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SUMMARY

The past decades have seen the rapid development of many aspects of synthetic bi-
ology. For example, attempts to build synthetic cells under controlled conditions in
the laboratory have led to significant achievements. Following a bottom-up approach,
scientists aim at building a self-reproducing synthetic cell with a minimum number
of biological modules. A functional synthetic cell should accomplish at least four pro-
cesses during one cycle: growth, DNA replication, DNA segregation, and division. DNA
segregation, as a vital step in the life cycle of a synthetic cell, is in focus in this thesis.

Segregation of replicated DNA in eukaryotes depends highly on microtubules. Mi-
crotubules are protein polymers which form cylindrical tubes, a dynamic structure
with which they can exert both pulling and pushing forces. During cell division, mi-
crotubules form a spindle-like structure, named the mitotic spindle. Microtubules in
the mitotic spindle apparatus attach to the replicated chromosomes through kineto-
chores and exert pulling forces to separate the sister chromosomes and place them in
the newly born daughter cells. These hollow tubes can grow in the presence of GTP-
bound tubulin dimers. When all the GTP-tubulin subunits at the end of a filament
turned into GDP-tubulin, the microtubule exhibits a transition to shrinkage. While the
addition of GTP-tubulin to the end of microtubules may cause pushing forces, shrink-
ing microtubules are able to exert pulling forces with the help of microtubule adapter
proteins. The random transitions between growth and shrinkage of a microtubule is
called dynamic instability and has been studied throughout decades.

DNA segregation components of a synthetic cell should preferably be fully expressible
in a cell-free manner which employs reconstituted transcription-translation factors.
Although mitosis in eukaryotes is the best-studied DNA segregation system to date,
microtubules are unsuitable for cell-free expression due to their complex chaperon-
dependent folding as well as essential post-translational modifications. Interesting al-
ternatives for DNA segregation in synthetic cells are provided by bacterial segregation
systems. An active bacterial segregation system is ideally composed of three elements:
a cytomotive NTPase filament, a connecting or adapter protein, and a centromere-like
DNA sequence. This thesis will examine various bacterial cytoskeletal filaments with
a central focus on their suitability for building a DNA segregation system for synthetic
cells.

Bacterial microtubules which are the closest relatives to eukaryotic microtubules, both
in sequence and in behavior, have been discovered in Prosthecobacter bacteria. Similar
to eukaryotic microtubules, bacterial microtubules form dynamic filamentous poly-
mers by assembling into a polar structure. In Chapter 3 of this thesis, we first em-
ploy micro-fabricated rigid barriers to study the dynamic behavior of bacterial mi-
crotubules in the presence of a stalling force. Then, by using cyro-ET tomograms of
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viii SUMMARY

both eukaryotic and bacterial microtubules, we compare the end structures of the
two filaments. We conclude that both the dynamic and structural properties of force-
generating bacterial microtubules are very similar to eukaryotic microtubules.

In Chapter 4, we assess whether bacterial microtubules can provide a partitioning cy-
tomotive filament for low-copy plasmid segregation in a synthetic cell. Although bac-
terial microtubules were shown to be compatible with cell-free gene expression sys-
tems such as the PURE system, a failure to identify DNA-filament binding adapter pro-
teins promoted us to consider other candidates among bacterial partitioning systems.
TubZRC encoded by some bacterial virulence plasmids (e.g., pBtoxis from Bacillus
thuringiensis) or bacteriophages (e.g., Clostridium botulinum phage c-st) have been
hypothesized to maintain plasmids during cell division. Although the segregation
based on this system has not been observed in vivo, in vitro reconstitution has revealed
that treadmilling TubZ filaments transport the centromeric DNA sequence tubC me-
diated by TubR proteins. We therefore engineered an optogenetics-based system com-
bining two natural systems in one hybrid system in order to perform plasmid segrega-
tion. The filament binding protein bTubC from P. debontii on the one hand and the
DNA binding TubR protein from the TubZRC segregation system, on the other hand,
were fused to iLID and SspB, respectively. We show that in the presence of blue light
SspB-TubR may accumulate on bacterial microtubules through activated bTuC-iLID
proteins.

Bacteriophages are the most abundant biological modules on earth. Different phages
have evolved various mechanisms against host cell defense systems. One of the mech-
anisms which has been characterized recently protects the phage genome from DNA-
targeting defense systems such as CRISPR-cas. To protect their genome, jumbo phages
of Psuedomonas encode for a protein which forms a spherical structure, a phage nu-
cleus, around the phage DNA. In search for cytomotive filament alternatives for DNA
segregation, we studied PhuZ, a tubulin-like protein encoded by 201φ2-1 phages which
has been shown to enhance phage production efficiency by localizing the phage nu-
cleus and transporting capsids to the cell center. GTP-bound PhuZ proteins form
three-stranded filaments and display dynamic instability both in vivo and in vitro. In
Chapter 5 of this thesis we show that the interaction with a rigid barrier, mimicking
the phage nucleus, leads to PhuZ filament destabilization. On the other hand, we ob-
served that bundling stabilizes PhuZ filaments which in vivo may compensate for the
destabilizing interaction with the phage nucleus. PhuZ concentration increases over
time during infection. We hypothesize that minus end growth at higher PhuZ con-
centrations may facilitate the transition between dynamic instability and treadmilling
during the infection process. Although no PhuZ adapter protein has been discovered
yet, we hypothesize that these filaments could also be used in synthetic cell applica-
tions. However, further investigation is needed to find suitable PhuZ adapter proteins.
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De afgelopen decennia hebben veel aspecten van de synthetische biologie zich snel
ontwikkeld. Zo hebben pogingen om in het laboratorium onder gecontroleerde om-
standigheden synthetische cellen te bouwen tot belangrijke resultaten geleid. Volgens
een bottom-up benadering streven wetenschappers naar het bouwen van een zelf-
geproduceerde synthetische cel met een minimum aantal biologische modules. Een
functionele synthetische cel moet tijdens één cyclus ten minste vier processen uitvoe-
ren: groei, DNA-replicatie, DNA-segregatie en deling. DNA-segregatie, als een essen-
tiële stap in de levenscyclus van een synthetische cel, staat centraal in dit proefschrift.

Segregatie van gerepliceerd DNA in eukaryoten hangt sterk af van microtubuli. Mi-
crotubuli zijn eiwitpolymeren die cilindrische buizen vormen, een dynamische struc-
tuur waarmee ze zowel trekkende als duwende krachten kunnen uitoefenen. Tijdens
de celdeling vormen microtubuli een spindelachtige structuur, de mitotische spindel
genoemd. Microtubuli in het mitotische spilapparaat hechten zich via kinetocho-
ren aan de gerepliceerde chromosomen, en oefenen vervolgens trekkrachten uit om
de zusterchromosomen te scheiden en in de pasgeboren dochtercellen te plaatsen.
Deze holle buisjes kunnen groeien in de aanwezigheid van GTP-gebonden tubulinedi-
meren. Wanneer na GTP-hydrolyse alle GTP-tubuline-subeenheden aan het uiteinde
van een filament veranderen in GDP-tubuline, vertoont de microtubule een overgang
naar krimp. Terwijl de toevoeging van GTP-tubuline aan het uiteinde van microtubuli
duwkrachten kan veroorzaken, kunnen krimpende microtubuli trekkrachten uitoefe-
nen met behulp van microtubule-adaptereiwitten. De willekeurige overgangen tussen
groei en krimp van een microtubulus wordt dynamische instabiliteit genoemd en is
gedurende tientallen jaren bestudeerd.

De componenten voor de DNA-segregatie van een synthetische cel moeten bij voor-
keur volledig tot expressie kunnen worden gebracht op een celvrije manier die gere-
constitueerde transcriptie-translatiefactoren gebruikt. Hoewel mitose in eukaryoten
het best bestudeerde DNA-segregatiesysteem tot nu toe is, zijn microtubuli ongeschikt
voor celvrije expressie vanwege hun complexe eiwitvouwing die chaperonne afhanke-
lijk is, en vanwege de essentiële post-translationele modificaties. Interessante alter-
natieven voor DNA-segregatie in synthetische cellen worden geboden door bacteriële
segregatiesystemen. Een actief segregatiesysteem bestaat idealiter uit drie elementen:
een cytomotorisch NTPase-filament, een verbindend of adaptereiwit, en een centro-
meerachtige DNA-sequentie. Dit proefschrift onderzoekt verschillende bacteriële cy-
toskeletfilamenten met een centrale focus op hun geschiktheid voor het bouwen van
een DNA-segregatiesysteem voor synthetische cellen.

Bacteriële microtubuli die de naaste verwanten zijn van eukaryote microtubuli, zowel
in volgorde als in gedrag, zijn ontdekt in Prosthecobacter-bacteriën. Net als eukaryote
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microtubuli vormen bacteriële microtubuli dynamische filamenteuze polymeren door
zich te assembleren tot een polaire structuur. In hoofdstuk 3 van dit proefschrift ge-
bruiken we eerst micro-gefabriceerde stijve barrières om het dynamische gedrag van
bacteriële microtubuli te bestuderen in de aanwezigheid van een blokkerende kracht.
Vervolgens vergelijken we met behulp van cyro-ET-tomogrammen van zowel eukary-
ote als bacteriële microtubuli de eindstructuren van de twee filamenten. We conclu-
deren dat zowel de dynamische als structurele eigenschappen van krachtgenererende
bacteriële microtubuli sterk lijken op eukaryotische microtubuli.

In Hoofdstuk 4 beoordelen we of bacteriële microtubuli een scheidend cytomotorisch
filament kunnen vormen voor segregatie van plasmiden met weinig kopieën in een
synthetische cel. Hoewel werd aangetoond dat bacteriële microtubuli compatibel zijn
met celvrije genexpressiesystemen zoals het PURE-systeem, heeft het niet identifi-
ceren van DNA-filament-adaptereiwitten ons ertoe aangezet om andere kandidaten
onder bacteriële partitiesystemen te overwegen. Van TubZRC gecodeerd door som-
mige bacteriële virulentieplasmiden (bijv. pBtoxis van Bacillus thuringiensis) of bac-
teriofagen (bijv. Clostridium botulinum faag c-st), wordt verondersteld dat ze plas-
miden behouden tijdens celdeling. Hoewel de segregatie op basis van dit systeem
niet in vivo is waargenomen, heeft reconstitutie in vitro onthuld dat TubZ-filamenten
de centromere DNA-sequentie tubC transporteren door middel van een loopband-
mechanisme, gemedieerd door TubR-eiwitten. Daarom hebben we een optogenetica-
gebaseerd systeem ontwikkeld dat twee natuurlijke systemen combineert in één hy-
bride systeem voor segregatie van plasmiden met weinig kopieën in synthetische cel-
len. Het filament-bindende eiwit bTubC van P. debontii enerzijds en het DNA-bindende
TubR-eiwit van het TubZRC-segregatiesysteem anderzijds werden gefuseerd met res-
pectievelijk iLID en SspB. We laten zien dat, in de aanwezigheid van blauw licht, SspB-
TubR zich kan bevinden op bacteriële microtubuli door middel van geactiveerde bTuC-
iLID-eiwitten.

Bacteriofagen zijn de meest voorkomende biologische modules op aarde. Verschil-
lende fagen hebben verschillende mechanismen ontwikkeld tegen afweersystemen
van de gastheercel. Een van de recentelijk gekarakteriseerde mechanismen beschermt
het faaggenoom tegen op DNA gerichte verdedigingssystemen zoals CRISPR-cas. Om
hun genoom te beschermen, coderen jumbofagen van Psuedomonas voor een eiwit
dat een bolvormige structuur vormt, een faagkern, rond het faag-DNA. Op zoek naar
alternatieven voor cytomotorische filamenten voor DNA-segregatie, bestudeerden we
PhuZ, een tubuline-achtig eiwit gecodeerd door 201φ2-1 fagen waarvan is aangetoond
dat het de faagproductie-efficiëntie verbetert door de faagkern te lokaliseren en caps-
iden naar het celcentrum te transporteren. GTP-gebonden PhuZ-eiwitten vormen
driestrengige filamenten en vertonen zowel in vivo als in vitro dynamische instabi-
liteit. In hoofdstuk 5 van dit proefschrift laten we zien dat de interactie met een rigide
barrière, die de faagkern nabootst, leidt tot destabilisatie van het PhuZ-filament. Aan
de andere kant hebben we waargenomen dat bundeling de PhuZ-filamenten stabili-
seert, wat in vivo de destabiliserende interactie met de faagkern kan compenseren.
PhuZ-concentratie neemt toe tijdens de infectie . Onze hypothese is dat negatieve
eindgroei bij hogere PhuZ-concentraties de overgang tussen dynamische instabiliteit
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en tredmolen tijdens het infectieproces kan vergemakkelijken. Hoewel er nog geen
PhuZ-adaptereiwit is ontdekt, veronderstellen we dat deze filamenten ook kunnen
worden gebruikt in toepassingen van de synthetische cel. Er is echter verder onder-
zoek nodig om geschikte PhuZ-adaptereiwitten te vinden.
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1
INTRODUCTION

Come so that we can scatter flowers and fill the glass to brim with wine
Split heaven’s ceiling with our powers and try a wholly new design

Hafez Shirazi

An important aspect of a synthetic cell is the correct partitioning of the genomic material
during division. DNA segregation systems have been discovered in bacterial cells which
include a minimum number of components. These systems have been successfully iso-
lated and their properties have been studied. However, steps still remain to be carried
out to fully reconstitute them in a cell-free system like a synthetic cell. In this chapter, we
briefly introduce a synthetic cell and the methodological aspects of it. Then, a number
of minimal segregation systems are described with a focus on their cytomotive filaments
which are the main players of DNA segregation in these systems.

1
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2 INTRODUCTION

1.1. AIM OF THIS THESIS
In recent years, there has been an increasing interest in creating a synthetic cell from
isolated elements. Several attempts have been made to reconstitute biological pro-
cesses essential for a functional living cell including growth [11], DNA replication and
segregation [50, 69, 125, 130], and division (Figure 1.1) [8, 51, 72]. Despite some efforts,
no reliable active DNA segregation system has been reconstituted in a cell-free manner
to date. DNA segregation in eukaryotic cells is conducted through an enormously pre-
cise and complicated mechanism known as mitosis [91]. Microtubules play the main
role in a mitotic spindle in collaboration with other proteins. Although microtubules
are the best-studied cytoskeletal filaments, the extreme complexity and chaperon-
dependent folding of eukaryotic tubulins are the major drawbacks which make them
unsuitable for cell-free gene expression. In this thesis, we, therefore, explore bacterial
cytoskeletal filaments to build an active minimal DNA segregation system for a syn-
thetic cell in a bottom-up approach.

Several bacterial cytoskeletal filaments have been discovered in the last thirty years.
Bacterial microtubules which have been discovered in Prosthocobacter strains display
dynamic instability which is a crucial property of eukaryotic microtubules [31]. These
filaments are called bacterial microtubules because they are the closest counterparts
to eukaryotic microtubules [68]. On the other hand, TubZ, another tubulin-like GT-
Pase protein has been shown to form filaments as well. Treadmilling is the hallmark of
TubZ filaments and no dynamic instability has been observed for them. Treadmilling
TubZ filaments are believed to be involved in DNA segregation inside bacterial cells
although it is not experimentally proven [82]. TubZ filaments are also encoded by
jumbo phages of Pseudomonas and form a distinct form of GTPase filaments: PhuZ
filaments. These filaments exhibit dynamic instability and treadmilling [23, 41]. Inter-
estingly, both features are essential for their role in phage production inside the host
cell. We have studied various aspects of these systems by reconstituting their dynamic
features in vitro with a synthetic cell application in mind.

In our synthetic cell, cell-free expression of the proteins will be conducted in a PURE
background and the system should be encapsulated in vesicles. The PURE system is a
protein synthesis system which includes transcription-translation machinery to con-
duct cell-free gene expression. Most of the experiments in this thesis, however, are
performed using purified proteins. Purified proteins are labeled with fluorescent dyes
and imaged with either total internal reflection fluorescence (TIRF) or confocal micro-
scopes. In addition, optogenetic tools are explored to make the segregation externally
controllable.

1.2. A SYNTHETIC CELL
A cell-free out-of-equilibrium system which is enclosed in a lipid bilayer and able to
self-replicate is called a synthetic cell. The system needs to perform all the crucial steps
of a living cell namely growth, gene replication and segregation, and division (Figure
1.1) [105]. After encapsulation of the genome material in a lipid bilayer container like
a liposome, the transcription-translation machinery triggers the production of all nec-
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essary molecules. During growth, DNA partitioning follows DNA replication and the
replicated system subsequently undergoes a division (Figure 1.1). This completes a
full cycle of life for a synthetic cell.

Figure 1.1: Synthetic cell model: A cartoon representation of a model synthetic cell. The three steps of
growth, DNA replication and segregation, and division inside a container driven from a genome represent
fundamental components of a synthetic cell. Growth is a continues process throughout the entire repro-
duction cycle. After initiative growth step, the enclosed genome undergoes consecutive replication and seg-
regation steps which places the sister chromosomes in dividing daughter cells which continue to produce
more new cells. Image from [105].

There are two main ways to approach building a minimal synthetic cell. In a top-down
approach, the complexity of an organism is reduced by deleting the unnecessary se-
quences of its genome in a way that the organism remains functional [79]. In this
thesis, however, we follow an approach called a bottom-up approach to building a
synthetic minimal cell from the building blocks of various living cells. In a bottom-up
approach, we mix and match ingredients until we have a functional cell which satisfies
our definition of a synthetic cell.

One of the main components of our synthetic cell is a system which can accomplish
protein expression. A reconstituted cell-free protein synthesis system under the com-
mercial name PURE (Protein Synthesis Using Recombinant Elements) system or
PUREfrex® has been shown to successfully synthesize proteins of interest from the
related genes in various studies [51, 69, 72]. The system is a combination of transcrip-
tion and translation factors which are purified separately from E. Coli (the so-called
S30 fraction) and is composed of energy regeneration and aminoacylation compo-
nents (www.purefrex.genefrontier.com). As mentioned before, the system should be
compartmentalized, therefore, liposomes will be used to separate the system from the
environment.
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Faithful transfer of genetic materials is an important aspect of the proliferation of all
organisms. Different organisms have their distinct ways of genome partitioning which
is known as DNA segregation [9, 53, 96, 111]. DNA segregation in our synthetic cell
could be done with various methods given that it should include the minimum num-
ber of components and be compatible with our approach i.e., compatible with cell-free
expression and more specifically should be expressible in the PURE system. In the fol-
lowing sections we will discuss different DNA segregation methods and their potential
applications in a synthetic cell.

1.3. DNA SEGREGATION IN EUKARYOTES
In eukaryotic cells, the segregation of replicated chromosomes is achieved accurately
during a process called mitosis. An apparatus called the mitotic spindle forms dur-
ing mitosis and is responsible for the pulling forces that are required to segregate the
DNA [39, 129]. This mitotic spindle contains a considerable number of different pro-
teins, but the main players in the process are microtubules (Figure 1.2A) [4, 111]. Mi-
crotubules (MTs) are cylindrical hollow tubes which form by polymerization of pro-
teinous subunits αβ-tubulins (Figure 1.2B) [129]. The GTPase tubulins assemble into
microtubules by binding to GTP nucleotides and when a GTP-tubulin hydrolyses to a
GDP-bound tubulin, the tubulin structure alters in a way that enhances destabilization
of the filament [57]. An unstable MT may undergo depolymerization and thus shrink
its length. The switching from a growing to a shrinking state is known as a catastrophe
event. Microtubules may experience multiple cycles of growth and shrinkage in the
presence of GTP-tubulin, a feature called dynamic instability [95].

During mitosis, MTs mostly nucleate from MTs organizing centers (MTOCs), anchor to
the chromosomes centromeric regions through kinetochore protein complexes, and
implement the segregation by applying pulling force [129]. One way to study DNA
segregation in eukaryotes is to reconstitute its features in vitro. Attempts to recon-
stitute the mitotic spindle in lipid confinements have resulted in the formation of a
minimal spindle-like structure with encapsulation of tubulin and MT associated pro-
teins (MAPs) and motor proteins in water-in-oil droplets which have been able to self-
organize (Figure 1.2C) [130]. Although the mitotic spindle is the best-studied DNA seg-
regation apparatus and MTs are the best- known cytoskeletal filaments, complex and
chaperon-dependent folding of tubulin dimers and a substantial number of necessary
post-translational modifications make them inadequate for cell-free applications in
our synthetic cell [70].

1.4. DNA SEGREGATION IN BACTERIA
DNA segregation in prokaryotic cells has evolved into a simpler and less developed
machinery. According to the size and frequency of the chromosomal DNA, DNA seg-
regation in bacteria has developed into three different mechanisms. High copy plas-
mid segregation happens without any external force and solely by random diffusion
of the small plasmids [112]. The high frequency of the plasmids in this case ensures
the uniform distribution of the information in daughter cells (Figure 1.3A, left). low-
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Figure 1.2: Microtubules in DNA segregation in eukaryotes: (A) Mitotic spindle formed by microtubules
(green) which have grown from centrosomes (red) and are attached to the chromosomes (blue). Image from
[84]. (B) Schematic depiction of microtubule polymer structure. αβ-tubulin dimers assemble into a polar
structure by the addition of GTP-bound αβ-tubulin to the tip of the filament. The incorporated tubulin
dimers hydrolyze to GDP-tubulin which forms the GDP lattice. The GTP cap which stabilizes the filament
forms at the tip of the filament as a result of the time gap between the incorporation and the hydrolysis of the
GTP. When the GTP gap is lost, the filament becomes unstable and undergoes a catastrophe. Image adapted
from [129]. (C) (left) A schematic depiction of a minimal mitotic spindle in an emulsion droplet. Pulling
and pushing forces are necessary for spindle alignment. (right) Reconstitution of a spindle-like structure in
water-in-oil droplets. Images from [129].

copy plasmids, on the other hand, usually encode more accurate active segregation
mechanisms that have been developed with an accuracy of one loss of plasmid in
104 cell divisions (Figure 1.3A, middle) [85]. Active DNA segregation of low-copy plas-
mids based on NTPase proteins is discussed further in the following paragraphs. Last
but not least, indirect evidence shows that large linear DNA polymers segregate au-
tonomously based on entropic forces produced during DNA replication (Figure 1.3A,
right).

NTPase active segregation in bacteria is classified into three categories. Each sys-
tem consists of at least three elements: an NTPase force-generating component, an
adapter protein which mediates the interaction between the NTPase and the plasmid,
and a cetromere-like sequence where the adapter protein binds. Based on the NTPase
protein, DNA segregation mechanisms are categorized into type I, II, and III which
are Walker-A type, actin-like, and tubulin-like systems, respectively (Figure 1.3B). The
Walker-A type system forms a uniform carpet of ATPase ParA proteins inside the cell.
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Figure 1.3: DNA segregation in bacteria: (A) A schematic depiction of various DNA segregation strategies in
prokaryotic cells. (left) Brownian motion is responsible for the segregation of high-copy plasmids. (middle)
For low-copy plasmids, an active force produced by NTPase proteins either pushes or pulls the plasmids to-
wards the cell poles. (right) Large duplicated linear DNA in a confinement with a comparable size segregate
intrinsically by entropic forces. (B) Different active DNA segregation mechanisms are depicted schemati-
cally. (left) A Walker A-type partitioning mechanism segregates the DNA by depletion of the ParA-like pro-
teins during a random walk towards the cell poles (type I). (middle) Type II category contains actin-like
proteins which form a minimal spindle by binding to cetromere-like DNA sequence via adapter proteins.
Filament growth exerts pushing forces to locate the replicated plasmids in opposite sides of the dividing
cell. (right) A type III DNA segregation system which partitions the DNA by pulling the plasmids attached to
the minus end of the cytomotive tubulin-like proteins via adapter proteins. (C) Schematic illustration of two
minimal filament-based active DNA segregation mechanisms. On the left, an actin-like (e.g., ParM) forms
a cytomotive filament in the presence of ATP. Due to the interaction with two segrosomes (e.g., ParRC) the
filament extends from both ends and segregates the plasmids by pushing force. On the right, tubulin-like
proteins (e.g., TubZ) form treadmilling filaments in the presence of GTP which grow from the plus ends and
shrink from their minus ends. Shrinking minus end of each filament carry a segrosome (e.g., TubRC) by
pulling on the complex. Created with BioRender.com.

The carpet gradually disappears towards the cell poles due to the ParA depletion by
ParB. A ParBS segrosome which has formed close to the cell center jumps randomly
onto the neighbouring active ParA proteins. This way the segrosome is successfully
transported to the cell poles based on a random walk following a Brownian ratchet
model [53, 61]. ATP-bound actin-like ParM filaments of the type II category, form in a
radial arrangement around a ParRC segrosome. Since the interaction with the ParRC
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complex stabilizes ParM filaments, as soon as two asters approach each other the fil-
aments start pushing the segrosomes either by bundling or by elongation through
stabilization (Figures 1.3C, left) [49, 63, 96]. The last partitioning mechanism (type
III), which is the central focus of this thesis, is based on tubulin-like GTPase pro-
teins. Bacterium or phage-encoded GTPase proteins which form filaments in the pres-
ence of GTP, segregate the DNA through a pulling mechanism. Treadmilling is a hall-
mark of these filaments and upon binding to the minus end of a depolymerizing fila-
ment, a segrosome will be segregated by the treadmilling filament (Figures 1.3C, right)
[43, 98, 104]. Three different tubulin-like bacterial cytoskeletal proteins are studied in
this thesis, two of which have been used in our attempt in building a synthetic DNA
segregation system. In the following sections, a brief introduction to all these is pre-
sented.

1.5. BACTERIAL CYTOSKELETAL FILAMENTS
For years, the cytoskeleton was a hallmark of eukaryotes. However, with the devel-
opment of new imaging techniques, cytoskeletal filaments have been discovered in-
side bacterial cells [30, 120]. Bacterial cytoskeletal filaments have been shown to en-
gage in various activities inside cells including bacterial proliferation [1, 9, 17, 64, 96].
Tubulin-like FtsZ, which forms filamentous rings in the presence of GTP is one of the
best-studied examples of prokaryotic cytoskeletal filaments and plays the main role in
cell constriction which results in cell division [1]. Other cytoskeletal filaments involve
in maintaining cell shape (e.g., actin-like MreB) [30], intracellular organization (e.g.,
actin-like MamK) [37], an unknown function (e.g., bacterial microtubules) [31, 110], or
DNA segregation as mentioned before. In this thesis we will study three tubulin-like
bacterial cytoskeletal proteins namely, bTubAB, TubZ, and PhuZ.

BACTERIAL MICROTUBULES
Bacterial microtubules (bMTs) are the closest microtubule prokaryotic counterparts
with about 35% sequence similarity [68]. bTubA and bTubB assemble in a head-to-
tail fashion to form four-stranded hollow tubes in the presence of GTP which share
some main features with MTs including dynamic instability and polarity (Figure 1.4A)
[31, 33, 110]. Bacterial microtubules were discovered in Prosthecobacter strains where
they were observed to locate mostly close to or in the stalk extension of the cell (Fig-
ure 1.4B) [110]. Although at first it was proposed that these filaments are necessary for
the formation and stability of prostheca of these cells, research showed that Prosthe-
cobacter strains without bMTs still display extended cell walls i.e., stalks [123] which
means that the function of the bMTs in their native cells remains unknown. In spite
of their unknown function, significant similarity to eukaryotic MTs has made bMTs an
interesting model to study.

Most of the MT functions in a eukaryotic cell are shown to be accomplished in col-
laboration with one or more microtubule-associated proteins or MAPs. These adapter
proteins either mediate the interaction of the MTs with other cell compartments or al-
ter their dynamics [4, 14, 62, 129]. The only known bacterial adapter protein to date is
bacterial tubulin C or bTubC. bTubC has shown binding affinity to both bMTs and the
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cell membrane and it has been shown to stabilize the filaments upon binding to the
filament lattice [3, 31]. Distinctive characteristics of bacterial microtubules are studied
more extensively in Chapter 3 of this thesis. We have also used bMTs in combination
with bTubC proteins to design a hybrid DNA segregation system which is discussed in
Chapter 4 of this thesis.

TUBZ
Type III mechanisms in the active DNA segregation subgroups include a GTPase tubulin-
like protein which forms filaments that hypothetically transport replicated low-copy
plasmids by pulling them towards cell poles. For instance, low-copy virulence plas-
mid pBtoxis of Bacillus thuringiensis and Clostridium botulinum phage c-st encode for
closely related tubulin-like TubZ proteins to maintain the plasmid and the prophage
during cell division, respectively [26, 82, 104]. Although the segregation with TubZ
filaments has not been demonstrated experimentally in the native or host cells, over-
expression of the genes in E. Coli has revealed treadmilling filaments inside living cells
(Figure 1.4C) [82]. Moreover, a four-stranded helical structure was identified for the
filaments of TubZ in the presence of GTP using cryo-EM images (Figure 1.4D, left) [97].
As mentioned before, a minimal DNA segregation system requires three components.
The segregation system encoded by pBtoxis includes an adapter protein namely TubR
and a centromere-like DNA sequence called tubC. In a TubZRC segregation system,
the interaction between the TubZ filaments and tubC is mediated by TubR. It has been
shown that the nucleoprotein TubRC complex forms a ring-like filament with multi-
ple TubR dimers binding to the DNA sequence which can form either one or two loops
(Figure 1.4D, right) [88]. In vitro reconstitution of the TubZRC system revealed the
transportation of TubRC complex by TubZ filaments [43]. In Chapter 4 of this thesis,
we will assess the application of the TubZRC system in a synthetic cell and propose a
hybrid DNA segregation system based on those results.

PHUZ
As mentioned above, phage-encoded filaments might participate in cargo transporta-
tion inside their host cell. Recently, tubulin-like proteins with distinct properties have
been discovered in various Pseudomonas jumbo phages e.g., 201φ2-1. It has been
shown that these phage-encoded TubZ (PhuZ) proteins form filaments in their host
cell forming a minimal spindle apparatus (Figure 1.4C) [122]. Unlike the C. botulinum
c-st phage-encoded DNA segregation system that protects the phage DNA during the
host cell division in a lysogenic cycle [104, 116], PhuZ filaments are involved in in-
tracellular organization which enhances the phage reproduction through a lytic cy-
cle [55]. Upon cell infection and in order to provide protection against host cell de-
fence systems, a 3-D proteinous structure called phage nucleus forms surrounding the
phage DNA [83]. The phage nucleus is then transported to the cell center by pushing
PhuZ filaments [94]. It has been shown that PhuZ filaments exhibit dynamic insta-
bility in this stage [23]. Thereafter, capsids which have formed on the membrane at
cell poles are carried on treadmilling PhuZ filaments to the phage nucleus for encap-
sidation of replicated DNA [23] (Figure 1.4E). In vitro reconstitution from the purified
proteins showed that in the presence of GTP nucleotides, PhuZ proteins form three-
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Figure 1.4: Bacterial cytoskeletal filaments: (A) (left) A rendered cryo-ET image of a bacterial microtubule.
(right) Time versus length graphs of a dynamic bMT (cyan) which is growing from a stabilized bMT seed
(red) representing the dynamic instability of bMTs. Scale bars: horizontal = 5µm, vertical = 1 min. For more
information see Chapter 3. (B) An EM image of bacterial microtubules in a Prosthcobacter vanneervenii cell.
The filaments are located close to the stalk of the cell and marked by arrows. Image from [110]. Scale bar
= 100 nm. (C) Overexpression of TubZ filaments in E. coli which has resulted in formation and treadmilling
of the filament along the cell. Image from [82]. (D) A cryo-EM reconstruction of a four-stranded GTP TubZ
filament (left, image from [97]) and AFM images of tubC DNA segments bound to TubR proteins forming
one- and two-loop structures (right, image from [88]). Scale bar = 30 nm. (E) A timelapse of the capsid (green
spots) transportation along PhuZ filaments (red) in an infected cell. Image from [23]. Scale bar = 1µm. (F)
(left) A cryo-ET image of a three-stranded PhuZ filament. Scale bar = 20 nm. (right) A time-length graph of a
dynamic PhuZ filament exhibiting dynamic instability in the presence of GTP. Scale bars: horizontal = 5µm,
vertical = 1 min. For more information see Chapter 5.
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stranded helical filaments which exhibit dynamic instability, treadmilling, bundling,
and polar growth (Figure 1.4F) [41].

Whilst some research has been carried out on the phage spindle and PhuZ filaments,
the mechanism by which the filaments interact with their environment has not been
established. In Chapter 5 of this thesis, we will investigate the PhuZ force-generating
properties and discuss some of the details about the phage spindle based on empirical
evidence.

1.6. SPATIOTEMPORAL CONTROL BASED ON OPTOGENETICS
One of the most challenging phenomena which should be addressed in a synthetic cell
is the spatial and temporal control of the biological processes. Chemical control meth-
ods suffer from genuine limitations. The non-permeable nature of the lipid bilayer of
a vesicle may be overcome with the use of microfluidic techniques [32, 133]. Another
solution to this issue would be to enhance the complexity of the system by implement-
ing natural or artificial transporters into the membrane of the synthetic cell [46]. Addi-
tionally, external control based on proteins sensitive to light has recently emerged with
various applications. This form of the interaction with biological systems is shown to
be more precise, target specific, and easier to execute.

Some biological systems possess natural light-sensitive tools [117] while many other
tools were developed and genetically engineered by the fusion of the functional do-
mains of other proteins to naturally occurring photoreceptors [59, 90]. An inclusive
database of "all existing non-opsin-based optogenetic switches and publications" can
be found on www.optobase.org [75]. A wide range of electromagnetic wavelengths
are utilized in the opto-control techniques, for instance, to regulate gene expression
in bacteria [103] or cell-free systems [67] or for protein activation/deactivation in the
in vitro assays [93, 127]. In Chapter 4 of this thesis, we investigate the application
of a blue light-sensitive optogenetic switch in our segregation system. The photo-
switchable system is built based on the fusion of photoreceptors to the proteins in-
volved in a segregation system. The DNA segregation would then be either triggered
or terminated based on the photoreceptor’s mechanism in use.

1.7. FORCE GENERATION BY CYTOSKELETAL FILAMENTS
Dynamic cytoskeletal polymers generate various forms of force which contribute to
their distinctive roles in cells. FtsZ and actin, for instance, implement cell contrac-
tion in, respectively, bacterial and eukaryotic cells by exerting constrictive forces at
the middle of dividing cells [5, 8, 17, 45]. Growing and shrinking MTs can produce
forces which play a critical role in chromosome segregation and cell motility. Forces
exerted by MTs have been studied in vivo [13, 107] and in vitro using devices such as
optical tweezers and microfabricated barriers [54, 65, 80] (Figures 1.5A and B). Forces
can alter the dynamics of MTs as well (Figure 1.5C) [62, 66, 74]. It has been shown that
growing MTs can exert a pushing force which enhances catastrophes [66, 74].
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Kattan et al. [69] have recently shown that growing bMTs can exert force by forming
long and bundled filaments. The force is large enough to reshape giant unilamellar
vesicles (GUVs). Whether this pushing affects the dynamics of bMTs is not known,
however, based on their similar behavior with MTs, we hypothesized that stalling by
a rigid barrier can enhance catastrophes of bMTs. To assess this hypothesis, we re-
peated previous barrier experiments of MTs and studied the bMT-barrier interaction,
the results of which are discussed in Chapter 3 (Figure 1.5D).

A key role of PhuZ filaments in their host cell is phage nucleus positioning. Dynamic
PhuZ filaments are shown to push the phage nucleus towards the cell center while
growing [23]. Moreover, as PhuZ filaments display dynamic instability similar to that
of MTs and bMTs, we asked how a pushing force impacts the dynamics of these fila-
ments. Therefore, we performed barrier experiments for dynamic PhuZ filaments as
well (Figure 1.5D) and showed that in the presence of pushing forces, PhuZ filaments
also encounter catastrophes more frequently (Chapter 5).
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Figure 1.5: Force generation by cytoskeletal filaments: (A) A microscopy (top) and a schematic depiction
(bottom) of a buckling microtubule during interaction with a rigid barrier which is used to measure the
buckling force. Image from [65]. (B) Examples of the barriers that have been used to study force-generating
MTs. images from (left) [80] and (right) [73]. (C) Position-time graph of microtubules which stall at a rigid
barrier in the presence and absence of microtubule-associated protein EB3. The contact time duration is
marked by arrows. Scale bars: 2µm (horizontal) and 10 s (vertical). Image from [74]. (D) Position-time
graphs of a bacterial microtubule and a PhuZ filament which encounter a stalling force against a rigid bar-
rier. Scale bars: horizontal = 5µm, vertical = 1 min (left) and 30 s (right). For more details about the experi-
mental conditions see Chapter 3 for bMTs and Chapter 5 for PhuZ.
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1.8. MICROTUBULE MODELS
As was indicated previously, a better understanding of biological processes such as
mitosis is achievable by reconstitution and investigation of individual players of the
system of interest. Since the discovery of dynamic instability in microtubules, several
theoretical models have emerged to explain the stochastic behavior of these filaments
[12, 15, 74, 109]. People have been trying to make predictions of MTs’ dynamic fea-
tures such as catastrophe and growth rates by the means of theoretical approaches.
One of the first theoretical models which predicts the growth speed and diffusion co-
efficient based on the on and off rates of a 1-D polymer was published by Oosawa [106].
Later this model was successfully applied to microtubules [47]. Two dimensional mod-
els have been able to explain dynamic instability characteristics of MTs based on the
estimation of the mechanical energies of the intra-lattice interactions [128], extend-
ing the number of protofilaments by generalizing a 1-D model [12], or by accounting
longitudinal interactions between the terminal protofilaments that allows the single-
protofilament rescues between neighboring protofilaments [15] in the expense of in-
creased complexity. On the other hand, 1-D models were also formulated which with
fewer variables and thus less complexity still could explain MTs’ behavior [6, 44, 74]. In
this thesis, we used a 1-D microtubule model to explain the growth and stalling times
of bMTs (Chapter 3). This model was previously successfully applied to eukaryotic
MTs [74].

1.9. THESIS OUTLINE
This thesis focuses on the dynamic principles that govern bacterial cytoskeletal fila-
ments with a perspective to use these systems for DNA segregation in synthetic cells.
The thesis is organized in the following way:

• Chapter 2: The second Chapter is concerned with the methodology used in this
thesis. This Chapter provides an explanation of the methods and the materials
used to perform the in vitro reconstitution studies and barrier experiments in
the rest of the thesis.

• Chapter 3: In this Chapter we present combined experimental and computa-
tional results to compare the catastrophe dynamics of bacterial microtubules
with eukaryotic ones. This work shows that a one-dimensional phenomenolog-
ical model of microtubules can be employed to explain the dynamic features
of the bacterial microtubules. Cryo-electron tomography images of bacterial
microtubules are also presented. Furthermore, observation of bacterial micro-
tubule doublets in the cryo-ET images provides new insights into the bundling
effect of these filaments.

• Chapter 4: This Chapter provides a perspective on the potential use of bacte-
rial microtubules as well as other prokaryotic cytoskeletal systems in synthetic
cells based on cell-free expression in the PURE system, and the use of a light-
controllable DNA recruitment. We propose to build a hybrid DNA segregation
system which is composed of bacterial microtubules hooked up to cetromeric
DNA by the means of a light-inducible engineered system which is composed of



1.9. THESIS OUTLINE

1

13

the adapter proteins bTubC and TubR.

• Chapter 5: This Chapter focuses on the phage-encoded cytoskeletal protein
PhuZ which forms a minimal spindle in Pseudomonas cells upon infection. The
catastrophe times of freely growing and stalling PhuZ filaments are compared to
those of eukaryotic and bacterial microtubules by growing the filaments against
rigid microfabricated barriers. Here we show that the interaction with a rigid
barrier increases the catastrophe rate of PhuZ filaments which is consistent with
the other two dynamically unstable filaments. In addition, our observations
such as parallel bundling and aster formation in the presence of surface interac-
tions which seem to be exclusive to these filaments extend our understanding of
the underlying mechanism of the phage spindle.

• Chapter 6: This Chapter concludes the thesis and presents a brief outline of
possible future research.





2
METHODS AND MATERIALS

So, express your love and pain to a degree that its trace would not scar anyone’s heart.

Mahmud Dolatabadi - Kelidar

The majority of the experiments in this thesis concern the reconstitution of the system
of interest utilizing essential purified proteins. Purified proteins were used to reconsti-
tute systems in order to assess their compatibility with the cell-free assays. Bacterial
microtubules and PhuZ filaments were studied by the reconstitution of their dynamic
properties from the purified globular proteins in the absence and presence of rigid bar-
riers. Most of the above-mentioned assays were imaged by either TIRF or spinning disk
confocal microscopy which became feasible by fluorescent labeling of purified proteins.
Specific methods and materials used in each assay are provided in each Chapter sep-
arately. More general experimental methods and materials used are explained in this
Chapter. In this Chapter, we first introduce and explain the purification and labeling
methods of the proteins utilized in the rest of the thesis. We then describe the steps that
have been taken to fabricate rigid barriers. Dynamic assays, imaging, and image anal-
ysis methods used to study those assays are introduced next.
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2.1. PROTEINS
Various proteins were used in different Chapters of this thesis. Here we introduce the
proteins by explaining the purification and labeling methods. Proteins were purified
and labeled in-house by Dr. Eli O. van der Sluis, Dr. Anne Doerr, Angel Goutou, or Reza
Amini Hounejani. Amino acid or nucleotide sequences of the proteins are embedded
at the end of this Chapter in the Supplementary Materials section. In all cases, after
the purification or labeling of a protein, small aliquots were made and snap frozen in
liquid nitrogen and stored in a -80°C freezer for later use. Frozen protein aliquots were
thawed on ice before use.

BACTERIAL TUBULINS A AND B
Bacterial tubulins A and B (bTubA and bTubB) were used in Chapters 3 and 4 of this
thesis. Prosthecobacter dejongeii bacterial tubulins A and B were co-expressed and
purified following the procedure explained by Diaz-Celis et al. [33] except that vec-
tors were overexpressed in OverExpress C41(DE3) Chemical Component Cells (Im-
munosource) instead of BL21(DE3). In short, following the steps of harvesting the
cells, lysing, and removing the debris, the proteins went through three consecutive
polymerization-depolymerization cycles using Beckman ultracentrifuges. Each cycle
started with addition of 5 mM MgCl2 and 0.5 M KCl and incubation for 10 min at 25°C.
2 mM GTP was then added to the solution and the solution was immediately cen-
trifuged at 100 000×g for 30 min in a Type 60 Ti a Beckman rotor (273 000 rpm). The
supernatant was discarded, and the pellet was resuspended with 3 mL ice-cold 50 mM
HEPES-KOH pH 7 and incubated for 30 min on ice with occasional pipetting. A cycle
was completed by a 100 000×g centrifuge for 30 min at 4°C in the similar rotor. The
pellet was discarded, and the supernatant was warmed to 25°C for the next cycle.

The pellet of the final cycle was resuspended in 500µl 50 mM HEPES-KOH pH 7, incu-
bated for 30 min on ice with occasional pippeting, and aliquots of 1µl were made. The
final concentration of the protein was measured by a NanodropTM 2000 spectropho-
tometer at 280 nm (A280) (extinction coefficient = 103754.2 M−1 cm−1). An overloaded
Coomassie blue-stained protein gel of the two proteins is shown in Figure S1.

Purified bTubAB were labeled on their lysine residues either by biotin or Atto dyes fol-
lowing the procedure described by Deng et al. [31]. Inactive proteins were first dis-
carded from the bTubAB solution by completing a polymerization-depolymerization
cycle started by adding GTP and MgCl2 to a the bTubAB solution at final concentra-
tions 2 mM and 5 mM, respectively, and incubating for 10 min at 37°C. The solution
was centrifuged in a Beckmen airfuge rotor at ambient temperature at 30 psi for 5 min.
The supernatant was discarded and the pellet was resuspended in buffer L (80 mM
PIPES-KOH, 75 mM K-Acetate, 0.5 mM EDTA, and 0.2 mM TCEP pH 7.5). The label (in
DMSO) at a ratio of 1:2 (protein:label) in the presence of 2 mM GTP was added to the
solution and incubated for 30 min at room temperature. Then the mixture was sup-
plemented by 75 mM K-Glutamate and 2 mM GTP and was gently added as a layer
on top of 6 mL pre-warmed glycerol cushion (40 mM PIPES-KOH, 37.5 mM K-Acetate,
0.25 mM EDTA, 0.1 mM TCEP (pH 7.5), 20% glycerol (v/v), 75 mM K-Glutamate) and
centrifuged at 100 000×g in a Type Ti 60 Beckman rotor (27300 rpm) at 35°C for 30 min.
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After removing the cushion and washing the pellet with warm MRB80 (80 mM PIPES-
KOH pH 6.8, 4 mM MgCl2, 1 mM EGTA), the pellet was resuspended in 50µl MRB80 on
ice for 10 min and centrifuged in a Beckman airfuge in a cold rotor for 5 min at 30 psi.
At the end, the supernatant was collected and the concentration as well as the labeling
ratio was measured with a NanodropTM 2000 spectrophotometer using A280 and then
A500 to correct the label absorption at 280 nm. The aliquots were then snap-frozen in
liquid nitrogen and stored at −80°C.

BACTERIAL TUBULIN C
The eGFP N-terminal fusion of bacterial tubulin C or eGFP-bTubC from Prosthecobac-
ter debontii was used in Chapter 4 of this thesis. The protein was expressed in ER2566
strain (New England Biolabs, fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11
R(mcr73::miniTn10–TetS)2 [dcm] R(zgb-210::Tn10–TetS) endA1Δ(mcrCmrr)114::IS10),
from pET11a-6xHis-eGFP-btubC plasmid. Cells grew to an OD600 = 0.5 at 37°C at
which point the expression was induced by addition of 1 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) (Thermo ScientificTM) followed by an-
other 3 h growth at 37°C. Cells were harvested and pelleted cells were stored at −80°C
for later use.

The cell pellet was then dissolved in 1 mL B-PERTM (Bacterial Protein Extraction
Reagent, Thermo ScientificTM) and 10µl of 10 mgmL−1 lysozyme and 10µl DNase I
(1 U/µl) and incubated for 10 min at room temperature. The solution was centrifuged
at 16 000×g for 20 min at 4°C. The pellet was resuspended in 2 mL 1:10 B-PER (in MilliQ)
and centrifuged at 16 000×g for 15 min at 4°C. The last two steps were repeated two
more times. Next, the pellet was resuspended in 600 mM Tris-HCl pH 8.0 containing
0.6 M
guanidinium-HCl and incubate for 30 min at room temperature and then centrifuge
at 16 000×g for 20 min at 4°C once more. A mini-NiNTA spin column was equilibrated
with 10 mM Tris-HCl pH 8.0 containing 0.6 M guanidinium-HCl. The supernatant was
loaded and then reload flow-through two more times to the column. The column was
washed two times with 600µl 10 mM Tris-HCl pH 6.3 and 8 M urea and eluted in three
fractions with 200µl 10 mM Tris-HCl pH 6.3 and 8 M urea containing 400 mM imida-
zole. An overnight dialysis was done for 4 h against 20 mM HEPES-KOH pH7.6, 200 mM
NaCl, and 1 mM MgCl2. Using Bradford assays the concentration was measured and
smaller aliquots were made. A Coomassie blue-stained protein gel with the purified
protein is shown in Figure S1.

TUBZ AND TUBR
Proteins of Bacillus thuringiensis partitioning system encoded on pBtoxis plasmid i.e.,
TubZ and TubR were expressed and purified essentially as described by Fink and Lowe
[43] from plasmids pTXB1-BtTubZ and pOPINS-His6-SUMO-BtTubR, respectively, that
were kindly provided by Prof. Jan Löwe and were used in Chapter 4 of this thesis. In
short, intein-tagged TubZ and sumo-tagged TubR proteins were expressed in E. coli
ER2566 cells supplemented with the RosettaTM 2 plasmid. Proteins were then puri-
fied using affinity column and after elution, ion exchange and size exclusion chro-
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matography was used to enhance the purification further. The purification of TubZ
was followed by a polymerization-depolymerization cycle to remove inactive proteins.
The concentration of each protein batch was determined by a NanodropTM 2000 spec-
trophotometer at 280 nm.

BTUBC-ILID AND SSPB-TUBR
The hybrid system optogenetics tool which includes bTubC from P. debontii on the one
hand and TubR from B. thuringiensis, on the other hand, was used in the DNA segre-
gation module in Chapter 4. The photo-sensitive proteins were designed by fusion of
iLID to bTubC (forming bTubC-iLID construct) and SspB to TubR (forming SspB-TubR
construct). Both fusion proteins were expressed in E. coli ER2566 cells supplemented
with the RosettaTM 2 plasmid.

The fusion protein bTubC-iLID was expressed with an N-terminal His8-tag followed by
a DYDIPTT linker and a 3C protease recognition site, and contained GCN4 leucine zip-
per for dimerization at the fusion point (plasmid pED76). Expression was induced with
0.2 mM IPTG after cooling the cells for 30 minutes on ice, and continued overnight at
18°C. Cells were harvested, washed in PBS, lysed by passing through a microfluidizer
(20 kpsi) in buffer A (20 mM HEPES-NaOH pH 7.5 (at 20°C), 200 mM NaCl, 5% (w/v)
glycerol, 0.05 mM TCEP), and membranes were removed by centrifugation at 40.000
rpm in a Ti45 rotor. After affinity purification using Talon Superflow beads, bTubC-
iLID was eluted with 3C homemade protease, concentrated using a Vivaspin 30 kDa
ultrafiltration device, and further purified by size exclusion chromatography on a Su-
perdex Increase S200 10/300 column (Cytiva).

The fusion protein SspB-TubR was expressed with an N-terminal MBP-tag followed
by a 3C protease recognition site and a GGGGATAGAGG linker at the fusion point
(plasmid pED75), and expression was induced with 1 mM IPTG and continued for 3
hours at 37°C. Cell lysis and two-step purification was performed as described above
for bTubC-iLID, using amylose resin (New ENgland Biolabs) instead of Talon.

If applicable, proteins were fluorescently labeled on their cysteine residues by maleimide
reagents (0.1 mM, 30 minutes room temperature) prior to size exclusion chromatog-
raphy.

PHUZ
PhuZ was purified according to an adjusted version of the procedure reported by Erb
et al. [41], Kraemer et al. [77] and used in Chapter 5 of this thesis. Briefly, before the
cell lysate was added, the matrix (TALON® SuperflowTM (Cytiva)) was equilibrated in a
column with PhuZ buffer (50 mM HEPES-KOH pH 8.0, 250 mM KCl, 1 mM MgCl2, 10%
glycerol and 1 mM β-mercaptoethanol). After addition to the column, the cell lysate
was incubated on a spinning wheel at 4°C for one hour. 10 mM imidazole in PhuZ
buffer was then added to the resin to remove non-specifically bound proteins. Sub-
sequently, 125 mM imidazole in PhuZ buffer was added to the resin to elute the PhuZ
proteins. To cleave the 6-His-tag, 3C protease was added to the solution and incubated
overnight at 4°C in a 10k MWCO Slide-A-LyzerTM Dialysis Cassette (Thermo Scientific)
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in buffer composed of 50 mM HEPES-KOH pH 8.0, 250 mM KCl, 1 mM MgCl2, 10%
glycerol. The solution was added once more to the resin and the flow-through was
collected. Purified PhuZ was then concentrated using Vivaspin ultrafiltration device.

PhuZ proteins were labeled with PEG-biotin, Cy3, or Cy5 following the procedure ex-
plained by Erb et al. [41].

2.2. MICRO-BARRIER FABRICATION
Micro-barriers were fabricated by adapting the procedure used by Kok et al. [74] and
were used in Chapters 3 and 5 of this thesis. The process is schematically depicted in
Figure 2.1. The procedure starts by cleaning 24×24 mm coverslips in a base piranha
solution containing H2O2:NH4OH:H2O with 1:1:5 ratio at 75°C for 10 min. Clean cov-
erslips were transferred to a cleanroom (van Leeuwenhoek Laboratory, NanoLab NL)
using boxes cleaned with ethanol and dried using N2 air. Using a plasma-enhanced
chemical vapour deposition (PE-CVD) machine (Oxford Instruments PlasmaPro 80),
three layers were coated on each coverslip at 300°C: first a SiC layer of about 10 nm,
then a SiO2 of about 100 nm and on top of all, a SiC layer of about 250 nm (for more
details about the process parameters including different gas pressures see Table 2.1
in [73]). For the next step, we transferred the barrier pattern using photolithography
starting with the spin-coating deposition of hexamethyldisilazane (HMDS) at 5000 rpm
for 55 s. The deposition was followed by a soft bake at 115°C for 2 min. Subsequently,
a layer of positive photoresist S1813 was coated in the same manner and soft-baked
for 90 s at 115°C. The 2D pattern of the barriers was transferred to the photoresist by a
near-UV source (≈ 13 mW/cm2) for 5 s (EVgroup EVG 620). Part of the pattern can be
seen in a bright-field image of the barriers in Figure 2.2A. The photoresist was devel-
oped by MF321 for 1 min and rinsed for 30 s in distilled water immediately. Afterwards,
the photoresist-free surfaces were etched by utilizing a reactive ion etching (RIE) sys-
tem (Sentech Etchlab 200) with a gas mixture of 50:2.5 sccm for CHF3:O2 for 1180 s.
The chamber pressure and the RF generator power were set to 50µbar and 50 W, re-
spectively. The bias voltage was 200 V, as a result. Using interferometry techniques,
etching rates were measured about 0.26 nm/s and 0.2 nm/s for SiC and SiO2, respec-
tively. The remaining photoresist was removed either by wet or dry cleaning. The
wet cleaning was done by sonication of the samples in Acetone for 10 min and sub-
sequently for 5 min in water, and for dry cleaning we used oxygen plasma at 600 W
and oxygen pressure of 600 sccm for 1 h. As the wet cleaning was not always reliable
and left photoresist residues on the sample, we cleaned some of the samples with dry
cleaning. However, by dry cleaning, we observed that wrinkles had formed at the over-
hang of some of the samples, possibly due to the heat produced by oxygen plasma in
the chamber (Figure 2.2D). Both forms of barriers were used in the experiments. At the
end, by etching through the exposed SiO2 layer by dipping into buffered hydrofluoric
acid (HF:NH4F with ratio 12.5:87.5%; also known as buffered oxide etchant, BOE) 10:1
for 5 min an overhang of about 1.5µm was created (Figure 2.2C and D).
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1. glass cleaning 2. SiC deposition 3. SiO2 deposition

4. SiC deposition 5. photoresist deposition 6. UV exposure and developing

7. reactive ion etch 8. photoresist cleaning 9. buffered oxide etch

photomask

barrier

overhang

250 nm

100 nm
10 nm

Figure 2.1: Procedure for micro-barriers fabrication: (1) Coverslips were cleaned using base piranha and
transferred to the cleanroom. (2-4) Three consecutive sputtering coating steps were taken to coat the SiC
and SiO2 layers in the same machine and in the same temperature (300°C). (5) Spin-coating technique was
then used to coat a thin layer of S1813 positive photoresist on top of the layers. We spin-coated a thin
layer of HMDS prior to the photoresist coating in order to increase the stickiness of the photoresist and SiC
surfaces. (6) The 2D pattern of the channels was then transferred to the photoresit by UV exposure utilizing a
chromium photomask. UV exposure softened the photoresist which was then removed by MF321 developer.
(7) Then we used a CHF3 ion etching machine to etch through the SiC and probably partially through SiO2.
(8) Next, the photoresist was cleaned either with dry or wet cleaning techniques. (9) Finally, using BOE
etching buffer, we etched through the SiO2 layer to create the desired barriers with a special overhang.

2.3. STALLING ASSAY FLOW CELL PREPARATION
Stalling of a cytoskeletal filament is a situation in which the growth of a filament is
abolished. In this thesis, we evoke stalling by using rigid fabricated barriers described
in section 2.2. Therefore, in our experiments, stalling is specifically assigned to a sit-
uation in which a filament neither grows nor shrinks in a close-to-perpendicular con-
tact with a rigid barrier. To study stalling features of prokaryotic filaments which ex-
hibit dynamic instability i.e., bacterial microtubules (Chapter 3) and PhuZ filaments
(Chapter 5), rigid micro-barriers were fabricated on glass coverslips and were used in
fluorescence microscopy assays according to what is described by Kok et al. [74]. To
make flow cells, coverslips with barriers were cleaned with oxygen plasma at a power of
50 W and oxygen pressure of 200 mbar for 5 min. Then, using double-sided sticky tape,
a 10µl flow chamber was made on a glass slide with barriers being perpendicular to
the flow direction. The chamber was functionalized in three consecutive wash steps:
first with 0.2 mgmL−1 PLL-PEG-biotin (20%) (SuSoS, Switzerland), then 0.2 mgmL−1

NeutrAvidin (Invitrogen) and finally with 0.5 mgmL−1 κ-casein (Sigma) all in MRB80
(80 mM PIPES-KOH, 4 mM MgCl2, 1 mM EGTA, pH 6.8) and with an incubation time
of 10 min at room temperature per step. The channel was rinsed with 20µl of MRB80
after each incubation and at the end with 20µl of 0.2% methylcellulose in MRB80. Af-
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Figure 2.2: Barriers in different scales: (A) A bright-field image of a coverslip with barriers. Barriers and
the overhangs are marked in the zoom-in image. The reaction happens in the dark green area where fila-
ments are grown towards barriers and underneath overhangs. (B) An example of a TIRF image of bacterial
microtubules in a flow chamber containing barriers. Bacterial microtubule GMPCPP seeds (red) are immo-
bilized on the glass surface and the GTP dynamic bMTs (cyan) grow from them. (C) A scanning electron
microscopy (SEM) image of the barriers. The inset shows a zoom-in of a barrier equipped with an overhand.
The figure is adapted from [74]. (D) Overhangs of some of the barriers were wrinkled probably due to the
high temperature of the oxygen plasma chamber during the dry cleaning of photoresist. The figure depicts
the wrinkled barriers in a SEM image. Since there is enough room for filaments to grow underneath the
wrinkled overhangs, we believe that the effect is negligible.

terwards, 20µl of seed mixture (see Chapter 3) was added to the chamber and incu-
bated for 10 min at room temperature in dark. Then, not adhered seeds were removed
by rinsing the channel two times with warm (37°C) washing buffer (0.4µM bTubAB,
2 mM GTP, and 0.2% methylcellulose in MRB80) to prevent seed breakage and seed
depolymerization. The channel mix was added, and the sample was sealed with vac-
cum grease and imaged immediately afterwards. In the case of PhuZ stalling assays,
following the Neutravidin incubation, the channel was rinsed two times with the imag-
ing buffer (BRB80 (80 mM PIPES-KOH, 1 mM MgCl2, 1 mM EGTA) pH 7.2, 0.5 mgmL−1

κ-casein, 100 mM KCl, 0.5% methylcellulose) and incubated for 10 min at room tem-
perature. Then 20µl seeds (see Chapter 5) were added and incubated for 5 min also
at room temperature in the dark. The channel was rinsed with warm (37°C) imaging
buffer afterwards and the channel mix was added subsequently, sealed and imaged
immediately. In both cases, the sample preparations containing proteins were con-



2

22 METHODS AND MATERIALS

ducted on ice and in the final step the channel mixes were added to seeds after warm-
ing up in hand.

2.4. FLUORESCENCE IMAGING
Fluorescence imaging was performed with two main setups. All of the dynamic assays
on a surface were imaged with total internal reflection fluorescence (TIRF) setups and
image acquisition of the assays including liposomes were done with a spinning disk
confocal setup. The TIRF system utilized a FRAP/TIRF Ilas2 system (Gataca Systems).
The spinning disk confocal setup, on the other hand, was equipped with a Yokogawa
CSU-W1-T2 confocal scanner unit and utilized similar emission filters. Image acqui-
sitions were controlled utilizing MetaMorph software (Molecular Devices). All the im-
ages were acquired using an inverted Nikon Eclipse Ti-E microscope while the Nikon
Eclipse Ti2 was used for PhuZ dynamic assays. Both were equipped with a perfect fo-
cus system and a Nikon Plan Apo λ 100× NA 1.45 oil immersion objective which was
equipped with an extra lens that increases the magnification by 1.5×. An Evolve 512
EMCCD camera (Photometrics) was used for image acquisition in bMT stalling as-
says (Chapter 3), liposome assays and general dynamic assays (Chapter 4) and an iXon
Ultra 897 EMCCD camera (Oxford instruments Andor) in PhuZ stalling assays (Chap-
ter 5). To improve the stability of the fluorescent dyes, an oxygen scavenging system
composed of 4 mM DTT, 200µgmL−1 catalase, 400µgmL−1 glucose oxide, and 50 mM
glucose was used in all assays involved in fluorescence imaging.

2.5. ANALYSIS OF FILAMENT DYNAMICS
Fluorescence microscopy images were analyzed using either Fiji or ImageJ
(https://imagej.net) and custom-written MATLAB or Python codes. General quanti-
tative analysis procedure for dynamic assays is explained in this section, while details
about more specific image analysis for other assays will be provided in each Chapter.
Stacks of images were subject to a drift which was removed prior to any quantitative
analysis using a custom-written MATLAB script (Figure 2.3A). To measure dynamic
features including growth and shrinkage velocities, catastrophe frequency and the life-
time of growing or stalling filaments, a space-time plot called kymograph was con-
structed for each filament using an ImageJ plugin namely KymoResliceWide
(https://imagej.net/plugins/kymoreslicewide) by drawing either a straight or a seg-
mented line with a constant width of 9 pixels (Figure 2.3B). Then, by measuring the
filament tip distance from the tip of the seed over time, we measured the growth or
shrinkage rates of the filament (Figure 2.3B). The growth speed is reported as a weighted
average which is both time-averaged and ensemble-averaged and the statistical error
is the standard error of the mean which is the standard deviation divided by the square
root of ensemble size. Catastrophe frequency is defined as the total number of catas-
trophes divided by the total growth time of a filament. To exclude random negative
excursions from the catastrophe data a minimum shrinkage length was considered for
a catastrophe. The error was calculated as the catastrophe frequency divided by the
square root of the number of observations. Growth time, on the other hand, is defined
as the time a filament spends in the growing state before it undergoes a catastrophe.
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The growth time and catastrophe of the filaments which were not completely visible
(partial filaments) in one kymograph were discarded from the dataset (Figure 2.3B).
Growth time for the filaments was reported as the mean and the standard error of the
mean as the statistical error. In addition, where necessary kymographs of the filaments
which were composed of more than one filament i.e., bundles were removed from the
data by finding the uneven changes in the intensity of a growing filament by eye (Fig-
ure 2.3C).

seed dynamic bMT
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Figure 2.3: TIRF image analysis to measure filaments dynamics: (A) A color-coded temporal projection of
a bMT seed before drift removal. (B) A TIRF image of bacterial microtubules in a flow chamber (left). For
dynamic data analysis, kymographs were built for multiple filaments per field of view (right). A space-time
plot named kymograph (right) shows a bMT (cyan) growing from a seed (red). The filament undergoes a
catastrophe when it experiences a stochastic shrinkage. Datasets including lifetimes of the filaments include
only complete events meaning that partial growth events were discarded. (C) A kymograph of a bundle of
bMTs. The arrowheads represent the changes in the intensity which illustrate the formation of a bundle.
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Figure S1: Protein gel of a SDS-PAGE for bTubA, bTubB, and bTubC proteins.

Amino acid sequence of bTubA-dejongeii

MKVNNTIVVSIGQAGNQIAASFWKTVCLEHGIDPLTGQTAPGVAPRGNWSSFFSKLGES
SSGSYVPRAIMVDLEPSVIDNVKATSGSLFNPANLISRTEGAGGNFAVGYLGAGREVLPEV
MSRLDYEIDKCDNVGGIIVLHAIGGGTGSGFGALLIESLKEKYGEIPVLSCAVLPSPQVSSV
VTEPYNTVFALNTLRRSADACLIFDNEALFDLAHRKWNIESPTVDDLNLLITEALAGITAS
MRFSGFLTVEITLRELLTNLVPQPSLHFLMCAFAPLTPPDRSKFEELGIEEMIKSLFDNGS
VFAACSPMEGRFLSTAVLYRGIMEDKPLADAALAAMREKLPLTYWIPTAFKIGYVEQPGIS
HRKSMVLLANNTEIARVLDRICHNFDKLWQRKAFANWYLNEGMSEEQINVLRASAQEL
VQSYQVAEESGAKAKVQDSAGDTGMRAAAAGVSDDARGSMSLRDLVDRRR*

Amino acid sequence of bTubB-dejongeii

VREILSIHVGQCGNQIADSFWRLALREHGLTEAGTLKEGSNAAANSNMEVFFHKVRDG
KYVPRAVLVDLEPGVIARIEGGDMSQLFDESSIVRKIPGAANNWARGYNVEGEKVIDQIM
NVIDSAVEKTKGLQGFLMTHSIGGGSGSGLGSLILERLRQAYPKKRIFTFSVVPSPLISDSA
VEPYNAILTLQRILDNADGAVLLDNEALFRIAKAKLNRSPNYMDLNNIIALIVSSVTASLRF
PGKLNTDLSEFVTNLVPFPGNHFLTASFAPMRGAGQEGQVRTNFPDLARETFAQDNFT
AAIDWQQGVYLAASALFRGDVKAKDVDENMATIRKSLNYASYMPASGGLKLGYAETAPE
GFASSGLALVNHTGIAAVFERLIAQFDIMFDNHAYTHWYENAGVSRDMMAKARNQIAT
LAQSYRDAS*

Amino acid sequence of eGFP-bTubC-debontii

HHHHHHSSGLVPRGSH MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY
GKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERT
IFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADK



2.5. ANALYSIS OF FILAMENT DYNAMICS

2

25

QKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKR
DHMVLLEFVTAAGITLGMDELYKSGVDSPLDRQLAAASRSVEEARRMAYHDDSKIGYLV
EQISVLADLRQKEGDFRKAESLYREALFSAQEQRKPDPELLTGIHSLLAHLYDRWGRMD
LASQFYEKALKIAERGGIAQSDKVAIIKNNLAMIFKQLRDYTRAEQHYQEALEIFRKTDGE
YSARVASVFNNLGVLYYSNLEVEQAQEMHEHALTIRQSLSNDQADSGDLSQTYINLGAV
YKAAGDFQKAEACVDRAKKLRASMNGYHPQPRRAASLLVDKSL*

Amino acid sequence of TubZ

MLLNSNELEHIHSTNHSVNDISIRWGVIGAGQKGNKEADLFAGYKFSNGTTCYPTLAV
NFAESDMMHLQNIIKEDRIHFDGLKGAARTPSVVTDLFDPETNPNANGYLDKLAQELG
RKFTNEEGEVIVDQFLICLGAGGGVGTGWGSLVLQLIREQFFPCPVSMLISLPSGDPDEI
NNALVLLSEIDEFMREQDRLFGNSDIKPLANVIVNDNTQMQRIIESQKGTKDLKNRYVN
WKEVANDNVVSTLHEINIIPENYGSDNVTYDPSDLIKLLSIPGRFLTIGKARIAKFDLHSLE
NSIKRSLDEGFFSAEHQFETATMYGGFVLRPSNADFFKDVNTENRIRNTLGEYKRLDEIA
GKFGDPIWDNEYAVCYTIFAGMTMPKRYISLAREGKELAEKQEQLRAEAQRKQDEEKVD
ISFATNRVQKNTFNPYNKNQGFGGASRFSGGKNSAFKRQTSEATSTQNQQEEENIISTL
KTSNPFKKR GSSCITGDALVALPEGESVRIADIVPGARPNSDNAIDLKVLDRHGNPVLA
DRLFHSGEHPVYTVRTVEGLRVTGTANHPLLCLVDVAGVPTLLWKLIDEIKPGDYAVIQR
SAFSVDCAGFARGKPEFAPTTYTVGVPGLVRFLEAHHRDPDAQAIADELTDGRFYYAKV
ASVTDAGVQPVYSLRVDTADHAFITNGFVSHATGLTGLNSGLTTNPGVSAWQVNTAYT
AGQLVTYNGKTYKCLQPHTSLAGWEPSNVPALWQLQ*

Amino acid sequence of TubR

HHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFA
KRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG MNRDHFYTLNIA
EIAERIGNDDCAYQVLMAFINENGEAQMLNKTAVAEMIQLSKPTVFATVNSFYCAGYID
ETRVGRSKIYTLSDLGVEIVECFKQKAMEMRNL*

Nucleotide sequence of PhuZ

ATGAGGGGATCACATCACCACCATCACCACTTGGAGGTTCTGTTCCAG GGTCCGC
CTGTTAAAGTGTGCCTGATTTTTGCGGGTGGTACAGGCATGAATGTCGCAACCAAGC
TGGTTGACTTGGGTGAGGCTGTGCATTGTTTTGATACGTGCGATAAAAACGTGGTGG
ATGTGCACCGCTCTGTTAACGTGACTTTGACCAAAGGCACTCGTGGTGCGGGTGGCA
ATCGTAAGGTGATCCTGCCACTGGTGCGTCCGCAAATTCCGGCACTGATGGATACGA
TTCCGGAGGCTGACTTCTACATCGTGTGTTATAGCCTGGGCGGCGGTTCCGGTTCTG
TTCTGGGCCCACTGATCACCGGCCAACTGGCGGATCGTAAGGCAAGCTTCGTGAGC
TTCGTTGTAGGTGCTATGGAATCGACCGACAACCTGGGGAATGATATTGATACGATG
AAGACTCTAGAGGCGATCGCGGTCAACAAACACCTGCCGATTGTTGTGAACTACGTT
CCGAATACCCAAGGTAGAAGCTATGAAAGTATTAATGATGAGATCGCAGAGAAAATTC
GCAAGGTCGTGTTGTTAGTAAACCAAAACCACGGCCGGTTAGACGTTCATGATGTCG
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CCAACTGGGTTCGTTTCACCGACAAGCACAATTACTTGATCCCGCAGGTTTGCGAAC
TGCACATTGAAACCACCCGTAAGGACGCGGAAAACGTCCCGGAGGCCATCTCCCAGC
TGAGCCTGTATTTGGATCCGTCTAAAGAAGTGGCCTTTGGCACCCCGATCTACCGCA
AAGTTGGTATTATGAAGGTCGATGACCTTGACGTGACGGACGACCAGATTCATTTTG
TTATCAACAGCGTGGGCGTTGTGGAAATCATGAAGACCATCACCGACTCCAAACTCG
AAATGACCCGTCAGCAGAGCAAATTCACCCAACGTAACCCGATCATCGATGCGGACG
ACAACGTGGACGAGGACGGTATGGTCGTTTAA
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It has been recently reported that microtubules are not unique to eukaryotic cells. Pros-
thecobacter bacteria have been shown to encode tubulin counterparts which in vitro
are shown to display dynamic instability and have a GTP-enriched cap that stabilizes
the microtubule, two significant features of eukaryotic microtubules. In this Chapter,
we hypothesize that studying the dynamic behavior of bMTs and comparing them to
microtubules may provide a more profound insight into the dynamic behavior of their
more complex counterparts. Therefore, we repeated a series of experiments presented
for microtubules using bacterial microtubules and asked whether the results point to
similar behavior. We used microfabricated barriers along with TIRF microscopy where
the results revealed that similar to microtubules, the catastrophe rate of bacterial micro-
tubules increases when their growth is stalled by a rigid barrier. Additionally, we found
that the lifetime distribution of both free and stalled bacterial microtubules can be fitted
using a simple one-dimensional model that we introduced for microtubules previously.
Using cryo-electron tomography images of bacterial microtubules, we showed that bac-
terial microtubules may form structures we call bacterial microtubule doublets which
in eukaryotes are solely observed for axonemal microtubules.
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3.1. INTRODUCTION
In eukaryotic cells, microtubules (MTs) are hollow cylindrical polymers that play es-
sential roles in various cellular activities including cell division, cell motility and in-
tracellular transport (reviewed in [4, 57]). Microtubules alternate between growing
and shrinking states in vitro and in vivo, a phenomenon known as dynamic instabil-
ity [18, 95]. Microtubules grow by the addition of GTP- bound tubulin to their ends.
Subsequential hydrolysis of tubulin-bound GTP leads to a microtubule lattice that is
primarily composed of GDP-bound tubulin, a situation that is inherently unstable.
A growing microtubule may switch to rapid shrinking in an event termed a catas-
trophe when a stabilizing cap that is rich in unhydrolyzed GTP is lost from the mi-
crotubule end [57, 129]. The exact nature, as well as the size of the stabilizing cap,
is still a topic of debate despite a long series of experimental and modeling efforts
[38, 74, 92, 113, 114, 134].

Although dynamic instability is a hallmark of eukaryotic microtubules, prokaryotic
tubulin-like filaments have recently been shown to display dynamic instability as well.
Bacterial microtubules were for example discovered in some Prosthecobacter species,
[31, 68, 110, 131]; other examples include DNA partitioning TubZ proteins and PhuZ
filaments from various bacteriophages [41, 77, 135]. Among these examples, bacterial
tubulin bTubA and bTubB show the highest sequence similarity to eukaryotic α- and
β-tubulin [118], hence the use of the term bacterial microtubules or bMTs. In analogy
to eukaryotic MTs, it is proposed that a GTP-cap stabilizes growing bMTs and the fila-
ments exhibit a catastrophe when the GTP-cap is lost [31]. This dynamic behavior has
been reproduced in vitro [31], although it is currently unknown whether it also occurs
in vivo and what is its biological role [33, 69]. Unlike eukaryotic microtubules, which
consist of typically 13 protofilaments, bMT only consist of 4-5 protofilaments (Figure
3.1A) [31, 110].

In this paper, we hypothesize that the process that triggers catastrophes in eukaryotic
and bacterial MTs may be based on the same basic molecular principles, and that a
bMT may ‘simply’ behave as a MT with fewer protofilaments. Studying the dynamic
behavior of dynamic bMTs may thus, in addition to its intrinsic interest, provide in-
sight into the dynamic behavior of the structurally more complex eukaryotic MTs. We,
therefore, decided to repeat a series of experiments we recently presented for eukary-
otic MTs and ask whether the results of catastrophe statistics can be reconciled using a
simple 1-D model that we have previously introduced for eukaryotic MTs [74]. In this
model, MT growth is presented as a simple one-dimensional process where the size
of a stabilizing cap depends on both growth fluctuations of the tip (allowing also for
negative growth excursions) and the rate of hydrolysis of tubulin-bound GTP incorpo-
rated in the lattice. A MT undergoes a catastrophe when the cap is lost due to either or
both processes.

Using microfabricated barriers, we measured the catastrophe statistics both for freely
growing bMTs and for force-generating bMTs whose growth was stalled by a rigid bar-
rier. By fitting both datasets using our 1-D model, we obtained values for the two main
fitting parameters of the model: the random GTP hydrolysis rate in the bMT lattice,
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Khyd, and the effective diffusion constant describing noisy filament growth, Dtip. While
Khyd was similar to what we found for MTs, Dtip was smaller than previously found
for (faster-growing) MTs [74]. Unlike what was previously reported [31], we find no
evidence for an age-dependency of the bMT catastrophe rate. In addition, we exam-
ined the end-structures of dynamic bMTs using cryo-ET and found tapered ends that
show similarity to growing MTs. Interestingly, using cyro-ET we also discovered the
existence of bacterial microtubule doublets bMTDs, which may explain the frequent
observation of bMT bundles both in vivo [110] and in vitro [33, 118, 121].

3.2. RESULTS

DYNAMIC PROPERTIES OF FREE BACTERIAL MICROTUBULES
To assess the dynamics of bacterial microtubules, the surface of a flow chamber was
passivated and GMPCPP-stabilized seeds were immobilized using PLL-PEG-biotin and
NuetrAvidin. A mixture of 0.88µM (10:1 unlabeled:labeled) purified bTubAB was then
added to the flow chamber and was imaged at 20°C using total internal fluorescence
(TIRF) microscopy (Figure 3.1A, bottom). In the absence of physical constraints, bMTs
were polymerizing and depolymerizing freely (Figure 3.1B and C). We obtained growth
dynamics of the filaments by locating the tips of the filaments at 1 s time intervals.
Analysis revealed that the average growth velocity and catastrophe frequency of free
bMTs were 0.58±0.02µmmin−1 (mean ± SEM) and 0.35±0.02 min−1, respectively (Ta-
ble 3.1). The catastrophe frequency is calculated by dividing the total number of ob-
served catastrophes by the total observed growth time of the bMTs, where the sta-
tistical error is obtained by dividing the frequency by the square root of the number
of events (assuming a random catastrophe process). The catastrophe time or growth
time, on the other hand, is defined as the time an individual bMT spends growing from
nucleation until the filament undergoes a catastrophe (Figure 3.1C). The growth time
distribution of free bMTs was observed to follow an exponential function instead of a
gamma function (shape parameter > 1) as was reported by Deng et al. [31]: fitting re-
vealed an exponential time scale of 209±19 s (mean ± SD) (Figure 3.1D; see also Figure
S2).

DYNAMIC PROPERTIES OF STALLED BACTERIAL MICROTUBULES
To better understand the contribution of the GTP cap to the stability of bMTs, we con-
strained their growth using rigid barriers, using an experimental approach we have
previously developed for eukaryotic MTs [74]. The barriers were fabricated on glass
coverslips which were then used to make flow chambers. Barriers consisted of a SiO2

layer of about 100 nm in thinkness, with a SiC overhang tp increase the chance for
the filaments to interact with the barriers (Figure 3.2A and B). bMTs which had (near-
)perpendicular physical contact with the barriers, were observed to stop growing (stall),
buckle, or slide (depicted in Figure 3.2C – left, middle, and right, respectively). Sliding
refers to a occasion in which a filament continues growing while sliding on the wall.
Buckling, on the other hand, occurs when a filament endures its growth while hinged
at a point on the wall. Sliding and buckling were often followed by the breaking of
the filament. The frequency of observation of each of these events is shown in Figure
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Figure 3.1: Dynamic properties of free bacterial microtubules: (A) (top) Schematic depiction of bacte-
rial and eukaryotic microtubules. Bacterial microtubules are composed of 4-5 protofilaments and both
monomers hydrolyse GTP to GDP. Microtubules consist of 13-14 protofilaments instead and only β-tubulin
hydrolyses GTP. Both filaments show dynamic instability and hence can be explained by the GTP cap model.
(bottom) A schematic depiction of the experimental setup. The glass surface is functionalized with PLL-
PEG-biotin and Neutravidin and passivated with κ-casein. GMPCPP-stabilized biotin-labeled seeds which
form in the presence of biotin-tubulin bind to the surface through biotin-Neutravidin interaction. Free
GTP-tubulin dimers add to the ends of the seeds to generate dynamic filaments. (B) A time series of a
bacterial microtubule (cyan, Atto488-labeled bTubAB) growing from an immobilized GMPCPP seed (red,
Atto565-labeled bTubAB). The tip of the dynamic bMT is marked by an arrowhead over time, showing dy-
namic instability of the filament. (C) Time versus distance graphs (kymographs) of dynamic bMTs (cyan,
Atto488-labeled bTubAB) which grow from bMT seeds (red, Atto565-labeled bTubAB). The sudden switch
from growth to shrinkage is called a catastrophe. Growth time is defined as the growth duration of a fil-
ament before a catastrophe. Moreover, on the right, a kymograph example is shown where short growth
events were observed to co-exist with longer events. (D) A histogram of growth times of free bMTs. The
distribution fits the best with an exponential distribution with a mean equal to 209 ± 19 s. Scale bars = 5µm.
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3.2D. The catastrophe statistics of stalling events were then further analyzed to com-
pare with previous studies were done with MTs. As observed for MTs, the situation of
net zero growth provided by the contact with the barriers, alters the catastrophe dy-
namics of the filament. Contact time or stalling time is defined as the time interval
during which a filament growth velocity is equal to zero (vg = 0) while it is in contact
with the barrier before a catastrophe occurs. The mean contact time of 96 bMTs was
27.9±1.6 s (mean ± SEM), which is 7.6 times shorter than the average growth time of
free bMTs (Table 3.1). During data analysis, we manually excluded all the sliding and
buckling filaments and focused on true stalling events. The distribution of contact
times for stalled bMTs was no longer exponential but clearly peaked as was observed
previously for stalled MTs (Figure 3.2E) [66, 74].

Table 3.1: Dynamic instability features and simulation parameters for bMTs and MTs: Dyanmic instabil-
ity parameters: growth speed (mean ± SEM), growth time, and contact time of bMTs and MTs in 0.88µM
bacterial and 15µM eukaryotic tubulin concentrations, respectively. Simulation parameters: hydrolysis rate
(Khyd) and diffusion of the tip (Dtip) (mean ± 95% CI) and Nunstable. Catastrophe is calculated as the number
of observations divided by total growth time and the error is catastrophe frequency divided by the square
root of the number of observations. Growth time and contact time for bMTs are reported as mean ± SEM
while it is median ± SE for eukaryotic MTs. MT data from [74].

growth
speed
(µm.min-1)

growth
time
(s)

contact
time
(s)

Khyd

(s-1)
Dtip

(nm2.s-1)
Nunstable

bMTs 0.58 ± 0.02
173 ± 10
(n = 218)

27.9 ± 1.6
(n = 96)

0.044 ± 0.006 500 ± 151 5

MTs 1.7 ± 0.7 155 ± 15 30.8 ± 1.3 0.070 ± 0.006 3720 ± 310 15

CATASTROPHE STATISTICS FROM SIMULATIONS BASED ON A

ONE-DIMENSIONAL MODEL
In analogy to our recent effort for eukaryotic MTs, we then looked for a way to rec-
oncile the measured catastrophe statistics for stalled and free bMTs within a single
model. To this end, we simulated bMT dynamics using a simple one-dimensional MT
model that has been successfully used before to reconcile the growth time and con-
tact time distributions of free and stalled MTs [74]. The model assumes the stochastic
hydrolysis of GTP by tubulin subunits within the MT lattice and a noisy growth, in-
cluding negative excursions of the MT end (Figure 3.3A), which together affect the size
of the stabilizing GTP-tubulin cap. The simulation utilizes a Monte-Carlo method and
normally requires three fitting parameters: the GTP hydrolysis rate Khyd, the effective
diffusion coefficient of the tip Dtip, and the number of adjacent GDP subunits that
triggers a catastrophe Nunstable. A catastrophe occurs when the number of adjacent
GDP subunits at the tip of a filament surpasses Nunstable (Figure 3.3A). Using fixed pa-
rameter values for the growth rate vg = 0.58µmmin−1 (Table 3.1), subunit length δ =
8/4 nm [31], and the average distance between the ends of the filaments (seeds) and
the barriers Lbarrier = 1.45µm, we sequentially fixed Nunstable at a few different values,
and then simulated 500 filaments with a range of both Khyd and Dtip. Distributions
of simulated growth times of free bMTs and contact times of stalled bMTs was com-
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Figure 3.2: Dynamic properties of stalled bacterial microtubules: (A) Schematic illustration of the side
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(C) Various events during a bMT-barrier interaction are shown. (left) A kymograph and a time series of a
stalling filament (cyan, Atto488-labeled bTubAB) which grows towards a barrier from an immobilized bMT
seed (red, Atto565-labeled bTubAB). (middle) A time series of a buckling bMT which undergoes a breakage
eventually. (right) A time series of a filament which slides against the barrier and preserves its growth. (D)
A pie chart of frequencies of the events described in (C) for a total number of 371 events. (E) A histogram
of stalling or contact times of stalled bacterial microtubules. The average contact time of stalling bacterial
microtubules was 27.9± 1.6 s (mean ± SEM). Horizontal scale bars = 5µm, vertical scale bar = 1 min.
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pared to the experimental data using a Kolmogrov-Smirnov-test (Figure 3.3B). The fit-
ting parameters which best capture both free and stalled bMTs were found to be Khyd =
0.044±0.006 s−1, Dtip = 500±151 nm2/s (mean ± 95% CI), and Nunstable = 5 (Table 3.1).
The predicted diffusion of the tip will remain to be investigated experimentally. The
bTubAB hydrolysis rate, on the other hand, was reported 0.02 ± 5×10-4 mol GTP s-1 per
mol of bTubAB [33] which is measured for dynamic bMTs in bulk. Figure 3.3C and D
depict the empirical cumulative distributions for the simulated (blue) and experimen-
tal (red) data sets. As can be seen from the plots, the simulations closely capture the
experimental results.

MECHANICAL PROPERTIES OF STALLED BACTERIAL MICROTUBULES
In addition to analyzing the dynamic properties, we used the stalling data to obtain
an estimate of the flexural rigidity of bMTs. When growing filament ends arrive at a
barrier, they will continue to grow only when the force needed to buckle the filament
is smaller than the force needed to halt the growth process (the stall force) [34]. Since
the so-called critical buckling force strongly decreases with filament length, we may
assume that the longest observed stalling length corresponds to a situation where the
stall force and buckling force are just balancing each other.

For the boundary conditions of our experiment, the buckling force is given by the fol-
lowing equation [81]:

FC = 20.19
κ

L2 (3.1)

where, κ is the flexural rigidity and L is the length of the filament. An estimate of the
stall force may independently be obtained using the subunit on- and off-rates during
bMT growth. To obtain an estimate of these rates we used the fact that at the critical
concentration these rates are balanced. Previously, the critical concentration (Cc) was
found to be in the range of 0.4–1 µM in bulk measurements [121]. Taking the lower limit
(0.4µM) to be relevant for growth from seeds, and assuming simple one-dimensional
polymer analysis growth [106], we could then use the observed growth rate at 0.88µM
to estimate the values for the association and dissociation rates: kon = 10.1µM−1 s−1

and koff = 4.02 s−1, assuming that the off-rate is concentration independent. Using
Cc = ko f f /kon the stall force can then be calculated [34] from the equation:

Fst al l =
(kB T )

δ
ln

konC

ko f f
(3.2)

where kB is Boltzman’s constant, T is the experimental temperature, δ = 2 nm for bMTs,
and C is the subunit concentration. Using the above-mentioned values, we estimate
Fstall at 1.63 pN for bMTs. Using this value for the force in equation (3.1), combined
with the value for the longest stalling bMT filament in our data set: L = 5.7±0.2µm,
we obtained an approximate value for the stiffness of bMTs: κbMT = 2.62 pNµm2. As
expected, because of their smaller diameter, this value is smaller than that of MTs, see
for example the value that was measured for MTs at 23°C and tubulin concentration
20µM: κMT = 21.2±1.7 pNµm2 [65].
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Figure 3.3: Catastrophe statistics from simulations based on a one-dimensional model: (A) A schematic
depiction of the basic principles of the one-dimensional model recruited to simulate bMTs. (left) The size
and direction of each step in the filament growth at t > 0 are determined by a normal probability density
function. During each time step, incorporated GTP-bound subunits (cyan) randomly hydrolyze into GDP-
bound subunits (gray) with a rate Kkyd. Once close to the barrier, the filament length increment is restricted
to the distance between the seed and the barrier (Lbarrier).(right) The cartoon represents the process which
leads to a catastrophe. A filament undergoes a catastrophe when the number of adjacent GDP-subunits is
equal to or larger than Nunstable (N ≥ Nunstable). (B) A heatmap representation of the equality of the simu-
lations and experimental data for free and stalled bMTs and the product of the two (combined). The graphs
plot the p-value of a Kolmogrov-Smirnov test by comparing the empirical distribution of simulations of dif-
ferent hydrolysis rates and diffusion coefficients with the experimental data. (C) The empirical distribution
of growth times of free bMTs. The experimental data (red) are compared to simulations (blue). 218 bMTs
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plots represent experiments and simulations, respectively. In this case, 25 samples of 96 bMTs among 1000
simulated stalling bMTs were chosen randomly and plotted.
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STRUCTURAL PROPERTIES OF BACTERIAL MICROTUBULE ENDS
Dynamic properties of growing MTs have been related to structural properties of their
ends. For example, it has been suggested microtubules in the pre-catastrophe states
have extended tapers, or stretches of incompletely cylindrical lattice where lateral in-
teraction sites between tubulin subunits are exposed. One hypothesis is that the ab-
sence of lateral contacts with neighboring protofilaments destabilizes these long ta-
pers and leads to catastrophe [29, 58]. Note, however, that growing ends of eukary-
otic microtubules were recently shown to be as flared as shortening ones, challeng-
ing the popular view that GTP- and GDP-tubulin have different curvatures [92]. To
investigate whether the ends of bacterial microtubules resemble eukaryotic micro-
tubules in their bent protofilaments and extended tapers, we turned to electron cryo-
tomography (cryo-ET) and imaged samples containing bacterial microtubules frozen
during growth (Figure 3.4A). Due to the fast depolymerization of bMTs, we were unable
to make a sample with filaments frozen in a shortening state.

To determine the polarity of bMTs, we performed semi-automated particle picking
along each filament, and then subtomogram averaging of these particles using dy-
namo [19] (see Materials and Methods for details). In the axial projections of averaged
particles, we observed a mixture of bMTs containing three, four or five protofilaments
(Figure 3.4B). While four- and five-protofilament bMTs appeared to have protofila-
ments equally spaced around the bMT axis, three-protofilament bMTs looked like four-
protofilament bMTs with one protofilament missing, so they were also quantified as
four-protofilament ones.

To analyze the unique shapes of bent protofilaments at the ends of bMTs, we denoised
the reconstructed tomograms using cryoCARE [16], and then manually segmented the
plus-ends to obtain 3D models of the terminal protofilaments [58, 102]. For compar-
ison, we used plus-ends of eukaryotic microtubules frozen during growth or shorten-
ing (see Materials and Methods for details). This analysis revealed that the majority of
bMT plus-ends had protofilaments terminating without a bent part (69%), unlike plus-
ends of growing or shortening eukaryotic microtubules that contained 14% and 1% of
protofilaments without a bent part, respectively. Focusing on the protofilaments that
did terminate with a bent segment, we found that shortening eukaryotic microtubules
carried longer bent segments than the growing ones, as reported previously (32.6 ±
1.6 nm and 24.9 ± 1.2, respectively; Figure 3.4C and D) [58]. However, bent protofila-
ments at the plus-ends of bMTs were shorter than observed in both MT samples (16.5
± 2.4 nm; Figure 3.4D). Although we did not find significant differences between the
lengths of the plus-end tapers in growing: 44±10 nm (mean ± SEM) and shrinking:
32.2±9.4 nm MT samples the average taper length of the plus-end of growing bMTs
was found to be shorter that that of MTs (22.9±5.1 nm; mean ± SEM) (Figure 4.4D).
We conclude that bacterial microtubules grow with mostly straight ends, unlike eu-
karyotic microtubules that grow and shrink with flared plus-ends.

MULTI-FILAMENT BUNDLE FORMATION OF BACTERIAL MICROTUBULES
In addition to individual bMT filaments we often observed bundles of various sizes
in both cryo-ET and TIRFM images (Figure 3.5A). TIRFM images suggested that fila-
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Figure 3.4: Structural properties of bacterial microtubules ends: (A) Single slices (grayscale, 0.7 nm thick)
and 3D renders (color) of cryoCARE-denoised tomograms with eukaryotic (left) and bacterial (right) micro-
tubules. (B) Axial views of averaged particles used to determine bMT polarity and protofilament number;
representative particles for different number of protofilaments and corresponding occurrence of each vari-
ant are shown. Due to the asymmetric structure of three-stranded bMTs, we assumed that they were four-
stranded which have lost one protofilament and therefore categorized them as four-stranded bMTs. (C) A
single tomographic slice (left, 0.7 nm thick) and a schematic (right) of a tapered bMT plus end. Taper length
and non-blunt protofilament length are defined. (D) (left) Length of the bent part of terminal protofila-
ments of growing bMTs (16.5 ± 2.4 nm (mean ± SEM)) and that of growing and shrinking MTs (24.9 ± 1.2 and
32.6 ± 1.6 nm, respectively (mean ± SEM)). (right) Plus end taper length of growing bMTs and growing and
shrinking MTs. The difference observed between the taper length of eukaryotic and bacterial microtubules
was significant.

ments in bundles may be dynamic, as is shown in Figure 3.5A both in the kymograph
and the time series. Cryo-ET data analysis revealed that the filaments in bundles of-
ten resembled microtubule doublets, structures that were previously reported for ax-
onemal MTs [52]. Bacterial microtubule doublets (bMTDs) were composed of a com-
plete bacterial microtubule of either 4 or 5 protofilaments and an incomplete filament.
Different types of doublet structures were observed as represented in Figure 3.5B. We
hypothesize that bMTDs form by the growth of an incomplete bMT alongside a pre-
formed complete bMT. According to our observations, bMT bundles may thus repre-
sent different forms of bMTDs as well as bundles of multiple complete bMTs. Note that
we preferentially picked thinner bundles for the analysis in Figure 3.5B. Much thicker
bundles are also present in our samples.
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Figure 3.5: Bacterial microtubules multi-filament bundle formation: (A) A single 0.7 nm-thick tomo-
graphic slice of a bMT bundle (left-top). Scale bar = 50 nm. A TIRFM image of a bMT bundle growing
from bundled seeds in the presence of barriers which cause the filaments bending (left-middle; the seeds
are not shown). Scale bar = 5µm. (bottom) A time series of a growing bMT in a bundle. The arrowheads
show the growing tip of the filament in the bundle. Scale bar = 5µm. (right) A kymograph of a dynamic bun-
dle. The shrinking dynamic filaments are marked with arrowheads. Scale bars: horizontal = 5µm, vertical
= 1 min. The time series image is filtered by Kalman Stack Filter plugin https://imagej.net/plugins/kalman-
stack-filter in ImageJ for better resolution. (B) (top) Axial view of cryoCARE-denoised tomograms showing
various conformations of bacterial microtubule doublets and their interpretation. Scale bars = 10 nm. (bot-
tom) A pie chart of the density of bMTD conformations with a sample size of 47 doublets. bMTDs of “5+3”
and “4+1” were very rarely observed too.

3.3. DISCUSSION
In this paper, we studied the dynamic properties of force-generating bMTs and com-
pared them with similar experiments performed for eukaryotic MTs, as discussed be-
low. We also used our experiments to obtain approximate values for both the stall
force and flexural rigidity of bMTs. The values we obtained, Fstall = 1.63 pN and κbMT =
2.62 pNµm2, are consistent with values obtained for eukaryotic MTs considering that
bacterial MTs only consist of 4-5 protofilaments instead of 13. Fewer protofilaments
are expected to generate a lower force and thinner filaments are expected to be less
stiff. One may therefore consider bMTs to be similar to eukaryotic MTs in terms of
their mechanical properties.

To assess the dynamic properties of bMTs, we analyzed the catastrophe statistics for
bMTs and asked whether they can be reconciled with catastrophe statistics of eukary-
otic MTs within the framework of a simple 1-D model for dynamic instability. Note
that in this study we did not vary protein concentration, which is also known to affect
dynamic properties, as extensively studied for MTs [47, 113, 132] and to some extend
also for bMTs [31]. Instead, we compared catastrophe data for freely growing bMTs for
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a specific set of conditions with catastrophe data obtained when growth is completely
stalled by a barrier, to be able to make a comparison with the effect that stalling has on
the dynamics of eukaryotic MTs. We showed that the barrier-bMT interaction strongly
enhances the catastrophe frequency of bMTs, as previously found for eukaryotic MTs.
In fact, both the average contact time and the distribution of contact times were found
to be very similar for stalled bMTs and stalled MTs in two previous studies [66, 74].

For growing filaments, we expect the average time until catastrophe to be influenced
by the growth velocity: faster-growing filaments are expected to have a longer growth
time [66]. To make a comparison between MTs and bMTs, we therefore ideally com-
pare with eukaryotic MTs growing at the same velocity. It should be noted however
that the relation between growth velocity and average growth time differs between dif-
ferent eukaryotic tubulin purifications. If we compare the growth time we find for
growing bMTs to data obtained in one of our older studies [66], the results are com-
parable (although not identical) for similar growth velocities (Figure S1A), but in our
more recent study [74], a similar growth time is found at a much higher growth veloc-
ity, indicating that these MTs were less stable than the ones in our older study (Figure
S1A). As explained below, we believe that these differences can be reconciled within a
simple model, assuming different effective model parameters.

We next employed a one-dimensional model to reconcile the catastrophe statistics of
free and stalled bMTs. Similar to our previous findings for MTs [74], we were able to
find fitting parameters where the model was able to reconcile both data sets. This
suggests that the underlying process that governs the catastrophe statistics of bMTs is
similar to that of MTs. To obtain the best possible fits, we had to assume that the num-
ber of adjacent GDP-bound subunits at the filament tip necessary for a catastrophe is
Nunstable = 5, which corresponds to one layer of bTubAB dimers. This is in accordance
with what was previously reported for MTs (Nunstable = 15, about one layer of tubulin
dimers).

The first main fitting parameter, Dtip, which represents the diffusive or noisy growth
of the filament, was found to be Dtip = 500±151 nm2 s−1. Interestingly, this is simi-
lar to the diffusion constant obtained from a model fit for MTs growing at a velocity
comparable to that of our bMTs in our older study (see Figure 7C in [74] and Figure
S1B). However, for the less stable and faster-growing MTs in our recent study, we find
a much higher value for this parameter (Dtip = 3720±310 s−1) [74], which is consistent
with a shorter growth time. For eukaryotic MTs this parameter could be independently
verified by measuring tip fluctuations using fluorescently labeled EB1, a protein that
follows growing ends of MTs [113]. Interestingly, experimentally obtained values for
Dtip were of similar order of magnitude and also showed an increase in the growth
velocity [47, 74, 113] (Figure S1B). Note that these data were again obtained for differ-
ent tubulin batches, where corresponding catastrophe times were unfortunately not
reported.

Interestingly, while we can reconcile the different growth times of freely growing MTs
for our different data sets only by assuming different values for Dtip, it appears that
the catastrophe statistics of stalled filaments is similar for all data sets (bMTs as well
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as MTs for both our previous studies). As can be seen in Figure 3.3B (middle panel),
the quality of the fit for stalled filaments is not very sensitive to the value of Dtip, but
instead largely determined by the second fitting parameter (see also Figure 4A, middle
panel in [74]). The second fitting parameter of the model is the hydrolysis rate Khyd.
This parameter was found to be of the same order of magnitude for both bMTs and
MTs, consistent with similar catastrophe statistics for stalled filaments. The obtained
value for bMTs, Khyd = 0.044±0.006 s−1, is higher than the bulk hydrolysis rate previ-
ously measured by Diaz-Celis et al.: Khyd ≈ 0.02 GTP.s−1.[bTubAB]−1 [33, 121]. This
difference may be expected since the polymerization of bacterial tubulin is likely to
catalyze the hydrolysis of GTP. The GTP hydrolysis rate for eukaryotic MTs has also
been measured and was found to be at least: 0.04 s−1 [101].

We find that the growth times of free bMTs are exponentially distributed, which is con-
tradictory to previous findings which suggested a lack of short events in the growth
time distribution of free bMTs and hence a gamma-distributed growth time [31]. As
can be seen from a sample kymograph of a bMT (Figure 3.1C) there are a considerable
number of short (less than three pixels in length) filaments (cyan) growing from sta-
bilized seeds (red). Although the length of these filaments was at the order of the res-
olution of the microscope (250 nm) their lifetimes were long enough to be measured.
Fitting a linear function to the short events of the cumulative distribution of growth
times (Figure S2A) reveals an R-square equal to 0.98. Moreover, the lowest Bayesian
information criterion (BIC) for fitting a gamma distribution to the observed growth
times tend to be 167 (Figure S2B) which is higher than the lowest BIC for the exponen-
tial fit: 124 (Figure 3.1D). The gamma fit revealed a gamma shape equal to 1.4 ± 0.1
whereas Gardner et al. [48] reported a gamma shape of about 3 for eukaryotic micro-
tubules. In addition, we calculated the time-dependent catastrophe frequency using
equation (1) in [48]. A linear fit to the catastrophe frequency revealed a slope equal to
5 × 10-6 which implies a constant catastrophe frequency over time (Figure S2C). These
outcomes differ from Gardner’s 2011 findings for MTs which suggested that the catas-
trophe rate for a MT is age-dependent [48], possibly related to the observation that the
tapering length of the tip of a MT increases by its age [29]. Interestingly, the tapering
length of bMT filaments appears independent of length and hence age (Figure S2D).
Nevertheless, a slight negative correlation with a Spearman’s correlation coefficient of
−0.14 is noticeable which could be a result of the low number of data points. Also,
note that the length range that could be measured for bMT filaments was limited: a
high density of filaments and a limited field of view in our experiments make it diffi-
cult to track the full length of a filament.

Finally, bacterial microtubules are highly prone to form bundles (Figure 3.5B). We
find that complete and incomplete bMTs may coexist in bacterial microtubule bun-
dles. The combination of a complete and one or more incomplete bMTs forms bacte-
rial microtubule doublets. bMTDs were observed and reported previously. However,
these bundles were called “protofilament bundles” disregarding the presence of com-
plete microtubules [118, 121]. How these structures are formed and whether each of
these sub-structures is dynamic is not known. Schmidt-Cernohorska et al. [119] have
recently shown that by discarding the C-terminal residues of αβ-tubulin, a MT dou-
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blet could form. Here we hypothesize that the main reason for bundling and forming
bMTDs is the absence of highly acidic C-terminal tails in bTubA and B [87, 119].

3.4. METHODS AND MATERIALS

PROTEIN PURIFICATION
Bacterial tubulins A and B were purified and labeled as described in Chapter 2.

FABRICATION OF MICRO-BARRIERS
Micro-barriers were fabricated by adapting the procedure introduced by Kok et al. [74]
and is described in detail in Chapter 2.

RECONSTITUTION OF BACTERIAL MICROTUBULE DYNAMICS
Bacterial microtubule dynamic assays were inspired by [31] and eukaryotic micro-
tubule dynamic assays in [74]. bTubAB were stored in 50 mM HEPES-KOH pH 7 while
the rest of the ingredients were dissolved and stored in MRB80 (80 mM PIPES pH 6.8,
4 mM MgCl2, 1 mM EGTA). When necessary, the protein dilution was done in MRB80
as well.

• bMT seeds: With two main considerations in mind, i.e., minimizing the bundling
effect and maximizing the ultimate seed length, 3µM bTubAB (67% unlabeled,
7% Atto-565-labeled, and 26% biotin-labeled bTubAB) in the presence of 10 mM
KCl in MRB80 was centrifuged in an airfuge (Beckman) cold rotor at 30 psi for 5
min, the pellet was discarded, and the supernatant was polymerized in the pres-
ence of 0.5 mM GMPCPP for 10 min at 37 °C. The salt concentration is proved to
be optimum to minimize bundling [33]. Seeds were made specifically for each
experiment. 20µl of polymerized seeds were added to the flow channels treated
with PLL-PEG-biotin, Neutravidin, and κ-casein as described in Chapter 2.

• Dynamic filaments: The so-called channel mix was prepared on ice for each
experiment separately. 20µl of tubulin mixture composed of 0.88µM bTubAB
(including 0.08µM Atto-488 bTubAB), the oxygen scavenging system (Chapter
2), 0.5 mgmL−1

κ-casein, 1 mM GTP, and 0.2% methylcellulose was centrifuged
in an airfuge (Beckman) in an ice-cold rotor at 30 psi for 5 min, warmed in
hand and gently added to the flow channel containing immobilized GMPCPP-
seeds. The channel was sealed with vacuum grease and imaged immediately
afterwards.

IMAGING AND DATA ANALYSIS
All the images were acquired using a TIRF microscopy setup which is described in
Chapter 2. TIRF imaging utility was equipped with a 150 mW 488 nm and a 100 mW
561 nm laser. Each image acquisition was performed at 1 Hz for 20 min at 20°C with an
exposure time of 100 ms. The 100x objective was equipped with a 1.5x magnifier which
reduced the pixel size to 107 nm. All the image acquisitions were performed within 90
min of the GTP-tubulin being added to the chamber. The drift assigned to the image
stacks during image acquisition was removed by subpixel image registration through
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cross-correlation using a custom-written MATLAB code. Corrected images were then
used to measure the dynamics of bMTs utilizing Fiji (ImageJ) software. All kymographs
were created by KymoResliceWide plugin with a straight line of 9 pixels (0.95µm) width
drawn along the long axis of bMTs.

SIMULATIONS
Bacterial microtubules were simulated in both free-growing and stalling situations fol-
lowing the procedure introduced by Kok et al. [74]. To execute the simulations, we first
embedded the fixed parameters: growth speed vg = 0.58µm/min, subunit size δ= 2
nm, and an average distance of stalling filaments from the barriers Lbarrier = 1.45µm, to
the simulations. More precisely, Lbarrier for each stalling filament was measured from
the nucleating end of the corresponding seed. To measure Lbarrier, bundled filaments
were deliberately discarded from dataset.

Fitting parameters were then identified by comparing the growth time and contact
time of simulated bMTs to the experimental data employing a Kolmogrov-Smirnov-
test (KS-test) using a MATLAB (R2019) code. The test quantifies the equality of em-
pirical cumulative distribution function of the two samples. The equality is then de-
termined by a number (p-value) between 0 and 1 where a higher p-value represents a
better fit. We first fixed the Nunstable at a few values (i.e., 5, 8, 10, and 12) and ran the
simulations for 500 filaments at fixed ranges of Khyd and Dtip. The ranges for Khyd and
Dtip were inspired by the acknowledged values in literature and cubic interpolation
was applied to those values. The fitting parameters which simultaneously satisfy free
and stalled bMTs’ behaviors refer to the highest value of the product of the p-values of
the two situations (Figure 3.4B).

After exploring the best fitting parameters (Table 3.1), these parameters were recruited
to simulate 1000 bMTs for each experimental situation i.e., freely growing and stalling.
To visualize the similarity between the results of simulations and experiments, we ran-
domly sampled bMTs and plotted the empirical cumulative distribution for each sam-
ple (Figure 3.3C and D). Each sample had the same size as the experimental sample
size for free and stalled bMTs i.e., 218 and 96, respectively. The open-license simula-
tions code is available on GitHub (https://github.com/florian-huber/mtdynamics).

SAMPLE PREPARATION FOR CRYO-ET
Bacterial microtubules were polymerized in 80 mM K-PIPES (pH 6.8, supplemented
with 25 mM KCl, 1 mM EGTA, 4 mM MgCl2 and 2 mM GTP). 20 µM bTubAB were poly-
merized for 10 min at 23°C and then for about 5 min in presence of 5 nm gold beads.
3.5µl of this solution was added onto a freshly glow-discharged lacey carbon grid sus-
pended in a chamber of a Leica EM GP2 plunger equilibrated at 98% relative humidity
and 26°C, and immediately blotted from the back side for 4s, and plunge-frozen in
liquid ethane. The grids were stored in LN2 until further use.

Growing eukaryotic microtubules were prepared by polymerizing 15 µM tubulin in
presence of freshly prepared GMPCPP-stabilized microtubule seeds for 15 min in a
buffer containing 80 mM K-PIPES pH 6.9, supplemented with 80 mM KCl, 1 mM EGTA,
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4mM MgCl2 and 1 mM GTP. Grids were prepared as described above. Shortening eu-
karyotic microtubules were prepared by first attaching DIG-labelled,
GMPCPP-stabilized microtubule seeds to freshly glow-discharged, holey carbon grids
pre-incubated with anti-DIG IgG. After 1 min incubation with the seeds, a grid was
suspended in the chamber of a Leica EM GP2 plunger equilibrated at 98% relative hu-
midity and 35°C. Microtubules were polymerized on the grid following the addition of
3 µL of 20 µM tubulin in a buffer containing 80 mM K-PIPES pH 6.9, 1 mM EGTA, 4mM
MgCl2 and 1 mM GTP. After 10 min of growth, the shortening was initiated by diluting
the tubulin on the grid using 30µl of the same buffer with 5 nm gold beads but without
tubulin, prewarmed at 37°C. The grids were blotted and plunge-frozen in liquid ethane
45s after the dilution to allow all microtubules to switch to shortening.

RECORDING, RECONSTRUCTION AND DENOISING OF TOMOGRAMS
Bacterial microtubules were imaged using a JEM 3200FSC microscope (JEOL) equipped
with a Gatan K2 Summit electron detector and an in-column energy filter operated in
zero-loss imaging mode with a 30 eV slit width. Images were recorded at 300 kV with a
nominal magnification of 10000×, resulting in a pixel size of 3.668 Å at the specimen
level. Automated image acquisition was performed using SerialEM 3.8.5. software [89].
Two samples of growing microtubules were imaged in the same way, while one sample
was imaged using a Titan Krios microscope equipped with a Gatan K3 electron detec-
tor at the Netherlands Center for Electron Nanoscopy (NeCEN, Leiden, Netherlands).
Images were recorded at 300 kV with a nominal magnification of 26000×, resulting in a
pixel size of 3.28 Å at the specimen level. Automated image acquisition was performed
using SerialEM. Shortening eukaryotic microtubules were imaged using a Titan Krios
microscope equipped with a Gatan K2 electron detector (NeCEN). Energy filtering was
performed at post-processing. Automated image acquisition was performed using To-
mography software (Thermo Fisher). Images were recorded at 300 kV with a nominal
magnification of 33000x, resulting in a pixel size of 4.24 Å at the specimen level. In all
cases, we recorded bidirectional tilt series ranging from 0° to ±60° with tilt increment
of 2°; a total dose of 100 e−/Å 2 and the target defocus set to −4µm.

Tomograms were reconstructed and denoised as described previously [86]. In brief,
motion was corrected using MotionCor2 [136], tomographic volumes were
reconstructed using IMOD 4.11 [78] with twofold binning. Denoising was performed
using cryoCARE [16] on tomographic volumes reconstructed using identical pareme-
ters from odd and even frames using python scripts (available at
https://github.com/NemoAndrea/cryoCARE-hpc04).

ANALYSIS OF TOMOGRAMS
To determine the polarity of bacterial microtubules, subvolumes containing filaments
of sufficient length were manually extracted from non-denoised tomographic volumes
using 3dmod, and averaged using dynamo [19]. To create 3D averages, particles were
cropped every 4 nm using a “Filament With Torsion” model, and subsequently aver-
aged. Cross-sections of bMTs presented in Fig 5C show sum projections of particles
averaged from a single filament. Based on this analysis, we were able to successfully

https://github.com/NemoAndrea/cryoCARE-hpc04
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determine the polarity of 70 out of 89 filaments; filaments with unclear polarity were
discarded from further analysis. The polarity of eukaryotic microtubules was deter-
mined by analysing their moiré patterns [27].

To determine protofilament lengths, denoised subvolumes containing plus-ends were
manually segmented as described [58, 102]. Coordinates of tubulin subunits in a
protofilament were manually placed on a 3D model in 3dmod by inspecting a subvol-
ume opened in slicer and isosurface windows of 3dmod side by side, to monitor the
accuracy of manual segmentation on a 3D rendered volume. Protofilament lengths
were then extracted from manually segmented models using howflared and analysed
using MATLAB scripts (https://github.com/ngudimchuk/Process-PFs). Taper length
was determined as the distance between the first bent segments of the protofilaments
bending closest to and farthest from the end of a filament.
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SUPPLEMENTARY FIGURES
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Figure S1: (A) Growth time versus growth speed of bMTs and MTs from various studies. The graph indicates
that the average growth time of bMTs (red) is comparable to that of MTs for similar growth speeds in our
older study [66] (blue). However, the growth time of MTs in our more recent study [74] (magenta) shows a
much lower growth time at a higher growth speed. (B) Diffusion coefficient versus growth speed of bMTs
and MTs from different studies. Diffusion coefficient for bMTs revealed from simulations in this study (red)
is comparable to both measured [47] (green) and simulated diffusion coefficient using the measured growth
times for MTs [66] (blue) of MTs at similar growth speed. Other data: MT diffusion coefficient revealed from
simulations from [74] (magenta), and MT diffusion coefficient revealed from experimental measurements
from [113] (orange).
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Figure S2: Bacterial microtubule lifetime is age independent: (A) A cumulative distribution of growth times
of free bMTs. (inset) A zoom-in graph of the cumulative distribution at short times. The linear regression
revealed an R-squared equal to 0.98. (B) A gamma distribution function is fitted to the observed growth
times of free bMTs. The shape parameter of the gamma distribution was 1.4 ± 0.1. (C) Time-dependent
catastrophe frequency of free bMTs is plotted versus the age of filaments. A linear fit revealed a slope equal
to 5 × 10-6 which shows a negligible correlation. (D) Tapering length of bMTs versus the filament’s length.
The sample included 20µM GTP-bTubAB and was imaged by the cyro-ET technique. Blue circles refer to the
filaments of full length and orange circles represent the bMTs which were longer than the field of view and
the length refers to the length of the visible segment. The average tapering length was 34.4 ± 7.0 nm. A slight
negative correlation (Spearman correlation coefficient = −0.14) is noticeable.
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What I cannot create, I do not understand

Richard Feynman

Living cells have evolved various mechanisms to faithfully transfer their genomic mate-
rial to the next generations. Chromosomal DNA segregation is often based on active seg-
regation employing cytoskeletal filaments such as microtubules. In this Chapter, we are
interested in designing a minimal system for active DNA segregation for the application
in synthetic cells. Given that the eukaryotic mitotic spindle is highly complicated, we
instead investigated the use of bacterial segregation systems. The possible employment
of two bacterial cytoskeletal systems is investigated, bacterial microtubules (bMTs) and
TubZ filaments, both systems are based on the tubulin-like proteins. For each system, we
assessed several key requirements: the feasibility of in vitro reconstitution of dynamic fil-
aments with the ability to bind DNA, the potential for encapsulation in liposomes, and
the possibility of successful protein expression in PURE system. Based on our findings,
we prose the use of a hybrid system based on a combination of the two systems in which
an optogenetic tool may be employed for external control.
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4.1. INTRODUCTION
Building a synthetic cell is a major area of interest in the field of synthetic biology. An
enclosed cell-free gene expression system which can autonomously grow and divide, is
called a synthetic cell. Multiple functional modules will be required to eventually build
an autonomous synthetic cell, including machinery that is responsible for segregating
the duplicated genetic material to the new daughter cells. The aim of this Chapter
is to design an opto-controllable active DNA segregation system inspired by bacterial
segregation systems. A cartoon of a fully functional version of our segregation system
is depicted in Figure 4.1: after expression of the proteins utilizing the PURE system
inside a liposome, filament formation leads to liposome elongation. Sample illumina-
tion, in turn, triggers expressed adapter proteins, which are composed of optogenetic
proteins, and adhesion which leads to DNA-filament binding. Depolymerizing fila-
ments then pull the attached DNA plasmids towards the cell poles and release them
subsequently when the light is removed.

The two cytoskeletal systems we explored are bacterial microtubules (bMTs) and TubZ
filaments. For our eventual design, we will require that the protein components can
be expressed in the PURE system. To achieve successful expression of proteins in a
cell-free gene expression system, the expression buffer should accomplish at least two
main processes, i.e., transcription and translation. The commercially available puri-
fied cell extract under the name PURE accommodates energy regeneration and tRNA
aminoacylation components and performs transcription and translation for cell-free
gene expression. Several studies have recently shown that functional protein expres-
sion is achievable with the PURE buffer [51, 69].

BACTERIAL MICROTUBULES
Bacterial microtubules (bMTs) are the closest prokaryotic counterparts to eukaryotic
microtubules (MTs) [31, 33, 69]. Although the role of bMTs is still unidentified, based
on their microtubule-like properties we decided to investigate the feasibility of de-
signing a segregation system based on bMTs. Dynamic features, such as treadmilling
and dynamic instability as well as chaperon-independent expression of bacterial tubu-
lins A and B (bTubA and bTubB), make bMTs attractive cytomotive filaments for syn-
thetic cell uses. In contrast, eukaryoticαβ-tubulin proteins are incompatible with cell-
free expression assays due to their chaperon-dependent folding and necessary post-
translational modifications. In addition, previous studies have shown that bTubA and
bTubB are expressible in the PURE-based cell-free gene expression system [69].

Performing a DNA segregation with this system, however, remains a standing chal-
lenge. The main reason why bMTs can currently not be used for a DNA segregation
system is that there is no DNA-binding bMT-associated protein discovered. The spe-
cific objective of our study was therefore to either discover or design a potential DNA-
binding adapter protein to perform segregation with bMT filaments. First, we used co-
sedimentation assays to explore the Prhosthecobacter debontii cell lysate for adapter
proteins. As these assays were unsuccessful, we then focused on a possible design em-
ploying the only known bacterial microtubule-associated protein bacterial tubulin C
(bTubC). bTubC has been shown to bind to the bMT lattice and alter the dynamics of
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the filaments. Although no significant dynamic alteration was observed in our exper-
iments, we observed that the fluorescently labeled bTubC binds to the lattice of bMTs
and might be able to follow shrinking bMTs. These results provide the basis for the
possible use of this protein in a hybrid system.

liposome

DNA

PURE

target 
proteins replicated 

DNA

DNA binding 
protein

filament binding 
protein

light ON light OFF

filament

Figure 4.1: DNA segregation in a synthetic cell with external control: Schematic depiction of a DNA segre-
gation system in a synthetic cell with light-inducible external control. In a liposome, the proteins expressed
with PURE system polymerize, elongating the liposome in the presence of GTP. Expressed adapter proteins
bind the filaments and replicated DNA. The illumination of the sample with blue light triggers the associa-
tion of the two adapter proteins and hence the binding of the DNA to the filaments. Shrinking filaments pull
the bound DNA towards the cell poles and the DNA is released after the illumination is turned off. Created
with BioRender.com

TUBZ FILAMENTS
As mentioned in Chapter 1, tubulin-like proteins build the family of type-III segrega-
tion systems in bacteria. Among all the known tubulin-like proteins, previous works
have hypothesized that TubZ from B. thuringiensis or C. botulinum phage c-st plays
the transporter role in the DNA segregation system in the original or host cell [9, 82,
98, 104]. TubZ expression is chaperon-independent and has been purified together
with TubR (the DNA binding adapter protein of TubZ). Furthermore, transportation
of TubRC segrosome has been reconstituted in vitro [43], although the formation and
DNA segregation by this system inside the original bacterial cells has not been ob-
served yet. It has been shown that the TubR adapter protein forms a nucleoprotein
complex known as the segrosome by binding to the tubC DNA sequence [7, 104]. The
binding of TubR twists tubC in a way that the complex forms either a single or double
twist loop [88]. In vitro observations have revealed that a TubRC complex binds to a
TubZ filament and follows the shrinking minus end of the filament [43]. In vivo, on the
other hand, it has been hypothesized that the TubRC complex may be pulled by tread-
milling filaments to the cell poles, where the interaction with the cell membrane may
cause DNA release [98]. In this Chapter, the application of TubZRC as a DNA segre-
gation system in synthetic cells is explored. We observed that despite successful TubZ
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expression in PURE, these expressed proteins were unable to polymerize into TubZ fil-
aments in the presence of GTP; however, the successful binding of TubR to tubC DNA
provides the second ingredient for the possible design of a hybrid system.

OPTO-CONTROL OF A HYBRID SYSTEM
In addition to studying the possible protein components of artificial segregation sys-
tems, we focused on finding a way to control these systems externally. Optogenetics
can provide accurate and specific external spatiotemporal control over biological pro-
cesses. Optogenetic tools have been recently utilized in various in vivo [100] and in
vitro [124] applications as well as more specifically in the field of synthetic cells, for
instance in cell-cell signaling [2, 25]. Both temporal and spatial controls are critical
features that should be considered in designing and building a synthetic cell. Here, we
propose a method to achieve control over the segregation system of a synthetic cell us-
ing light. We employed an improved light-inducible dimerization (iLID) system com-
posed of a light-oxygen-voltage 2 (LOV2) domain and a bacterial SsrA peptide with
the SsrA binding partner SspB [59]. The iLID complex is sensitive to blue light (450-
490 nm) in a reversible manner [71]. Upon blue light illumination, an α-helix which is
responsible for light-sensitivity undergoes a specific conformational change, thereby
releasing the interaction of the LOV2 domain with SsrA, thus allowing the iLID-SspB
complex to form (Figure 4.2). In order to control a potential hybrid DNA segregation
system, iLID was fused to the bTubC from bTubABC and the SspB protein was fused
to the TubR from the TubZRC DNA segregation systems. As neither the bTubABC nor
the TubZRC system possessed all desired properties (see above), this hybrid system
was designed to take advantage of favorable properties of the two separate systems.
We show that the bTubC-iLID binds to bMTs and SspB-TubR forms the nucleoprotein
complex with tubC. Our findings represent first steps towards the design of an exter-
nally controllable artificial DNA segregation system. However, this thesis does not yet
provide a fully functional DNA segregation system that could be directly used in a syn-
thetic cell.
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Figure 4.2: Light-inducible iLID-SspB system: Schematic depiction of the iLID-SspB optogenetic tool
which is used in this Chapter. The schematic depicts the state of the proteins in the dark (left) and in the
presence of blue light (right). In the dark state, the interaction between the SsrA and LOV2 domains inhibits
the SsrA-SspB interaction, while upon illumination with blue light, the conformational changes in the Jα
allows the SsrA-SspB interaction.
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4.2. RESULTS
Below we present, for each of the two cytoskeletal systems: i) the in vitro reconstitution
of dynamic filaments, together with candidate adapter proteins for DNA binding, ii)
the results of protein expression and filament formation in the PURE system, and iii)
our efforts to encapsulate the filament systems in liposomes.

Bacterial microtubule reconstitution in the presence of bTubC:
To evaluate the bMT-bTubC interaction, bTubAB and eGFP-bTubC were purified and
labeled as described in Chapter 2. Two different approaches were adopted to inves-
tigate this interaction. Firstly, in a co-sedimentation assay, 85µM unlabeled bTubAB
and 2.6µM eGFP-bTubC were incubated in the presence of 2.8 mM GTP for 10 min at
37°C and centrifuged in a Beckman airfuge (see Methods Materials and Methods sec-
tion). We observed bTubC in the final supernatant of the last rotation, confirming the
co-sedimentation with bMTs as was shown before [3]. In addition, a considerable frac-
tion of the bTubC was seen in the final pellet (cold pellet), a demonstration of the high
aggregation affinity of the protein (Figure S1A). Secondly, we performed dynamic bMT
assays in the presence of bTubC to assess the interaction between bMTs and bTubC
(Figure 4.3A). 1.1µM (1:10 labeled to unlabeled ratio) bTubAB was mixed with 2µM
eGFP-bTubC and added to immobilized seeds in a flow chamber in the presence of
1 mM GTP and imaged immediately. bMTs were dynamic in this situation (see also
Chapter 3) and the images revealed a clear co-localization of the filaments with eGFP-
bTubC indicating a significant bMT-bTubC interaction. We observed that bTubC binds
to both dynamic filaments (with a lattice binding preference) and GMPCPP stabilized
seeds (Figure 4.3B).

An ideal adapter protein for a segregation system based on bMTs, would be able to fol-
low either shrinking or growing bMTs. Our experiments revealed no clear bTubC end-
tracking at polymerizing nor depolymerizing bMT ends. Explorations with polystyrene
beads coated with eGFP-bTubC showed binding to the filaments and in one anecdotal
case a depolymerizing bMT appeared to briefly pull on the bead (Figure S1B). Fur-
ther experiments using for example optical tweezers would be needed to further verify
this type of end-tracking behavior. In addition to filament-binding affinity, an adapter
protein (or protein construct) should have DNA binding activity. Although a-priori is
not very likely, we first checked whether bTubC has any DNA-binding affinity. bTubC
accommodates a TPR domain of 11 helices which bind dominantly to the bTubB [31].
Combining a literature-search with the HHpred tool of the MPI Bioinformatics Toolkit,
no DNA-binding domain was found for the bTubC protein. Although a handful of
DNA-binding proteins that share high sequence identity with bTubC were identified,
their DNA-binding domain was mainly located elsewhere and the TPR domain was
not involved in DNA-binding.

Next, we decided to look for other possible bMT-associated proteins in the bacterial
cells from which our bTubC originated, Prosthecobacter debontii. Co-sedimentation
assays followed by mass spectrometry were used to investigate the interaction of bMTs
with any protein from P. debontii lysates. P. debontii cell culture was purchased from
DSMZ. A 400 mL cell culture was grown in 628 MMB medium (www.bacmedia.dsmz.de)

https://bacmedia.dsmz.de/medium/628
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Figure 4.3: Dynamics assays: (A) Schematic depiction of the experimental setup for bacterial microtubule
(blue) dynamic assays in the presence of bTubC (yellow). The glass surface of coverslips was treated se-
quentially with PLL-PEG-biotin, Neutravidin, and κ-casein. Biotinylated bMT seeds were immobilized due
to the interaction with the surface-coated Neutravidin and the dynamic bMTs could grow from the immo-
bilized seeds. Created with BioRender.com (B) TIRF images (left) and kymographs (right) of 1.1µM bTubAB
which formed dynamic filaments in the presence of 2µM eGFP-bTubC and GTP showing co-localization of
bTubC (yellow) and the dynamic bMTs (cyan). The kymographs show that bMTs were dynamic in the pres-
ence of bTubC which covers the filament lattice. Yellow spots show that the purified eGFP-bTubC was highly
prone to aggregation. (C) Schematic depiction of the dynamic TubZRC system experimental setup. A TubZ
filament (magenta) pulls a TubRC (cyan) complex while treadmilling on a surface-coated by anti-biotin an-
tibody and Pluronic acid. (D) TubZRC dynamic assays where filaments (magenta) were formed from 1µM
purified TubZ in the presence of 100 nM TubR and 100 pM tubC and carried TubRC segrosomes (cyan) while
treadmilling. (left) The time series of two treadmilling TubZ filaments which pull a TubRC complex while
treadmilling and sliding over each other. Arrowheads mark the position of the minus end of the treadmilling
filaments. (right) A kymograph of a treadmilling TubZ filament where the DNA loses the interaction with the
filament. The moment when the centromeric DNA loses its connection with the filament is marked with an
arrowhead. The stacks were smoothed by applying Kalman filter. scale bars: horizontal = 10µm, vertical =
1 min.

at 30°C for more than 7 days (OD = 0.11), harvested and lysed using a French press
apparatus in 50 mM HEPES-KOH pH-7 supplemented with 0.1 mM PMSF. We concen-
trated the lysate ten times. Then 60µl of 150µM bTubAB was added to 40µl of the
concentrated lysate in the presence of 2 mM GTP and incubated for 10 min at 37°C.
Another 2µl of 100 mM GTP was added afterwards and centrifuged immediately with a
Beckman airfuge (see Materials and Methods section). Mass spectrometry of the SDS-
PAGE gel bands (marked with arrowheads in Figure S1C) revealed two major unchar-
acterized proteins: a protein with 24.6% identity with Kinesin39 from Micractinium
conductrix, and an ATPase DNA helicase RecQ-like (bRecQL) protein. Surprisingly, no
bTubC was found in the mass spectromerty results.
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Because DNA binding is a major requirement for the adapter protein in our assays, we
focused on the bRecQL DNA-helicase. To verify the protein’s binding to bMTs, again
two different approaches were adopted. First, 19µM bTubAB was used to co-sediment
with 1µM purified bRecQL protein in the presence of 1 mM GTP and 2 mM ATP. All as-
says were performed in a HEPES buffer since the high PIPES concentration in MRB80
could abolish the interaction between the filament and adapter proteins [20]. Unfor-
tunately, we observed no significant binding of bRecQL to the filamentous bTubAB on
SDS-PAGE (Figure S1D). Additionally, the sharp bRecQL band in the cold pellet lane in
Figure S1D suggests bRecQL is prone to aggregation. The interaction was furthermore
tested with YFP-bRecQL in TIRF assays. Similar to the co-sedimentation assays, the in-
teraction between the protein and the filaments was weak and only bRecQL aggregates
were observed to weakly bind to bMTs (data not shown).

TubZRC system reconstitution:
To consider an alternative to the bTubABC system, we investigated the TubZRC system
(B. thuringiensis). First, we reconstituted filament dynamics and DNA binding in a
flow chamber made with silanized coverslips that were passivated with anti-biotin an-
tibodies and 1% Pluronic acid F-127 (Figure 4.3C). We mixed 1µM TubZ (80% AF(Alexa
Fluor)488-labelled and 20% unlabeled) with 100 nM TubR and 100 nM full-length Atto647-
tubC in the presence of 0.5 mM GTP, before adding it to the flow chamber to image with
a TIRF microscope (Figure 4.3D). The high percentage of labeled TubZ was necessary
due to issues with labeling yield which means the actual final labeling ratio might have
been lower than 20%. We observed TubZ treadmilling as well as TubRC complexes fol-
lowing shrinking minus ends of TubZ filaments as was reported before [43] (Figure
4.3D). Furthermore, filaments were seen to slide over each other in a bundle while car-
rying TubRC complexes (Figure 4.3D; left). Moreover, it was observed that, possibly
due to interaction with the surface, minus end-bound DNA can be released during
TubZ filament treadmilling (Figure 4.3D; right). Dynamic assays were performed in
the absence of TubR as well. Interestingly, we sometimes observed tubC binding to
TubZ filaments even without TubR (Figure S2A).

bTubABC system is fully expressible in the PURE system:
The next step in verification of the suitability of a system for our synthetic cell is to
identify whether the system is expressible in the PURE system. Expressing in a back-
ground of the PUREfrex2.0 system, Kattan et al. [69] already showed that bTubA and
bTubB are expressible from the corresponding genes which subsequently self-assemble
into bMTs in the presence of GTP (Figure 4.4A). Both treadmilling and dynamic insta-
bility was observed for expressed bMTs. bTubC expression and its interaction with
bMTs was also reported in the PUREfrex2.0 [69].

Expressed TubZ forms no filaments in PURE:
Here we also evaluated the expression of the TubZRC system with PUREfrex2.0. To
do so, we incubated 5 nM linear tubZ and tubR DNA constructs (both including a T7
promoter and a T7 terminator) in the presence of BODIPY®-FL GreenLys tRNA for 3
hours at 37°C. The samples were then loaded on a protein gel (Figure 4.4B). Sharp
bands in the Cy2 channel (488 nm laser) channel and the corresponding bands on the
coomassie blue-stained image suggest that the proteins were successfully expressed.
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Figure 4.4: cell-free gene expression: (A) (left) Protein gel image of expressed bTubA, bTubB, bTubC and
bTubAB proteins in a PUREfrex2.0 system supplemented with GreenLys reagent. (right) A TIRF image of the
expressed bTubAB in the presence of GTP which forms long and bundled bMTs. Images from [69]. (B) (non-
optimized) Protein gel image of TubZ and TubR proteins expressed from 5 nM tubZ and tubR pcr constructs,
respectively, in the PUREfrex2.0 system in the presence of GreenLys reagent. The image of fluorescently
labeled proteins (left) is compared to the image of the same gel after Coomassie blue-staining (right). The
arrowheads mark TubZ (top) and TubR (bottom). (codon-optimized) The Coomassie blue-stained protein
gel for expression of sequence-optimized tubZ in the absence (left) and presence (right) of 1µl of DnaK mix.
Expressed TubZ bands are marked with arrowheads.

The expressed TubZ was then tested in TubZRC dynamic assays in the presence of
a trace amount of labeled purified TubZ (300 nM), 100 nM purified TubR, 100 pM la-
beled tubC, and 1 mM GTP. Unfortunately, no filament formation was observed in the
assays with expressed TubZ. As expressed TubZ might be misfolded, we added DnaK
mix, which has been shown to enhance protein folding and activity [51, 69], to the ex-
pression solution. However, the addition of DnaK had no significant effect on filament
formation by expressed TubZ. We also checked the activity of expressed TubR in the
same assays with 500µM labeled TubZ. Although no filament forms in the absence of
TubR at this TubZ concentration, we observed filament formation which could sug-
gest that the expressed TubR was active and able to enhance TubZ filament formation
[104].

Next, we employed the sequence-optimization method described by Godino et al.
[51], Kattan et al. [69] and expressed the codon-optimized tubZ gene in gene expres-
sion assays as described before. Unfortunately, no filaments were observed in dynamic
assays with codon-optimized tubZ either. We loaded the expression products onto a
protein gel to visualize their expression yield. Figure 4.4B (right) shows two gels from
two separate experiments where 5 nM codon-optimized tubZ linear constructs were
expressed in the absence (left) and presence (right) of DnaK. Interestingly, the expres-
sion yield was lower in both cases compared to non-sequence-optimized tubZ prod-
ucts.

Expression of btubAB genes leads to the formation of bMT filaments in liposomes:
Another requirement of a synthetic cell is encapsulation. We thus tested whether var-
ious properties of our cytoskeletal systems were reproducible inside liposomes. The
encapsulation of btubA and B constructs in PUREfrex2.0 were shown to successfully
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generate bTubAB proteins which in the presence of GTP formed long bMT bundles in
liposomes (Figure 4.5A) [69]. Kattan et al. [69] furthermore showed that bMT bundle
formation inside liposomes can cause vesicle deformation.

A B TubZ lipid/tubC merge

Figure 4.5: Encapsulation: (A) A confocal microscopy image of expressed bMTs in GUVs. bMTs (cyan) form
multi-filament bundles and reshape the liposomes (red). A closer view of the bundled bMTs and reshaped li-
posomes is available at the bottom image. scale bars = 10µm (top) and 5µm (bottom). Images from [69]. (B)
Spinning-disk confocal microscopy images of purified TubZRC encapsulated in liposomes (cyan). A sample
containing 6.5µM purified TubZ in the presence of 100 nM purified TubR and 100 pM tubC was encapsu-
lated in liposomes utilizing a swelling method. The filaments (in magenta) are marked with arrowheads.
Lipids and tubC were visible in the same emission wavelength. Scale bars = 5µm

Purified TubZ proteins form filaments inside liposomes:
To assess the encapsulation of the TubZRC system, we used the swelling liposome
preparation method. Lipid molecules were biotin-PEG labeled, so we treated the sur-
face of the flow chamber with BSA:BSA-biotin and then with NeutrAvidin to immobi-
lize the liposomes on the surface. A sample including 6.5µM TubZ (60% labeled and
40% unlabeled), 100 nM TubR, and 100 pM Atto647-tubC was mixed with 1 mM GTP
and encapsulated in Giant Unilamellar Vesicles (GUVs) through a swelling process.
The vesicles were then added to the chamber and after 5 min washed with 20µl BRB80.
A spinning-disk cofocal microscopy setup was used to image the liposomes. Although
the quantitative analysis was impossible due to insufficient data, we were able to con-
firm encapsulation and formation of the filaments inside the liposomes (Figure 4.5).
Inside liposomes, the TubZ filaments were mostly observed in bundled form and, in
the absence of crowding agents, diffusing throughout the vesicles. Since both lipids
and DNA had fluorescent labels which emit at the same wavelength, it was not possi-
ble to spot the DNA co-localization with the TubZ filaments inside the liposomes.

Towards a hybrid system with spatiotemporal control: Given the above-mentioned
strengths and weaknesses of the two cytoskeletal systems we next designed a light-
inducible hybrid system by fusing proteins of various systems to that of the iLID-SspB
system. More specifically, we fused bTubC to iLID via a leucine zipper and TubR to
SspB via a GGGGATAGAGG linker (Figure 4.6A). To evaluate the activity of our light-
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inducible system, we purified the proteins bTubC-iLID and SspB-TubR and assessed
their interaction with bMT filaments, the DNA sequence (tubC), and with each other.
First, we tested the bTubC-iLID interaction with polymerized bMTs. In a channel
with immobilized seeds, we polymerized 0.9µM bTubAB (20% labeled and 80% un-
labeled) in the presence 83 nM AF568-bTubC-iLID and 1 mM GTP. Significant bMT
lattice coverage by the AF568-bTubC-iLID was observed (Figure 4.6B). We observed
dynamic bMT filaments in these assays and AF568-bTubC-iLID aggregation was con-
siderably lower than observed for eGFP-bTubC. Next, we verified the complex forma-
tion of SspB-TubR with full-length tubC with a gel Electrophoretic Mobility Shift Assay
(EMSA). In a test tube, 1 nM Atto647-tubC was mixed with wile-type TubR or various
concentration of SspB-TubR according to the assays described by Fink and Lowe [43].
As can be seen in Figure 4.6C, the more we added SspB-TubR proteins, the more DNA
was shifted providing evidence for the SspB-TubR interaction with the tubC DNA se-
quence. Note however, that the interaction was not as efficient as with wild-type TubR.

Then we tested bTubC-iLID and SspB complex formation upon photo-activation. The
experimental setup is schematically depicted in Figure 4.6D. We assessed the binding
of SspB-nano-mOrange to bMT seeds covered with biotin-bTubC-iLID while activated
by blue light. The biotin was expected to have no significant effect on the experiments.
The main advantage of using seeds is that stable filaments make long image acquisi-
tions feasible. First, we incubated 1µM bTubAB (including 10% Atto488-bTubAB) in
the presence of 0.5 mM GMPCPP at 37°C for 5 min in a test tube. Then 80 nM biotin-
bTubC-iLID and 500 nM SspB-nano-mOrange were added to the test tube and the
whole mixture was added to the flow chamber. We observed that during blue light illu-
mination, SspB-mOrange accumulated on bMT seeds in a reversible manner (Figure
4.6D). Despite a significant amount of (decreasing) background signal, an increment
in fluorescence intensity upon illumination is clearly visible in the intensity graph in
Figure 4.6D, which is due to the light emitted from the SspB-nano-mOrange being
recruited to bMT seeds over time. Although labeled with Atto-488, bMT seeds were
visible while imaging with a 561 nm laser (Figure 4.6D, bottom-left). We later found
out that the biotin-bTubC-iLID sample was contaminated with a 561 fluorescent dye.
We have also tested the complex formation of bTubC-iLID with SspB-TubR upon blue
light illumination, however, due to some technical issues (like SspB-TubR aggregation
at high concentrations) we have not yet been able to observe the interaction.

4.3. DISCUSSION
In this Chapter, we investigated two different systems i.e., bacterial microtubules and
TubZRC as well as their integration into a hybrid system by using an optogenetic tool
composed of the light-inducible iLID-SspB complex to build an externally controllable
active DNA segregation system. Previous studies already reported the in vitro features
of each system [31, 43, 69]. Here we first focused on the ability of each system to recruit
DNA as required for our synthetic cell.

In our experiments, we reconstituted the dynamic properties of the two systems: bTubABC
and TubZRC. We showed that labeled bTubC proteins bind to the lattice of bacterial
microtubules. To assess the transport of any cargo by bMTs, we coated polystyrene
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Figure 4.6: Light-induced interaction of bTubC-iLID with SspB-TubR: (A) Schematic depiction of the light-
inducible bTubABC-TubRC hybrid system. Two bTubC proteins are fused to two improved Light-Inducible
Dimer (iLID) through a leucine zipper, a complex designed to interact with bMTs. On the other hand, TubR
is fused through a linker to a SspB protein where the SspB-TubR complex is expected to bind to tubC DNA
in a dimerized form. Through a reversible process and upon blue light (488 nm) illumination, bTubC-iLID
switches to its active form and binds to SspB-TubR. (B) A TIRF image of a bMT dynamic assay where 0.8µM
bTubAB filaments grow from immobilized GMPCPP seeds in the presence of 83 nM AF568-bTubC-iLID (left;
scale bar = 10µm) and a kymograph of a dynamic bMT in the same experiment. (right; scale bars: horizontal
= 5µm, vertical = 1 min) (C) An EMSA gel image of 1 nM full-length tubC interaction with 400 nM wild-
type TubR and a dilution gradient of SspB-TubR from 25-600 nM on a 6% polyacrylamide gel. (D) (top)
A schematic depiction of SspB-nano-mOrange recruitment to bMT seeds via bTubC-iLID upon blue light
illumination. (bottom) TIRF images of bMT seeds in the presence of 80 nM biotin-bTubC-iLID and 500 nM
SspB-nano-mOrange. The seeds were first imaged with a 561 nm laser (I = 0), then, at a certain point the
488 nm laser was turned on (I 6= 0) which later was reduced to zero (I = 0) again. In the presence of blue light
(I 6= 0), the brightness of the filaments increased due to SspB-nano-mOrange accumulation. bMT seeds are
visible in the TIRF images before the SspB-nano-mOrange accumulation due to a 561 dye contamination in
biotin-bTubC-iLID samples. A Graph of the mOrange signal on bMT seeds over time is shown on the right.
The plot is smoothed using Savitzky–Golay filter. The highlighted segment indicates I 6= 0. Scale bar = 5µm.

beads with purified bTubC and observed that depolymerizing bMTs may carry bTubC-
coated beads. Nevertheless, due to a lack of enough data caution must be applied and
other techniques e.g., optical tweezers might be needed to confirm the pulling phe-
nomenon. In addition, we conducted a search on the possible DNA binding affin-
ity of bTubC using a MPI (Max Planck Institute) bioinformatics toolkit which revealed
no DNA binding for bTubC. We also found that other possible bMT adapter proteins
which were discovered exploiting co-sedimentation assays were not reliable, due to
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weak interactions with bMTs. Therefore, no suitable candidate proteins were identi-
fied to mediate the filament-DNA interaction in a bacterial microtubule-based DNA
segregation system.

Next, we considered the TubZRC system which has been hypothesized to be responsi-
ble for faithful DNA partitioning in several species [9, 98, 104]. To assess the adequacy
of the TubZRC system, we reconstituted the system in flow chambers. We observed
that treadmilling filaments are able to carry the minus end binding TubRC complex
which has been reported previously [43]. Besides treadmilling, TubZ filaments dis-
played bundling as well as sliding within a bundle and we observed that TubRC segro-
somes might lose the interaction with the filament during treadmilling.

Subsequently, the possibilities of cell-free gene expression and liposome encapsula-
tion were investigated for both systems. Kattan et al. [69] showed that bTubA and B
are expressible in PUREfrex2.0 and form dynamic filaments in a flow chamber in the
presence of GTP. In their study, they successfully encapsulated the expression system
inside GUVs which in the presence of the btubA and btubB genes synthesized the pro-
teins of interest and formed bMT bundles which were able to reshape the liposomes.
They also showed that the only known bMT-associated protein, bTubC, is expressible
in the same manner. On the other hand, although the expression of TubZ proteins in
the PURE system did not lead to an active form of the protein in our experiments, we
showed that using a swelling method we can encapsulate purified TubZ filaments in-
side GUVs. While the TubZ filaments formed bundles inside the liposomes, no dynam-
ics was observed which was likely due to the high tubulin concentration. Hence fur-
ther optimization is required for functional DNA or cargo transport inside liposomes.
Moreover, under our conditions the encapsulated filaments were not observed to de-
form the liposomes in contrast to MTs and bMTs [40, 69].

To overcome the drawbacks of each system, we designed a hybrid system which ex-
ploits various parts of the two systems. The design is composed of fundamental com-
ponents of a minimal DNA partitioning system, namely a cytomotive filament (bac-
terial microtubule), an adapter protein (bTubC-TubR), and the centromeric DNA se-
quence (tubC). bMTs from Prosthecobacter were chosen since they are expressible in
the PURE system inside liposomes. bTubC, which is a bMT binding protein, was fused
to an iLID protein complex to enable the recruitment of a DNA binding complex upon
blue light activation. We showed that bTubC-iLID, indeed, binds to bMT filaments
and tends to recruit SspB-nano-mOrange proteins on the bMTs upon the illumination
by blue light (Figure 4.6). For binding to DNA, we used TubR from B. thuringiensis
and linked TubR to a SspB domain which could bind to bTubC-iLID upon activation
with blue light. Using EMSA, we showed that the SspB-TubR complex binds to the
tubC DNA sequence when the connection between the two peptides is mediated by
a linker. Despite these promising achievements, steps remain to be taken to build a
functional controllable DNA segregation system for our synthetic cell. Further work
is required to assess the interaction between bTubC-iLID and SspB-TubR in the pres-
ence of bMTs and tubC, and establish the expression and liposome encapsulation of
the entire system.
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Although our hybrid optogenetic system is designed to allow for temporal control over
a DNA partitioning system, spatial control is equally important as random segregation
may carry the cargo to unwanted locations. We hypothesize that the ability of bMTs
to elongate liposomes might break the symmetry of a spherical liposome and bring
the replicated plasmids to the ends of the elongated cell during segregation (Figure
4.1). Bundled bMTs contain dynamic filaments which may transport the DNA while
the bundle deforms the liposome. Further work is required to establish the viability of
our hybrid system, including the expression and liposome encapsulation of the entire
system.

4.4. MATERIALS AND METHODS
Proteins used in this Chapter are stored in the buffers indicated in the purification
processes in Chapter 2. Other ingredients are stored in MRB80 (80 mM PIPES, 4 mM
MgCl2, 1 mM EGTA, pH 6.8) unless it is stated otherwise.

PROTEIN PURIFICATION
Proteins used in this Chapter, bTubA, bTubB, bTubC, TubZ, TubR, bTubC-iLID, and
SspB-TubR, were purified and labeled as described in Chapter 2.

CO-SEDIMENTATION ASSAYS
The co-sedimentation assays were done to test the bMTs interaction with eGFP-bTubC,
bRecQL, and proteins in P. debontii lysate. Here we explain the protocol for bTubC,
however, in the first step the concentrations could be replaced with either 1µM bRecQL
for bRecQL assays or 40µl cell lysate for lysate co-sedimentation assays.

85µM unlabeled bTubAB was mixed with 2.6µM eGFP-bTubC and supplemented with
10 mM MgCl2, 50 mM KCl, and 3 mM GTP to a finale volume equal to 105µl and incu-
bated for 10 min at 37°C. The sample was then centrifuged at 30 psi on a Beckman
airfuge for 5 min at room temperature. The supernatant was collected for the gel
(warm supernatant). The pellet was resuspended in 50µl of 50 mM HEPES-KOH pH
7.0 and incubated for 30 min on ice with occasional pipetting to depolymerise the fila-
ments. Since during the process, the formation of protein aggregates is not completely
avoidable, we centrifuged the solution on a cold rotor once more to discard any aggre-
gates. The supernatant was run on a SDS-PAGE gel (cold supernatant). The pellet was
resuspended in 20µl buffer and run on the gel (cold pellet) (Figure S1).

TIRF DYNAMIC ASSAYS
bTubABC reconstitution assays:
Using parafilm straps, 10µl flow chambers were made with base piranha
(H2O2:NH4OH:H2O with 1:1:5 ratio) cleaned coverslips. The glass surface of the chan-
nels was treated with PLL-PEG-biotin, Neutravidin, andκ-casein as described in Chap-
ter 2 for stalling assays. Seeds were made by 10 min 37°C incubation of 13.5µM (10µM
unlabeled, 1µM 561-labeled, and 2.5µM biotin-labeled) bTubAB in the presence of
10 mM KCl and 1 mM GMPCPP. Seeds were then diluted 50 times in warm MRB80 and
incubated in the channels for 5 min. A mixture of 1.1µM (1µM unlabeled and 0.1µM
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561-labeled) bTubAB and 2µM eGFP-bTubC in the presence of oxygen scavenging sys-
tem, 0.2% methyl-cellulose, 0.5 mgmL−1

κ-casein, 100 mM KCl, and 1 mM GTP was
added to the channels, sealed and imaged immediately.

TubZRC reconstitution assays:
TubZRC dynamic assays were inspired by the experiments done by Fink and Lowe [43].
To minimize the bundling effect these experiments were done in BRB80 pH 7.2 (80 mM
PIPES, 1 mM MgCl2, 1 mM EGTA) background. 10µl flow chambers were made with
silanized coverslips using parafilm straps. Coverslips were silanized with repel-silane
(2% dichlorodiethylsilane in trichloroethylene or octamethylcyclooctasilane) solution
according to the procedure described by Nick Maleki et al. [99]. The channels were
made wider than normal to ensure easy flow of viscous fluid. The silanized surface
then was treated with 10% anti-biotin antibody (Sigma-Aldrich) for 10 min. Free anti-
biotin was removed by two times wash with BRB80 pH 7.2 and 50µl 1% Pluronic acid
F127 was added to the channel and incubated for 15 min. A channel mix of 1µM
(80% AF488-labeled and 20% unlabeled) TubZ, 100 nM TubR and 100 pM 647-tubC
supplemented with an oxygen scavenging system, 2 mgmL−1 BSA, 0.01% TWEEN20,
0.6% methyl-cellulose and 0.5 mM GTP was made meanwhile on ice. Channels were
washed with 50µl of BRB80 then 20µl BRB80 containing the oxygen scavenging sys-
tem. The channel mix was then added to the channels, and channels were sealed with
vacuum grease and imaged immediately.

Hybrid system reconstitution assays:
For dynamic assays which were used to test bMT-bTubC-iLID interaction (Figure 4.6B)
the channels were made with piranha-cleaned coverslips and treated with 10% anti-
biotin antibody (10 min), and 5 mgmL−1 BSA (10 min). bMT GMPCPP-seeds were
made as described before, diluted 40 times, and added to the channel and incubated
for 3 min. A channel mix containing 0.9µM bTubAB (20% 488-labeled and 80% unla-
beled) and 83 nM Alexa-Fluor-568-bTubC-iLID in the presence of the oxygen scaveng-
ing system, 3 mgmL−1 BSA, 0.2% methyl-celluluse, and 1 mM GTP was added, sealed,
and imaged immediately.

To assess the interaction between bTubC-iLID and SspB-TubR from the hybrid sys-
tem, we first used SspB-nano-mOrange instead of SspB-TubR (Figure 4.6D). In a chan-
nel made by silanized coverslips, 5 mgmL−1 BSA was incubated for 10 min followed by
two times wash with MRB80. A channel mix containing 1µM bTubAB (10% 488-labeled
and 90% unlabeled) supplemented with 3 mgmL−1 BSA, 0.1% methyl-cellulose, 50 mM
KCl, oxygen scavenging system, and 0.5µM GMPCPP, was incubated for 5 min at 37°C.
80 nM biotin-bTubC-iLID and 500 nM SspB-nano-mOrange was added to the mix and
the sample was added to the channel. The channel was sealed and imaged immedi-
ately.

IMAGING
TIRF and confocal imaging were performed using the methods described in Chapter
2. Microscopy setups were equipped with a 150 mW 488 nm, a 100 mW 561 nm, and
a 110 mW 642 nm laser. The imaging was acquired at 1 Hz and with 100 ms exposure
time.
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PREPARATION OF DNA CONSTRUCTS
The DNA sequences were equipped with the T7 promoter, ribosome binding site (RBS),
and T7 terminator sequences and synthesized and cloned in the pUC57 plasmid (Gen-
Script, Unitied States). The plasmids pED61 and pED62, and btTubZ_CO_IDT gene
which express TubZ, TubR, and (codon-optimized) TubZ proteins, respectively, were
amplified in standard polymerase chain reaction (PCR) process and were checked on
a 1% agarose gel. PCR constructs were then purified with Wizard SV Gel kit (Promega)
and the concentration and purity were determined by NanoDrop 2000, Thermo Fisher.
The btTubZ_CO_IDT construct which is a codon optimization of tubZ DNA sequence
was designed according to the process explained in [69]. The sequence for each of the
DNA constructs can be found at the end of this Chapter.

CELL-FREE GENE EXPRESSION ASSAY
Cell-free expression assays were performed in PUREfrex2.0 (GeneFrontier Corpora-
tion, Chiba) according to the protocol described by Kattan et al. [69]. The expression
was performed with 5 nM of linear tubZ or tubR construct with and without 1µl DnaK
chaperon mix (GeneFrontier Corporation). A total volume of 20µl was incubated for 3
h at 37°C in pcr tubes. To visualize the expressed proteins on protein gels, 1µl GreenLys
solution (FluoroTect, Promega) was added to the expression mixture before the in-
cubation. Expressed proteins were also used in TubZRC reconstitution assays as de-
scribed before. To check the filament formation by expressed TubZ, TubZ in the recon-
stitution assays was replaced by expressed TubZ and a trace amount (300-500 nM) of
AF488-TubZ to visualize the filaments. To maximise the amount of expressed proteins
in dynamic assays, we only used essential components i.e. 100 nM purified TubR, 100
pM 647-tubC, 1 mM GTP, and 0.1% methyl-cellulose and no crowding agent or oxygen
scavenging system.

LIPOSOME ASSAYS
In this Chapter we mainly utilized the swelling method for liposome preparation. In a
swelling method, liposomes swell from lipid-coated beads dipped in the sample solu-
tion. The swelling method was selected for its high encapsulation efficiency and the
fact that no detergents are involved in the whole process. Another advantage of using
this method is that it allows liposome production in low solution volume which is fa-
vorable for precious samples of PURE. Glass beads were coated with lipid molecules
according to the process explained by Kattan et al. [69]. After drying in desiccator
beads were stored at -20°C for later use. About 20 mg of beads were added to a test
tube. The protein mix was added to the tube and incubated for 2 h on ice in dark.
During incubation, the tube was gently rotated while keeping it at 60° angle (3-4 times
in total). After 2 h incubation, four complete cycles of freeze-thaw were performed
by dipping the tube in LN2 using plastic tweezers and then thawing at room tem-
perature. The sample should not heat up to room temperature. Meanwhile on base
piranha-cleaned coverslips, 10µl channels were made with parafilm then treated with
BSA:BSA-biotin (1 mgmL−1) for 10 min followed by a washing step with 20µl BRB80.
Then, 10µl 1 mgmL−1 NeutrAvidin was added and incubated for 10 min. After two
times wash with BRB80, the liposome mixture was added to the channel which fol-
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lowed by another two-time wash after 5 min incubation. The sample was imaged with
a spinning-disk confocal setup.
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SUPPLEMENTARY MATERIALS
sequence of tubZ construct

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAAT
TTTGTTTAACTTTAAGAAGGAGATATACATATGGCTAGCATGACTGGTGGACAGCAAA
TGGGTATGTTATTAAACAGTAATGAACTAGAACATATCCATTCAACTAACCATAGTGT
AAATGATATTAGTATACGATGGGGAGTTATTGGTGCTGGTCAAAAAGGTAATAAAGAG
GCTGATTTATTCGCAGGTTACAAGTTTTCGAATGGAACTACTTGCTATCCGACATTAG
CTGTTAACTTTGCAGAGTCAGATATGATGCATTTACAAAATATTATTAAAGAAGATCG
TATTCATTTTGACGGTTTAAAGGGGGCTGCACGTACACCTTCTGTAGTTACTGACTTA
TTTGACCCTGAAACTAATCCTAATGCTAATGGATACCTTGATAAATTAGCCCAAGAGC
TCGGTCGAAAGTTTACAAATGAAGAGGGAGAAGTAATTGTAGACCAATTCTTAATTTG
TCTTGGAGCTGGTGGTGGCGTTGGAACAGGTTGGGGTTCACTTGTTTTACAATTAAT
TCGTGAACAGTTTTTCCCTTGTCCAGTATCTATGCTTATTTCTTTACCATCCGGTGAT
CCTGATGAAATTAACAATGCACTTGTATTACTAAGTGAAATTGATGAATTTATGAGAG
AGCAAGACAGATTATTTGGAAATTCTGATATAAAGCCTTTAGCAAATGTAATTGTTAAT
GATAATACGCAAATGCAACGTATAATTGAGTCACAAAAAGGCACGAAAGATCTGAAAA
ACAGATATGTAAACTGGAAAGAAGTTGCGAACGATAATGTAGTGAGTACTTTACATGA
AATAAACATAATCCCAGAGAACTATGGTTCTGATAACGTTACATACGACCCATCGGAT
TTAATAAAACTATTAAGTATTCCAGGACGTTTCTTAACAATTGGAAAAGCGAGAATTG
CTAAATTCGATTTACATTCACTTGAAAATAGTATTAAACGAAGCTTAGATGAGGGATT
CTTCTCAGCGGAACATCAATTTGAAACAGCAACAATGTATGGTGGTTTCGTTTTAAGA
CCTTCTAACGCAGACTTCTTCAAAGATGTTAATACGGAAAATAGAATTCGTAATACCT
TAGGAGAGTATAAACGATTAGATGAAATCGCTGGTAAATTTGGAGATCCAATTTGGGA
TAATGAATATGCGGTTTGCTACACTATATTTGCTGGTATGACAATGCCTAAACGCTAT
ATATCTCTTGCGCGAGAAGGAAAAGAGTTGGCTGAAAAACAAGAGCAATTAAGAGCA
GAAGCTCAACGTAAACAGGACGAAGAAAAAGTAGATATTTCTTTTGCAACAAATCGTG
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TTCAAAAAAACACATTCAATCCTTATAATAAAAACCAAGGATTTGGCGGGGCATCAAG
ATTCAGTGGTGGTAAAAACTCTGCATTTAAACGTCAGACTAGTGAAGCTACTTCAACA
CAAAATCAACAAGAAGAAGAGAATATTATTAGCACTCTTAAAACTTCAAATCCATTTAA
AAAACGTTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAAT
AACTAGC

sequence of optimized tubZ construct

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAAT
TTTGTTTAACTTTAAGAAGGAGATATACATATGGCTAGCATGACTGGTGGACAGCAAA
TGGGTATGTTACTAAACTCAAATGAATTGGAGCACATCCATTCCACTAACCACAGCGT
CAACGACATTTCTATCCGTTGGGGTGTTATTGGTGCTGGTCAGAAAGGTAATAAGGA
GGCGGATCTCTTCGCGGGTTACAAGTTCAGCAATGGTACCACCTGCTACCCGACGCT
GGCGGTCAACTTTGCGGAATCAGATATGATGCATCTGCAGAACATTATCAAGGAGGA
TCGTATCCACTTTGATGGTCTGAAGGGGGCAGCACGTACACCGTCTGTTGTGACCGA
TCTGTTCGACCCGGAAACCAACCCGAATGCTAACGGCTATCTGGATAAATTGGCGCA
AGAGCTGGGCCGTAAGTTCACCAATGAAGAAGGCGAGGTTATCGTGGACCAGTTCCT
GATTTGCCTGGGCGCAGGTGGCGGTGTGGGTACCGGCTGGGGCAGCCTTGTCCTG
CAACTGATTCGGGAGCAGTTTTTTCCGTGCCCGGTTTCAATGCTGATAAGCTTGCCG
TCCGGCGATCCAGATGAGATTAACAACGCACTGGTTCTGCTGAGCGAGATCGATGAG
TTTATGAGAGAACAAGATCGCTTGTTCGGCAACTCCGACATCAAACCGCTGGCGAAC
GTGATCGTTAATGACAATACCCAAATGCAGCGTATCATTGAAAGCCAGAAGGGTACAA
AAGATCTTAAGAACCGTTACGTGAACTGGAAAGAGGTGGCCAATGACAATGTTGTAA
GCACCTTGCATGAAATCAACATCATTCCGGAGAATTACGGTTCTGACAACGTGACCTA
TGATCCATCTGACTTGATCAAGCTGTTATCGATCCCGGGTCGTTTTCTGACCATTGGT
AAGGCACGTATTGCGAAATTCGATCTCCACAGCCTGGAAAATTCCATTAAACGTAGCT
TGGACGAAGGTTTCTTCAGCGCCGAGCACCAGTTTGAAACCGCAACGATGTATGGTG
GCTTCGTGCTGCGTCCGAGCAATGCTGACTTCTTCAAGGACGTTAACACGGAAAACC
GCATCCGCAATACCCTGGGCGAATACAAGCGTCTGGACGAGATTGCTGGCAAATTCG
GCGACCCGATTTGGGATAACGAGTATGCGGTGTGTTACACCATTTTTGCGGGCATGA
CCATGCCGAAACGCTACATTAGCTTGGCGCGCGAGGGTAAAGAACTTGCTGAGAAAC
AAGAACAACTGCGTGCGGAGGCTCAACGCAAGCAGGACGAGGAAAAAGTGGACATC
TCGTTCGCCACGAACCGCGTTCAGAAAAACACGTTTAACCCTTATAACAAGAATCAGG
GTTTCGGTGGCGCCAGCCGTTTTTCGGGTGGCAAAAACAGCGCGTTTAAGCGCCAG
ACCAGCGAAGCTACCTCCACCCAAAACCAGCAAGAGGAAGAGAATATCATCTCGACT
CTGAAAACCTCTAACCCGTTTAAGAAACGTTAACAAAGCCCGAAAGGAAGCTGAGTTG
GCTGCTGCCACCGCTGAGCAATAACTAGC

sequence of tubR construct

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAAT
TTTGTTTAACTTTAAGAAGGAGATATACATATGGCTAGCATGACTGGTGGACAGCAAA
TGGGTatgAATAGGGATCACTTTTATACGTTAAACATTGCAGAAATTGCAGAAAGAATT
GGTAATGATGATTGTGCCTATCAAGTATTAATGGCATTTATCAATGAAAATGGTGAAG
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CGCAAATGCTGAATAAAACGGCTGTGGCAGAAATGATACAGCTAAGTAAACCGACTG
TTTTTGCAACCGTAAATAGTTTTTATTGTGCgGGATATATTGATGAAACTAGGGTAGG
AAGGTCTAAGATTTATACCTTATCGGATTTAGGTGTAGAAATAGTAGAGTGTTTTAAA
CAAAAAGCAATGGAAATGCGTAATTTATAACAAAGCCCGAAAGGAAGCTGAGTTGGCT
GCTGCCACCGCTGAGCAATAACTAGC
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Figure S1: Bacterial microtubule-associated proteins: (A) Coomassie-stained protein gel of the co-
sedimentation assay of 85µM bTubAB and 2.6µM eGFP-bTubC loaded with the pellet ("cold pellet") and
supernatant ("cold supernatant") after high-speed centrifugation on an ice-cold rotor (after bMTs depoly-
merization). For comparison, purified proteins were loaded on the gel. We observed eGFP-bTubC (marked
with arrowheads) both in the supernatant and in cold pellet. (B) (top) A TIRF image of the interaction of
a polystyrene bead coated with eGFP-bTubC (yellow) with a bMT (cyan). (bottom) A kymograph of an
eGFP-bTubC coated bead displacement while following the depolymerization of a bMT. scale bars: hor-
izontal = 5µm, vertical = 30 s. (C) Coomassie-stained protein gel of possible adapter proteins expressed
naturally in the Prosthecobacter debontii after co-sedimentation with 85µM bTubAB with 40µl of the lysate
in the presence of GTP. The arrowheads mark the bands which were analyzed with mass spectroscopy. The
large number of bands in "warm supernatant" and "cold pellet" indicates that most of the proteins have
no binding affinity to bMTs and either remained in the solution or were in aggregation form, respectively.
(D) Coomassie-stained protein gel of a co-sedimentation assay of 1µM purified bRecQL and 83µM bTubAB.
The arrowheads show the bRecQL in different lanes.Sharper bRecQL bands in "cold pellet" and "warm su-
pernatant" compared to "cold supernatant" shows weak interaction.
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mergetubCTubZ

Figure S2: TubZ and tubC interaction in the absence of TubR: (A) Kymograph depiction of the interaction
between a TubZ filament and tubC in the presence of 1µM TubZ and 100 pM tubC. tubC centromeric DNA
diffuses on the filament lattice in the absence of TubR. scale bars: horizontal = 5µm, vertical = 1 min.
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The only true wisdom is in knowing you know nothing.

Socrates

PhuZ proteins have been shown to assemble into a head-to-tail polar structure display-
ing dynamic instability. It has been shown that the plus ends of PhuZ filaments exert
pushing forces for phage nucleus positioning while the minus ends are anchored at the
cell poles. Employing microfabricated barriers we repeated the stalling assays to inves-
tigate the effect of pushing forces on the dynamics of PhuZ filaments. Here we show that
growth-opposing forces enhance catastrophes for a dynamic PhuZ filament which re-
sults in less stable PhuZ filaments. We hypothesize that at high PhuZ concentrations,
minus end growth in combination with an unstable plus end may lead to treadmilling
PhuZ filaments. While studying dynamics of PhuZ filaments, we observed unexpected
aster-like structures of PhuZ bundles which may help us to better understand the process
of phage nucleus positioning inside the host cells.
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5.1. INTRODUCTION
Microtubules (MTs) and microtubule-like filaments are fundamental to intracellular
organization and transport. For instance, MTs are involved in nucleus positioning
and the transport of cell polarity factors in fission yeast cells [108]. Moreover, it has
been shown that viruses of eukaryotes recruit MTs to traffic towards the cell nucleus,
where they exploit the host cell replication machinery to replicate their DNA [28, 36].
Tubulin-like proteins such as bTubAB from P. dejongeii and TubZ from B. thuringiensis
form dynamic filaments with features closely related to microtubules [9, 31, 43, 110].
A phage-encoded tubulin-like protein (PhuZ), which forms a unique three-stranded
dynamic filament, has been shown to facilitate phage nucleus positioning and capsid
trafficking during cell infection (Figure 5.1) [23, 24, 122, 135]. PhuZ has been shown to
be conserved among some Pseudomonas jumbo phages e.g., 201φ2-1, φKZ, and φPA3
[21].

Upon DNA injection into the host cell in the initial stages of phage infection, a self-
assembling proteinaceous shell forms around the phage DNA to protect it from the
host CRISPR-Cas and any other immune mechanism which targets DNA [24, 94]. Mean-
while, polar PhuZ filaments (with a more dynamic plus end and a minus end which
anchors at the cell poles) form the so-called phage spindle (Figure 5.1B) [41, 77], a
behavior which is reminiscent of the mitotic spindle setup by eukaryotic microtubule
organizing centers (MTOCs) [129]. The so-called phage nucleus is then positioned to
the center of the cell by pushing forces exerted by growing PhuZ plus ends. It has been
shown that during phage nucleus positioning, PhuZ filaments display the dynamic in-
stability behavior [23, 41]. Dynamic instability, which is a characteristic property of
eukaryotic microtubules, refers to the random transition between growth and shrink-
age of a filament. During growth, GTP-bound subunits are being added to the tip of
the filament upon which the incorporated GTP-tubulin hydrolyzes to GDP-tubulin.
The intrinsic time-difference between the two events creates a GTP-enriched region
at the growing tip of the filament which is called a GTP-cap. It is now well established
that the stability of the filament is compromised as the GTP-cap is lost and the filament
exhibits a transition to shrinkage, an event termed a catastrophe [57].

Dynamic PhuZ filaments generate pushing forces which drive a unique rotation in the
centered phage nucleus [22]. The phage DNA is being replicated utilizing host cell
replication machinery inside the phage nucleus while it is rotating in the cell center.
Later in the infection process, capsids, which have formed on the cell membrane, are
transported to the cell center where they dock on the rotating nucleus for newly repli-
cated phage DNA encapsulation utilizing the PhuZ pathway [23]. It has been observed
that the PhuZ filaments switch from dynamic instability to treadmilling to facilitate
capsid transport [23]. During treadmilling, subunits are being added to one end and
removed from the other end of a filament simultaneously. Non-confined treadmilling
PhuZ filaments may grow at their plus ends and shrink at their minus ends, which re-
sults in an apparent motion towards the plus end of the filaments [41]. However, time-
lapse fluorescence images of anchored PhuZ filaments, confined between the cell pole
and the phage nucleus, have suggested that PhuZ filaments exhibit a backward tread-
milling which is a result of minus end growth and plus end shrinkage. This creates
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Figure 5.1: Structural properties of PhuZ filaments and their role during phage infection in vivo: (A)
Schematic depiction of the 3-D structure of a PhuZ filament and the single protein X-ray structure of the
PhuZ from phage 201φ2-1 [77]. PhuZ assembles into a helical three-stranded filament by the polymerization
of GTP-bound monomers and dimers. Subunits are oriented such that the C-terminal tails are exposed at
the plus-end of the filament. (B) Schematic depiction of PhuZ filaments contributing to nucleus positioning
in vivo. Upon phage infection, PhuZ is expressed and assembles into a dynamic spindle extending from the
cell poles. The filaments, albeit bundled, are directed with their plus-ends towards the mid-cell and exhibit
dynamic instability. By the interaction of the two opposing dynamically unstable PhuZ bundles with the
phage nucleus, the phage nucleus is ultimately positioned at mid-cell, followed by further continuation of
the infection process.

a net movement towards the cell center [23]. Although Kraemer et al. [77] originally
suggested a critical role for the phage spindle and PhuZ filaments in the efficiency of
phage production, more recent work has proposed "only a modest impact" [56].

In this chapter, we study some of the unique dynamic features of PhuZ filaments that
are essential for their biological role. Using in vitro reconstitution assays, we deter-
mined the dynamic instability properties of PhuZ filaments. We also observed tread-
milling, annealing, and bundled PhuZ filaments. We observed that unlike other tubulin-
like filaments, PhuZ filaments are more prone to bundle in a parallel fashion which
may assure unidirectional capsid transport inside host cells. Moreover, to assess the
effect of pushing forces generated during phage nucleus positioning on the dynamics
of PhuZ filaments, we performed barrier experiments similar to experiments previ-
ously performed with eukaryotic MTs [66, 74] and bacterial MTs in Chapter 3 of this
thesis. Analysis revealed that similar to eukaryotic and bacterial MTs, an obstacle may
stall PhuZ filament growth and enhance catastrophes resulting in unstable plus ends.
At a high PhuZ concentration, minus end growth was observed as well. This leads us
to hypothesize that at a high PhuZ concentration the dynamic instability phase may
switch to treadmilling by stalling growth at the plus end and allowing growth at the
minus end.



5

70 In vitro RECONSTITUTION OF FORCE-GENERATING PHUZ FILAMENTS

5.2. RESULTS

In vitro RECONSTITUTION OF DYNAMIC PHUZ FILAMENTS
To study the dynamics of isolated PhuZ filaments, in vitro experiments were performed
both in the presence and absence of GMPCPP-stabilized seeds using total internal re-
flection fluorescence microscopy (TIRFM). In the absence of PhuZ seeds, 4µM PhuZ
(20% Cy3-labeled, 1% biotin-PhuZ, and 80% unlabeled) in the presence of 4 mM GTP
was added to flow cells treated with κ-casein. We observed that PhuZ forms dynamic
filaments which exhibit net-growth at the plus-end of the filament and net-shrinkage
at the minus-end or treadmilling (Figure 5.2A, left). Moreover, end-to-end annealing
of two PhuZ filaments was observed (Figure 5.2A, right). These two features were re-
ported previously by Erb et al. [41]. Treadmilling filaments occasionally seemed to
fluctuate in length (Figrue 5.2A, left - marked with arrows on the kymograph). We
hypothesized that at higher PhuZ concentration the net shrinkage at minus end of
filaments may turn to net growth which in turn causes the length increment during
treadmilling. By increasing the PhuZ concentration, we indeed managed to observe
minus end growth of GMPCPP PhuZ filaments (Figure 5.2B).

Erb et al. [41] showed that PhuZ filaments exhibit dynamic instability both in vivo
and in vitro. To investigate the dynamic instability properties of these filaments, bi-
otinylated GMPCPP-stabilized seeds were added to functionalized flow cells. The ex-
perimental setup is depicted schematically in Figure 5.2C. Initially, 1.3µM Cy3-labeled
PhuZ (20% labeled, 80% unlabeled) was polymerized in the presence of 4 mM GTP
from immobilized Cy5-labeled seeds (20% Cy5-labeled, 5% biotin-PEG-labeled, 75%
unlabeled, [PhuZ] = 2µM). PhuZ filaments grew from the seeds and dynamic instabil-
ity was observed. However, GMPCPP PhuZ seeds depolymerized within about 5 min,
substantially limiting the time duration and accuracy of the acquisitions.

While analyzing dynamics of filaments growing from immobile seeds, unexpected aster-
like structures from which PhuZ filaments could radially grow were observed (Figure
5.2D). Although GMPCPP PhuZ seeds were relatively unstable, these aster-like bun-
dled PhuZ seeds were observed to increase the stability of the seeds (Figure 5.2D; also
see Figure 5.3C). To further examine the formation and behavior of these structures we
repeated the single-color experiments (without seeds) with different concentrations of
PhuZ in the presence of either GTP or GMPCPP on a surface with or without biotin-
PhuZ (see single-color assays on section 5.4). First, our observations revealed that sur-
face attachment is necessary for these structures to form as no aster-like structures
were observed in the absence of biotin-PhuZ (Figure 1.2E). In addition, the number
of these aster-like structures increased by increasing the PhuZ concentration (Figure
5.2E). 5µM GTP-PhuZ with a trace amount of biotin-PhuZ (1%) on a surface treated
with Neutravidin, on the other hand, formed dynamic aster-like structure where tread-
milling filaments emerged from an apparent point-source (Figure 5.2F). This was only
observed at PhuZ concentration higher than or equal to 5µM.
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Figure 5.2: In vitro reconstitution of dynamic PhuZ filaments: (A) A time series image of a PhuZ fila-
ment in 4µM GTP-PhuZ that exhibits treadmilling and the time-position graph (kymograph) of the same
filament. The arrows indicate differences in length of the treadmilling filament. (right) A time series im-
age of an end-to-end annealing event of two treadmilling filaments in 4µM GTP-PhuZ. (B) Kymographs
of treadmilling filaments at different GMPCPP-PhuZ concentrations. While no minus end growth was ob-
served at 2µM GMPCPP-PhuZ, at 4µM minus end growth is visible as marked by yellow lines of differ-
ent lengths. (C) Schematic depiction of dual-color PhuZ assays. A glass surface is treated by PLL-PEG-
biotin, Neutravidin, and κ-casein. Stabilized seeds which are labeled with biotin are immobilized on the
surface and dynamic PhuZ filaments grow from them. (D) TIRF images of dual-color assays in the pres-
ence of GMPCPP-seeds. The aster-like structures expand the lifetime of the GMPCPP-seeds (magenta).
Dynamic PhuZ filaments (green) grow radially from these bundled seeds. A Kalman Stack Filter plugin
https://imagej.net/plugins/kalman-stack-filter in ImageJ is used to improve the resolution of the image.
(E) TIRF images of different concentration of GMPCPP-PhuZ filaments in the presence and absence of sur-
face attachment. In the presence of surface attachment, aster-like structures form and the number of them
increase by increasing the PhuZ concentration. However, in the absence of biotin-PhuZ and thus surface
attachment, no asters form even at high PhuZ concentrations. (F) A TIRF image of a dynamic aster-like
structure formed by GTP-PhuZ in the presence of surface attachment (left) and a kymograph of a random
line along the aster which shows how tiny treadmilling PhuZ filaments emerge from an apparent point-
source (right). The kymograph is drawn from the aster-like structure on top left of the left image. Scale bars:
horizontal = 5µm, vertical = 20 s.
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EGS-STABILIZED SEEDS ENABLE EXTENDED IMAGE ACQUISITION
Unstable GMPCPP seeds led to detachment of the filaments from the surface in the dy-
namic instability experiments (Figure 5.3B and C). To be able to study the dynamic in-
stability of PhuZ over a longer time span, we developed a protocol based on a method
described by Fanara et al. [42]. By employing this method, we additionally stabilized
GMPCPP-PhuZ seeds with the chemical crosslinker ethylene glycol bis (succinimidyl
succinate) (EGS) (Figure 5.3A). A GMPCPP-PhuZ mixture (0.5 mM GMPCPP, 20% Cy5-
labeled, 5% biotin-PEG-labeled, 75% unlabeled, [PhuZ] = 2µM) was immediately thor-
oughly mixed with EGS at a final concentration of 0.375µM. The PhuZ-EGS mixture
was incubated first on ice and then at room temperature to allow for proper filament
nucleation followed by further filament growth and lattice crosslinking (see Methods
and Materials section). Finally, the crosslinking reaction was quenched by mixing the
solution with a quenching buffer, containing K-glutamate. EGS-stabilized GMPCPP-
PhuZ seeds were freshly prepared each day prior to experiments. We observed that ad-
ditionally crosslinking GMPCPP-PhuZ yields sufficiently stable seeds (stable through-
out 1 h of overall image acquisition) which can nucleate filaments for an extended time
interval compared to non-crosslinked seeds. PhuZ filaments were observed to poly-
merize from these EGS-seeds and display dynamic instability (Figure 5.3D).

GROWTH TIMES OF PHUZ FILAMENTS ARE EXPONENTIALLY DISTRIBUTED
To determine the parameters of dynamic instability of PhuZ filaments, we analyzed
the kymographs of 1.3µM Cy3-labeled PhuZ (20% labeled, 80% unlabeled) nucleating
from EGS-stabilized seeds in the presence of 4 mM GTP (Figure 5.4A). These experi-
ments were done in the presence of micro-fabricated barriers yet away from any bar-
rier. Kymographs showing variations in intensities, which indicate the presence of a
bundle of filaments, were excluded from analysis. We found that single PhuZ filaments
show a relatively high (higher than MTs [74]) average growth speed of 2.77±0.06µmmin−1

(Table 5.1). The average growth time, the time interval a filament spends in the grow-
ing state before a catastrophe, was 46±2 s (mean ± SEM). Some growth events were too
short for growth speed analysis (due to the size of the filaments). However, to obtain
a representative distribution of PhuZ growth times, these events were still included
for PhuZ growth time measurements (Figure 5.4B). We fitted the growth times with an
exponential fit, yielding an R-squared equal to 0.98 for a linear fit to the cumulative
distribution at short times (Figure 5.4 C and D).

STALLING AT A BARRIER ENHANCES PHUZ FILAMENT CATASTROPHES
To gain insight into the effect of force on the dynamics of PhuZ filaments (such as rel-
evant during phage nucleus positioning), we performed in vitro dynamic assays with
in-house designed rigid micro-barriers fabricated onto a glass coverslip according to a
protocol described in Chapter 2 and [74]. This design allows for high-resolution imag-
ing of filament behavior upon barrier contact using TIRFM (Figure 5.5). We polymer-
ized 1.3µM PhuZ from immobilized EGS-PhuZ seeds in the presence of 4 mM GTP
(data acquired from samples in previous section). Upon barrier contact, we observed
three types of events, i.e. stalling, sliding and sliding followed by breakage of the fila-
ment (Figure 5.5C). Stalling and sliding filaments were most often observed; however,
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Figure 5.3: EGS-stabilized seeds enable extended image acquisition: (A) Schematic sketch of protocol for
stabilizing GMPCPP-PhuZ seeds with ethylene glycol bis (succinimidyl succinate) (EGS) (see Materials and
Methods). (B) A time series image of a dynamic PhuZ filament (green) polymerizing at 1.3µM GTP-PhuZ
from an unstable GMPCPP-PhuZ seed (magenta). Arrowheads indicate the depolymerizing minus-end of
the GMPCPP-PhuZ seed. GMPCPP-seeds depolymerize on average within 5 min from the beginning of
imaging. (C) Kymograph of the filament corresponding to (B), showing full depolymerization from the
minus-end of the nucleated filament after full depolymerization of the GMPCPP seed. (D) A kymograph
image of a PhuZ filament (green) polymerizing at 1.3µM GTP-PhuZ from an EGS-stabilized GMPCPP-PhuZ
seed (magenta). Scale bars: horizontal = 5µm, vertical = 60 s.

interestingly, we did not observe any buckling events possibly due to very short con-
tact times. Buckling for a filament like a microtubule happens when the filament keeps
growing even after it reaches the obstacle without sliding [35]. To assess the stalling be-
havior of PhuZ filaments, we analysed the kymographs of stalling filaments and mea-
sured the time duration of the barrier contact before catastrophe, called contact time.
We found that PhuZ filaments stall for an average time duration of 8.3±0.6 s (mean ±
SEM) (Table 5.1). We also employed the MT one-dimensional model which we used
for bacterial microtubules in Chapter 3 aiming at reconciling the growth and contact
times of PhuZ filaments; however, no significant correlation was found between the
simulations and experimental results.
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Figure 5.4: Growth times of PhuZ filaments are exponentially distributed: (A) ) (left) A kymograph of a
freely growing PhuZ filament at 1.3µM GTP-PhuZ (green) polymerizing from an EGS-stabilized GMPCPP
PhuZ seed (magenta), exhibiting dynamic instability. PhuZ growth times are measured as the time interval
between nucleation and the onset of catastrophe of the filament. (right) The corresponding time series im-
age of the kymograph on the left. A Kalman filter is used for the time series image to improve the resolution
of the image. Scale bars: horizontal = 5µm, vertical = 30 s. (B) A kymograph of the filament corresponding
to the shortest measured PhuZ growth time (450 ms) (marked with the arrowhead). Although impossible
to precisely measure the growth rate for these filaments, the growth times were long enough to include in
the dataset of growth times. Scale bars: horizontal = 2µm, vertical = 3 s. (C) Histogram of experimentally
measured PhuZ growth times fitted with an exponential curve (black). (D) Cumulative distribution of PhuZ
growth times. (inset) Cumulative counts of short growth times (≤ 48 s) are fitted with a linear regression (R2

= 0.98).

5.3. DISCUSSION
In this chapter, we investigated the dynamics of PhuZ filaments to better understand
their role in localization of the phage nucleus and the transport of capsids in their
host cell. Treadmilling and end-to-end annealing of PhuZ filaments were observed
in our experiments as reported previously [41]. Both features have been observed for
MTs as well [115, 132]. In addition, when interacting with the surface, PhuZ filaments
form aster-like structures which seem to stabilize the GMPCPP-PhuZ seeds. Relatively
unstable PhuZ GMPCPP-stabilized seeds were stabilized using an old MT seed stabi-
lizing technique involving EGS crosslinkers. With this technique, the analysis of PhuZ
dynamics analysis was possible over a longer time span. By using these longer image
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Table 5.1: Characteristics of PhuZ filaments in comparison to eukaryotic microtubules: The assays were
done at 1.3µM PhuZ and 15µM eukaryotic tubulin in the presence of barriers. PhuZ shows higher growth
speed and catastrophe frequency, and shorter lifetime and contact time compared to MTs. Additionally,
stalling PhuZ filaments show an increased catastrophe frequency compared to free PhuZ filaments. The
values are: growth speed for PhuZ filaments: mean ± SEM, and for MTs: mean ± std; growth time and
contact time for PhuZ filaments: mean ± SEM, and for MTs: median ± SE. MTs data from [74].

growth
speed

(µm/min)

shrinkage
speed
(µm/min)

catastrophe
frequency
free
(min-1)

catastrophe
frequency
stalling
(min-1)

growth
time
(s)

contact
time
(s)

MTs 1.7 ± 0.7 - 0.39 ± 0.04 1.95 ± 0.17 155 ± 15 30.8 ± 1.3

PhuZ
2.77 ± 0.6
(n = 263)

133 ± 4
1.39 ± 0.09
(n = 323)

7.3 ± 0.9
(n = 68)

46 ± 2 8.3 ± 0.6

stacks, the dynamic properties of PhuZ filaments could be measured. We showed that
they are generally faster growing and more dynamic compared to eukaryotic and bac-
terial microtubules (Table 3.1 and Table 5.1 of Chapter 5). Moreover, we found that the
interaction with a rigid obstacle enhances the catastrophe frequency of dynamic PhuZ
filaments. This property was also reported for MTs and bMTs [74] (Chapter 3).

Our data show that even at a higher growth speed compared to MTs and bMTs, the
growth time of PhuZ filaments is much shorter (46±2 s) than that of MTs (155±15 s)
and bMTs (173±10 s; see Chapter 3). The growth time distribution of freely growing
PhuZ filaments follows an exponential distribution function. An exponential growth
time distribution indicates that these filaments undergo catastrophes randomly. This
random catastrophe behavior is similar to the behavior of bacterial microtubules (Chap-
ter 3), while catastrophes for eukaryotic microtubules appear age-dependent for short
growth times resulting in a gamma-like distribution [48]. In addition, we showed that
the interaction with a rigid obstacle enhances the instability of PhuZ filaments by
nearly sevenfold resulting in an average contact time of 8.3±0.6 s. This contact time is
relatively short compared to 30.8 ± 1.3 s for MTs [74] and 27.9 ± 1.6 s for bMTs (Chapter
3), and suggests that on average a PhuZ filament may push a phage nucleus only for
several seconds towards the cell center. A possible explanation for this short contact
time could be that the GTP cap of a PhuZ filament is much easier lost than that of a
MT or a bMT.

A short contact time may not be efficient for positioning of the phage nucleus inside
a bacterial dense environment. However, our experiments showed that bundling in-
creases the stability of PhuZ filaments. In vivo, bundling of PhuZ filaments may thus
compensate for the short contact times of dynamically unstable individual PhuZ fila-
ments. In the presence of surface attachment, we observed unique structures formed
by spontaneous PhuZ filaments bundling, which for MTs has only been reported in
the presence of associated crosslinker proteins (Figure 5.2) [60]. On a surface treated
with Neutravidin, biotinylated GMPCPP-PhuZ filaments formed aster-like structures
of bundled filaments (Figure 5.5). Erb et al. [41] showed that PhuZ proteins expressed
in non-infected P. chlororaphis cells form short filaments throughout the cells. How-
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ever, long PhuZ bundles form after phage infection while being anchored at the cell
poles, indicating the importance of interaction with a surface and possibly a minus
end stabilizer for the bundling and stability of filaments. By contrast GTP-PhuZ fila-
ments formed asters which were much more dynamic. Small treadmilling filaments
were observed to emerge from point-source-like spots at the center of these dynamic
asters (Figure 5.2F). By increasing the PhuZ concentration, the number of these spots
increased. The formation of the aster-like structures suggests that majority of the fila-
ments bundle in a parallel manner. Bundling in a parallel way may facilitate unidirec-
tional transport of capsids to the center of the cell [23]. The underlying mechanism of
the parallel bundling and the formation of aster-like structures remains to be under-
stood.

Chaikeeratisak et al. [23] have reported that the concentration of PhuZ increases through-
out the infection process. Based on our observations, we hypothesize that this might
explain the treadmilling behavior in the capsid transport stage. It is known that a tread-
milling filament grows from its minus end and shrinks at its plus end during capsid
transport [23]. We showed that the interaction between a filament and a barrier, such
as the shell, may induce filament shrinkage at its plus end (Table 5.1). Moreover, our
results showed that only at higher PhuZ concentration, a PhuZ filament may grow from
its minus ends (Figure 5.2B, right). Since the catastrophe rate of a stalling filament is
independent of subunit concentration [66], at higher concentrations the filament ex-
periences similar shortening at the plus end while it is growing at the minus end, re-
sulting in treadmilling. The minus end-membrane interaction at the cell pole remains
to be identified, which could include adapter proteins to stabilize this end.

5.4. METHODS AND MATERIALS
In the experiments presented below, all the ingredients other than the proteins are
dissolved in MRB80 (80 mM PIPES, 4 mM MgCl2, 1 mM EGTA, pH 6.8) unless it is stated
otherwise. However, the experiments are performed in BRB80 (80 mM PIPES, 1 mM
MgCl2, 1 mM EGTA, pH 7.2) background.

PROTEIN PURIFICATION
Protein purification and labeling was performed according to the procedure explained
in Chapter 2. As mentioned in Chapter 2, PhuZ protein is stored in 50 mM HEPES-KOH
pH 8.0, 250 mM KCl, 1 mM MgCl2, 10% glycerol buffer.

STABILIZING PHUZ SEEDS WITH ETHYLENE GLYCOL BIS(SUCCINIMIDYL

SUCCINATE) (EGS)
In order to form stable seeds that can function as nucleation sites, GMPCPP-PhuZ fila-
ments were additionally crosslinked with the NHS ester ethylene glycol
bis(succinimidyl succinate) (EGS) (Thermo Fisher Scientific), according to the follow-
ing adaptation of the protocol by Fanara et al. [42], Koshland et al. [76]. 2µM PhuZ
(80% unlabeled, 20% Cy5-labeled, 5% biotin-PEG-labeled), was supplemented with
100 mM KCl, 0.5% methylcellulose and 0.5 mM GMPCPP. The PhuZ mixture was im-
mediately thoroughly mixed with EGS at a final concentration of 0.375µM and incu-
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bated for 5 min on ice, followed by 15 min at room temperature in the dark. By adding
EGS before polymerization, the amount of mixing was limited as much as possible, to
yield maximum seed length. The crosslinking reaction/excess EGS was quenched di-
luting the crosslinked seed mixture into 200µl of quenching buffer, consisting 10 mM
K-glutamate and 0.1 mM GMPCPP in BRB80 pH 7.2. Crosslinked seeds were used
solely on the same day of preparation for dynamic assays.

SINGLE-COLOR ASSAY
Single-color assays were inspired by the single-color experiments described in [41]. A
flow chamber was made with parafilm and base piranha-cleaned coverslips. The sur-
face of the chamber was treated in three 10 min consecutive steps with 0.2 mgmL−1

PLL-PEG-biotin, 0.5 mgmL−1 Neutravidin, and 0.5 mgmL−1
κ-casein at room tem-

perature. In the assays done in the absence of surface attachment, the surface was
treated with 0.2 mgmL−1 PLL-PEG followed by two times wash with imaging buffer
(0.5 mgmL−1

κ-casein, 100 mM KCl, and 0.5% methyl-cellulose) with 10 min incuba-
tion. In both cases, following each step, the channel was washed two times with BRB80
pH 7.2. The reaction mix with different protein concentrations was made in imaging
buffer in the presence of 4 mM GTP and the oxygen scavenging mix (Chapter 2) was
added to the channel. The channel was sealed with vacuum grease and imaged imme-
diately.

DUAL-COLOR ASSAY
Dual-color assays were done with the coverslips containing barriers. Flow chamber
preparation is described in Section 2.3 of Chapter 2. For dual-color assays,
EGS-stabilized seeds were diluted twice in imaging buffer and subsequently intro-
duced to the functionalized channel. After incubating the seeds in the channel for
5 min at room temperature, the reaction mixture, containing 1.3µM PhuZ (80% unla-
beled, 20% Cy3-labeled) supplemented with 4 mM GTP and oxygen scavenger mix in
imaging buffer, was consecutively added to the channel. Lastly, the flow channels were
sealed with vacuum grease before subsequently imaging at ambient temperature with
a TIRF setup.

IMAGING AND IMAGE ANALYSIS
TIRF image acquiring and analysis are described in Chapter 2. The TIRF setup used
for stalling assays was equipped with a 140 mW 568 nm and a 110 mW 642 nm laser
and the images were acquired in 2% and 5% of those laser powers, respectively. The
exposure time was set to 50 ms. The light emitted from the specimen was collected at
the outlet of a Nikon eclipse Ti2 microscope and split utilizing an OptoSplit II ByPass
(Carin research). At the expense of smaller field of view, the splitter reduced the frame
time to 75 ms by making simultaneous dual laser imaging feasible. Each field of view
contained two images from the two lasers which prior to data analysis were aligned
utilizing an image of a reference microscope slide containing Tetraspeck beads. The
total magnification for dual- and single-color assays yielded a pixel size of 83 nm and
160 nm, respectively. Additionally, drift correction was performed using the ImageJ
GDSC SMLM plugin https://gdsc-smlm.readthedocs.io/en/latest/index.html.

https://gdsc-smlm.readthedocs.io/en/latest/index.html
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In a living cell, various actions need to be undertaken to accomplish the growth and
reproduction. For a reliable proliferation all the information in the genomic material
of a cell should be transferred to the next generation. Several DNA segregation ma-
chineries have evolved into highly precise active mechanisms to ensure faithful gene
transfer. Mitosis in eukaryotic cells, for instance, employs a highly controlled appara-
tus called the mitotic spindle to partition chromosomal DNA during cell division [91].

Bacterial cells possess simpler DNA segregation systems which include fewer compo-
nents compared to the mitotic spindle. Active DNA segregation in bacterial cells is
used to separate precious low copy plasmids. Interestingly, many of these plasmids
encode for their own segregation systems. In E. coli, plasmid R1 encodes for an actin-
like protein, namely ParM which forms double-stranded filaments. In the presence of
the ParRC segrosome ParM filaments form aster-like structures. Interaction between
two nearby asters enhances the ParM filament growth which results in segregation by
pushing the plasmids to the opposite sides of the cell. Other minimal DNA segregation
systems were discovered to be encoded by pBtoxis plasmid in B. thuringiensis [43, 82],
c-st phage of C. botulinum [104], pBET131 plasmind in B. subtilis [10, 85] and many
more.

In this thesis the central aim was to design a minimal DNA segregation system for syn-
thetic cells. A synthetic cell includes a 3-D container (like a liposome) which hosts ba-
sic components for cell reproduction like a transcription-translation machinery. Our
results provide feasible ideas for a hybrid system based on multiple bacterial cytoskele-
tal systems which may be externally controlled by light and which could be used for
DNA segregation in a synthetic cell. Components of this hybrid system were examined
for expression in PURE system and encapsulation in GUVs. We also studied each cy-
toskeletal system separately, focusing on their (biophysical) properties. Our findings
provide insights to the structural and dynamic properties of bMTs, which also has rel-
evance for eukaryotic MTs. A third porkaryotic cytoskeletal filament, PhuZ, was also

81
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studied for its dynamic properties. Here we suggest a mechanism for the transition
between the dynamic instability and treadmilling of PhuZ filaments during cell infec-
tion.

In Chapter 3 we compared different features of bacterial microtubules with eukary-
otic microtubules. We showed that stalling forces generated by the interaction with an
obstacle increase the catastrophe rate of bMT filaments which is in accordance with
MT behavior under the same condition. The second major finding was that theoreti-
cal models which have been developed for eukaryotic MTs might explain dynamics of
bMTs as well. Using cryo-ET we showed that bMTs have simpler structures with four
protofilaments and less curved plus ends. We also observed that bMTs can form bac-
terial microtubule doublets inside bundles. In comparison with microtubule doublets
we concluded that the lack of long acidic C-terminal tails in bTubA and bTubB is a
possible explanation for the formation of bundles and bMTDs.

Due to the high depolymerization rate of bMTs, it was impossible to image these fila-
ments in a shrinking state with a cryo-ET setup in a buffer condition similar to growing
bMTs (in the buffer containing PIPES (see Materials and Methods section of Chapter
3)). However, using a high PEG concentration (5%) in 50 mM HEPES-KOH pH 7.7 for
dilution before freezing the sample, inhibited the fast shrinkage in a way that cryo-ET
imaging was achievable. Plus end analysis then revealed no significant difference in
the curvature of the protofilaments in shrinking compared to that of growing protofil-
aments (Figure 6.1B). It is known however that the flared ends of shrinking eukaryotic
microtubules are significantly longer than that of growing MTs (Figure 6.1B).

The aim of Chapter 4 was to examine the recruitment of bacterial cytoskeletal systems
in a system for synthetic cells with the final goal of DNA segregation. The investigation
of two filament-based systems showed that neither of the two are suitable for building
a DNA segregation system for a synthetic cell. As a result, we assessed a combination
of the two systems. Our experiments confirmed that the design which includes an
optogenetic tool might be a good candidate for DNA segregation as various parts of
the system are expressible in PURE buffer, the system is observed to be encapsulated
in GUVs, and the optogenetic tool provides an external functional control.

On our design for the synthetic DNA segregation, several questions however still re-
main to be answered. A logical next step of this work is to investigate the interaction
between the bTubC-iLID and SspB-TubR complexes in the presence of blue light. Next,
the activity of the optogenetic tools should be assessed with the expressed proteins in
the PURE system. To do so, the iLID and SspB proteins should be expressed from the
corresponding genes and their interaction should be examined in the presence of blue
light for instance by the means of an iSCAT (interferometric scattering microscopy)
setup. Although no filaments formed from expressed TubZ in PURE, one way which
could be employed to increase the chance of correct folding of a globular protein is
to express it at a lower temperature (e.g. 20°C) for longer time (e.g. 5 h). The external
control could then be implemented to the TubR by placing a LOV domain in a way that
deactivates the protein upon light illumination. We have already designed this protein
and it is ready to be tested.
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Figure 6.1: Non-straight protofilament (PF) length of plus end of bMTs and MTs in different nucleotide
states: (A) A schematic 3D model of a MT end. The flared end length is the length of a protofilament which
is not straight from the point the curvature starts. Image from [126]. (B) A comparison between flared end
length of growing and shrinking bMTs and GMPCPP-, growing and shrinking MTs. Although there is a sig-
nificant difference between flared end length of different nucleotide states of MTs, no significant difference
was observed between the two states of bMTs, given that the buffer condition of the two samples was not
similar. Cryo-ET experiments and image analysis of shrinking bMTs (HEPES) were performed in a collabo-
ration with Tomohiro Shima, Vladimir Volkov, and Hanjin Liu.

Following a slightly different approach, we also designed a light-inducible ParMRC
system by splitting ParR into a filament binding domain (ParRC) and a DNA binding
domain (ParRN) and fused the photoreceptors to each of these distinct domains of
ParR forming proteins we call ParRN-iLID and SspB-ParRC (Figure 6.2A). In this de-
sign, both parts of the photo-inducible adapter protein are forced to make dimers by a
leucine zipper. A linker in each fragment is implemented to reduce the steric hinder-
ance of these bulky proteins while squeezing into the ParRC helix. Preliminary results
showed two promising aspects of this system. First, the in vitro assays with AMPPNP-
ParM formed asters of ParM-SspB-ParRC similar to those we observed with wild type
ParR (Figure 6.2B). Second, the EMSA results showed a shift in the parC height on a
6% polyacrylamide gel with ParRN-iLID (Figure 6.2C). Despite these promising results,
further work is required to establish the viability of the application of this system in
synthetic cells.

In Chapter 5 we evaluated the PhuZ filaments’ interaction with barriers. The most rele-
vant finding to emerge from this study is that stalling forces exerted to a PhuZ filaments
due to interaction with a rigid obstacle enhance filament catastrophes. In addition, we
showed that PhuZ filament minus end growth has a higher critical concentration com-
pared to its plus end and was observed at high PhuZ concentrations. Taken together,
these results suggest that at later stages of infection, high PhuZ concentration might
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Figure 6.2: ParMRC opto-controllable system: (A) Schematic depiction of light-inducible ParMRC system.
Different domains of ParR are fused to the iLID-SspB system which is supposed to induce the ParM-parC
recruitment upon blue light illumination. (B) (top) A TIRF image of a ParM (green) aster formed around a wt-
ParR (red) oligomer and a kymograph of the pushing event which happens while two asters approach each
otehr. (bottom) A TIRF image of a ParM (green) aster formed with a SspB-ParRC (red) oligomer in the center
and a kymograph which shows a separation when two asters approach each other. (C) A polyacrylamide
gel of an EMSA which was performed to examine the effect of ParRN-iLID on tubC. Atto647-tubC is mixed
with 75 nM wt-TubR and various concentration of ParRN-iLID as indicated, incubated for 30 min at room
temperature and ran on the gel. Scale bars: horizontal = 5µm, vertical = 30 s. The optogenetic system was
designed and purified by Eli van der Sluis and the experiments were performed by Koen van Gent.

lead to treadmilling in a way that results in capsid transportation towards the cell cen-
ter.

Our results revealed additional details about the PhuZ behavior in a filamentous form,
however, several questions still remain to be answered. The precise mechanism of
a phage spindle needs more information on PhuZ adapter proteins. PhuZ adapter
proteins could be investigated by searching through the bioinfomatics of the phage
genome and by co-sedimentation assays. We have carried out bioinformatics-based
research to find adapter proteins by comparing the loci close to phuZ of 201-φ2-1
which revealed an interesting candidate closely related to gelsolin which is an actin
binding protein. However, further analysis showed that the filament binding domain
on the phage gelsolin is absent. All in all, preliminary results revealed no significant
sequence similarity between PhuZ or shell protein’s neighboring genes and all known
MT associated proteins, TubR, bTubC, and ParR from various species.
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