being fulfilled.™

LLPS is an intriguingly simple physicochemical
process by which a homogenous solution of two
or more molecules de-mixes into two distinct
phases, often driven by favorable homotypic
interactions between biological polymers. These
phases inherently differ in chemical and physical
properties, e.g., density or dielectric constant.?°
The unique properties of the dense phase can influ-
ence reaction parameters and alter biomolecular
structures.?"** Due to the dynamic nature of the
interactions driving LLPS and its dependence on
environmental parameters, the formed phases can
rapidly form or dissolve, depending on changes in
environment (e.g. cellular stress), protein concen-
tration, protein modifications or ligand binding.?*2°
In the last decade, LLPS has emerged as an impor-
tant generic organizational principle in eukaryotic
cell biology.?>**72° The principle of de-mixing lig-
uids has been shown to nucleate the formation of
complex eukaryotic subcellular structures, such as
the multi-layered nucleolus p,*° stress-granules®
or p-bodies.®' Even though the formation of such
‘membraneless organelles’ would also be an attrac-
tive paradigm for certain aspects of spatiotemporal
organization in the small bacteria that largely lack
classical (i.e., membraneous) organelles and the
complex multi-protein machinery of eukaryotic cells,
comparatively few examg)les of LLPS have been
reported in prokaryotes.®® It is, however, exactly
the size of many bacterial structures below the
diffraction limit, which makes it challenging to
demonstrate and probe assembling structures and
thus, also LLPS, in vivo. Hence, we set out to probe
whether the partition complex is indeed a phase-

separated structure by reconstituting the complex
in vitro.

Here we show that ParB is indeed able to form
liquid-like assemblies via LLPS in vitro. We
demonstrate that ParB condensates are highly
susceptible to changes in the environment and
specifically interact with parS. Furthermore, we
study the effect of CTP on ParB LLPS and find
that the ParB-CTP interaction offers a regulating
mechanism of ParB LLPS.

C. glutamicum ParB undergoes liquid-liquid
phase separation in vitro

As liquid-liquid phase separation has been
proposed to organize partition complex assembly
in vivo, we thought to scrutinize this hypothesis
in vitro."® A reasonably well established model sys-
tem for ParAB driven origin segregation is the sys-
tem from the actinobacterium Corynebacterium
glutamicum.®*3® We therefore exposed purified C.
glutamicum ParB to 5% 8 kDa PEG, mimicking
the crowded nature of the cytoplasm,* and
observed the formation of micrometer large spheri-
cal assemblies (Figure 1(A)). This phase behavior
was not specific to the crowder, as we observed
the same effect for other synthetic crowders (Fig-
ure S1). The spherical assemblies showed common
properties of liquids: (1) Upon establishing contact,
they fused into larger condensates and slowly
relaxed back into a spherical shape (Figure 1(B)).
(2) Larger condensates spread out and differentially
wetted glass surfaces, a behavior unique to liquid-
like assemblies (Figure 1(C)). (3) Fluorescence
recovery after photobleaching on a minute time-
scale (t;2 = ~30 s) suggested a dynamic exchange
of proteins with similar diffusion rates to other pro-
tein condensates (Figure 1(D)).?**" Liquid-liquid
phase separation of many eukaryotic proteins has
been shown to be highly dependent on electrostatic
interactions and changes in environmental condi-
tions drastically alter phase behavior.*®*° Accord-
ingly, ParB liquid—liquid phase separation was
susceptible to alterations of the ionic strength, as
an increase of sodium chloride concentration

>

Figure 1. ParB undergoes liquid—liquid phase separation in vitro. (A) ParB forms large spherical assemblies upon
exposure to a crowded environment. Scale bar 20 um. (B) ParB condensates fuse upon establishing contact. (C)
ParB condensates wet surfaces. Surfaces were treated by plasma cleaning and either passivated with PLL-PEG or
left non-passivated. Scale bar (upper image) = 20 um. Lower image scale bars = 5 um. (D) Photobleached ParB
molecules recover on a minute timescale. (E) ParB LLPS is susceptible to changes in the environment. An increase in
sodium chloride concentration from 62.5 mM (left) to 350 mM (right) leads to a decrease in phase separation. Sodium
chloride concentration from left to right: 62.5 mM, 140 mM, 250 mM and 350 mM. Scale bar = 20 um. Conditions:
30 uM ParB with 10% eGFP-labeled ParB and 0.5 uM double stranded parS. (F) Lower phase boundary measured by
centrifugation assay. Final concentration before centrifugation was 30 uM ParB, 20 mM Tris pH 7.4 varying NaCl,
2.5 mM MgCl, and 5% 8 k PEG. The dashed line is solely a guide for the eye. (G) From left to right: DIC images of
wildtype ParB, ParB delta-N terminus and ParB delta-C terminus at the same conditions as in (A—C). For (A-C)
conditions were: 30 pM ParB in 20 mM Tris pH 7.4 140 mM NaCl, 2.5 mM MgCl, and 5% 8 k PEG.
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yielded less phase separated material (Figure 1(E))
and a shift to higher saturation concentrations (Fig-
ure 1(F)). Addition of a high ionic strength solution to
preformed droplets led to a rapid dissolution of the
droplets (Movie S1) and a decrease of turbidity (Fig-
ure S1), demonstrating the reversibility of ParB
LLPS. Interestingly, we found a stabilization of ParB
phase separation by potassium glutamate, likely
through a stabilization of an oligomeric state (Fig-
ure S2(D)), in similarity to a recent publication
studying LLPS of bacterial single-stranded DNA
binding protein (Figure S2).*°

To further understand how changes in the
environments, such as the increase of ionic
strength (Figure 1(E and F)), could control the

LLPS of ParB on the molecular level, we
investigated structural changes of ParB in
increasing ionic strength buffers. Using size

exclusion chromatography coupled to multi-angle-
light scattering (SEC-Mals) to observe changes in
molecular weight of ParB, we found that
increasing ionic strength resulted in a shift from
ParB-ParB dimers to a mixture of dimers and
monomers (Figure S3). These findings indicate
that ParB-dimerization is necessary for the LLPS.
We generated a mutant lacking the C-terminal
dimerization domain which was unable to undergo
LLPS under any tested conditions (up to 100 pM
final concentration) (Figure 1(J)). We also
identified a 110 amino acid long disordered N
terminus as necessary, but not sufficient for ParB
LLPS (Figure S4).

Taken together, these experiments show that C.
glutamicum ParB can indeed undergo LLPS
in vitro, as suggested in in vivo and in silico
studies.'”'® Next, we turned to investigate potential
mechanisms to temporally and spatially regulate
ParB LLPS.

ParB condensates are stabilized by parS

In vivo, ParB interacts with parS sites and, in
conjunction with ParA, distributes the newly
replicated DNA along the cell.*" The interaction of
ParB with parSis crucial for chromosome segrega-
tion, and deletion of parS produces severe pheno-
types, such as anucleate and elongated cells.*’
Cells lacking parsS sites only display miniature parti-
tion complexes in C. glutamicum (Figure 2(A)).*'

As the formation of the bacterial partition complex
in vivo depends on the presence of parS, we
hypothesized a stabilizing effect of parS on ParB
phase separation. We therefore assembled a
plasmid (approx. 5 kbp) with three parS sites
evenly spaced around the sequence. The same
plasmid was assembled with three sequence-
randomized parS sites, altering the ParB-binding
sequence, but not the composition of the plasmid.

Two different complementary approaches were
used to study potential effects of these plasmids
on the phase boundary of ParB condensation: A
centrifugation-based assay, as described in 29,

and turbidity measurements. While the
centrifugation-based assay can determine the pre-
cise concentration of the dilute phase after liquid—
liquid phase separation and hence, the exact phase
boundary, turbidity gives an estimate of the overall
amount of phase separated material present in the
sample. Intriguingly, parS plasmids shifted the
phase boundary to lower ParB concentrations and
increased sample turbidity when compared to ran-
domized parS (Figure 2(B and C)), demonstrating
a stabilization of the liquid-liquid phase separation
by the ParB-parS complex.

Next, we wondered whether these DNA
substrates would also preferentially partition into
the condensates, as has been shown for
eukaryotic proteins such as Whi3.*? Similarly, we
tested potential specificity of ParB condensate
interactions with parS by measuring partitioning of
parS oligo compared to a sequence-randomized
parS oligo. ParS oligo partitioned into the conden-
sates with 11 kJ/mol, compared to the sequence-
randomized parS which partitioned with 4 kJ/mol
(Figure 2(D)). Thus, partitioning into ParB conden-
sates depends on the specific ParB binding
sequence. Recently, it has been shown that protein
condensates can differentiate  DNA substrates
based on structure and length, therefore we tested
if ParB condensates distinguish between short oligo
DNA and long and circular plasmids, mimicking
their physiological interaction partner.?? Indeed,
the condensates differentiate between a non-
specific DNA oligo and a labeled (non-parS-
bearing) plasmid, where the circular plasmid is par-
titioned by 14 kdJ/mol and the oligo only with 4 kJ/mol
(Figure 2(E)). Plasmid containing three parS sites
partitioned too strongly to be quantified.

Taken together, ParB condensates can, despite
their dynamic nature, exhibit sequence- and
length-specificity. This allows spatial control over
partition complex assembly at parS sites by
lowering the phase boundary of ParB specifically
on parsS sites, thus providing a compelling case for
the role of LLPS in complex formation in vivo.
Also, the formation of much smaller, ParB
condensates in the absence of parS*' reflects our
in vitro findings.

ParB liquid—liquid phase separation is
regulated by CTP

ParB does not only specifically interact with parS
sites, but as recently discovered also displays
enzymatic activity: ParB orthologues from a
variety of species hydrolyze cytidine triphosphate
(CTP) which alter interactions with its DNA
substrate.”*™*® This CTPase activity is stimulated
upon parS binding and is thought to trigger the
opening of ring-like ParB dimers, unloading ParB
from the DNA and limiting spreading distance.*®*’
However, these models do not explain the forma-
tion of higher order structures and sphericity of par-
tition complexes in vivo.*®* We therefore
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Figure 2. ParB condensates specifically interact with parS. (A) C. glutamicum cells harboring one (upper) or no
(lower) parS sites per chromosome. No condensates can be observed in the no-parS strains. A ParB-mCherry fusion
protein was used to visualize ParB in vivo distribution.*' (B) parS shifts the phase boundary of ParB to lower
concentrations compared to randomized parS. Three concentrations (75 ng/ul, 50 ng/ul and 10 ng/ul) of plasmids
were used. Buffer conditions were 20 mM Tris pH 7.4, 140 mM NaCl, 2.5 mM MgCl, and 5% 8 k PEG. Initial protein
concentration was 30 puM. Error bars represent the standard deviation of three samples. The dashed line is solely a
guide for the eye. (C) parS increases sample turbidity compared to randomized parS. Sample was prepared as in (B)
at 50 ng/ul of parS or random-parS plasmid and a final protein concentration of 30 uM. Error bars represent the
standard deviation of three samples. (D) ParB selectively partition parS oligos compared to randomized parS. 0.5 uM
of Cy-5 labeled oligo was incubated with ParB in the “hanging drop set-up” prior to imaging. Protein concentration was
30 uM with ~10% eGFP-labeled ParB. Error bars represent the standard deviation of three sample means. In each
sample at least 3 different areas were analyzed. (E) Plasmids are preferentially absorbed into the dense phase
compared to oligos. 0.5 uM of Cy-5 labeled oligo was incubated with ParB in the “hanging drop set-up” prior to
imaging. Protein concentration was 30 pM with ~10% eGFP-labeled ParB. 0.5 pM of Cy-5 labeled oligo or 2.5 ng/ul of
Cyb5-labeled plasmid was incubated with ParB in the “hanging drop set-up” prior to imaging. Protein concentration was
30 uM with 10% eGFP-labeled ParB. Error bars represent the standard deviation of three sample means.
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hypothesized that ParB-CTP interactions control
the LLPS of the partition complex.

Like other ParB orthologues, the ability of C.
glutamicum ParB to hydrolyze CTP was
dependent on the presence of parS-containing
DNA (Figure 3(A)). Without parS in solution, the
hydrolysis rate was low with ~3 molecules per
hour and dimer. However, in presence of
substoichiometric amounts (1/8) of double
stranded parS oligonucleotide, hydrolysis was
enhanced fivefold (Figure 3(A)). This behavior is
in good agreement with recently published
hydrolgsis rates and stimulation thereof by
parS.*3=5

As CTP hydrolysis has been shown to alter ParB
conformation and interactions with DNA,*>™#74% we
hypothesized that CTP interactions also regulate
ParB phase separation. A large body of theoretical

studies predicts unique properties of energy-
dissipating condensates, like shape transformation
or even condensate division, as described for the
partition complex.>®~>® Hence, ParB CTPase activ-
ity might allow for dynamic control over assembly
and disassembly of the partition complex.

We therefore investigated the effect of CTP on
ParB phase boundary using the centrifugation-
based assay and found that 0.5 mM CTP lowered
ParB saturation concentration compared to an
ionic strength control (NaCl). In contrast, another
nucleotide that does not bind to ParB, ATP, had a
destabilizing effect on the condensed phase
(Figure 3(E)). Similarly, CDP, UTP and GTP
destabilized the condensed ParB phase
(Figure S6). Therefore, CTP specifically stabilizes
the formation of a condensed phase of ParB. This
stabilization can be due to a unique CTP-
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condensate interaction, as recently shown for ATP
and eukaryotic proteins,®* or alternatively be regu-
lated by direct ParB-CTP binding and associated
structural changes in ParB.

The CTP binding pocket identified in recent
studies is comprised of four well conserved

CTP (Figure 3(B)).***° To further understand the
stabilization of ParB phase behavior, we mutated
arginine 175 to alanine which has been shown to
abolish CTP-hydrolysis in other organisms.*” Muta-
tion of the conserved arginine residue 175 in C. glu-
tamicum ParB to alanine, leads to an altered

arginines which have been shown to interact with  behaviour of ParB complexes in vivo."' We con-
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firmed that this mutant shows no CTPase activity
in vitro in absence or presence of parS (Figure 3
(B)). Furthermore, ParBR'75* experienced no stabi-
lization of the phase separation in presence of CTP
(Figure 3(G)) and no change of turbidity was
observed upon addition of CTP (Figure S4).

To test whether the stabilization of ParB phase
separation in the presence of parS or CTP is
caused by the same or distinct molecular
mechanisms, a phase diagram and turbidity
measurements in the presence of CTP and parS
were acquired. Current models assume a
differential effect of parS and CTP on ParB
structure and dynamics which could be reflected
in the phase diagram of ParB.*®*"*° Indeed, the
stabilization of ParB LLPS through parS and CTP
relies on independent mechanisms, as phase
boundary and turbidity show an additive shift in
the presence of both molecules (Figure S4). Simi-
larly, ParBR'7®A unable to hydrolyze CTP, did not
alter phase behavior in the presence of CTP (Fig-
ure 3(E)), but showed an increase of phase separa-
tion in the presence of parS, as measured by
turbidity (Figure S4).

Recently, it was found that presence of parS and
CTP can lead to the formation of oligomeric ParB
species.”® Interestingly, oligomerization is also
l5<7nown to effectively enhance phase separation.®>~

Accordingly, we found a change of hydrodynamic
radius upon introducing 2.5 mM CTP to 30 uM ParB
from 5.2 + 0.07 nm to 5.6 + 0.26 nm in DLS
measurements (Figure S2(D)). Similarly, mass
photometry experiments revealed a shift to higher

molecular weights upon addition of 1 mM CTP to
200 nM ParB, which did not occur in a control
sample with ATP (Figure 3(I and J)). Also, we
observe the formation of higher order oligomers in
the presence of CTP and parS (Figure S5). These
experiments suggest that CTP controls ParB
phase separation through the induction of
oligomeric interactions which favor formation of
the liquid-like phase.

In order to determine whether ParB-CTP
interactions can control the in vivo phase
separation of ParB, we quantified the amount of
condensed material within wildtype and ParBR'75A
mutant cells using super-resolution microscopy. In
accordance with the in vitro phase diagrams, we
found that the volume of condensed ParB is
significantly lower for the ParBR'®* mutant
compared to the wildtype (Figure 3(H)), and that
wildtype ParB condensates occupy a larger area
fraction of the cells (Figure 3(G)).

ParB liquid-liquid phase separation is
evolutionarily conserved

As suggested by in vivo experiments in the E. coli
F-plasmid partitioning assembly by LLPS is a more
wide-spread phenomenon and not only relevant in
C. glutamicum."® To test whether other ParB ortho-
logues have the potential to undergo LLPS, we puri-
fied Caulobacter crescentus and Thermus
thermophilus ParB. Intriguingly, both orthologues
showed liquid-like assemblies upon exposure to
synthetic crowders (Figure 4(A and D)), and these

<

Figure 3. CTP stabilizes ParB LLPS. (A) C. glutamicum ParB is a CTPase which is stimulated by parS. 4 uM ParB
were incubated with 0.5 pM double stranded parS or no DNA in a pyruvate kinase and lactate dehydrogenase coupled
enzyme assay. Error bars represent the standard deviation of three samples. (B) Mutation of the conserved CTP
binding pocket abolishes CTPase activity. Alignment of the conserved arginine pocket from C. glutamicum, Thermus
thermophilus, Mycobacterium tuberculosis, Myxococcus xanthus and Pseudomonas aeruginosa.”’ (C) 0.5 mM CTP
shifts the phase boundary to lower ParB concentrations. Initial protein concentration was 30 uM ParB and buffer
conditions were: 20 mM Tris pH 7.4 varying NaCl concentration, 2.5 mM MgCl, and 5% 8 k PEG. Error bars represent
the standard deviation of three samples. (D) ATP has a destabilizing effect on ParB phase boundary. Initial protein
concentration was 30 uM ParB and buffer conditions were: 20 mM Tris pH 7.4 varying NaCl concentration, 2.5 mM
MgCl, and 5% 8 k PEG. Error bars represent the standard deviation of three samples. (E) The R175A mutant shows
no CTP dependent stabilization of the phase separation. Initial protein concentration was 30 pM ParBR'7%A and buffer
conditions were: 20 mM Tris pH 7.4 varying NaCl concentration, 2.5 mM MgCl, and 5% 8 k PEG. Error bars represent
the standard deviation of three samples. (F) Wildtype ParB phase separates at lower concentrations compared to
R175A ParB in the presence of 0.5 mM CTP. (Data combined from E & C). (G) Comparison of the occupancy of
condensates in respect to the total cell area in wildtype and R175A cells measured by 3D-SIM followed by maximum
projections. (H) Volume of condensates in wildtype and R175A cells, measured by 3D-SIM. Both volume and
occupancy distributions were tested for Normality via Shapiro-Wilk normality test (P-value: <2.2e—16) and then
compared between Wildtype and R175A via Wilcoxon rank sum test with continuity correction (Alternative H:
ParB > ParB175) (P-value: <2.2e—16). I) ParB shows a shift to higher molecular weights in the presence of 1 mM
CTP, measured by mass photometry. Protein concentration was 200 nM ParB and buffer conditions were: 20 mM Tris
pH 7.4 140 mM NaCl concentration, 5 mM MgCl, and 1 mM CTP. Three experiments were carried out and a
representative histogram was chosen. (J) ATP causes no such shift in the molecular weight of ParB. Sample was
measured under same conditions as (I), with 1 mM ATP instead of CTP. Three experiments were carried out and a
representative histogram was chosen. All histograms are normalized to 100. Dashed lines in the phase diagrams only
represent a guide to the eye.
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Figure 4. ParB phase separation is conserved in different organisms. (A) Caulobacter crescentus ParB forms
spherical droplets in crowded environments. Conditions: 80 uM ParB in 20 mM Tris pH 7.4, 125 mM NaCl, 2.5 mM
MgCl, and 5% 8 k PEG. (B) Turbidity of phase separated C. crescentus ParB increases in the presence of 0.5 mM
CTP. Conditions: 80 uM ParB in 20 mM Tris pH 7.4, 125 mM NaCl, 2.5 mM MgCl, and 5% 8 k PEG. (C) Phase
boundary shifts to lower concentrations of C. crescentus ParB in presence of 0.5 mM CTP. Conditions: Protein
concentration before centrifugation: 80 uM ParB in 20 mM Tris pH 7.4, varying NaCl concentration, 2.5 mM MgCl, and
5% 8 k PEG. Error bars represent the standard deviation of three samples. The dashed line is solely a guide for the
eye. (D) Thermus thermophilus ParB forms spherical droplets in crowded environments. Conditions: 50 uM ParB in
20 mM Tris pH 7.4, 125 mM NaCl, 2.5 mM MgCl, and 5% 8 k PEG. (E) Turbidity of phase separated T. thermophilus
ParB increases in the presence of 0.5 mM CTP. Conditions: 50 uM ParB in 20 mM Tris pH 7.4, 125 mM NaCl, 2.5 mM
MgCl, and 5% 8 k PEG. (F) Phase boundary shifts to lower concentrations of Thermus thermophilus ParB in
presence of 0.5 mM CTP. The dashed line is solely a guide for the eye. Conditions: Protein concentration before
centrifugation: 100 uM ParB in 20 mM Tris pH 7.4, varying NaCl concentration, 2.5 mM MgCl, and 5% 8 k PEG. Error
bars represent the standard deviation of three samples.
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condensates could be dissolved by increasing ionic
strength (Movie S2).

It is not yet well understood whether properties of
liquid—liquid phase separation are evolutionarily
conserved across the tree of life. We therefore
sought to test whether our hypothesis of CTP-

controlled partition complex assembly is
conserved across different bacterial species.
Intriguingly, turbidity measurements of both

protein samples show an increase in a sample
containing 0.5 mM CTP (Figure 5(B and E)). Also,
phase diagrams measured by the centrifugation
assay show a decrease of saturation
concentration for C. «cresentus and T.
thermophilus ParB in the presence of CTP
(Figure 5(C and F)).

These results indicate that liquid—liquid phase
separation of ParB is a more general mechanism
of partition complex assembly, and that properties
and regulation of assembly is conserved across
different species.

Discussion

In conclusion, we present in vitro and in vivo data
elucidating the mechanism of assembly of the
bacterial partition complex. We show that ParB
dimerization and oligomerization induces liquid—
liquid phase separation (LLPS), which in turn
underlies multiple layers of regulation through
molecular interactions with CTP and parS sites
and can be used to spatially and temporally
control partition complex formation. Finally, we
demonstrate that ParB LLPS is a more
widespread phenomena, as it is conserved in
largely unrelated bacteria.

A recent study suggested that the bacterial
partition complex forms via liquid-liquid phase
separation.’® While a stringent in vivo analysis
pointed towards this mechanism of assembly, direct
in vitro evidence was missing. Here we show that
ParB alone can indeed undergo LLPS in vitro. The
ParB condensates are highly responsive to
changes in environment and can be rapidly assem-
bled and disassembled. The condensates interact
specifically with parS, which is preferentially parti-
tioned into the condensates and lowers the satura-
tion concentration necessary for ParB LLPS. These
findings agree with in vivo experiments, showing a
strong depletion of ParB foci upon deletion of parS
and ParB’s physiological function.*'

The discovery of ParB’s enzymatic activity has
shifted paradigms of the ParABS molecular
mechanism. We show that CTP not only allows
loading and unloading of ParB clamps onto DNA
as recently proposed,**™"“° put also alters ParB
oligomeric state and therefore promotes ParB LLPS
in vitro and in vivo. While the current model of par-
tition complex assembly solely relies on a 1D-
lattice diffusion, the necessity of a higher-
dimensional assembly mechanism has been

raised.*®® Considering the plectoneme structure
of bacterial nucleoids on a 15 kbp level of bacterial
nucleoids,®® a more elongated and less spherical
structure of the partition complex could be
expected. We therefore provide further in vitro evi-
dence for the recently proposed model of 1-D
short-range sliding and clamping, whereas long-
range interactions observed by Chip-Seq likely
emerge from a higher order structure assembled
via liquid-liquid phase separation using in vitro
reconstitution methods to probe ParB’s mechanism
of assembly.*® Also, the formation of ParB clusters
in absence of parS in vivo, as observed previ-
ously,*" cannot be explained by the current models,
but provides evidence for liquid-liquid phase sepa-
ration as an underlying mechanism of partition com-
plex formation. Our findings do not exclude a 1-D
clamping and sliding mechanism, but rather provide
in vitro evidence to explain long range interactions
within the partition complex.*® Also, condensation
of DNA by the partition complex has been dis-
cussed in detail and remains an open ques-
tion."®¢%8" Interestingly, liquid-liquid phase
separation has been shown to condense DNA.®?
Therefore, LLPS could be the missing link of parti-
tion complex assembly and condensation of DNA.

Interestingly, it is known that mutation of the
CTPase activity, and therefore a loss of control
over ParB phase separation, also impairs
functional loading of SMC proteins.*’ Recently,
yeast SMC proteins have been shown to cluster
and localize via a phase separation process.®® It is
therefore plausible that interactions driving the
SMC phase transition are similar to the interactions
that drive ParB LLPS and contribute to correct load-
ing of SMCs at the partition complex. Similarly, it will
be interesting to reconstitute the interactions of
ParB condensates with ParA. This reconstitution
was recently achieved using ParB coated beads,
strikingly reassembling phase separated
condensates.’

Even though liquid-liquid phase separation has
been established as a fundamental organizational
principle in cell biology,®* only little is known about
the evolution and conservation of phase properties
across species.®*®57%° While it is well understood
that protein and protein complex structure and func-
tion is often conserved between different species, it
is not yet clear if protein liquid-phase properties are
exposed to similar co-evolution. Here, we show that
both, the propensity to phase separate, and the reg-
ulation mechanism are conserved between dis-
tantly related bacteria. These findings are even
more intriguing, as other bacterial proteins with
ParB-like functions, such as the carboxysome posi-
tioning system McdAB, have been shown to assem-
ble via liquid—liquid phase separation.”® We expect
that this comparison of in vitro phase properties will
lead to more in vitro, in vivo and especially in silico
investigations of the conservation of phase proper-
ties across the tree of life.
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Taken together, we can provide further evidence
for a new model of partition complex formation
governed by liquid-liquid phase separation.
Condensates can be specifically nucleated by
parS DNA sequences. We can also demonstrate
that the newly discovered CTPase activity is not
only altering the interactions of ParB with DNA, as
recently shown, but also ParB-ParB interactions.
CTP-induced oligomerization stabilizes ParB
LLPS, making the partition complex an energy-
dissipating bacterial condensate.

Material and methods

Protein purification

C. glutamicum ParB was purified as described
elsewhere.*" In brief, ParB protein production was
performed in E. coli BL21 pLysS via the pET-16b
vector-based system. Cells were grown in LB at
37 °C; gene expression was induced adding 1 mM
IPTG following growth for 12 h at 18 °C. Subse-
quently, cells were suspended in washing buffer
(50 mM Tris—HCI pH 7.4; 100 mM NaCl; 5 mM
MgCl,) containing Benzonase, and lysed using a
high-pressure cell homogenizer and sonication.
Cell debris and membranes were removed by cen-
trifugation at 4 °C, 18,000g for 30 min. There upon,
HisTrap FF crude (GE Healthcare) purification of
His-tagged protein were performed. Sample was
washed using 50 mM Tris—HCI pH 7.4; 150 mM
NaCl; 5 mM MgCl, and 20 mM Imidazole. Protein
was eluted with buffer containing 50 mM Tris—HCI
pH 7.4; 150 mM NacCl; 5 mM MgCl, and 500 mM
Imidazole with a linear gradient. Protein was con-
centrated in Amicon concentrators (10 kDa MWCO)
and loaded onto a pre-equilibrated (20 mM Tris pH
7.4 250 mM NaCl and 5 mM MgCl,) Superdex™ 200
gel filtration column (GE Healthcare Life Sciences).
Protein variants (Delta C-term, Delta N-term and
the disordered N terminus) were purified with the
same protocol.

T. thermophilus and C. cresentus ParB were
purified as described elsewhere.*

Phase diagrams via centrifugation and
Bradford assay

15 pl samples were prepared in 200 ul PCR
tubes. The tubes were then centrifuged at 21,0009
for 30 minutes at 25 °C. 7.5 pl of the supernatant
were then carefully transferred to a fresh 200 pl
PCR tube while making sure to not disturb the
pellet. 5 pl of the transferred supernatant were
then used to measure protein concentration by
following the vendors instructions of the Biorad
Bradford (Cat. No. 500-0201) assay.

Turbidity measurements

80 pl of sample were prepared by mixing protein
with the buffer containing crowding agents and

10

molecules of interest in 384 Greiner Black Flat
Plates. After 10 minutes of incubation, turbidity
was measured using a TECAN plate reader at
room temperature scanning from 200-600 nm.

Fluorescence microscopy

Allimages, except for SIM, were taken on a Zeiss
LSM780 confocal laser scanning microscope using
a Zeiss C-Apochromat x 40/1.20 water-immersion
objective (Carl Zeiss). Longer time series were
acquired using the built-in autofocus system.
ParB-eGFP was excited using a 488 nm argon
laser and Cy5-labelled oligonucleotide/plasmid
using a 633 nm He—Ne laser. Images were
typically recorded with a pinhole size of 2.6—4 Airy
units for the eGFP and oligonucleotide/plasmid
channel 512 x 512-pixel resolution and a pixel
dwell time of 1.27 ps. Line-averaging was set to 2.
Images were analysed in ImagedJ.”

Sample preparation for structured illumination
microscopy

C. glutamicum cells were preinoculated in brain
heart infusion medium (BHI, Oxoid™) overday,
diluted in a 50-50 mix of CGXII and BHI medium
overnight and finally diluted to an Aggpo oOf 1 in
CGXIl. CGXIl minimal medium was always
supplemented with 120 mM acetate and the cells
were always grown at 30 °C, 200 rpm. Cells were
grown to exponential phase prior imaging
(Asoo ~ 4).

Structured illumination microscopy (lattice-
SIM)

SIM imaging was performed with an Elyra 7
(Zeiss) inverted microscope equipped with two
pco.edge sCMOS 4.2CL HS cameras (PCO AG)
connected through a DuoLink (Zeiss). Cells were
observed through an alpha Plan-Apochromat
63x/1.46 Oil Korr M27 Var2 objective in
combination with an Optovar 1.6x (Zeiss)
magnification changer, yielding a pixel size of
63 nm. Temperature was maintained at 30 °C for
the entirety of the imaging. Ten Z-positions were
taken for each Z-stack, where the measured
distance between Z-planes (330 nm) is optimized
for Leap mode, a novel mode of acquisition and
processing developed by Zeiss. Each Z-plane was
imaged in Lattice-SIM mode and comprises 13
phases.

Fluorescence was excited with a 561 nm (100
mW) diode lasers, and signals were observed
through a multiple beam splitter
(405/488/561/641 nm) and laser block filters
(405/488/561/641 nm) followed by a Duolink SR
QUAD (Zeiss) filter module (secondary beam
splitter: LP560). For each phase, cells were
illuminated with the 561 nm laser at 35% intensity
for 100 ms.
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SIM image reconstruction was done via the ZEN
3.0 SR (black) software. Processing was
performed via 3D Leap using all the Z-planes.
Standard parameters were used for the
reconstruction (Sharpness: standard, Fit: Fast fit).
The baseline for the reconstructed intensity
histograms was set as cut. The resulting distance
between the reconstructed Z-plane equal to
110 nm. The lateral resolution for the SIM
reconstructed images, as determined via
SIMcheck” (data not shown) is approximately
110 nm.

Image analysis

Reconstructed SIM Z-stack images were
analyzed via the 3D-Roi manager from the 3D
ImageJ Suite” or transformed into maximum inten-
sity projections via Fiji is Just ImagedJ (Fiji)’? and fur-
ther analyzed via Microbed.”®

Briefly, cell segmentation and cell area
determination were determined via bright-field
based binary masks. Construction of the binary
masks was performed via the use of two semi-
automated  Fiji macros (https://github.com/
GiacomoGiacomelli/Bacterial-cells-segmentation-
from-Bright-Field). The identification of ParB
condensates from the maximum intensity
projections was performed via Microbed (Z-score:
35, Tolerance: 2000, Area [um?] > 0.001).”°

ParB condensate areas contained within to the
same cell were summed up together and divided
by the area of the cell itself, therefore determining
the condensate occupancy.

3D ParB condensate were segmented via the 3D
segmentation function from the 3D-Roi manager.
The resulting binary stacks were used to produce
three dimensional regions of interest which were
then compared for volume size. Measurements
characterized by NA values were removed from
the analysis (NA are caused by volumes spanning
for a single cube pixel).

Statistics

Statistics were performed via R (R-studio
v1.1.453, R version v3.5.0).”° ParB occupancy
and condensate volume distributions were tested
for normality (Shapiro-Wilk normality test). As both
occupancy and condensate volumes did not follow
a normal distribution, differences between strains
were determined via Wilcoxon rank sum test with
continuity ~ correction  (Alternative  Hypothesis
ParB > ParB175).

Plasmid labeling

Plasmids were labeled by Mirus “label-it” Cy5
labeling kit (Cat. No. MIR 3700) according to
manufacturer’s instructions to achieve a ~20 bp
spacing between labels. Therefore, labeling
density of oligonucleotides and plasmids is equal.
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Fluorescent recovery after photobleaching

ParB-eGFP was added in a molar ratio of 1:10 to
samples containing either dsDNA or plasmids.
Phase separation was induced by mixing buffer
with protein and leaving samples as a hanging
drop to equilibrate for 10—-15 minutes. Then, the
hanging drop was sandwiched between two
siliconized coverslips (Hampton Research), sealed
by vacuum grease. The sample was imaged on a
Zeiss LSM780. Droplets of similar size were
bleached in the middle and recovery was
observed in 3 second time intervals.

Circular Dichroism (CD) measurement

CD spectra of the disordered N terminus was
recorded on a JASCO-715CD-spectrophotometer.
Protein was dialyzed in no salt buffer (20 mM
Phosphate, pH 7.4, 5 mM MgCl,). Data were
collected at room temperature and consisted of
averaging 10 individual spectra followed by buffer
average subtraction. Measuring speed was set to
100 nm/min. Protein  concentration was
determined to be 0.275 mg/ml (measured by
Bradford assay).

CTPase assay

Nucleotide hydrolysis was measured using a
coupled enzyme assay.”” Reactions contained
8 uM ParB variants, 20 U/mL pyruvate kinase
(Sigma Aldrich), 20 U/mL L-lactate dehydrogenase
(Sigma Aldrich), 800 mg/mL NADH and 3 mM PEP.
140 pl of the reaction mixture were transferred into a
96-well microtiter plate and supplemented with CTP
to a final concentration of 1 mM to start the reac-
tions. The reaction was followed by measuring the
decrease in NADH absorbance at 340 nm at 15 sec-
ond intervals. Initial velocities were calculated by
linear regression analysis of each time course and
corrected for spontaneous CTP hydrolysis and
NADH oxidation.

Partitioning

Droplets were formed like described in ‘FRAP’. At
least three Z-stacks were taken from representative
areas of three different samples. Using Fiji, the
mean pixel intensity was extracted from regions of
interest within and outside of droplets and
compared. The free energy of partitioning was
calculated using the equation: AG = RT In(K),
where K is (Int. inside/Int. outside). Standard
deviation was calculated of the three means of the
replicates.

Mass photometry

Measurements were performed on the first
generation Refeyn mass photometer. Glass cover
slides were sonicated in isopropanol for cleaning.
A drop of 19 ul of buffer containing either just
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buffer, 1 mM ATP or 1 mM CTP was deposited on
the surface and the autofocus was activated.
Once stable signal and focus was achieved, 1 pl
of protein solution of 4 yM ParB, preincubated
with either 1 mM CTP (Jena Bioscience) or 1 mM
ATP (Jena Bioscience) was mixed with the pre-
deposited  solution, resulting in a final
concentration of 200 nM ParB. Full mixing was
achieved by pipetting up and down several times.
A 6000-frame video was recorded and analyzed in
the Refeyn software. As calibration, thermo
scientific unstained size exclusion
chromatography marker (Cat. No. 26610) was
used as suggested by Refeyn.

DLS

DLS data were collected using a DynaPro
NanoStar instrument (Wyatt Technology Europe
GmbH, Dernbach, GERMANY). The instrument
employs a 658 nm laser and a 90° scattering
angle. Samples were measured at 20 °C and
100% laser power, with automated attenuation
turned on. Each experiment consisted of 8 repeats
of 25 five second acquistions. Data analysis was
with manufacturer's Dynamics software package
(release 7.3.18). Data were filtered with a baseline
setting of 0.02, followed by averaging of the
repeats. Protein concentration was 30 pM and
CTP concentration was 2.5 mM.

SEC-Mals

SEC-Mals was performed on a Wyatt system with
following components: Light scattering instrument
was a Dawn Heleos 8, RI Instrument was a
Optilab T-rEX and an Agilent 1260 infinity HPLC.
Flow was set to 0.5 ml per minute and 100 pl of
1.625 mg/ml ParB was injected. Separation was
achieved by a Superdex 200 increase column.
Fitting was performed using the ASTRA software.
BSA was used for calibration of the instrument.

Molecular cloning

All constructs were designed and cloned using a
seamless cloning strategy. In brief, vectors were
linearized using indicated primers (Table S1) in a
PCR (Phusion Polymerase (ThermoFisher
Scientific Cat. No. F530L)) reaction. Following
PCR reaction, template was digested using Dpnl
(NEB) at 37 °C for 30 min. PCR products were
visualized by agarose gel electrophoresis
(agarose 0.8%, TAE, 120 V, 40 min), cut-out and
purified using a QIAGEN gel extraction kit (Cat.
No. 28704). Inserts were amplified by PCR using
the appropriate primers (Table S1). Vector and
insert were assembled by seamless cloning using
the ThermoFisher Scientific /Invitrogen GeneArt™
Seamless Cloning and Assembly Enzyme Mix
(A14606) and transformed into chemically
competent OneShot Top10-cells (Cat. No.

12

C404006). Selection for successful cloning was
done on LB-Ampicillin or LB-Kanamycin plates.
Cells were grown overnight at 37 °C. Then,
individual clones were picked and grown overnight
in LB media (5 ml) containing the appropriate
antibiotic (Ampicillin or Kanamycin). Plasmids
were purified by a Miniprep kit (Cat. No.27104)
and sequenced to verify successful cloning.
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Figure S 1: ParB phase separation is not dependent on the crowder and is reversible. A) ParB phase separation observed upon
introducing 30 uM ParB in 20 mM Tris pH 7.4, 125 mM NaCl and 2.5 mM MgCl, to 5% 20 kDa Dextran. B) ParB phase
separation observed upon introducing 30 uM ParB in 20 mM Tris pH 7.4, 125 mM NaCl and 2.5 mM MgCl, to 5% 70 kDa Ficoll.

C) Turbidity measurement before and after the addition of 0.5 M NaCl to a phase separated sample of ParB.
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Figure S 2: Potassium glutamate stabilizes ParB phase separation. A) ParB in 140 mM NaCl and 200 mM potassium glutamate
(B). C)) Turbidity measurements show a clear difference between KGlu and NaCl. D) DLS measurements of ParB radius of

hydration in different conditions.
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predicted to be highly disordered. C) Increase of ionic strength leads to monomerization of ParB, as observed in SEC-Mals
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Figure S 3: ParB phase separation is differentially stabilized by CTP and parS . A) Phase diagram of ParB in presence of CTP
and parsS plasmid or non-parS bearing plasmid. B) Turbidity measurements in the presence of parS/random parS plasmid (50
ng/ul) with or without CTP. C) Turbidity measurement of R175A mutant with and without CTP. D) Turbidity measurement of

R175A mutant with parS/random parS plasmid (50 ng/ul).
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Membrane mediated phase separation of the bacterial
nucleoid occlusion protein Noc

Summary:

In this study, I investigate the phase behavior of the ParB orthologue Noc. I identify
similarities between Noc and ParB in the propensity to phase separate and the regulative
mechanism thereof. Furthermore, I study the interaction of Noc condensates with various
model membrane systems such as SLBs or GUVs [131].

Reprinted with permission from Springer Nature.

Leon Babl, Adrian Merino-Salomén, Nishu Kanwa and Petra Schwille, Membrane medi-
ated phase separation of the bacterial nucleoid occlusion protein Noc, Scientific Reports,
2022.
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Membrane mediated phase
separation of the bacterial nucleoid
occlusion protein Noc

Leon Babl, Adrian Merino-Salomén, Nishu Kanwa & Petra Schwille®"?

Liquid-liquid phase separation is a fundamental biophysical process to organize eukaryotic and
prokaryotic cytosols. While many biomolecular condensates are formed in the vicinity of, or even on
lipid membranes, little is known about the interaction of protein condensates and lipid bilayers. In
this study, we characterize the recently unknown phase behavior of the bacterial nucleoid occlusion
protein Noc. We find that, similarly to other ParB-like proteins, CTP binding tightly regulates Noc's
propensity to phase separate. As CTP-binding and hydrolysis also allows Noc to bind and spread on
membranes, we furthermore establish Noc condensates as model system to investigate how lipid
membranes can influence protein condensation and vice versa. Last, we show that Noc condensates
can recruit FtsZ to the membrane, while this does not happen in the non-phase separated state. These
findings suggest a new model of Noc mediated nucleoid occlusion, with membrane-mediated liquid-
liquid phase separation as underlying principle of complex formation and regulation thereof.

Abbreviations

GUV  Giant unilamellar vesicle

SLB Supported lipid bilayer

LLPS  Liquid-liquid phase separation
QCM  Quartz crystal microbalance

Compartmentalization of biochemical processes is a fundamental requirement to orchestrate the wealth of
reactions necessary to maintain a functional cell. Long known strategies of compartmentalization involve the
formation of membrane-encapsulated substructures within the cell’s interior. Prominent examples of such com-
partments are the eukaryotic nucleus or prokaryotic magnetosomes'. More recently, a novel strategy for cellular
compartmentalization has gained significant attention: The formation of non-membrane bound organelles by
protein or nucleic acid phase separation®.

Via a often enthalpically driven demixing of a homogenous solution into a component-dense and a compo-
nent-dilute phase, biochemical reactions can be contained, accelerated and spatiotemporally controlled*-. Highly
complex cellular structures such as the nucleolus, a multilayered biomolecular condensate responsible for the
production of functional rRNA, can be generated by phase separation of protein and nucleic acid components”.
Recently, an increasing variety of cellular compartmentalization has been linked to liquid-liquid phase separa-
tion in eukaryotes® and also prokaryotes’.

While our understanding of the assembly and control of these remarkable cellular features is advancing,
fewer studies have focused on the interactions of membrane-bound and membraneless organelles'*-'. However,
many of the well-characterized phase separating systems are known to form in proximity and interact with lipid
membranes in vivo?>?!. For example, the prominent membraneless organelle of the germ line, the germ gran-
ule, forms and stays in vicinity to the nucleolar membrane for its entire lifespan’. Exciting theoretical studies
have started to unravel principles of phase separation on membranes and other surfaces, predicting significant
differences, such as a step-wise wetting transition, to bulk phase separation®. Interestingly, the interaction of
synthetic aqueous-two phase systems, such as PEG-dextran mixtures, and membrane model systems have been
described in depth and have shown to be able to deform, bud and organize biological membranes*-%. Also,
binding of phase separating proteins to model membrane systems through artificial tags was shown to enhance
membrane tubule formation, depending on the phase separated state of the bound proteins'®. Synaptic proteins
have been shown to co-phase separate with membrane vesicles, which has been interpreted as the mechanism
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of formation of the pre-synaptic density"’. It is therefore becoming increasingly clear that many membraneless
organelles interact with membrane bound compartments or the plasma membrane®.

So far, no bacterial condensates and lipid membrane interactions have been studied in vitro. However, recent
studies have proposed that the bacterial ParB-protein family is capable of forming liquid-liquid phase separated
condensates in various organisms>~%°. While the largest part of the ParB-family are primarily DNA binding pro-
teins, a subfamily is known to directly interact with lipid membranes. These so-called nucleoid occlusion proteins
bind to the inner membrane leaflet and prevent the cell division machinery to form above the bacterial nucleoid®.
Initially, a uniform distribution of Noc on the nucleoid was reported, but more recent studies revealed dynamic,
foci-like structures of Noc on the membrane’"*2. The formation of this higher-order complex and the mechanism
of Z-ring inhibition above the nucleoid, however, are still poorly understood with little in vitro data to date.

Here we demonstrate that Noc, like other ParB proteins, undergoes a liquid-liquid phase separation depend-
ing on the environmental conditions. The phase separation is controlled by CTP-binding, and the formed droplets
readily interact with and deform membranes. The formation of droplets, in reverse, is dependent on membrane
characteristics, such as composition and order. Furthermore, phase separated Noc can up-concentrate FtsZ,
potentially pointing to a physiological role of condensate formation in Z-ring regulation and highly similar to
the E. coli nucleoid occlusion system*.

Results

Noc undergoes liquid-liquid phase separation. It was recently shown that a variety of ParB-like pro-
teins undergo LLPS in vivo® and in vitro®. Despite its different biological function, Noc’s ability to bind and
spread on membranes is closely regulated by CTP-binding and hydrolysis*'. This similarity to ParB lead us to
hypothesize that Noc can also undergo CTP-controlled LLPS?. In accordance with this hypothesis, in vivo data
suggests that the formed Noc nucleoprotein complex has a higher order structure and is highly dynamic**2.

LLPS of proteins is greatly dependent on environmental conditions, such as ionic strength, buffer composi-
tion, or temperature®*. Potassium glutamate is highly abundant in bacterial cells and has been shown to stabilize
LLPS of bacterial proteins*®***”. We therefore exposed fluorescently labeled Noc to a buffer containing 150 mM
Potassium Glutamate and observed the formation of micrometer-sized spherical droplets (Fig. 1A). Replacing
Potassium Glutamate with Potassium Chloride or Sodium Chloride does not lead to phase separation. Thus, Noc
phase separation, similar to ParB* and other bacterial proteins, is stabilized by Potassium Glutamate. The volume
of phase separated droplets scales with protein concentration, as expected for LLPS (Fig. 1A). Noc droplets are
highly dynamic, and the formation of the phase separated droplets is reversible as, upon addition of 500 mM KCl,
the droplets rapidly dissolve (Fig. 1B). We also observed fusion of droplets and their relaxation into a spherical
shape, indicating liquid-like behavior (Supp. Fig. 2 and Movie S1).

It was recently shown that ParB LLPS is tightly regulated by CTP-binding and that this regulation is conserved
within the ParB protein family*. As Noc can also interact with CTP and its membrane binding is regulated by
CTP-binding and hydrolysis, we ought to test whether CTP also stabilizes Noc LLPS*. Intriguingly, addition of
CTP greatly increases the turbidity, indicating an increase in phase separated material. Also, a non-CTP-binding
mutant (R89A) is unable to phase separate and shows no turbidity in absence and presence of CTP (Fig. 1C).
These experiments demonstrate that CTP-binding also regulates Noc phase separation.

Taken together, we show that Noc undergoes LLPS depending on the environmental conditions, and the
formation of droplets is regulated by CTP binding. These findings are remarkably similar to the properties of
other ParB-protein droplets. However, the Noc subfamily has significant functional differences to most ParB-
like proteins. Noc can bind to membranes to regulate the formation of the Z-ring. This is in stark contrast to the
DNA-binding and nucleoid positioning functionality of many ParB-family members. We therefore sought to
investigate if these biological differences manifest in the phase behavior of Noc.

Noc condensates interact with membranes. While Noc and ParB share a common ancestry, their
biological functionality greatly differs. This difference manifests in Noc’s ability to bind the bacterial chromo-
some to the plasma membrane to create nucleoid occlusion®®. Recently, the role of CTP binding and hydrolysis in
Noc membrane binding has been unraveled, and shown similar mechanisms to ParB binding and spreading on
DNA*%, These similarities lead us to conclude that Noc condensates could interact with biological membranes,
making it a powerful model system to study the interaction of protein condensates with lipid membranes.

Initially, we verified the functionality of our fluorescence labeling strategy by binding Atto488-Noc to the
outer membrane of giant unilamellar vesicles (GUVs), which serve as model systems to mimic the cell mem-
brane. As recently shown, only in the presence of specific DNA sequence (dsNBS oligo) and CTP, Noc binds to
the membrane®*. The CTP-binding mutant, R89A, which is also deficient of LLPS, is unable to bind to the mem-
brane in the presence of dsNBS and CTP. Interestingly, Atto488-Noc*** could be recruited to the membrane by
addition of unlabeled wildtype Noc (Fig. 2A). This finding suggests that Noc can self-interact to recruit further
molecules that are deficient of membrane binding, to the membrane. Similar self-interaction is a behavior often
observed for phase separating proteins. To test if phase separated Noc interacts with membranes, we added 3 uM
of Noc to a chamber containing GUVs (Fig. 2B). Upon phase separation, wetting, diffusion and fusion of conden-
sates on GUVs was observed (Supp. Movie). This indicates that the formed condensates not only preferentially
interact with membranes but remain liquid-like while binding them. To gain more insight into the formation
of condensates on membranes, we performed a titration of Noc to GUVs. Interestingly, at lower concentrations
of Noc, we observed the formation of film-like structures on the GUVs, whereas higher concentrations of Noc
lead to the formation of round 3D-condensates (Fig. 2C). The condensate formation on the surface is specific
to membranes, as we could not observe droplets or domain-like structures on Ni-NTA Agarose beads that also
bound Noc on the surface (Supp. Fig. 5).
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Figure 1. Noc undergoes liquid-liquid phase separation. (A) 8 uM of Atto488-labeled Noc in different

buffers (20 mM Tris pH 7.4, 150 mM KGlu, KCI or NaCl and 5 mM MgCL,. The scalebar is 30 pm. Increase of
concentration of Noc in KGlu-buffer leads to larger and more droplets. From left to right: 1 uM, 2 uM, 4 uM and
8 uM. The scalebar represents 20 pm. (B) Dissolution of droplets after addition of 500 mM KCI. The droplets
were formed in KGlu-buffer and after formation, 500 mM KCl were added which resulted in rapid dissolution of
the Noc droplets. Protein concentration was 8 pM and the scalebar represents 10 pum. Error bars are the standard
deviation of three different droplet and background regions of interests. (C) Turbidity data: 20 uM of wildtype
Noc was prepared in 20 mM Tris pH 7.4, 150 mM KGlu, 1 mM TCEP and 5 mM MgCl, buffer and turbidity was
measured with or without 1 mM CTP at 650 nm. Error bars represent the standard deviation of three replicates.

As Noc condensates are interacting with the inner, rather than the outer membrane in vivo*’, we encapsulated
Noc into water-in-oil droplets with a membrane monolayer. Interestingly, the encapsulation clearly leads to con-
densates wetting the inner membrane of the droplets and the formation of domain-like structures on the mem-
brane, again demonstrating the preferential binding and phase separation of Noc on the membrane (Fig. 2D).

Taken together, these findings reveal that Noc condensates preferentially wet the surface of various mem-
branes. Depending on the protein concentration, Noc can form film-like condensates or round 3D spheres on
the membrane. When encapsulated into a membrane bound organelle, the condensates maximize the surface
interaction with the membrane by wetting.

Biological membranes can vary immensely in composition, order and fluidity/flexibility*!. We therefore
sought to understand if membrane properties such as charge or flexibility alter Noc condensation. For this
purpose, we introduced Noc to supported lipid bilayers (SLBs) as these allow more quantitative analysis of the
formed droplets on the membrane.
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Figure 2. Noc condensates interact with membranes. (A) Noc and Noc mutants binding to GUVs (70 (POPC): 30 (POPG)).
(1) 2 uM of Atto-488 Noc in absence of CTP and dsNBS does not bind to a GUV. (2) 500 nM of Atto-488 Noc binding to a
GUV (70 (POPC): 30 (POPG)) in presence of 1 mM CTP and 1.5 uM dsNBS DNA in 20 mM Tris pH 7.4, 150 mM KGlu,

1 mM TCEP and 5 mM MgCl, buffer. (3) Atto488-Noc**** mutant at 4 uM in presence of 1 mM CTP and 1.5 uM dsNBS does
not bind to a GUV. (4) 3 uM of WT Noc recruit Atto488-Noc*** to the membrane. (B) Addition of 3 uM Atto-488 Noc to a
sample containing GUVs (70 (POPC): 30 (POPG)). Buffer composition is 20 mM Tris pH 7.4, 150 mM KGlu, 1 mM TCEP,

1 mM CTP, 2.5 uM dsNBS and 5 mM MgCl,. The scale bar represents 100 um. (C) Titration of Noc in samples containing
GUVs (70 (POPC): 30 (POPQG)) in presence of 1 mM CTP and 2.5 uM dsNBS. From left to right: 1 uM, 2 uM and 6 uM
Atto488-Noc. Images are reconstituted using Image] 3D Viewer plugin. (D) Encapsulation of Noc in water-in-oil droplets. An
apparent concentration 80 uM of Atto488-Noc was encapsulated in the water-in-oil droplets. However, the final concentration
in the droplets is significantly lower, as Noc is partially lost during droplet encapsulation. Images on the left show an overview
of several droplets. The middle image shows zoomed-in droplets with Noc condensates wetting the inside membrane. The
image on the right shows a maximum Z-projection of an individual droplet containing a condensate and film-like structures.
Scalebars represent 10 um.
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Figure 3. Noc condensates are influenced by membranes and can deform flexible membrane bilayers. (A)
Droplet formation of Atto488-Noc on supported lipid bilayers (70:30 DOPC:DOPG) in presence and absence of
CTP. The amount of phase separated material on the SLBs was monitored for 4 h. The area covered by droplets
was calculated by thresholding the images and calculating the area fraction of the droplets. The images represent
the amount of SLB coverage after 2 h and the scalebar is 50 um. The protein concentration is 8 uM and the
buffer is 20 mM Tris pH 7.4, 150 mM KGlu, 1 mM TCEP, 1 mM CTP, 2.5 uM dsNBS and 5 mM MgCl,. Error
bars represent the standard deviation of three replicates. (B) Droplet formation of Atto488-Noc on supported
lipid bilayers with different amounts of charged lipids (DOPG). The area covered by droplets was calculated by
thresholding the images and calculating the area fraction of the droplets. The images represent the amount of
SLB coverage after 2 h and the scalebar is 50 um. The protein concentration is 16 uM and the buffer is 20 mM
Tris pH 7.4, 150 mM KGlu, 1 mM TCEP, 1 mM CTP, 2.5 uM dsNBS and 5 mM MgCl,. Error bars represent

the standard deviation of three replicates. (C) Noc condensates on GUVs (70:30 POPC:POPG) before and after
drying the sample for 2 h. To allow evaporation of buffer, the oil layer above the buffer was removed. The protein
concentration is 8 uM. The buffer is 20 mM Tris pH 7.4, 150 mM KGlu, 1 mM TCEP, 1 mM CTP, 2.5 uM dsNBS
and 5 mM MgCl,. Scalebar 10 pm. (D) Noc condensates on phase-separated GUVs. The protein concentration
is 2 uM (upper panel) and 12 uM (lower panel). The buffer is 20 mM Tris pH 7.4, 150 mM KGlu, 1 mM TCEP,

1 mM CTP, 2.5 uM dsNBS and 5 mM MgCl,. Scalebar 5 pm.

As Noc droplets also form in the absence of membrane binding (Fig. 1A), we compared a membrane bound
to non-membrane bound state by adding CTP to the sample. We observed a significantly increased membrane
coverage by phase separated droplets in the presence of CTP (Fig. 3A). While CTP generally stabilizes Noc phase
separation, also in absence of a membrane, the measured difference between phase separated material in presence
or absence CTP on SLBs is even higher than expected from the turbidity data (Fig. 1C) in bulk. It is therefore
likely that membrane binding stabilizes the formation of Noc condensates.

Similarly, protein condensates are highly susceptible to changes in the direct electrostatic environment®>. To
test whether membranes can truly stabilize Noc LLPS, we prepared SLBs with different percentages of negatively
charged lipids. Intriguingly, increasing the negative charge from 10 to 50% lead to a significant increase in phase
separated material on the membrane (Fig. 3B). These findings provide evidence that membranes can alter the
formation of condensates by affecting the immediate electrostatic environment.
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This opens the question if vice versa, protein condensates can influence lipid membranes. For example, it has
been demonstrated that protein condensates can cause GUV tubulation when artificially bound to the membrane,
and synthetic aqueous two phase systems have been shown to cause membrane bending'>*2. We therefore slowly
dried GUV containing samples to cause an osmolar mismatch with the surrounding buffer. This mismatch creates
more flexible membranes as water leaves the GUVs, lowering the bending rigidity of the membrane and making
it more flaccid in nature. While Noc condensates on non-flexible membranes are clearly pointing outwards, upon
drying the membrane becomes flexible and the condensates point into the GUVss (Fig. 3C).

To mimic more complex membrane compositions often found in vivo*"*, we performed similar experiments
with membrane-phase separated GUV's to account for the presence of membrane rafts in the cells. Based on the
lipid composition, GUVs partition into liquid-ordered (L,) and liquid-disordered (Lj,) domains. Interestingly,
Noc was found to colocalize with the Lj,-domains (red-colored), which are known to be more flexible. Upon
increasing Noc concentration, Noc condensates were also only observed on the L,-domains of the GUVs and
clearly deformed the phase separated GUVs at high protein concentrations (Fig. 3D). This preferential binding to
Lp domains potentially results from the higher fluidity of L, domains as compared to the more rigid L, domains,
accumulating more protein and facilitating the phase transition at the L, domains.

Thus, Noc condensation on membranes is influenced by the protein affinity towards the membrane, as well
as the membrane’s physical properties. Together with the film-like structures (Fig. 2) depending on Noc con-
centration, these findings point towards a surface mediated condensation for the assembly of Noc droplets on
membranes. Once formed, Noc condensates can deform membranes similar to recent findings of tubule forma-
tion by protein phase separation on GUVs".

Noc condensates can recruit FtsZ to lipid membranes. Last, we investigate the potential role of Noc
condensates in B. subtilis nucleoid occlusion. The E. coli nucleoid occlusion factor SImA has been shown to form
liquid-like condensates which absorb FtsZ and hinder its polymerization®. The conservation of liquid conden-
sate formation between SImA and Noc is particularly intriguing, as the two proteins are not known to share
similarities in mechanism and protein structure. While SImA has been demonstrated to bind to FtsZ and alter
its polymerization dynamics, Noc is thought to not or very weakly interact with FtsZ.

In accordance with previous findings*, we could not observe a relevant direct binding using labeled FtsZ and
titrating Noc in microscale thermophoresis experiments. Using quartz crystal microbalance (QCM) experiments,
we quantitatively compared membrane coverage in presence and absence of FtsZ and could not detect significant
additional protein attachment in presence of B. subtilis FtsZ and Noc, compared to a control only containing Noc
(Supp. Fig. 3). Also, FtsZ GTPase activity is not altered by titrating in Noc, in presence and absence of dsNBS
DNA (Supp. Fig. 4). These findings demonstrate that Noc and FtsZ do most likely not or only weakly interact, and
Noc does not recruit FtsZ to lipid bilayers in the non-phase separated state. However, it is known that biomolecu-
lar condensates can utilize weak (high pM to low mM Kj,) affinities to significantly up-concentrate molecules*.
We therefore tested if Noc condensates can concentrate FtsZ, similar to the E. coli orthologue SImA. Upon
phase separation of Noc, strong partitioning of labeled FtsZ was observed (Fig. 4B). Similarly, non-membrane
bound FtsZ was strongly partitioned into Noc droplets on GUVs (Fig. 4C). This is most likely a result of the
high local Noc concentration, offering a plethora of interactions to FtsZ and therefore potentiating any weak
interaction. In vivo, however, FtsZ is bound to the membrane by FtsA and SepF**-*. We therefore constructed
a membrane-bound version of FtsZ (FtsZ-mScarlet-MTS) and measured its partitioning into Noc droplets on
SLBs. Expectedly, the membrane-bound FtsZ, FtsZ-mScarlet-MTS, was also strongly up-concentrated within
the membrane-bound Noc droplets (Fig. 4D). Interestingly, Noc droplets can also up-concentrate E. coli FtsZ,
suggesting that the Noc-FtsZ interaction is located at the conserved regions of FtsZ (Supp. Fig. 6).

To summarize, we show that Noc in a non-phase separated state does not recruit or enrich FtsZ on the mem-
brane, however upon phase separation it recruits FtsZ to the membrane. These findings are potentially pointing
towards a regulative role of Noc LLPS in nucleoid occlusion, intriguingly in high similarity to the E. coli system™®.

Discussion
Self-organization of ParB-like proteins is an increasingly studied topic. A variety of members from this protein
family have been shown to undergo liquid-liquid phase separation in vitro and in vivo??%%%, We demonstrate
that a functionally unrelated ParB-like protein, Noc, also undergoes LLPS. Intriguingly, the mechanism of regula-
tion of phase separation appears to be conserved among the ParB-family members. Noc condensates physically
interact with biological membranes, resulting in condensate and membrane deformations. Likewise, membrane
composition and order can influence condensation. Lastly, we show that Noc condensates up-concentrate FtsZ
in bulk and on membranes, pointing towards a regulatory mechanism of Noc condensation in Z-ring assembly.
The formation of liquid-like condensates is supposed to be a crucial mechanism in cellular
compartmentalization®. While we know that protein evolution can impact on sequence, structure and func-
tion, it is not yet clear if similar mechanisms are in place for the phase properties of proteins. In eukaryotes, it
has been hypothesized that an individual protein family, the DEAD-box helicases, regulates a large fraction of
the biomolecular condensates found in vivo®. However, this protein family only has few prokaryotic members.
We therefore recently suggested that the prokaryotic ParB protein family could serve a similar role in bacteria,
as several of these proteins, or proteins with similar functionality, have been shown to undergo liquid-liquid
phase separation®*%!. To scrutinize this hypothesis, we purified the functionally unrelated ParB-like protein,
Noc, and showed that this protein also undergoes LLPS. Intriguingly, Noc phase separation is also regulated by
CTP, as previously shown for ParB. These similarities of phase properties and regulation thereof are an excellent
example of the potential evolutionary conservation of LLPS within protein families.
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Figure 4. Noc condensates non-specifically up-concentrate FtsZ on the membrane and in bulk. (A) Current
models of Nucleoid occlusion in E. coli (left) and B. subtilis (right). (B) Partitioning of B. subtilis FtsZ into

Noc droplets in bulk. Left: 8 uM Noc, 10 uM B. subtilis FtsZ****” Buffer conditions: 50 mM Mes pH 6.5,

50 mM KCl, 10 mM MgCl,, 1 mM EDTA and 2 mM GTP. The scalebar represents 10 um. (C) Partitioning

of B. subtilis FtsZ into Noc droplets on GUVs. 4 uM Noc, 1 pM FtsZ in 20 mM Tris pH 7.4, 150 mM KGlu,

5 mM MgCl, 1 mM CTP and 2.5 uM dsNBS. The GUV's consist of 70:30 POPC:POPG. Scalebar 10 um. (D)
Partitioning of B. subtilis FtsZ-mScarlet-MTS on SLBs. Noc concentration is 5 uM and 600 nM FtsZ-mScarlet-
MTS. Buffer conditions: 50 mM Mes pH 6.5, 50 mM KCl, 10 mM MgCl,, 1 mM EDTA, 5 mM GTP, 1 mM CTP
and 2.5 M dsNBS. The SLB consists of 70:30 DOPC:DOPG lipids. Scalebar 50 pm.

However, a striking difference between Noc and ParB is Noc’s N-terminal membrane binding helix. Through
regulation by CTP hydrolysis and DNA binding, Noc can bind and spread on membranes®. This mechanism of
binding and spreading is highly similar to ParB binding and spreading on DNA. These similarities led us to the
conclusion that Noc condensates could interact with, and potentially be regulated by, lipid membranes. While
recent advances related more biomolecular condensates with membrane binding, only few studies systemati-
cally investigate the influence of membranes on condensates, and vice versa'>'>%. Intriguingly, we found that
membrane binding, membrane composition and membrane order can regulate the formation of condensates.
These findings point towards a coupling of membrane- and protein phase separation, which likely plays a funda-
mental role in the organization of biological condensates in vivo. Also, forces generated by protein condensates
acting on membranes have attracted attention and could be of broad interest, for example as recently shown
for endocytosis®>**. The formation of film- or domain-like structures on GUVs and in water-in-oil droplets by
Noc is highly similar to recent reports of phase separating proteins on membrane surfaces, where domain-like
architectures were observed'>"”. These findings indicate a wetting-like transition of Noc on the membrane, as
recently shown for a DNA-binding protein® and studied theoretically?.

Taken together, we demonstrate that Noc readily forms condensates on a variety of model membranes,
governed by liquid-liquid phase separation. We show that membrane properties such as charge or fluidity
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alter the condensate formation. In accordance with recent reports of artificial coacervates bending and wetting
membranes, we observe that Noc condensates generate forces on membranes, deforming and wetting a variety
of model membranes. Therefore, Noc droplets represent a new and exciting class of biomolecular condensates,
which not only interact with membrane-bound compartments but are also “out-of-equilibrium” through constant
CTP-hydrolysis. We hope that the described findings will catalyze novel theoretical and experimental studies,
advancing our understanding of out-of-equilibrium protein condensation on biological surfaces.

Methods and materials

Protein purification. Noc and Noc mutants. Noc and its R89A mutant were purified as previously
described®. In brief, protein was expressed in E. coli Rosetta (DE3) cells in LB medium at 37 °C supplemented
with carbenicillin. Protein expression was induced at OD of ~ 0.6 after cooling the culture to 4 °C with 1 mM
IPTG. Expression was continued for 3-4 h at 28 °C. Cells were spun down and lysed by sonication. The cell de-
bris was removed through centrifugation at 28,000 g for 30 min at 4 °C. The lysate was then loaded into a 5-mL
HisTrap column (GE Healthcare) that had been equilibrated with buffer A [100 mM Tris-HCI pH 8.0, 250 mM
NacCl, 10 mM imidazole, and 5% (v/v) glycerol]. Protein was eluted from the column using an increasing gradi-
ent of imidazole (10-500 mM) in the same buffer. Noc-containing fractions were pooled together and diluted to
a conductivity of 16 mS/cm before being loaded onto a 5-mL Heparin HP column (GE Healthcare) that had been
equilibrated with 100 mM Tris-HCI pH 8.0, 25 mM NaCl, and 5% (v/v) glycerol. Protein was eluted from the
Heparin column using an increasing gradient of NaCl (25 mM to 1 M) in the same buffer. Noc was further puri-
fied using a Superdex-75 gel filtration column (GE Healthcare). The gel filtration column was pre-equilibrated
with buffer containing 10 mM Tris-HCI pH 8.0, 250 mM NaCl and 5 mM MgCl,. Eluted protein fractions were
analyzed for purity by SDS-PAGE. Mutants were purified with the same protocol, for the KCK-tag variant for
fluorescent labeling, TCEP (1 mM) was added prior to labeling and for storage.

B. subtilis FtsZ. 'The protein was purified as described elsewhere®>*°. In brief, the protein was expressed in
E. coli C41 (DE3) cells at 37 °C in LB medium to an ODg, of 0.6. Expression of the protein was induced with
1 mM IPTG and the cells grown for another 4 h at 37 °C. Cells were harvested by centrifugation and washed
with 50 mM Tris pH 8.8, 100 mM NaCl, 1 mM EDTA. Cells were lysed by three rounds of sonication in 50 mM
Tris pH 8.8, 100 mM NaCl, 1 mM EDTA and lysate was cleared by spinning at 160,000xg for 45 min at 4 °C. All
subsequent steps were carried out at 4 °C. Protein was precipitated by slowly adding 0.43 equivalents of saturated
Ammonium sulfate solution and incubation on ice for 20 min. Precipitates were separated by centrifugation at
10.000 g at 4 °C for 10 min. The supernatant was kept, and another 0.16 equivalents of Ammonium sulfate were
slowly added. After another 20 min incubation on ice, the protein was spun down. The pellet was resuspended in
50 ml of 50 mM Tris pH 8.5, 50 mM KCI, 1 mM EDTA, 1% sucrose and loaded onto a GE HealthCare MonoQ
10/100 column. The protein was eluted by applying a gradient with 50 mM Tris pH 8.5, 500 mM KCI, 1 mM
EDTA, 1% sucrose to the column. Protein was then dialyzed into 50 mM HEPES pH 7.5, 50 mM KCl, 2.5 mM
MgCl,, 1 mM EGTA and 10% sucrose, frozen in liquid nitrogen and stored at —80 °C.

E. coli FtsZ. E. coli FtsZ purification: FtsZ was purified by following the calcium precipitation method previ-
ously described®’. Briefly, FtsZ was expressed in C21 cells in LB medium at 37 °C. Protein expression was induced
with IPTG for 3 h followed by centrifugation and lysis of the cells by sonication. Cell debris was removed by
centrifugation at 50.000 g using an MLA 80 rotor at 4 °C for 1 h. FtsZ was polymerized by adding 1 mM GTP
and 20 mM CaCl, to a buffer containing 50 mM PIPES 5 mM MgCl,, 1 mM EDTAy pH 6.5 followed by incu-
bation for 15 min at 30 °C using a water bath. FtsZ Polymers were spun down at 16.000 g in ML-80 for 15 min
at 4 °C and subsequently resuspended in buffer without GTP and CaCl,, disassembling the polymers into the
FtsZ monomeric state. 1 mM GTP and 20 mM CaCl, was added again to promote FtsZ polymerization a second
time. FtsZ was incubated at 30 °C for 15 min and FtsZ polymers were spun down and resuspended afterwards as
described above. Resuspended FtsZ was centrifuged at 16.000 g for 15 min at 4 °C. The remaining supernatant
was loaded onto a Hi-TRAP Q-Sepharose column and the protein was eluted from the column by using a gradi-
ent of KCI (25 mM-1 M). Fractions of FtsZ were pooled and frozen at —80 °C. FtsZ concentration and purity
were measured by absorbance at 280 nm and SDS-PAGE respectively.

Protein labeling. Noc Att0488 maleimide:. ~ Atto488 maleimide was bought from SigmaAldrich (Cat. Nr.
28,562) KCK-tagged Noc was purified as described and cysteines reduced by addition of 1 mM TCEP. Labeling
was achieved by following the manufacturer’s instruction. Labeling efficiency was determined to be ~20%.

B. subtilis Alexa-Fluor 647 NHS Ester:.  Protein was dialyzed into 20 mM HEPES pH 8.0, 1 mM EDTA, 50 mM
KCl and 5 mM MgCl,. Protein concentration was adjusted to 250 uM and 350 pg Alexa-Fluor 647 NHS-Ester
dissolved in DMSO were added. The sample was incubated at room temperature (22 °C) for 45 min. Free dye was
separated by a gravity flow column (equilibrated in 50 mM Tris pH 7.9 50 mM KCI 10% Glycerol, 2.5 mM MgCl,
and 1 mM EGTA). Fractions containing FtsZ were pooled and flash frozen in liquid nitrogen.

E. coli NHS-647.  E. coli FtsZ was covalently labelled in the amine groups with Alexa 488 NHS ester as previ-
ously described®®*. FtsZ was labeled at its polymerized state by mixing FtsZ in presence of 1 mM GTP and
10 mM of CaCl, with a 1:4 molar excess of Alexa 488 dye for 15 min at 30 °C followed by ultracentrifugation for
15 min at 19,000 g to remove inactive protein. Labelled FtsZ polymers were resuspended in cold buffer to favor
depolymerization and incubated for 20 min at 4 °C. Free dye was separated by a HiTrap Desalting column (GE
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Healthcare). The degree of labeling of different fractions was estimated by absorbance and the protein was flash
frozen at —80 °C in 50 mM Tris-HCI, 150 mM KCl, 5 mM MgCl,, and 10% Glycerol pH 7.5.

Molecular cloning.  All constructs were designed and cloned using a seamless cloning strategy. In brief, vec-
tors were linearized using indicated primers (Table S1) in a PCR (Phusion Polymerase (ThermoFisher Scientific
Cat. No. F530L)). Following PCR, template was digested using Dpnl (NEB) at 37 °C for 30 min. PCR products
were visualized by agarose gel electrophoresis (agarose 0,8%, TAE, 120 V, 40 min), cut-out and purified using
a QIAGEN gel extraction kit (Cat. No. 28704). Inserts were amplified by PCR using the appropriate primers
(Table S1). Vector and insert were assembled by seamless cloning using the ThermoFisher Scientific /Invitrogen
GeneArt™ Seamless Cloning and Assembly Enzyme Mix (A14606) and transformed into chemically compe-
tent OneShot Top10-cells (Cat. No. C404006). Selection for successful cloning was done on LB-Ampicillin or
LB-Kanamycin plates. Cells were grown overnight at 37 °C. Then, individual clones were picked and grown
overnight in LB media (5 ml) containing the appropriate antibiotic (Ampicillin or Kanamycin). Plasmids were
purified by a Miniprep kit (Cat. No.27104) and sequenced to verify successful cloning.

GUV preparation. Double emulsion (homogeneous GUVs).  Lipid vesicles were produced by the double
emulsion method® with slight modifications. Briefly, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) (Avanti Polar Lipids, Alabaster, AL,
USA) were mixed and dissolved in chloroform at different molecular ratios (70:30) with a final concentration of
25 g/L. For fluorescence visualization of the vesicle membrane, 0.005% of 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine (DOPE) labelled with ATTO 655 (ATTO-Tech GmbH, Siegen, Germany) was included to the lipid
mixture. 100 pL of the lipid mixture was dried under N, and re-dissolved in 25 uL of decane (TCI Deutschland
GmbH, Eschborn, Germany). 1 mL of mineral oil (Carl Roth GmbH, Karlsruhe, Germany) was supplemented
to the mixture and thoroughly vortexed for ~ 1 min. 50 L of this lipid-in-oil mixture was carefully added on top
of 100 pL of reaction buffer in a 96-Well Flat-Bottom Microplate (SensoPlate, Greiner Bio-One GmbH, Krems-
muenster, Austria) previously passivated with 5 g/l of casein for ~ 30 min. This mixture was incubated for ~ 20—
30 min to favor the formation of a lipidic monolayer. At the same time, the inner solution containing 30 mg/mL
Ficoll and 10 mg/mL BSA suspended in reaction buffer was prepared. Subsequently, 2.5 uL of inner solution was
added to a 100 pL of lipid-in-oil in a 1.5 mL Eppendorf tube and water-in-oil emulsion was formed by tipping the
tube thoroughly. 80 L of this emulsion was then carefully dripped on top of the previously formed monolayer
and subsequently centrifuged for 10 min at 1000 g to obtain lipid vesicles. After centrifugation, the 96 well-plate
allowed the direct visualization of lipid vesicles on the confocal microscope.

Electroformation (phase-separated GUVs). Phase separated Giant Unilamellar Vesicles (GUVs) utilized
throughout this work were prepared by electroformation in PTFE chambers with Pt electrodes, as previously
described elsewhere with minor modifications®'. The lipid composition chosen was DOPC: DOPG: DSPC: Cho-
lesterol (40:20:20:20) doped with 0.1 mol% Atto655-DOPE to introduce phase separation and negative charge.
Briefly, 6 uL of the lipid mixture (2 mg mL™" in chloroform) was spread onto two Pt wires to make a thin film and
dried in a desiccator for 30 min. The PTFE chamber was filled with 350 uL of an aqueous solution of sucrose with
approximate 340 mOsm kg™ osmolarity (iso-osmolar compared to the imaging buffer). While keeping the PTFE
chambers at 60 °C, an AC electric field of 2 V (RMS) was applied at a frequency of 10 Hz for 1 h, followed by 2 Hz
for 0.5 h. The chambers were allowed to cool down to room temperature before performing any experiments.

Water-in-oil droplets. A mixture of lipids for a final volume of 500 pl (70:30 DOPC:DOPG; 0.01%
ATTO655-DOPE) was prepared at a concentration of 1.5 mg/ml and dried under nitrogen. 10 pl of Decane
was added and the solution was vortexed until a turbid solution was achieved. 500 pl of mineral oil was added
and aliquoted in 5x 100 ul. 1 pl of inner solution containing 20 mM Tris pH 7.4 150 mM KGlu, 5 mM MgCl,,
1 mM CTP, 1 mM TCEP and 1.5 pM dsNBS plus the appropriate Noc-Atto488 concentration was added. Droplet
formation was achieved by thoroughly vortexing the sample. Imaging was done in 96-Well Flat-Bottom Micro-
plate (SensoPlate, Greiner Bio-One GmbH, Kremsmuenster, Austria) previously passivated with 5 g/l of casein
for ~ 30 min.

Supported lipid bilayer (SLB) preparation.  SLBs were formed via vesicle fusion. Coverslips were rinsed
with ethanol and distilled water, and surface-etched with oxygen plasma (30 s at 0.3 mbar, Zepto, Diener Elec-
tronics). Lipids dissolved in chloroform were mixed in glass vials, and after evaporation of the solvent under
a gentle N, stream, the lipids were re-suspended in SLB formation buffer (25 mM tris, 150 mM KCI, 5 mM
MgCl,, pH 7.5) to 4 pg/ul, and vortex until the lipid films are completely resuspended, forming a cloudy solu-
tion containing Multilamellar Vesicles (MLVs) of various sizes. The obtained large multilamellar vesicle suspen-
sions were then sonicated until solutions were clear. These small unilamellar vesicle solutions were either stored
at —20 °C and re-sonicated before use or used immediately. The sonicated small unilamellar vesicle solutions
diluted to ca. 0.5 pg/ul in SLB formation buffer were added into liquid chambers pre-warmed to 37 °C, filling the
chamber. After 5 min incubation at 37 °C, liquid chambers now containing SLBs were washed with 10x200 ul
SLB washing buffer (25 mM Tris pH 7.5, 150 mM KCI).

QCM-D. Prior to each measurement, silicon dioxide (SiO,)-coated quartz crystal sensors (Biolin Scientific,
Gothenburg, Sweden) were treated with a 3:1 mixture of sulfuric acid and hydrogen peroxide (piranha-solution).
Subsequently, sensors were rinsed with ultrapure water, dried under a stream of nitrogen, and mounted in the
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flow modules of the Qsense Analyzer (Biolin Scientific, Gothenburg, Sweden). After baseline stabilization, sup-
ported lipid bilayer formation (SLB) was induced through constant injection (flow rate: 0.15 mL/min) of a 1 mg/
mL mixture of small unilamellar vesicles (DOPC/DOPC, 70:30 mol %) in buffer (25 mM Tris- HCI pH 7.5,
150 mM KCl, 5 mM MgCl,), spiked with 5 mM CaCl,. The formed bilayer was washed with buffer until no fre-
quency change was observed. Then, 150 ul of sample was flown over the sensor at 0.1 ml/min and the change in
frequency monitored at overtone F9.

Turbidity. 80 ul of sample were prepared by mixing protein with the buffer containing crowding agents and
molecules of interest in 384 Greiner Black Flat Plates. After 10 min of incubation, turbidity was measured using
a TECAN plate reader at room temperature at 650 nm.

Microscopy. All images were taken on a Zeiss LSM780 confocal laser scanning microscope using a Zeiss
C-Apochromat x40/1.20 water-immersion objective (Carl Zeiss). Longer time series were acquired using the
built-in autofocus system. Noc Atto 488 was excited using a 488 nm argon laser and FtsZ-Alexa 647 using a
633 nm He-Ne laser. Images were typically recorded with a pinhole size of 2.6-4 Airy units for the channels
512 x 512-pixel resolution and a pixel dwell time of 1.27 ps. Line-averaging was set to 2. Images were analysed
in Image]J®.
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Suppl. Figure 1: Turbidity of Noc in different salts. 20 uM wildtype Noc was introduced into 20 mM Tris pH 7.4 with either
150 mM KGlu, KCl or NaCl with 5 mM MgCl, and turbidity was measured at 650 nm. Error bars represent the standard
deviation of three replicates.
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Suppl. Figure 2: Fusion of Noc droplets. The scalebar represents 5 um.

80



B Noc m@ENoc+ FtsZ

0
-10
-20
-30
-40
-50
-60

AF(9)

Suppl. Figure 3: Comparison of QCM frequency shift between Noc and Noc + FtsZ binding to a supported lipid bilayer.
Protein concentrations were 5 uM Noc and 6 uM FtsZ. The buffer contained 50 mM Tris pH 7.4, 150 mM KCI, 5 mM MgCl,, 5
UM dsNBS, 1 mM CTP and 1 mM GTP. Error bars represent the standard deviation of three replicates. The difference
between Noc and Noc + FtsZ is not statistically significant (two-tailed t-test).

@ BsFtsZ only

& BsFtsZ 1 uM DNA

& BsFtsZ 2 uM Noc

¥ BsFtsZ 1 uM DNA 2 uM Noc

¥ 4 uM FisZ Noc titration

-+ 4 uM FtsZ 4 uM Noc DNA titration

% Hydrolysis

Suppl. Figure 4: GTPase activity of B. subtilis FtsZ in presence of Noc, dsNBS and Noc +dsNBS. No significant difference in
hydrolysis rate is observed for all tested scenarios. Either Noc was titrated into the solution and FtsZ concentration was kept
constant, or FtsZ was titrated, and Noc/DNA concentration was maintained constant.
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Suppl. Figure 5: Ni-NTA Agarose beads with Noc (3 uM) bound to the surface do not show condensates on the beads.
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Suppl. Figure 6: Partitioning of E. coli FtsZ into Noc droplets in bulk 8 uM Noc, 5 uM E. coli FtsZAlexa647 20 mM Tris pH 7.4,
150 mM KGlu, 5 mM MgCI2 and 2 mM GTP. Scalebar 10 um.



Discussion and perspectives

Herein, I want to revisit the main findings of this thesis. First, I established the
liquid-liquid phase separation of C. glutamicum ParB by wn vitro reconstitution of the bac-
terial partition complex. This allowed me to identify the regulative mechanisms governing
ParBs nucleation and partition complex size by DNA and CTP-binding. I then went on
to understand if the phase behavior of ParB is an evolutionary conserved mechanism. To
this end, I purified and characterized two other ParB homologues from different bacteria,
namely C. cresentus and T. thermophilus, their potential phase behavior.

Intriguingly, both tested proteins showed similar liquid-liquid phase separation.
Also, both proteins phase separated more readily in the presence of CTP, pointing to-
wards an evolutionary conservation, not only of the principle phase behavior, but also its
regulative mechanism. While this evolutionary conservation is intriguing, the actual differ-
ences between C. glutamicum, C. cresentus and T. thermophilus ParBs are rather small.
They fulfil similar functions within the cell and share relatively high sequence similarities.

The ParB protein family however, offers an orthologue which allowed me to put the
conservation of the phase behavior to test. The nucleoid occlusion protein Noc is primarily
a membrane binding protein, which targets the bacterial nucleoid to the plasma membrane
to prevent premature cell division. Therefore, this protein is functionally unrelated to
other ParB protein family members, which are mostly responsible for genome or plasmid
segregation. I could therefore put the hypothesis from P2 in P3 to a rigorous test.

In P2, I found that ParB can undergo a liquid-liquid phase separation in vitro as
previously speculated by in silico analysis and in vivo imaging. I found that DNA in
general, and the physiological binding site of ParB, parS, more specifically enhance ParB’s
propensity to phase separate in vitro. Together with a collaboration partner, we confirmed
this finding in vivo using super resolution microscopy. While parS binding can dictate
the nucleation site of ParB phase separation, the cell cannot control the amount of phase
separated material. I therefore looked for a more precise regulative mechanism of ParB
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phase separation.

The recently discovered CTPase activity of ParB is a likely candidate, as it is thought
to control partition complex size and ParB diffusion on DNA [118, 119, 120]. Indeed, CTP-
binding readily stabilized ParB’s phase separation, lowering the saturation concentration
necessary for droplet formation. A mutation of the CTP-binding site, abolishing CTPase
activity, leads to a loss of this regulative mechanism. Also, ATP, as previously described for
eukaryotic phase separating proteins, destabilizes the phase separation [132]. Using mass
photometry and DLS measurements, I found that CTP binding leads to the formation of
higher order ParB oligomers, which likely stabilizes the phase separation. Similar processes
of dilute phase oligomerization have since been described for varying other phase separating
proteins [133, 134, 135, 136].

Evolutionary conservation of membraneless organelle regulation and properties is
an exciting, but not well understood topic. Bacteria, in contrast to eukaryotes, offer a
plethora of phylogenetic differences among the many species. As the ParB protein family
is part of most bacterial genomes, I was able to test the conservation of the characterized
phase behavior in close and distant relatives of C. glutamicum ParB. For this purpose,
I purified the previously characterized T. thermophilus and C. cresentus ParBs. These
proteins are thought to fulfill similar tasks to C. glutamicum ParB and share relatively
high sequence similarity. Upon exposure to molecular crowding, both proteins formed
liquid-like droplets. While the saturation concentrations differed between the homologues,
their response to changes in the ionic strength of the surrounding environment was highly
similar. Also, I found that CTP, like for C. glutamicum ParB, stabilized the liquid-liquid
phase separation of the C. cresentus and T. thermophilus ParB protein. These experiments
demonstrate that the propensity to phase separate and the regulation thereof are conserved
within parts of the ParB protein family.

In P3, I put the hypothesis of evolutionary conservation to a more rigorous test by
characterizing the phase behavior of the ParB orthologue Noc. While these proteins still
share sequence similarities, their biological function and specific sequence features differ
dramatically. While ParB proteins interact with DNA to segregate the bacterial genome or
plasmids, Noc has a N-terminal sequence feature allowing it to bind the bacterial nucleoid
to the membrane [124]. Also, Noc is not responsible for genome or plasmid segregation,
but a regulative factor of bacterial cell division. Therefore, there are significant sequence
and functional differences between Noc and ParB.

Upon purification, Noc showed exciting liquid-liquid phase behavior, readily form-
ing liquid-like droplets upon changes in the buffer environment. Also, addition of CTP
enhanced Noc’s droplet formation in great similarity to ParB. While these similarities
are striking, I also identified differences in the fundamental phase behavior. Mutations

84



in the CTP binding pocket of Noc leads to a complete loss of its ability to phase sepa-
rate, while ParB CTPase mutants are still able to undergo liquid-liquid phase separation.
The N-terminal membrane binding helix in Noc’s sequence, and its CTP dependent mem-
brane binding activity allowed me to characterize the impact of lipid membranes on the
formed biomolecular condensates and vice versa. The local environment of the membrane
influences Noc’s phase separation, as more droplets formed on highly negatively charged
supported lipid bilayers (SLBs) compared to less charged SLBs. By titrating Noc onto
giant unilamellar vesicles, a wetting-like transition was observable, indicated by film- or
domain-like structures at lower Noc concentrations to clear 3D condensates at higher con-
centrations. Interestingly, these 3D condensates were able to deform deflated membranes.

Lastly, I put Noc’s propensity to phase separate into a potential biological con-
text. Similar to the F. coli nucleoid occlusion system SlmA, which also phase separates in
presence of bacterial cell division machinery. Intriguingly, I found that Noc interacts with
FtsZ, one of the main components of the bacterial cell division, only in the phase separated
state, potentially indicating an important in vivo role of Noc LLPS.

In P1, we compared the similarities and differences of two prominent bacterial pro-
tein systems, the MinCDE and ParABS system, and their ability to self-organize. We
identified similarities in the molecular architecture of both protein systems and their orga-
nization on macromolecules such as the lipid bilayer and the bacterial nucleoid.

Taken together, I established ParB and Noc as liquid-liquid phase separating pro-
teins. As suggested by P2, the propensity to phase separate and the regulation thereof are
highly conserved between homologues and orthologues. However, I also identified differ-
ences in the phase behavior. Both proteins interact with macromolecular structures: ParB
binds the bacterial nucleoid or plasmids to help faithful segregation of genetic material.
Noc, in contrast, is a membrane binding protein. These differences also manifest in the
phase behavior: Noc LLPS is stabilized by the presence of a lipid bilayer and ParB’s sat-
uration concentration is lowered in the presence of plasmids containing parS. While the
macromolecules stabilizing the phase separation differ, the concept of surface condensation
by Noc and ParB is likely conserved.

More importantly, the main regulative mechanism of ParB protein LLPS identified
in this thesis is CTP binding and hydrolysis. For all tested homologues and orthologues,
the presence of CTP lowered the saturation concentration and therefore stabilized the
liquid-liquid phase separation. Likely, this is due to a conformational change upon CTP
binding which allows the formation of higher order oligomers as shown in P2. Overall, the
work presented in this cumulative thesis has contributed to the elucidation of the phase
separation of ParB proteins. More specifically: I provide explicit in vitro evidence for ParB
phase separation and revealed the molecular components contributing to the regulation of
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the liquid-liquid phase separation, namely the strong change of saturation concentration
via the canonical CTP-binding and the simultaneous presence of low-affinity interactions.
Based on our results and the reported in vivo formation of higher order structures, I
furthermore established the recently unknown phase behaviour of the B. subtilis ParB
orthologue Noc.
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