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Abstract

The brain, although studied for centuries, is still not completely understood. It is
constructed of a delicate network of neurons, which are connected by synapses that
transmit chemical and electrical signals between cells. The ability of the neuronal
network and synapses to adjust to activity is called plasticity and enables the filter-
ing of information by strengthening certain memory paths and weakening others. It
was shown that synapses react to stimulation by activating a cascade of regulatory
pathways, one of them being the adjustment of cytoskeletal elements as microtubules
and actin filaments. This study focuses on microtubules, which perform numerous
tasks in the cell. One of them is the directed transport of, for example, synaptic
proteins. The building blocks of microtubules are alpha- and beta-tubulin dimers,
which are assembled from a pool of tubulin isotypes. This study showed that chemi-
cal stimulation of hippocampal slices led to an increase of a distinct tubulin isotype,
which confirmed that the cytoskeleton is changing after synaptic stimulation and
points to an altered tubulin isotype composition. To put this in relation with micro-
tubule function, the aim of this study was to elucidate the effect of tubulin isotype

composition on microtubule growth and transport.

A tubulin-beta-3 knockdown was established and used in neuronal hippocampal
dissociated cell culture experiments. Tubulin-beta-3 is one of the most prominent
beta-isotypes in brain and specific to neurons. This study showed that cells with re-
duced tubulin-beta-3 expression upregulated tubulin-beta-4 and that microtubules
with these changes in isotype composition grew faster in dendrites and axons. Also,
the motor protein KIF5C and the cargo protein N-Cadherin moved faster in axons
with changed isotype composition. These results show that tubulin isotype expres-
sion influences microtubule growth and motor driven transport. Therefore, it might

play a role in supplying synapses with synaptic particles.

Additionally, this study included a mathematical model to simulate microtubule
growth. As enhancement of already existing models, it included several tubulin iso-
types as building blocks. With this model it was possible to reproduce microtubule

growth data of the tubulin-beta-3 knockdown and predict microtubule growth ve-
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locities in the case of a tubulin-beta-3 overexpression. It also enabled the analysis

of the individual isotype amounts incorporated into the microtubule.

In conclusion this study showed that the tubulin isotype composition of microtubules
influences microtubule growth and transport processes. So it is very likely that
tubulin isotype expression acts as a regulator in synaptic plasticity and, therefore,

memory formation.



German Abstract

(Zusammenfassung)

Obwohl das Gehirn seit mehreren Jahrhunderten untersucht wird, ist seine Funkti-
onsweise noch nicht vollstindig verstanden. Es besteht aus einem komplexen Netz-
werk von Neuronen, die iiber Synapsen miteinander verbunden sind. Diese iibermit-
teln chemische und elektrische Signale von einer Zelle zur anderen. Die Fahigkeit
des neuronalen Netzwerks und der Synapsen sich an Aktivitdt anzupassen wird Pla-
stizitdt genannt und ermoglicht das Filtern von Informationen durch das Verstirken
oder Abschwéchen bestimmter Gedachtnispfade. Es wurde gezeigt, dass Synapsen
auf Stimulierung mit dem Aktivieren einer Kaskade an regulierenden Signalwegen
reagieren, einer davon ist die Anpassung von Zytoskelettelementen wie Mikrotubuli
oder Aktin Filamenten. Diese Arbeit konzentriert sich auf Mikrotubuli, welche eine
Vielzahl an Aufgaben in der Zelle verrichten, zum Beispiel, gerichteten Transport
von synaptischen Proteinen. Die Grundbausteine von Mikrotubuli sind alpha- und
beta-Tubulin Dimere, die sich aus einem Pool von Tubulin Isotypen zusammenset-
zen. Diese Studie zeigte, dass chemische Stimulation von hippocampalen Schnitten
zu einem Anstieg eines bestimmten Tubulin Isotypen fiihrte. Dies bestétigte, dass
das Zytoskelett sich nach synaptischer Stimulierung veranderte und verweist auf ei-
ne gednderte Tubulin Isotypen Zusammensetzung. Um das in Verbindung mit der
Mikrotubuli Funktion zu setzten, war das Ziel dieser Studie, den Effekt der Tubu-
lin Isotypen Zusammensetzung auf das Mikrotubuliwachstum und den Transport

aufzukliren.

Ein Tubulin-beta-3 Knock Down wurde etabliert und in neuronalen hippocampalen
dissoziierten Zellkulturexperimenten verwendet. Tubulin-beta-3 ist einer der bedeu-
tendsten Isotypen im Gehirn und spezifisch fiir Neurone. Diese Arbeit zeigte, dass
Zellen mit reduzierter Tubulin-beta-3 Expression Tubulin-beta-4 hoch regulierten
und, dass Mikrotubuli mit diesen Veranderungen in der Isotypen Verteilung in Den-
driten und Axonen schneller wuchsen. Auch das Motorprotein KIF5C und das Car-

goprotein N-Cadherin bewegten sich schneller in Axonen mit verdnderter Isotypen
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Konfiguration. Diese Ergebnisse zeigen, dass die Tubulin Isotypen Expression das
Mikrotubuliwachstum und den motor-gesteuerten Transport beeinflussen. Vermut-
lich spielen sie damit eine Rolle in der Versorgung der Synapsen mit synaptischen

Proteinen.

Zusatzlich enthélt diese Studie ein mathematisches Modell, um das Mikrotubuli-
wachstum zu simulieren. Als Erweiterung schon existierender Modelle, enthilt es
verschiedene Tubulin Isotypen als Grundbausteine. Mit diesem Model war es mdglich
die Mikrotubuliwachstumsdaten des Tubulin-beta-3 Knock Downs zu reproduzieren
und das Verhalten des Mikrotubuliwachstums im Falle einer Tubulin-beta-3 Uber-
expression vorherzusagen. Es ermoglichte aufterdem die Analyse der individuellen

Isotypenanzahl, die in das Mikrotubulus eingebaut wurde.

Zusammenfassend zeigt diese Arbeit, dass die Tubulin Isotypen Zusammensetzung
das Mikrotubuliwachstum und Transport Prozesse beeinflusst. Damit hat sie sehr
wahrscheinlich die Fahigkeit als Regulator der synaptischen Plastizitdt und damit

der Gedéchtnisformierung zu fungieren.



1. Introduction

1.1. Brain composition and hippocamus structure

The brain is part of the central nervous system and probably the most complex
organ of the human body. It is composed of an intricate network of billions of cells
which work together in a highly specialized manner. Neurons are the basis of brain
function by transmitting signals between one another. They consist of a cell soma
which possesses the typical components of an eukaryote cell and, what makes them
unique, long and thin protrusions called neurites. Typically, neurons have many
dendrites which receive signals from other neurons and one axon which passes sig-
nals onto further neurons. The connection points are called synapses. But neurons
are not the only cells in the brain. They are assisted by glial cells which, among
other things, provide a layer of membrane that insulates axons, regulate neurotrans-
mitters at synapses, and remove debris left by dead or degenerating neurons and
glia. Without the glial cells the delicate system of neurons would not function. De-
velopmentally originated, the brain is divided into several parts. The one of interest
in this study is the hippocampus which is part of the cerebral cortex. Since the brain
has a symmetric structure there is one hippocampus in the left and one in the right
hemisphere. [Bear et al., 2016] The hippocampus is involved in spatial learning and
memory consolidation. All experiments in this thesis were conducted with mouse
hippocampal cells, which is why figure 1.1 shows the typical structure of a mouse
hippocampus. It consists of two thin sheets of neurons folded onto each other, which
are called dentate gyros and ammon’s horn (latin: cornu ammonis, CA). The CA
is divided into several regions, whereby this chapter focuses on the CA1 and CA3
regions. Information enters the hippocampus from the entorhinal cortex through
axons that connect to neurons of the dentate gyros (perforant path). Axons leaving
from the dentate gyros, called mossy fibers, connect to CA3 synapses and neurons
of CA3 are connected to CA1 neurons by axons called Schaffer collaterals. Because
of its simple architecture and organization, the hippocampus is often used to study

synaptic transmission. [Korte and Schmitz, 2016]
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FIGURE 1.1. — Mouse hippocampal cross section. The mouse hippocam-
pus consists of two cell layers folded onto each other. The dentate gyros (DG)
and the cornu ammonis (CA), marked are the regions CAl and CA3. The den-
tate gyros of the hippocampus gets input from the entorhinal cortex. From the
dentate gyros axons called mossy fibers connect to CA3 neurons, which then send
their axons called Schaffer collaterals to CAl neurons.

1.2. Synaptic plasticity and long-term potentiation

For mammals being able to make new memories, loose old and store important ones,
the neuronal network and synapses have to be adaptive. The quality of synapses
to change in strength is called synaptic plasticity. The typical structure of a CA1
synapse of the hippocampus is shown in figure 1.2. The synapse has a presynaptic
site, which is usually an axon terminal, and a postsynaptic site, which mostly sits
at a dendrite. The names indicate that the signal flows from pre- to postsynaptic
site, meaning from axon to dendrite. At most synapses, the signal that propagates
along the axon in form of electrical impulses is converted into a chemical signal in
form of neurotransmitters that cross the space between pre- and postsynapse and is
then converted back into an electrical one. When an electrical impulse called action
potential arrives at the presynaptic terminal it depolarizes the terminal membrane
which causes voltage-gated calcium channels to open. Upon channel opening cal-
cium ions flow into the presynapse which causes neurotransmitter release into the
synaptic cleft. On the postsynaptic site these neurotransmitters bind to neuro-
transmitter receptors. Out of the many existing combinations of neurotransmitter
and receptor, glutamate and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors are shown in figure 1.2. Binding of glutamate leads to the open-
ing of the AMPA receptors and sodium ions can flow from the synaptic cleft into
the postsynaptic site. This depolymerizes the postsynaptic membrane and leads to
an excitatory postsynaptic potential. After the closing of the sodium ion channels,

potassium ion efflux leads to the re-polarization of the membrane. In most synapses
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one excitatory postsynaptic potential is not able to produce an action potential,
therefore, many synapses must be stimulated simultaneously, or the same synapse
several times in a short time period. [Bear et al., 2016]

Additionally to AMPA receptors, CA1 neurons also have postsynaptic N-methyl-
D-aspartate (NMDA) receptors which conduct calcium ions. They open upon glu-
tamate binding, but only if at the same time the postsynaptic membrane is de-
polymerized enough to displace magnesium ions that clog the channel. The rise
of postsynaptic calcium ion concentration leads to the activation of kinases which
enable higher ionic conductance in already existing AMPA receptors and the incor-
poration of new AMPA receptors into the postsynaptic membrane. This process is
called long-term potentiation (LTP) because it strengthens the synapse in its poten-
tial to generate action potentials. As antagonist the process of long-term depression
weakens synapses. With this system the synapses, and with them the neuronal
network, stay adjustable. |Bear et al., 2016] In order for synapses to strengthen
and grow, new synaptic proteins are needed at the synaptic site. Most of them are
delivered there through active transport along the cytoskeleton which is introduced

in the following chapters.
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Presynapse

® Glutamate

NMDA
receptor receptor
Ca2+

Postsynapse

FIGURE 1.2. — Typical CA1 hippocampal synapse. When an action po-
tential reaches the presynapse the neurotransmitter glutamate is released into
the synaptic cleft. It binds to AMPA and NMDA receptors of the postsynapse.
Sodium ions flow through the AMPA receptors into the postsynaptic site what
depolymerizes the postsynaptic membrane. When the membrane is depolymer-
ized enough to displace magnesium ions that clog the NMDA receptors, calcium
ions flow into the postsynapse. This leads to the activation of kinases which en-
able new incorporation of AMPA receptors into the postsynaptic membrane and
higher conductance of already existing AMPA receptors. This process of synapse
strengthening is called LTP. After AMPA and NMDA receptor closing, efflux of
potassium ion leads to the re-polymerization of the membrane.

1.3. Microtubules

Microtubules (MTs), together with actin and intermediate filaments, build up the
cytoskeleton. Tts functions are manifold and vary from morphology over cell move-
ment to molecular transport. This study will focus on MTs. They are mostly known
for dividing chromosomes during cell division, but here the focus lies on the guid-

ance and transport characteristics of M'Ts. In small round cells diffusion is sufficient
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to distribute proteins over the entire cell, whereas neurons are polarized and struc-
turally highly complex cells with axons that can grow meters long. Via diffusion it
would take a protein roughly 6.3 years to cover the distance of 10 cm (D = 25 um?/s
[Lanzano et al., 2017]). With the system of motor proteins running along MTs this
distance can be covered in roughly 21.4 hours (v = 1.3 um/s [this study]). Another
significant advantage of this system is the possibility to regulate transport through
a complex system of motor, adapter, and cargo proteins. Also, the structure of the

MT itself is a tool to manipulate transport.

1.3.1. Microtubule structure

The building blocks of MTs are alpha- and beta-tubulin dimers which bind longitu-
dinally together and build a protofilament. Several protofilaments assemble laterally
and build up a hollow tube, the MT (Figure 1.3). Due to its dimer structure a MT
has an intrinsic direction. The end where beta-tubulin is exposed is called plus-end
and the end with exposed alpha-tubulin is called minus-end, which is not related to
electric charge. In living cells MTs usually consist of 13 protofilaments and have a
diameter of 25 nm. Protofilaments align next to one-another in the way that alpha-
binds with alpha-tubulin and beta- binds with beta-tubulin, but with a slight longi-
tudinal shift. This leads to an offset of three monomers between protofilaments one
and 13, so that alpha- binds to beta-tubulin and vice versa. This interface is termed
MT seam (Figure 1.3). With this structure protofilaments run straight along the
MT, whereas, for example, 14 protofilaments would lead to protofilaments that twist
around the MT surface [Chaaban and Brouhard, 2017|. Since motor proteins mostly
run along a protofilament, they would spiral around the MT. So the 13 protofilament
structure might offer selective advantage of efficient long range transport. But it was
also shown that protofilament number varies between species, cell type and develop-
mental stage [Chaaban and Brouhard, 2017|. Extreme numbers of protofilaments in
vivo were found in Prosthecobacter with four protofilaments [Deng et al., 2017] and
in mantidfly sperm with 40 protofilaments |[Dallai et al., 2005|. In vitro MTs of 11
to 17 protofilaments were observed [Chrétien and Wade, 1991, Pierson et al., 1978|.
Usually, MTs are formed at the centrosome, where the minus-end is anchored and
the plus-end reaches out into the cell. In complex polarized cells, like neurons, M'Ts
can also nucleate in a non centrosomal way, involving the gamma-tubulin ring com-
plex (yTuRC) or Golgi-outposts |[Kollman et al., 2011, Yu et al., 2016, Yau et al.,
2014]. Another way to multiply MT number is to cut the MTs with MT severing
enzymes like katanin or spastin [Roll-Mecak and McNally, 2010]. A specialty of
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neurons is that dendrites contain MTs of mixed polarity, which means plus-ends can
point towards both directions, the cell soma and the dendrite tip. Whereas in axons,
MTs have uniform polarity, which means all plus-ends point to the tip [Yau et al.,
2016] (Figure 1.4). Each tubulin molecule consists of a N-terminus, an intermediate
domain and a C-terminus (Figure 1.5). The C-terminal tail contains a large per-
centage of negatively charged residues, which makes it intrinsically disordered and,
therefore, it is not resolved in the crystal structure [Chakraborti et al., 2016]. In
figure 1.5 it is depicted schematically as a pink line. The C-terminus builds most of
the outer surface of the M'T and the C-terminal tail is believed to stick out of the
MT surface.

B-tubulin O
a-tubulin O 8

Dimer Protofilament Microtubule

FIGURE 1.3. — Microtubule structure. MTs are build out of alpha- and
beta-tubulin monomers (green and blue spheres, respectively), which bind to
form a heterodimer. These dimers bind longitudinally together to protofilaments
which assemble laterally to build the MT. Due to their heterodimer structure
MTs are intrinsically ordered, the end where alpha-tubulin is exposed is called
minus-end (- End) and the end with exposed beta-tubulin is called plus-end (+
End). Typically, MTs consist of 13 protofilaments which are slightly shifted to
one-another. This leads to a three-monomer offset between protofilament one
and 13 where alpha- binds to beta-tubulin and vice versa, which is called the
MT seam. In the rest of the MT lattice alpha- binds to alpha-tubulin and beta-
binds to beta-tubulin.
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FIGURE 1.4. — Microtubule polarity. Neurons are polarized cells with several
dendrites and one axon. MTs in dendrites can point into both directions, plus-
end out or plus-end in, whereas MTs in axons are unidirectional with plus ends
out.

N-terminal Domain

C-terminal Tail

Intermediate Domain

FIGURE 1.5. — Tubulin crystal structure. Ribbon structure of a tubulin
monomer, with N-terminal domain, intermediate domain, and C-terminal do-
main. The C-terminal tail contains a large percentage of negatively charged
residues, which makes it intrinsically disordered and not resolved in the crystal
structure. Here it is schematically shown as a pink line. The bound GTP nu-
cleotide is shown in yellow. Adapted from [Kumar et al., 2015].

1.3.2. Tubulin isotypes and post-translational modifications

Since MT functions are so multifaceted it stands to reason that several genes encode
for alpha- and beta-tubulin. In mouse, eight alpha- and eight beta-tubulin isotypes
have been identified so far [Hausrat et al., 2020] and in human, nine alpha- and
nine beta-tubulin isotypes have been found [Janke and Magiera, 2020|. Figure 1.6
depicts the amino acid sequences of the C-terminal tails of mouse alpha- and beta-
tubulin isotypes, which are the regions of highest divergence between isotypes. The

existence of distinct tubulin isotypes is only known for roughly 40 years and still
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a field of fruitful research. This thesis is focused on beta-tubulin isotypes, which
have a higher sequence and expression variety in neurons. Alpha-tubulin isotypes in
brain are mostly Tubala, Tubalb and Tubalc which share a high sequence homology
[Hausrat et al., 2020]. Additionally, the antibody availability for beta-tubulin iso-
types is higher [Hausrat et al., 2020]. Figure 3.1 of the results chapter shows mRNA
expression levels of mouse beta-tubulin isotypes in different tissues. The following is
an overview over their distinct expression and functions. Tubb1 is mainly expressed
in lung and spleen. It is connected to the highly flexible MT coil (marginal band)
in platelets [Schwer et al., 2001|. Tubbl is the most divergent beta-tubulin isotype
in mammals and is speculated to have evolved especially to sustain the high de-
grees of bending required for platelet formation |Janke and Magiera, 2020]. Tubb2,
Tubb3, Tubb4 and Tubbb are highly expressed in brain. Tubb2, Tubb4b and Tubbb
are abundantly expressed, whereas Tubb3 and Tubb4a are only weakly expressed in
other tissues. It was shown, that dimers of Tubalb and Tubb2b preferentially assem-
ble into 14 and 15 protofilament MTs, whereas Tubalb and Tubb3 dimers assemble
into 13 protofilament MTs [Ti et al., 2018]. The influence of tubulin isotypes on MT
dynamics is described in detail in the discussion. Human recombinant MTs formed
by Tubalb plus Tubb2b dimers were more resistant to spontaneous or catalyzed de-
polymerization than Tubalb plus Tubb3 MTs [Ti et al., 2018, Pamula et al., 2016].
Additionally it was shown that Tubbl is important for viability during neuronal
differentiation, Tubb2 plays a role in neurite outgrowth and Tubb3 is helpful for
viability in chemical stress situations [Guo et al., 2010]. Tubb4 was connected to
cilia functionality and it was suggested that Tubb4 possesses properties essential for
formation of the axoneme [Renthal et al., 1993]. Breuss et al. showed the expression
of Tubbb in neurogenic progenitor cells and that the depletion of Tubbb perturbs
their cell cycle [Breuss et al., 2012|. Tubb6 is only minimally expressed in brain but
shows an abundant expression in other tissues, especially the ovary and bladder.
Literature describes its expression in muscle fiber MTs and that overexpression of
Tubb6 can alter the organization of specific cortical muscle MTs [Randazzo et al.,
2019]. This illustrates the huge variety of beta-tubulin isotype expression patterns

and functions and the importance to further elucidate their role in cellular processes.
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A B

Tubala S VIEIGEIGEEEGEEY [ Acidic  Tubbl AGLIEDSEEDVEEAEVEAEDKDH
Tubalb S VEEGEGEEEGEEY I Basic Tubb2a ADEQGEFEEEEGEDEA

Tubalc S AEGDDEGEEY Other Tubb2b ADEQGEFEEEEGEDEA

Tuba3a 'S VIEIAEAEEGEEY Tubb3 AEEEGEMYEDDDEESEAQGPK
Tuba3b S VIEIAEAEEGEEY Tubbda AEEGEFEEEAEEEVA

Tubal3 SF Tubb4b AEEEGEFEEEAEEEVA

Tuba4a S YEDEDEGEE Tubb5 AEEEEDFGEEAEEEA

Tuba8 S FIEEENEGEEF Tubb6 V NIDIGEEIA FEIDEDEEE | NE

FIGURE 1.6. - Amino acid sequences of mouse alpha- and beta-tubulin
isotype C-terminal tails. (A): Amino acid sequences of mouse alpha-tubulin
C-terminal tails. Start is the serine residue at 439, for Tubal3 at 445. (B):
Amino acid sequences of mouse beta-tubulin C-terminal tails. Start is the alanine
residue at 430, for Tubb6 valine. The color code marks acidic (red), basic (blue)
and other (grey) residues.

In addition to tubulin isotypes, many tubulin molecules get post-translationally
modified, which increases the number of possible MT variations even more. Many
post-translational modifications (PTMs) occur at the C-terminal tail of tubulin, for
example glutamylation, glycylation, detyrosination, tyrosination, A2-tubulin and
A3-tubulin. Others, as acetylation, phosphorylation and polyamination, occur at
the tubulin body [Gadadhar et al., 2017]. Figure 1.7 depicts a MT with tubulin
dimers of different isotypes with the C-terminal tails sticking out of the MT sur-
face. On the right side of the MT, PTMs on the C-terminal tails are indicated
by side chains for polyglutamylation and polyglycylation and a black rectangle for
detyrosination, tyrosination, A2-tubulin and A3-tubulin. PTMs are variably dis-
tributed over functionally divers MTs, but are mostly enriched in stable, long-lived
MTs, such as neuronal MTs |[Gadadhar et al., 2017|. For polyglutamylation, one or
several glutamate residues are added to glutamate at the C-terminal tail of alpha-
or beta-tubulin and build negatively charged side chains. This regulates the inter-
action of MTs with several microtubule binding proteins, for example tau, MAP2
and kinesin-1 [Boucher et al., 1994, Bonnet et al., 2001, Sirajuddin et al., 2014], in-
fluences flagellar motility [Kubo et al., 2010], and regulates spastin activity [Lacroix
et al., 2010]. Also, polyglutamylation on beta-tubulin increases with neuronal differ-
entiation [Audebert et al., 1994], hyperglutamylation is linked to neurodegeneration
[Rogowski et al., 2010, Magiera et al., 2018], and changes in synapse activity regu-
late polyglutamylation [Maas et al., 2009]. Polyglycylation, the addition of glycine
residues to glutamate, has so far only been observed in axonemal MTs |Gadadhar
et al., 2017, Janke and Magiera, 2020|. In the detyrosination, tyrosination cycle,

a tyrosine is removed or added to the end of the C-terminal tail of alpha-tubulin.
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Detyrosination influences the binding and motility of kinesin-1 and kinesin-2 [Dunn
et al., 2008, Sirajuddin et al., 2014|, prevents kinesin-13 from disassembling MTs
[Peris et al., 2009] and is important for proper neurite outgrowth [Marcos et al.,
2009]. Tyrosination is required for dynein binding [McKenney et al., 2016], and
controls the interaction with some plus-end tracking proteins |[Peris et al., 2006].
The role of acetylation is more ambiguous, especially because the most investigated
acetylation site (K40 on alpha-tubulin) sits on the inside of the MT. But it could
be shown, that the organization of the particular 15-protofilament MTs in C.elegans
touch receptor neurons depends on K40 acetylation [Topalidou et al., 2012]. An-
other acetylation site (K252 on beta-tubulin), which localizes at the interface of the
tubulin dimer slows down the incorporation into M'Ts by neutralizing the positive
charge at K252 [Chu et al., 2011]. A relatively newly discovered PTM is polyami-
nation. It adds positively charged branch chains to glutamine and is involved in the
stabilization of MTs [Song et al., 2013].

Tubulin isotypes
with C-terminal

_“!(.a) M tails and PTMs
iy

|
1
Tubulin isotypes I
with C-terminal tails 1

FIGURE 1.7. — MT composed of different tubulin isotypes with C-
terminal tails and PTMs. Several shades of blue and green mimic different
beta- and alpha-tubulin isotypes, respectively. C-terminal tails sticking out of
the MT surface are shown as pink (beta-tubulin) and violet (alpha-tubulin) lines.
On the right side of the MT, PTMs on the C-terminal tails are schematically
indicated by side chains for polyglutamylation and polyglycylation and a black
rectangle for detyrosination, tyrosination, A2-tubulin and A3-tubulin. PTMs on
the tubulin body are not shown.
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1.3. Microtubules

1.3.3. Tubulin-beta 3

The focus of this study lies on Tubb3, which is one of the most prominent beta-
tubulin isotypes in brain, specific to neurons [Lee et al., 1990, Burgoyne et al., 1988|,
and its down- or upregulation can influence MT dynamics [Vemu et al., 2017, Panda
et al., 1994, Banerjee et al., 1990|. It was shown that a Tubb3 knockdown influences
the cortical development in mice. It leads to delayed bipolar morphology and radial
migration. A rescue with Tubb3 was successful, whereas other tubulin isotypes were
unable to rescue the phenotype [Saillour et al., 2014]. Apart from expression lev-
els, mutations in the tubulin genes can lead to several neurological disorders called
tubulinopathies [Minoura, 2017]. Tischfield et al. investigated eight heterozygos
missense mutations of TUBB3 in humans which led, in differing severity, to con-
genital fibrosis of the extraocular muscles type 3 (CFEOM3) and malformations
of the commissural axon and basal ganglia. A knockin mouse model of the most
common mutation (R262C) revealed impaired axon guidance, but normal cortical
architecture. Also this mouse had reduced Tubb3 protein levels, increased detyrosi-
nated alpha-tubulin levels and decreased KIF21b MT interactions [Tischfield et al.,
2010]. Poirer et al. published six further TUBB3 missense mutations in human
which led to a different phenotype, namely malformations of cortical development
(MCD) associated with neuronal migration and axon guidance defects. Also, some
of these mutations lead to reduced heterodimer yield, but mutated dimers are still
incorporated into MTs [Poirier et al., 2010|. Later, two new TUBB3 mutations were
found that combine MCD and CFEOM3 syndromes |[Whitman, 2016]. It was also
shown that Tubb3 expression was upregulated in human and rat epileptic tissue.
Tubb3 downregulation reduced the behavioral phenotypes of epileptic seizures in
two chemical induced seizure protocols and Tubb3 overexpression had the opposite
effect [Xu et al., 2017]. During the work on this thesis a Tubb3 knockout mouse
model was published by Latremoliere et al. [Latremoliere et al., 2018]. They showed
that Tubb3 deficient mice have no detectable neurobehavioral or neuropathological
deficits. Also the lack of Tubb3 protein was compensated by 10 to 20 % upregulation
of most of the other beta-tubulin isotypes, leading to equivalent total beta-tubulin
levels as in wild type mice. They found that adult dorsal root ganglia lacking Tubb3
have decreased growth cone MT dynamics and decreased neurite outgrowth. An-
other characteristic of Tubb3 worth mentioning is its increased expression in several
tumor tissues. For example, in gliomas and lung cancer, the expression of Tubb3
is associated with increased malignancy and in various epithelial cancer cell lines it
is associated with a chemo-resistance to taxanes (MT stabilizing drugs) [Katsetos
et al., 2003].
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1.3.4. Microtubule dynamics

Although part of the cytoskeleton, MTs are very dynamic structures. In 1984 Mitchi-
son and Kirschner observed that in a MT population under the same conditions,
they were growing, shrinking and switching between the two states infrequently,
which they termed as dynamic instability [Mitchison and Kirschner, 1984]. Figure
1.8 depicts this process schematically. Alpha- and beta-tubulin molecules contain a
guanosine-5’-triphosphate (GTP) binding site, from which, in dimer formation, the
alpha binding site is buried in the dimer interface, but the beta binding site is free
for GTP binding and hydrolysis. This thesis focuses on the MT plus-end, which is
the more dynamic end. In the growth state of MTs, GTP-tubulin dimers bind to the
MT tip and get hydrolyzed in time, which leads to the formation of a so called GTP
cap. When the binding of new GTP-tubulin dimers lags behind GTP hydrolysis
the cap is lost and a catastrophe occurs, the MT starts shrinking. Either the MT
disassembles completely, or a so-called rescue occurs where the MT starts growing
again. Since the discovery of this process, it was intensely investigated.

In cryo-electron microscopy studies it was shown that growing MT ends exhibit a
range of structures, from blunt over one side elongated to outwardly curved and flat-
tened sheets [Mandelkow et al., 1991, Chrétien et al., 1995]. Literature very often
describes the ends as tapered, with the taper length being the distance between the
longest protofilament and the fully closed lattice [Guesdon et al., 2016, Maurer et al.,
2014]. This length was estimated to 124 nm [Brouhard and Rice, 2018]. For a while,
it was assumed that GTP-tubulin has a straight conformation which bends upon
GTP hydrolysis and leads to an unstable guanosine diphosphate (GDP)-tubulin
lattice, that is stabilized by the GTP cap. But it was shown that unpolymerized
GTP-tubulin has an intrinsic curvature [Buey et al., 2006, Rice et al., 2008|. In
atomic-resolution crystal structures of soluble GDP- and GTP-tubulin it was shown
that they differ locally in the neighborhood of the nucleotide. A loop movement
in GTP-bound tubulin favors its binding to MT ends and facilitates its curved to
straight transition [Nawrotek et al., 2011]. It has been proposed that the straight-
ening of the GTP dimer would be driven by the alignment of lateral bonds between
neighboring dimers [Rice et al., 2008]. So the MT end is shaped by two oppos-
ing forces, the tendency to curve outward due to GTP-tubulin curvature and the
tendency to straighten due to lateral interactions between subunits that close up
the lattice [Brouhard and Rice, 2018]. Tt even was suggested that protofilaments
of growing and shrinking MTs have the same intrinsic curvature and that lateral
bonds are responsible for the different shapes [Janosi et al., 1998|. Following GTP

hydrolysis and phosphate release, the dimers compact in the lattice, shortening in
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length through a movement of an alpha-tubulin subdomain [Alushin et al., 2014].
This compaction was found in mammalian MTs, whereas studies with yeast MTs
did not show compaction of the GDP lattice [Howes et al., 2017, Von Loeffelholz
et al., 2017]. Catastrophe is still believed to occur when the GTP cap is lost, then
GDP-tubulin relaxes back into the curved state, peeling outward into often called
"ram’s horns" [Mandelkow et al., 1991|. Rescues are rarely observed in vitro, but
often in cells, so it is likely that microtubule-binding proteins play a role as rescue
factors |[Brouhard and Rice, 2018|. Also it was shown, that sites of MT damage can
be repaired by fresh GTP-tubulin and that rescues cluster at these sites of repair
[Schaedel et al., 2015, Aumeier et al., 2016].

Growth
abyeunys

() GTP-tubulin dimer O GDP-tubulin dimer

FIGURE 1.8. — MT dynamics. In the growing phase of the MT plus-end
GTP-tubulin dimers (yellow-green) bind to the protofilaments. In time GTP
is hydrolyzed, which leads to the formation of a GTP cap and a GDP-tubulin
(blue-green) lattice. When the GTP cap is lost, the MT starts shrinking, which
is called catastrophe. If at some point the MT starts growing again it is called
rescue.
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1.4. Microtubule binding proteins

Microtubule binding proteins (MTBPs) are basically all proteins that were experi-
mentally shown to bind to MTs. The often used term MAP (microtubule associated
protein) usually describes a subset of MTBPs that cosediment with MTs through
multiple rounds of polymerization and depolymerization [Goodson and Jonasson,
2018]. Many different MTBPs with a great variety of functions exist. To give a
broad overview, MTBPs can be functionally categorized into stabilizers, destabiliz-
ers, capping proteins, and cross-linkers. Other MTBPs include motors, cytoplasmic
linkers, and cytoskeletal integrators |Goodson and Jonasson, 2018]. MTBPs can
also be categorized by the location where they bind to the MT. Lattice binding
proteins are stabilizers as tau and MAP2 [Dehmelt and Halpain, 2005|, destabi-
lizing severing proteins as katanin and spastin [Roll-Mecak and McNally, 2010],
cross-linkers as PRC1 [Walczak and Shaw, 2010, and motor regulators as tau |Dixit
et al., 2008]. MT end-binding proteins can be divided into minus-end and plus-end
binding proteins. Minus-end binding proteins are stabilizers as 7v-TuRC and CAM-
SAPs [Kollman et al., 2011, Akhmanova and Hoogenraad, 2015, and destabilizers as
stathmin [Cassimeris, 2002]. Plus-end binding proteins, also called +TIPs, are sta-
bilizers as EB1, EB3, XMAP-215 and CLIP-170 [Akhmanova and Steinmetz, 2015],
and destabilizers as stathmin, kinesin 8 and kinesin 13 [Gupta et al., 2013, Walczak
et al., 2013].

In this study an EB3-Tomato fusion protein was used to visualize the growing
MT plus-end. Mammalian cells express up to three different end-binding proteins
(EB1, EB2 and EB3). EBs contain a positively charged amino-terminal calponin
homolgy (CH) domain followed by a variable linker region and a negatively charged
C-terminal domain [Akhmanova and Steinmetz, 2015]. Up to a few hundred EB
molecules bind to a region of growing MT ends, where they form comet-like accu-
mulations [Seetapun et al., 2012|. The highest density occurs tens of nanometers
away from the outmost MT end [Maurer et al., 2014] which indicates that struc-
ture, protofilament number, and the tapering of the distal MT end reduces the
binding affinity of EB proteins to MTs [Akhmanova and Steinmetz, 2015|. Studies
revealed that EBs preferentially bind to stabilized MTs assembled in the presence
of GTP |Maurer et al., 2011] which suggests that EBs recognize the GTP-cap struc-
ture. Cryo-electron microscopy analysis of EB-MT interactions showed that the
positively charged CH domain of EBs binds to MT protofilaments at the corners of
four tubulin dimers |Zhang et al., 2015|, which is illustrated in figure 1.9. It was
shown that the M'T plus-end growth rates measured with various GFP +TIPs are

similar to values obtained from fluorescently labeled tubulin [Komarova et al., 2002],
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1.4. Microtubule binding proteins

which indicates that the dynamic behavior of MTs is not significantly changed by
low expression levels of exogenous +TIPs [Stepanova et al., 2003]. EB3 messenger
ribonucleic acids (mRNAs) are enriched in the central nervous system [Nakagawa
et al., 2000] making it a good candidate for analyzing MTs in hippocampal neurons.
Also, Stepanova et al. showed that EB3 is a good marker of growing MT ends in
neuronal cells, and in contrast to EB1, the EB3 signal is stronger in neurons than

in glial cells [Stepanova et al., 2003|.

() GTP-tubulin dimer

O GDP-tubulin dimer

FIGURE 1.9. - Growing MT plus-end with bound EB3 proteins.
Schematic drawing of a growing MT plus-end. GDP-tubulin dimers are shown in
green and blue, GTP-tubulin dimers in green and yellow. The positively charged
CH domain of EB3 binds between the edges of four GTP-tubulin dimers. The
tapered end with curved protofilaments has less affinity for EB3 binding.
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1.4.1. Motor proteins

Two superfamilies of motor proteins power directed movement on MTs: kinesin
motors that move towards the plus-end and dynein motors that move towards the
minus-end. These molecular motor proteins all convert the energy from adenosine
triphosphate (ATP) hydrolysis into mechanical force to move along MT tracks |Lee
Sweeney and Holzbaur, 2018|. Each case of cargo transport requires three processes,
an interaction between motor and cargo, the binding of the motor to a MT track,
and the subsequent movement of the motor along the MT [Barlan and Gelfand,
2017]. Each of these processes is subject to a variety of regulatory mechanisms.
Many motor proteins use autoregulatory mechanisms (autoinhibition) to turn off
their catalytic activity when they are not involved in transporting cargo |Verhey
et al., 2011|. This prevents the unnecessary hydrolysis of ATP and the overcrowd-
ing of MTs by motors not carrying cargo |Barlan and Gelfand, 2017|. Binding
cargo terminates the autoinhibition, leads to M'T binding and the stimulation of
the transport activity [Verhey and Hammond, 2009|. Although some cargoes can
bind directly to motor proteins, many require adaptor molecules to mediate these
interactions [Akhmanova and Hammer, 2010]. Because a single class of, for example,
kinesins contributes to the motility of many distinct cargoes, the regulation of the
specific motor-cargo interactions provide an efficient way to influence the transport
of a single cargo type |[Kneussel et al., 2014|.

In this study the kinesin motor KIF5C-Tomato fusion protein was used to visualize
motor movement on MTs. Kinesins are a superfamily with 14 classes (kinesin-1 - 14).
KIF5C belongs to the kinesin-1 class [Hirokawa et al., 2010]. They are composed
of two identical heavy chains and two associated light chains. Each heavy chain
includes an N-terminal motor domain that holds the catalytic activity followed by a
neck linker and a coiled-coil stalk that facilitates dimerization [Gennerich and Vale,
2009]. The light chains are associated with the C-terminal cargo binding domain
[Valentine and Gilbert, 2007]. The motor domains bind to the MT tracks and pro-
cessively walk towards the plus-end, hydrolyzing one ATP per step. They bind to
the beta-tubulin isotypes of each tubulin dimer, which leads to a step size of 8nm
[Valentine and Gilbert, 2007].
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— Cargo

__— Adaptor protein
T Light chain
—— Coiled-coil stalk
Neck linker

_— Motor domain

FIGURE 1.10. - Structure of Kinesin-1. Kinesins from the kinesin-1 class
consist of two heavy chaing that hold the motor domains, the neck-linkers, and
the coiled-coil stalk. The two light chains are involved in cargo binding. For most
cargos, the binding is mediated by an adaptor protein. Kinesin walks processively
towards the plus-end of the MT, binding to the beta-tubulin isotypes.
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2. Methods

2.1. Chemical long-term potentiation induction in

acute hippocampal slices

To induce chemical long-term potentiation (cLTP) in acute hippocampal slices the
potassium ion channel blocker tetraethylammonium (TEA) was used. The hip-
pocampi of adult C57BL/6 mice were dissected and cut into 400 pm thick slices.
They recovered for one hour in artificial cerebral spinal fluid (ACSF). ACSF con-
tained 125 mM NaCl, 25 mM NaHCO3, 25 mM glucose, 2.5 mM KCI, 1.25 mM NaH,-
PO4, 1mM MgCly, and 2mM CaCl,, saturated with 95% O, and 5% CO,. Con-
trol slices were kept in ACSF, whereas slices for cLTP were transferred into TEA-
ACSF and incubated for 10 minutes. TEA-ACSF contained 110 mM NaCl, 25 mM
NaHCO3, 15mM glucose, 2.5mM KCI, 1.25mM NaH,PO4, 1mM MgCly, 2mM
CaCl, and 25mM TEA, saturated with 95% O, and 5% CO,. Then the slices
were transferred back into ACSF for washing. The first group was just dipped, the
second washed for 10 minutes and the third washed for 20 minutes. Then the slices
were homogenized in lysis buffer (1% Triton-X-100; protease inhibitor complete 1x,
PhosSTOP 1x; in PBS) and centrifuged at 1000xg at 4°C for 10 minutes. 10yl
of the supernatant were used to determine the total protein concentration with the
Pierce BCA Protein Assay Kit (Thermo Scientific, REF: 23227). The rest of the
supernatant was mixed with 1x SDS sample buffer (4x stock: 250 mM Tris (pH
6.8); 40 % glycerin; 8 % SDS; 20 % [-mercaptoethanol; 0.008 % bromophenol blue;
in water) and boiled at 95°C for 6 minutes. The samples were loaded to a SDS gel
or stored at -80°C.

2.2. microRNA knockdown of Tubb3

To achieve a knockdown of Tubb3 expression, the endogenous miRNA pathway that

leads to degradation of complementary mRNA was utilized by transfecting engi-
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neered miRNA of the target gene into cells. The BLOCK-iT™ Pol IT miR RNAi
Expression Vector Kit from Invitrogen (REF 45-1102) was used to produce the en-
gineered miRNA vectors. The Kit provides the vector pcDNA™6.2-GW /EmGFP-
miR holding the human CMYV promoter and a resistance to spectinomycin. To find
complementary sequences with the length of 21 nucleotides that are specific to Tubb3
and not any other gene, especially other tubulin isotypes, the recommended Invit-
rogen RNAi designer and the Sigma-Aldrich Batch Search for shRNA were used.
Additionally, the suggested sequences were confirmed with NCBIs Blast to ensure
that they do not have similarities to other tubulin isotypes. The resulting sequences
are listed in table 2.1. According to the protocol of the kit, single stranded oligos

with the following characteristics were designed:

Top strand from 5 end to 3’end:

1. 5 TGCTG

2. Reverse complement of the 21-nucleotide target sequence
3. Terminal loop GTTTTGGCCACTGACTGAC

4. Nucleotides 1-8 of sense target sequence

5. Nucleotides 11-21 of sense target sequence

Bottom strand:

1. Reverse complement of the top strand without 5 TGCT
2. CCTG added to the 5" end

The control sequence was constructed in our lab team by Franco Lombino and
is a scrambled deoxyribonucleic acid (DNA) sequence that is predicted to not target
any vertebrate gene. The top and bottom strand oligos are listed in table 2.1. The
ordered oligos were resuspended in water to a final concentration of 200 pM before
use. The next step was to anneal the single strand oligos to obtain the double strand
oligos. Therefore, 5l of the top strand, 5l of the bottom strand, 2 ul of 10x oligo
annealing buffer and 8 ul of DNase/RNase-free water were mixed to a total volume
of 20 pul. This was heated for 4 minutes at 95°C and afterwards cooled down at RT
for 10 minutes. Then the sample was briefly centrifuged at 6000 x g and afterwards
mixed gently. For further dilution 1pl of 50 nM double strand oligo solution was
mixed with 99 pl DNase/RNase free water to get a 500 nM concentration. This was
used to verify the annealing of the oligos using agarose gel electrophoresis. Then,
1l of the 500nM oligo solution was mixed with 5ul of 10x oligo annealing buffer
and 44l of DNase/RNase-free water to a total volume of 50 pl to get a final con-

centration of 10nM. All stock solutions were stored at -20°C. For the ligation of
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the double strand oligos into the vector, 4 ul of 5x ligation buffer, 2 ul of linearized
pcDNAT™6.2-GW /EmGFP-miR (5ng/ql), 4 ul of double strand oligos (10nM), 9yl
of DNase free water and 1pl of T4 DNA Ligase (1 U/pl) were mixed to a total vol-
ume of 20 pl. As negative control the double strand oligo was left out and 13l of

DNase/RNase free water were used instead. Then the ligation reaction was mixed

through pipetting up and down, incubated at RT for 5 minutes and placed on ice.

The following transformations and DNA extractions were performed after different

protocols described in chapter 2.4 and 2.5.

TABLE 2.1. — List of designed miRNA sequences and oligos.

21 nucleotide
target sequence

CACCAGCTAGTGGAGAACACA

Top strand oligo

TGCTGTGTGTTCTCCACTAGCTGGTGGTTTTGGCCACT
GACTGACCACCAGCTTGGAGAACACA

Bottom strand
oligo

21 nucleotide
target sequence

CCTGTGTGTTCTCCAAGCTGGTGGTCAGTCAGTGGCCA
AAACCACCAGCTAGTGGAGAACACAC

CAGGCCCGACAACTTTATCTT

Top strand oligo

TGCTGAAGATAAAGTTGTCGGGCCTGGTTTTGGCCACT
GACTGACCAGGCCCGAACTTTATCTT

Bottom strand
oligo

21 nucleotide
target sequence

CCTGAAGATAAAGTTCGGGCCTGGTCAGTCAGTGGCCA
AAACCAGGCCCGACAACTTTATCTTC

CTCCCTTCGATTCCCTGGTCA

Top strand oligo

TGCTGTGACCAGGGAATCGAAGGGAGGTTTTGGCCACT
GACTGACCTCCCTTCTTCCCTGGTCA

Bottom strand
oligo

21 nucleotide
target sequence

CCTGTGACCAGGGAAGAAGGGAGGTCAGTCAGTGGCCA
AAACCTCCCTTCGATTCCCTGGTCAC

CGTGCGGAAAGAGTGTGAGAA

Top strand oligo

TGCTGTTCTCACACTCTTTCCGCACGGTTTTGGCCACT
GACTGACCGTGCGGAGAGTGTGAGAA

Bottom strand
oligo

CCTGTTCTCACACTCTCCGCACGGTCAGTCAGTGGCCA
AAACCGTGCGGAAAGAGTGTGAGAAC

Continued on next page
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miRNA Sequence 5

21 nucleotide CCTAGATGTCGTGCGGAAAGA
target sequence

Top strand oligo | TGCTGTCTTTCCGCACGACATCTAGGGTTTTGGCCACT
GACTGACCCTAGATGGTGCGGAAAGA

Bottom strand CCTGTCTTTCCGCACCATCTAGGGTCAGTCAGTGGCCA

oligo AAACCCTAGATGTCGTGCGGAAAGAC
miRNA Control
23 nucleotide GGCCTTGCCGGTATATACGACAG

target sequence

Top strand oligo | TGCTGCTGTCGTATATACCGGCAAGGCCGTTTTGGCCA
CTGACTGACGGCCTTGCGTATATACGACAG

Bottom strand CCTGCTGTCGTATATACGCAAGGCCGTCAGTCAGTGGC
oligo CAAAACGGCCTTGCCGGTATATACGACAGC

2.3. Molecular cloning

Molecular cloning was used to produce recombinant DNA that combines genetic ma-
terial from multiple sources. A DNA fragment was cut out of the source vector with
restriction enzymes and incorporated into the target vector. The general mixture
to digest source and target vector consisted of: vector DNA; 10x FastDigest Green
Buffer (Thermo Scientific); restriction enzymes and water. After incubation at 37°C
for 30 minutes the digestion mix was loaded to an 1% agarose gel to seperate the
DNA fragments. They were cut out of the gel and extracted with the NucleoSpin
Gel and PCR Clean-up Kit from Macherey-Nagel (REF: 740609.250). The general
mixture to ligase the insert DNA into the target vector consisted of: 10x T4 DNA
Ligase Buffer (Thermo Scientific), insert DNA; target vector DNA; water and T4
DNA Ligase (5U/nl) (Thermo Scientific). A molar ratio of vector to insert of 1:3 was
used. The ligation mix incubated for 1 hour at RT and the following transformation
and DNA extraction are described in chapter 2.4 and 2.5. The exact composition of
the cloning mixtures for EB3-Tomato and DNA3-Tubb3 are shown in table 2.2 and
2.3.
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TABLE 2.2. — Cloning mixtures for EB3-Tomato.

5ug (5pl) EB3-pEGFP-N1
(Gift from A. Akhmanova
[Stepanova et al., 2003])

5ug (5ul) ptd-Tomato-N1
vector (kanamycin
resistance)

2l 10x T4 DNA Ligase
Buffer

5l 10x FastDigest Green
Buffer

5l 10x FastDigest Green
Buffer

80ng (4p1) EB3

2.511 EcoRT 2.511 EcoRT 100 ng (3 pl)
ptd-Tomato-N1

2.5l BamHT 2.5l BamHT 10 pl water

35 ul water 35 ul water 1pul T4 DNA Ligase

total volume 50l

total volume 50l

total volume 20l

TABLE 2.3. — Cloning mixtures for DNA3-Tubb3.

Aqg (40 7)) 4ug (1671) pcDNA3 21l 10x T4 DNA Ligase
pAcGFP1-C3-Tubb3 (ampicillin resistance) Buffer
(cloned in our lab by P.

Breiden)
6 ul 10x FastDigest Green | 6pl 10x FastDigest Green | 70ng (15pnl) Tubb3
Buffer Buffer

3l Hind 1T 3l Hind 1T 70ng (2ul) pcDNA3

3pul Xbal 3pul Xbal 1ul T4 DNA Ligase

8 pul water 321l water

total volume 60l total volume 60l total volume 20l

2.4. Transformation of plasmid DNA into bacteria

To amplify plasmid DNA and ligated vectors they got transformed into chemical
competent E. coli Dhba bacteria, which were stored at -80°C. For the transformation
501l of E. coli (2.5x1077 CFU/pg) were mixed with 2yl of ligation reaction or 1ng
of plasmid DNA. This incubated for 20 minutes on ice and was put to 42°C for 45
seconds. Afterwards the mix incubated 2 minutes on ice and then 200 pl of SOC
medium (2 % bacto-tryptone; 0.5 % yeast extract; 8.6 mM NaCl; 2.5 mM KCl; 10 mM
MgCly; 10 mM MgSoy; 20mM glucose) was added. The solution shook at 37°C for
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1 hour and was plated on LB agar plates with the respective antibiotic (in my case:
kanamycin, ampicillin or spectinomycin). The plates were incubated overnight at
37°C and the next day single clones were picked and proliferated in LB medium with
the respective antibiotic. Afterwards the DNA was extracted from the bacteria (see
chapter 2.5).

2.5. DNA extraction from bacteria

For DNA extraction the NucleoBond Xtra Midi EF DNA purification Kit from
Macherey-Nagel was used (REF 740420.50). The Midiprep was conducted accord-
ing to the corresponding protocol: Endotoxin-free plasmid DNA purification (April
2017/Rev.07).

2.6. Caell lines

N2A (mouse neuroblastoma) cells and HEK (human embryonic kidney 293) cells
were cultured in DMEM supplemented with 10 % fetal bovine serum and 1 % penicillin-

streptomycin. Both were split every two to three days using 5% trypsin.

2.7. Primary hippocampal neurons

To culture primary neurons pregnant C57BL /6 mice were sacrificed by CO suffoca-
tion and embryos were removed at embryonic stage 15 to 17. They were decapitated
and hippocampi were dissected in ice cold HBSS (Gibco, Thermo Scientific, REF:
14170-088). To dissociate the cells, the hippocampi were incubated in 0.05 % trypsin
plus EDTA at 37°C for 5 minutes, the reaction was stopped with prewarmed DMEM
plus 10 % fetal bovine serum, and then they were triturated with two fire polished
Pasteur pipettes of different diameter in prewarmed HBSS. To estimate cell count
a Neubauer chamber was used. For immunofluorescent stainings 80000 cells were
seeded onto a 12mm glass coverslip (24 well plate) coated with poly-I-lysine in 1 ml
Neurobasal Plus Medium (Gibco, Thermo Scientific, REF: A35829-01). For time
lapse imaging 50 000 cells were seeded onto the middle of a 25 mm glass coverslip (6

well plate) coated with poly-l-lysine in 3 ml Neurobasal Plus Medium.
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2.8. Transfection

2.8.1. N2A cell transfection via ScreenFect

To transfect N2A cells the ScreenFect A-plus Transfection Reagent (InCella, catalog

no. S-6000-1) was used according to the provided manual.

2.8.2. Neuron and HEK cell transfection via calcium

phosphate

Primary hippocampal neurons and HEK cells were transfected using the calcium
phosphate method. For transfecting a 12mm coverslip (24 well plate) 2pg DNA
were mixed with water to a volume of 18.75pl and then 6.25ul CaCly (1M) were
added. This was mixed dropwise with 25pl 2x HBS (280 mM NaCl; 10 mM KCl;
1.5mM NayHPOy; 12mM dextrose; 50 mM HEPES) and incubated 10 minutes at
RT. For a 25 mm coverslip (6 well plate) the double amount was used. In the case of
transfecting neurons, 2/3 of the medium was removed and then the transfection mix
was added. It incubated for 45 minutes to 2 hours, corresponding to the construct,
at 37°C and 5% CO,. Afterwards the medium containing the transfection mix
was removed and the cells washed 2 times with HEPES buffer (10mM HEPES;
135 mM NaCl; 5 mM KCI; 2mM CaCly; 2mM MgCly; 15 mM glucose; pH 7.4), then
the remaining conditioned medium was returned to the cells. For HEK cells the
transfection mix was added to the medium and incubated over night until the cells

were further processed.

2.8.3. Neuron transfection via Lipofectamine

Primary hippocampal neurons were transfected using Lipofectamine. For transfect-
ing a 25mm coverslip (6 well plate) 2ug DNA were mixed with 231l Optimem
(Opti-MEM I(1x), gibco, REF 31985-070) and 2pl Lipofectamine (Lipofectamine
2000, invitrogen, REF 11668-019) were mixed with 231l Optimem. These two so-
lutions were mixed and incubated for 20 minutes. Then 2/3 of the neuron medium
was removed and the transfection mix was added. It incubated for 2 hours at 37°C
and 5% CO,. Afterwards the medium containing the transfection mix was removed
and the cells washed 2 times with HEPES buffer (10 mM HEPES; 135 mM NacCl;
5mM KCI; 2mM CaCly; 2mM MgCly; 15mM glucose; pH 7.4), then the remaining

conditioned medium was returned to the cells.
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2.9. Immunofluorescent staining

Cells were fixed by dipping them into PBS (137 mM NaCl; 2.7mM KCI; 8.1 mM
Na,HPOy; 1.4mM KH5PO,) and incubating them in 4% paraformaldehyde plus
4% sucrose in water for 12 minutes at RT. After washing two times with PBS they
were permeabilized in 0.25 % Triton-X-100 in PBS for 4 minutes. Then they were
washed one time with PBS and blocked in 1% BSA in PBS for 60 minutes at RT.
Afterwards the primary antibody was diluted in 1% BSA in PBS and incubated
for 60 minutes at RT. After washing four times with PBS the secondary antibody
incubated 45 minutes at RT. Then the cells were washed again four times with
PBS and the coverslips were dipped into water before mounting them with Aqua-
Poly /Mount (Polysciences, Inc., Cat.-No. 18606-20) onto glass slides. All antibodies
are listed in table 2.5 and 2.6.

2.10. Biochemical sample preparation

To harvest cells for biochemical experiments they were washed with ice cold PBS and
scraped of the coverslip in lysis buffer (1 % Triton-X-100; protease inhibitor complete
1x, 1mM PMSF; in PBS). After resuspending the cells through a pipette, they were
shaken at 4°C for 30 minutes. Then the mix was vortexed and centrifuged at 1000x g
at 4°C for 10 minutes. 10 pul of the supernatant were used to determine the total
protein concentration with the Pierce BCA Protein Assay Kit (Thermo Scientific,
REF: 23227). The rest of the supernatant was mixed with 1x SDS sample buffer
(4x stock: 250 mM Tris (pH 6.8); 40 % glycerin; 8 % SDS; 20 % [-mercaptoethanol;
0.008 % bromophenol blue; in water) and boiled at 95°C for 6 minutes. The samples
were loaded to a SDS gel or stored at -80°C.

2.11. SDS-PAGE

For four resolving gels 15.9 ml water was mixed with 6 ml acrylamide mix (40 %),
7.7ml Tris-Cl (1.5M, pH 8.8), 0.3ml SDS (10%), 0.018 ml TEMED and 0.3ml
ammonium persulfate (10 %) to a total volume of 30 ml. This was casted into four
gel chambers and each was overlayed with 1 ml isopropanol to remove bubbles. After
45 minutes of polymerizing the isopropanol was removed and the stacking gels were
casted on top of the resolving gels. They consist of: 8.6 ml water with Orange G,
1.63ml acrylamide mix (40 %), 1.25ml Tris-Cl (1M, pH 6.8), 0.1ml SDS (10 %),
0.01 ml TEMED and 0.1 ml ammonium persulfate (10 %) which gives a total volume
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of 12ml. After adding a comb, they incubated 45 minutes at RT to polymerize.
Then they were put into an electrophoresis chamber with running buffer (10x stock:
250 mM Tris; 2.5 M glycine; 1% SDS in ddH50) and the protein Ladder (BlueStar
Plus Prestained Protein Marker, Cat. No. MWP 04) and samples were loaded. The
gels ran at 90V for 30 minutes and then at 120V until the samples passed through
the resolving gel. The transfer of the proteins to a PVDF membrane was conducted
in a wet transfer chamber with transfer buffer (48 mM Tris; 39 mM glycine; 0.037%
SDS; 20% MeOH in ddH20) for 3 hours with 80V at 4°C or overnight at 4°C with
30V. Afterwards the membrane was washed in TBST (10x stock: 200mM Tris;
1.5M NaCl; 20 % Tween 20; pH 7.5) and blocked for 1 hour in milk (5% (w/v) in
TBST). Then the primary antibody diluted in milk (5% (w/v) in TBST) incubated
for 1 hour at RT. After washing three times with TBST the secondary antibody
diluted in milk (5% in TBST) incubated for 45 minutes at RT. Then the membrane
was washed again three times with TBST and imaged after adding ECL solution
(Immobilon Western HRP Substrat, Millipore, Cat.-No. WBKLS0500). In case a
second protein was analyzed on the same membrane, the antibodies were removed
by incubating the membrane in stripping buffer (25 mM glycine; 1% SDS; in ddH,0;
pH 2.2) for 1 hour at RT. Afterwards the membrane was washed once in TBST and
then processed as described before, starting with the blocking step.

2.12. Imaging

Time lapse imaging was conducted with a spinning disc confocal microscope (Nikon
ECLIPSE Ti) at 37°C and 5% CO; and a CCD camera (Hamamatsu, EM-CCD,
Digital Camera C9100). Videos were acquired with a 100 x objective (NA 1.45) and
a sample rate of 1 second over 3 minutes with the Visiview software from Visitron
Systems. Fixed samples were imaged with a confocal microscope from Olympus
(Olympus Fluoview FV1000) and a 60x objective (NA 1.35). The used software

was Fluoview from Olympus.

2.13. ImagedJ Macro for video analysis

The analysis of spinning disc confocal videos was conducted with a self-written
ImageJ macro. The source code is given in appendix A.1. When applying the macro,
first the user must set the scale and the frame rate in seconds. Then, clicking with

the point tool on the tracked particle in successive frames leads to saving of the x-
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and y-positions and the frame number of each clicked spot. When a track is finished
the closing of the Log window induces the calculations of the track length, duration,
and velocity. The length is the sum of the distances between the single spots, the
duration the number of frames multiplied with the frame rate and the velocity the
ratio of length and duration. Then the next track analysis can be started, or the

macro is closed.

2.14. Statistics

All statistic tests were conducted with SigmaPlot (version 14.0). First, data were
tested for normal distribution with the Shapiro-Wilk test and if they were normally
distributed, equal variance was tested with the Brown-Forsythe test. For two sam-
ples of normal distributed data a Student’s t-test was used for equal variances and
a Welch’s t-test for unequal variances. For three or more samples of normal dis-
tributed data a one way ANOVA was used with the Dunnett’s Method for multiple
comparisons. If the data were not normally distributed the Mann-Whitney rank
sum test was used for two samples and the Kruskal-Wallis one way ANOVA on

ranks with Dunn’s Method for multiple comparisons for three or more samples.
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2.15. DNA-Constructs

TABLE 2.4. — Constructs used for cloning and transfection.

Short name Full name Source
GFP-C3 pAcGFP1-C3 Clontech (Cat.-No.
632482)
GFP-Tubb3 pAcGFP1-C3-Tubb3 Petra Breiden, ZMNH
DNA-GFP-miR pcDNAT™6.2-GW /EmGFP-miR Invitrogen (REF
45-1102)
miRNA-S1 pcDNAT™6 2.GW /EmGFP-miR- This study
Sequencel
miRNA-S2 pcDNAT™6 2.GW /EmGFP-miR- This study
Sequence?2
miRNA-S3 pcDNAT™6 2-GW /EmGFP-miR- This study
Sequence3
miRNA-S4 pcDNAT™6 2-GW /EmGFP-miR- This study
Sequence4
miRNA-S5 pcDNAT™6 2-GW /EmGFP-miR- This study
Sequenceb
miRNA-C pcDNAT6.2.GW /EmGFP-miR- Franco Lombino, ZMNH
Control
Tomato-N1 ptd-Tomato-N1 Clontech (Cat.-No.
632532)
EB3-GFP EB3-pEGFP-N1 Gift from A.
Akhmanova
EB3-Tomato EB3-ptdTomato-N1 This study

KIF5C-Tomato-
PEX

KIF5C-tdTomato-PEX26

[Lopes et al., 2020]

NCad-RFP pCXN2-N-Cadherin-RFP [Heisler et al., 2014]
DNA3 pcDNA3 Invitrogen
DNAS3-Tubb3 pcDNA3-Tubb3 This study

mCherry-Tuba

mCherry-a-tubulin

|[Dompierre et al., 2007]
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2.16. Antibodies

TABLE 2.5. — List of primary antibodies.

Tubb3 mouse Biolegend 801202 TUJ1 WB 1/5000;
IF 1/1000
~v-Adaptin mouse BD 610386 88 WB 1/5000
Bioscience
panTubb rabbit Abcam ab151318 polyclonal IF 1/200
panTuba mouse Sigma T9026 DMI1A IF 1/1000
Tubbl mouse Novus NBP2- OTI4A3 IF 1/200
46245
Tubb2 rabbit Abcam ab179512 EPR16773 IF 1/200
Tubb4 mouse Novus NB-120- ONS1A6 IF 1/100
11315
Tubb) mouse Novus NB-120- SAP.4G5 IF 1/200
11312
Ankyrin-G rabbit Santa Cruz sc-28561 polyclonal IF 1/500
N-Cadherin mouse BD 610921 32/N- IF 1/500
Cadherin
GAPDH mouse GeneTex Gtx28245 6CH WB 1/4000

TABLE 2.6. — List of secondary antibodies.

donkey anti-mouse Dianova 715-036-151 WB 1/10000
HRP-conjugated
Cy3 donkey Dianova 715-165-150 IF 1/500
anti-mouse IgG
Cy3 donkey Dianova 711-166-152 IF 1/500
anti-rabbit IgG
Cyb goat Dianova 115-175-071 IF 1/500
anti-mouse IgG
Cyb goat Dianova 111-175-144 IF 1/500
anti-rabbit IgG
DAPI Thermo Fischer D1306 1/1000

30



3. Results

3.1. Beta-tubulin isotype mRNA expression

The introduction gave an overview over beta-tubulin isotypes and their functions.
To illustrate the expression patterns, figure 3.1 shows mRNA expression levels of
mouse beta-tubulin isotypes in different tissues and for brain tissue at two points
in development (embryonic day 14.5 and 8 weeks). For this, data from the BioPro-
ject PRINAG66167, which is part of the mouse ENCODE (ENCyclopedia Of DNA
Elements) project [Yue et al., 2014|, were reanalyzed. The shown data for whole
brain at 8 weeks of age are averaged values of "cerebellum adult”, "cortex adult"
and "frontal lobe adult"”, the other tissue samples also originate from adult mice (8
weeks). In general, the tubulin expression in embryonic brain was much higher than
in adult brain, which led to a down-regulation with brain development of almost
all isotypes. Only tubulin-beta-4a (Tubb4a) was up-regulated and tubulin-beta-4b
(Tubb4b) stayed equal in adult brain tissue. Tubulin-beta-1 (Tubbl) was very little
expressed in brain, but highly in lung and spleen. Tubulin-beta-2a (Tubb2a) and
tubulin-beta-2b (Tubb2b) were the most expressed isotypes in brain, but they were
also abundantly expressed in other tissues. Whereas tubulin-beta-3 (Tubb3), the
third highest expressed isotype, was in brain specific to neurons and almost nonex-
istent in other tissues. Tubb4a was mostly brain specific and Tubb4b was broadly
distributed over several tissues, with a peak in testis. Tubulin-beta-5 (Tubb5), which
was still highly expressed in embryonic brain, was reduced in adult brain and was
also present in other tissues. Tubulin-beta-6 (Tubb6) was little expressed in brain,
but highly in other tissues as ovary and bladder. It was shown by our lab that the
mRNA levels of developing brain mostly correlate with protein expression |Hausrat
et al., 2020]. This illustrated, that in brain the isotypes of interest were Tubb2,
Tubb3, Tubb4, and Tubbb, from which only Tubb3 and Tubb4a were brain specific.
Tubb3 was also highly expressed in the developing brain, often used as a neuronal
marker, and associated with MT diseases and cancer. For these reasons, this thesis
focused on Tubb3.
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FIGURE 3.1. — Continued on next page
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3.2. Chemical long-term potentiation induction in acute hippocampal slices
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FIGURE 3.1. —- mRNA expression levels of beta-tubulin isotypes in

mouse tissues. mRNA data of Tubbl, Tubb2a, Tubb2b, Tubb3, Tubb4a,
Tubb4b, Tubbb and Tubb6 levels in mouse tissues. The columns of whole brain
on embryonic day 14.5 (E14.5) and whole brain 8 weeks (8w) are marked in light
gray, other tissues are depicted in dark gray and originate from adult (8 weeks)
mice. The RPKM value of each tissue is written above the column. Data orig-
inate from the BioProject PRINA66167, which is part of the mouse ENCODE
(ENCyclopedia Of DNA Elements) project [Yue et al., 2014]. The shown data
for whole brain 8 weeks are averaged values of "cerebellum adult”, "cortex adult"
and "frontal lobe adult". RPKM: reads per kilobase million.

3.2. Chemical long-term potentiation induction in

acute hippocampal slices

The correlation of tubulin isotype composition in microtubules (MTs) and synap-
tic plasticity is mostly unknown. To investigate this connection, acute hippocam-
pal slices were stimulated by chemical long-term potentiation (cLTP) induction via
tetraethylammonium (TEA) (method in chapter 2.1) and Tubb3 protein levels were
analyzed. Acute slices were incubated in artificial cerebrospinal fluid (ACSF) con-
taining TEA for 10 minutes and then washed in ACSF without TEA. One group
was just dipped (10 minutes), while the second and the third was washed for 10
minutes (20 minutes) and 20 minutes (30 minutes), respectively. Control slices were
incubated in ACSF only. Slice lysates were analyzed by SDS-Page analysis, a rep-
resentative western blot and quantification are shown in figure 3.2. Tubb3 signal
intensities were normalized to the loading control v-Adaptin and the control value

was set to one. Acute slices showed a significant increase in Tubb3 protein signal
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3. Results

intensity 20 and 30 minutes after LTP induction,

The y-Adaptin signal intensity of stimulated slices itself did not significantly change
compared to the control. This experiment indicated that tubulin isotype expression
is connected to synaptic stimulation. Literature points to an association of synaptic
plasticity to MT dynamics [Hoogenraad and Akhmanova, 2010, Dent et al., 2011],

which led to the detailed investigation of Tubb3 expression levels and their effect on

MT dynamics.

compared to the control sample.
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FiGUurE 3.2. — Tubb3 levels after chemical LTP induction in acute

hippocampal slices. (A): Representative western blot of Tubb3 protein levels
derived from lysed acute hippocampal slices after treatment with TEA to induce
chemical LTP. Control slices were treated with ACSF only. Sample slices were
treated with TEA for 10 minutes and then washed in ACSF for 0 (10 minutes),
10 (20 minutes) or 20 (30 minutes) minutes. ~-Adaptin was used as loading

control.
Continued on next page
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3.3. Knockdown of Tubb3 via engineered microRNA

FIGURE 3.2. — Tubb3 levels after chemical LTP induction in acute hip-
pocampal slices. (B): Quantification of Tubb3 signal intensity normalized by
v-Adaptin based on three independent experiments. 10 minutes after treatment
with TEA slices show no significant difference in Tubb3 signal intensity, 1.05 a.u.
(p = 1), compared to control slices (set to 1). 20 and 30 minutes after cLTP
induction slices show a significant increase in Tubb3 signal intensity to 1.20 a.u.
(p = 0.009) and 1.21 a.u. (p = 0.006), respectively, compared to the control.
Depicted are median values with 25th and 75th percentile. Whiskers indicate the
range within 1.5 interquartile range (IQR). Black squares show the mean value.
Each data point represents one slice (n = 16). For graphical representation of the
distribution data are binned with bin size 0.15 [a.u.]. Statistics: Kruskal-Wallis
one way ANOVA on ranks, followed by Student’s t-test.

3.3. Knockdown of Tubb3 via engineered
microRNA

3.3.1. Screening of microRNA sequences in Neuro-2A cells

To determine the effect of reduced Tubb3 expression levels on MT dynamics, a
knockdown approach via engineered microRNAs (miRNAs) was established. Engi-
neered miRNAs inhibit the translation of corresponding messenger RNA (mRNA).
Five designed miRNA sequences were tested by transfection into Neuro-2A (N2A)
cells and SDS-PAGE analysis (methods see chapter 2.8, 2.6 and 2.11). Cells were
lysed 24 hours after transfection. A representative western blot and quantification
are shown in figure 3.3. Green fluorescent protein (GFP)-Tubb3 was co-transfected
with each of the five miRNA sequences (miRNA-S1-S5) or the control miRNA
(miRNA-C), which is a scrambled sequence that should not bind to any mRNA.
The exogenous Tubb3 was a fusion protein with GFP, so it was distinguishable from
the endogenous Tubb3 signal based on the higher molecular weight. ~v-Adaptin was
used as loading control. In the quantification, Tubb3 intensity values were normal-
ized to the y-Adaptin signal intensity. For exogenous Tubb3, sequences one, two,
four and five led to a significant reduction (33 %, 17 %, 27 % and 42 %, respectively)
of Tubb3 levels compared to the control, which was set to one. Therefore, sequences
one, two and four were further tested in neurons (Figure 3.5). The endogenous
Tubb3 levels showed the same tendencies but were not significantly altered. The
protein half-life of endogenously expressed Tubb3 might contribute to the different
observations. To further investigate this, in following experiments the knockdown

effect was investigated over five consecutive days.
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FIGURE 3.3. — Downregulation of Tubb3 protein expression through
miRNA induced knockdown in N2A cells. (A): Representative western
blots of exogenous Tubb3-GFP (at 75kDa) and endogenous Tubb3 protein levels
(at 50kDa) derived from transfected N2A cells. y-Adaptin was used as loading
control. First lane: co-transfection of GFP-Tubb3 and control miRNA (miRNA-
C). Lanes two to six: co-transfections of GFP-Tubb3 and one of the five miRNA
knockdown sequences (miRNA-S1-S5), respectively. Lane seven: transfection
solvent without DNA.

Continued on next page
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3.3. Knockdown of Tubb3 via engineered microRNA

FIGURE 3.3. — Downregulation of Tubb3 protein expression through
miRNA induced knockdown in N2A cells. (B): Quantification of exoge-
nous Tubb3 signal intensities based on three independent experiments. After
transfection with miRNA-S1, miRNA-S2, miRNA-S4 and miRNA-S5, Tubb3 lev-
els are significantly decreased to 0.33 + 0.04a.u. (p < 0.001), 0.17 £+ 0.02a.u.
(p < 0.001), 0.27 £ 0.05a.u. (p < 0.001) and 0.42 £+ 0.03a.u. (p < 0.001),
respectively, compared to miRNA-C (set to 1). miRNA-S3 shows no significant
difference, 0.9 + 0.1a.u. (p = 0.87), compared to miRNA-C. Statistics: one way
ANOVA, followed by Dunnett’s Method for multiple comparisons versus control
group. Depicted: mean + SEM. Each data point illustrates one western blot
experiment (n = 3). (C): Quantification of endogenous Tubb3 signal intensities
based on three independent experiments. Transfections with miRNA knockdown
sequences 1-5 (miRNA-S1-S5) show no significant decrease in Tubb3 signal in-
tensities, 0.76 + 0.08a.u., 0.75 + 0.06 a.u., 0.89 + 0.06 a.u., 0.73 + 0.09 a.u. and
0.82 £ 0.07 a.u., respectively, compared to miRNA-C (set to 1). Statistics: one
way ANOVA (p = 0.21). Depicted: mean + SEM. Each data point illustrates
one western blot experiment (n = 3).

3.3.2. Validation of Tubb3 knockdown in secondary dendrites

To analyze the effects of the efficient miRNA sequences in neurons, hippocampal cul-
tures were transfected at day in vitro (DIV)9 using the calcium phosphate method.
According to literature [Caron et al., 1985, Dutton and Barondes, 1969] the half-life
of tubulin lies between two and four days, so the cells were fixed three days after
transfection at DIV 12. Afterwards they were stained by immunocytochemistry and
imaged with a confocal microscope. Figure 3.4 exemplifies the most common com-
position of applied antibodies and confocal imaging lasers. GFP was co-expressed
with the miRNA in transfected cells and served as marker for transfected neurons.
Tubb3 was immuno-stained via TUJ1 in combination with Cy3 and DNA was vi-
sualized with a DAPI staining. Detailed information about antibodies are listed in
chapter 2.16. Figure 3.5 shows the results of miRNA regulated Tubb3 knockdown
in neuronal dendrites. Cells were transfected with the control miRNA or miRNA
sequences one, two and four. Figure 3.5 B shows enlargements of the dendritic seg-
ments marked by the pink boxes in A. The yellow boxes mark a region were the
Tubb3 signal originates from a transfected cell and does not overlap with signals
from other cells. To acquire comparable intensity values, control and knockdown
images of the Tubb3 channel were imaged with the same microscope settings. The
quantification showed a significant decrease in Tubb3 signal intensity after transfec-
tion with miRNA-S2 (73 %) and miRNA-S4 (67 %) compared to the control, which
was set to one. Cells transfected with miRNA-S1 showed no significant difference

compared to the control and, thus, this miRNA sequence was not further used.
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38

Tubb3

DAPI

FIGURE 3.4. — Illustration of confocal imaging. Dissociated hippocampal
neurons were transfected at DIV 9 and fixed at DIV 12. The miRNA vector
contains a GFP sequence, which is additionally expressed. Via the GFP signal
(green) transfected cells can be distinguished from un-transfected cells. The
fixed culture was stained via immunocytochemistry. Here, the primary antibody
TUJ1 against Tubb3 was combined with a Cy3 secondary antibody (red).
Simultaneously with the secondary antibody incubation a DAPI staining was
performed (blue) to visualize the nucleus. Antibodies are listed in chapter
2.16. Samples were imaged with an Olympus confocal microscope using UV
(405nm), blue (488 nm) and green (559nm) lasers to detect DAPI, GFP, and
Cy3, respectively. Scale bar, 50 pm.
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FIGURE 3.5. — Validation of Tubb3 knockdown in secondary dendrites.
(A): Representative images of hippocampal neurons transfected with miRNA-
C, miRNA-S1, miRNA-S2 or miRNA-S4. Scale bar, 50 pm. (B): Enlargements
of dendritic segments in the pink boxes in (A). Tubb3 intensities were measured
inside the yellow boxes of the Tubb3 image, where they do not overlap with Tubb3
signal of other cells. The GFP signal in the yellow box indicates that the Tubb3
signal originated from a transfected cell. Scale bar, 5 pm. (C): Quantification of
Tubb3 intensity measurements in secondary dendrites based on three independent
experiments. Cells transfected with miRNA-S2 and miRNA-S4 have significantly
decreased Tubb3 intensity values, 0.73 a.u. (p < 0.001) and 0.67 a.u. (p < 0.001),
respectively, compared to cells transfected with the control miRNA (set to 1).
miRNA-S1 shows no significant difference, 0.83a.u. (p = 0.074), compared to
the control. Depicted are median values with 25th and 75th percentile. Whiskers
indicate the range within 1.5 IQR. Black squares show the mean value. Each data
point represents one cell; control (n = 99), miRNA-S1 (n = 51), miRNA-S2 (n =
91), miRNA-S4 (n = 70). For graphical representation of the distribution, data
are binned with bin size 0.08 [a.u.]. Statistics: Kruskal-Wallis one way ANOVA
on ranks, followed by Dunn’s Method for multiple comparisons against control

group.
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To validate tubulins assumed half-life value of three days a timeline experiment was
conducted. Since miRNA-S4 showed the strongest downregulating effect on Tubb3
signal intensity, it was used to induce the knockdown. After the transfection of
hippocampal neurons with the miRNA constructs, cells were fixed every 24 hours
over five days. They were stained for Tubb3 as described before. Representative
confocal images are shown in figure 3.6, again transfected cells were identified by
GFP expression. Panel B1 and B2 show the enlargements of dendritic segments
marked by the pink boxes in A1l and A2, respectively. The Tubb3 panel illustrates
the decrease of Tubb3 signal intensity in dendrites over time. The quantification
showed that the knockdown needed three days to develop a significant decrease (to
73%) in Tubb3 intensity and was stable over day four and five (74 % and 75 %).
The values of each day were normalized to the respective control, which was set to

one.
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FIGURE 3.6. — Timeline experiment of Tubb3 knockdown in secondary
dendrites. (A1-2): Representative images of hippocampal neurons transfected
with control or knockdown miRNA at DIV 9. Cells were fixed and stained every
24 hours over five days. Scale bar, 50 pm. (B1-2): Enlargements of dendritic
segments marked by the pink boxes in (A1-2). Tubb3 intensities were measured
inside the yellow boxes of the Tubb3 image, where they do not overlap with Tubb3
signal of other cells. The GFP signal in the yellow box indicates that the Tubb3
signal originated from a transfected cell. Scale bar, 5pm. (C): Quantification of
Tubb3 intensity measurements in secondary dendrites. Values are normalized to
the respective control. Cells fixed on day 1 and 2 show no significant difference in
Tubb3 intensity, 0.98 + 0.06 a.u. (p = 0.782) and 0.86 + 0.07a.u. (p = 0.379),
respectively, compared to their controls (set to 1). Cells that were fixed on day
3, 4 and 5 show a significant decrease in Tubb3 intensity values, 0.73 4+ 0.05 a.u.
(p = 0.015), 0.74 + 0.06a.u. (p = 0.009) and 0.75 + 0.04a.u. (p < 0.001),
respectively, compared to their respective controls (set to 1). Depicted: mean
+ SEM. Statistics: day 1 and 3: Student’s t-test; day 2 and 4: Mann-Whitney
rank sum test; day 5: Welch’s t-test. Each data point represents one cell; day
1: control (n = 33), KD (n = 21), day 2: control (n = 25), KD (n = 27), day
3: control (n = 13), KD (n = 30), day 4: control (n = 20), KD (n = 20), day
5: control (n = 22), KD (n = 18). The experiment was conducted once. KD:
knockdown.

3.3.3. Validation of Tubb3 Knockdown in the cell soma

In this study the effect of Tubb3 downregulation on MT dynamics and MT depen-
dent transport processes was analyzed. Since Tubb3 occurrence in dendrites itself
might already be influenced by transport processes the Tubb3 knockdown validation
was repeated with intensity measurements inside the soma of neurons, not overlap-
ping with the nucleus. Again, hippocampal neurons were transfected with control

and knockdown miRNA, representative images and quantification are shown in fig-
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ure 3.7. Here, panel B shows enlargements of the cell somata marked by pink boxes
in A. Tubb3 signal intensity was measured in DAPI negative areas indicated by the
yellow boxes. miRNA-S2 and miRNA-S4 were tested regarding their knockdown ef-
fect, and it was confirmed, that miRNA-S4 showed the strongest reduction in Tubb3
signal intensity to 45% compared to 56% for miRNA-S2. Therefore, miRNA-S4
was used in all further experiments to induce the Tubb3 knockdown. Additionally,
pan-beta-tubulin (panTubb) and pan-alpha-tubulin (panTuba) intensity levels were
measured (Figure 3.8) (antibodies listed in 2.16). Both did not show a significant
change in signal intensity, indicating that the loss of Tubb3 was compensated by

other beta-tubulin isotypes.
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FIGURE 3.7. — Continued on next page
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3.3. Knockdown of Tubb3 via engineered microRNA
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FiGURE 3.7. - Validation of Tubb3 knockdown in the soma. (A):
Representative images of hippocampal neurons transfected with control miRNA,
miRNA-S2 or miRNA-S4 at DIV9 and fixed at DIV 12. Scale bar, 50 pm. (B):
Enlargements of cell somata marked by the pink boxes in (A). Tubb3 intensities
were measured inside the soma, indicated by the yellow boxes. To ensure that the
analyzed region does not overlap with the cell nucleus, a DNA staining was used
(DAPI). Scale bar, 5pm. (C): Quantification of the intensity measurements
in the soma based on three independent experiments. Cells transfected with
miRNA-S2 and miRNA-S4 both show a significant decrease in Tubb3 intensity
values, 0.56 a.u. (p < 0.001) and 0.45a.u. (p < 0.001), respectively, compared to
their respective control (set to 1). Depicted are median values with 25th and 75th
percentile. Whiskers indicate the range within 1.5 IQR. Black squares show the
mean value. Each data point represents one cell; control (n = 59), miRNA-S2 (n
= 57), control (n = 56), miRNA-S4 (n = 42). For graphical representation of the
distribution, data are binned with bin size 0.08 |a.u.|. Statistics: Mann-Whitney
rank sum test.
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FIGURE 3.8. — General tubulin levels are not altered upon Tubb3

reduction. (A): Representative images of hippocampal neurons transfected
with control miRNA or knockdown miRNA at DIV 9 and fixed at DIV 12. Scale
bar, 50 pm. (B): Enlargements of cell somata marked by the pink boxes in (A). In
the left panel panTubb and in the right panel panTuba intensities were measured
inside the soma, indicated by the yellow boxes. To ensure that the analyzed
region does not overlap with the cell nucleus, a DNA staining was used (DAPI).
Scale bar, 5pm.

Continued on next page



3.3. Knockdown of Tubb3 via engineered microRNA

FIGURE 3.8. - General tubulin levels are not altered upon Tubb3
reduction. (C): Quantification of the intensity measurements in the soma based
on three independent experiments. The intensity levels of panTubb and panTuba
show no significant decrease after transfection with Tubb3 knockdown miRNA,
0.99a.u. (p = 0.629) and 1.09a.u. (p = 0.274), respectively, compared to their
respective control (set to 1). Depicted are median values with 25th and 75th
percentile. Whiskers indicate the range within 1.5 IQR. Black squares show the
mean value. Each data point represents one cell; panTubb: control (n = 64), KD
(n = 60), panTuba: control (n = 46), KD (n = 47). For graphical representation
of the distribution, data are binned with bin size 0.08 [a.u.]. Statistics: Mann-
Whitney rank sum test. KD: Knockdown.

To review the results of the tubulin half-life, the timeline experiment data for the
Tubb3 intensity values were reanalyzed inside the soma. As a reminder, cells were
transfected and then fixed every 24 hours over five days. Representative images and
results are shown in figure 3.9. Panel B1 and B2, which show the enlargements of the
cell somata marked in A1 and A2, already indicate that the Tubb3 signal intensity
in DAPI negative regions decreased over time (yellow boxes). The quantification
showed a significant decrease in Tubb3 intensity for cells that were transfected with
knockdown miRNA already on day two (79%). On day three, four and five the
Tubb3 signal intensity decreased further to 56 %, 54 % and 43 %, respectively. Since
the knockdown effect on day three was much stronger than on day two and the time-
line analysis in dendrites showed a significant decrease starting from day three, all
following experiments were conducted with a three day incubation period between

transfection and further treatment, unless stated otherwise.
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FIGURE 3.9. — Continued on next page
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3.4. Expression analysis of several beta-tubulin isotypes after Tubb3

downregulation
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FIGURE 3.9. — Timeline experiment of Tubb3 knockdown in the soma.
(A1-2): Representative images of hippocampal neurons transfected with control
or knockdown miRNA at DIV 9. Cells were fixed and stained every 24 hours
over 5 days (Day 1-5). Scale bar, 50 pm. (B1-2): Enlargements of the cell
somata in the pink boxes in (A1-2). Tubb3 signal intensities were analyzed in
DAPI negative regions as indicated by the yellow boxes. Scale bar, 5pm. (C):
Results of Tubb3 intensity measurements in the soma. Values were normalized
to the respective control. Cells fixed on day 1 show no significant difference in
Tubb3 intensity, 1.07 £+ 0.06 a.u. (p = 0.485) compared to the control (set to 1).
Cells that were fixed on day 2, 3, 4 and 5 show a significant decrease in Tubb3
intensity, 0.79 + 0.06a.u. (p = 0.012), 0.56 + 0.03a.u. (p < 0.001), 0.54 +
0.05a.u. (p < 0.001) and 0.43 £+ 0.02a.u. (p < 0.001), respectively, compared to
their respective control (set to 1). Depicted: mean + SEM. Statistics: day 1, 2
and 4: Student’s t-test; day 3 and 5: Welch’s t-test. Each data point represents
one cell; day 1: control (n = 29), KD (n = 15), day 2: control (n = 21), KD (n
= 23), day 3: control (n = 10), KD (n = 21), day 4: control (n = 17), KD (n =
14), day 5: control (n = 19), KD (n = 13). The experiment was conducted once.
KD: knockdown.

3.4. Expression analysis of several beta-tubulin

isotypes after Tubb3 downregulation

As shown before, it was likely, that the knockdown of Tubb3 was compensated by
another beta-tubulin isotype. To investigate the effect of decreased Tubb3 levels
on the expression of other isotypes, hippocampal cells were transfected with control
and knockdown miRNA using Lipofectamine. After three days cells were fixed and
stained with antibodies against Tubb1, Tubb2, Tubb3, Tubb4, Tubb5 and panTubb
(details in 2.16). Representative images and results are shown in figure 3.10. Panel

B1, B2 and B3 show the enlargements of the somata marked by the pink boxes in
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3. Results

A1, A2 and A3, respectively. The signal intensity was measured inside the soma in
DAPI negative regions marked by the yellow boxes. The quantification confirmed
the downregulation of Tubb3 signal intensity (28 %) compared to the control. Of
the other tubulin isotypes, Tubb4 showed a significant increase in signal intensity
(133%) when transfected with Tubb3 knockdown miRNA compared to the control.
All other analyzed beta-tubulin isotypes showed no significant difference in signal
intensity compared to the control. This result indicated that observed phenotypes
in following experiments not only originate from reduced Tubb3 levels, but also from

increased Tubb4 expression.
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FIGURE 3.10. — Continued on nezt page
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FIGURE 3.10. — Tubulin isotype signal intensities upon Tubb3 down-
regulation. (A1l-3): Representative images of hippocampal neurons trans-
fected with control or knockdown miRNA at DIV 9 and fixed at DIV 12. Scale
bar, 50 pm. (B1-3): Enlargements of cell somata marked by the pink boxes
in (A1-3). Tubulin isotype signal intensities were analyzed in DAPI negative
regions as indicated by the yellow boxes. (Al): Tubbl and Tubb2; (A2): Tubb3
and Tubb4; (A3): Tubb5 and panTubb; Scale bar, 5um. (C): Results of the
tubulin isotype intensity measurements in the soma based on two independent
experiments. Values were normalized to the respective control. Cells transfected
with Tubb3 knockdown miRNA show a significant decrease in Tubb3 intensity
to 0.28 a.u. (p = 0.002) and a significant increase in Tubb4 intensity to 1.33 a.u.
(p < 0.001) compared to the respective control (set to 1). Tubbl, Tubb2, Tubbb
and panTubb show no significant difference in signal intensity, 0.82a.u. (p =
0.252), 1.00a.u. (p = 0.64), 0.99a.u. (p = 0.672) and 0.91a.u. (p = 0.089),
respectively, compared to their controls. Depicted are median values with 25th
and 75th percentile. Whiskers indicate the range within 1.5 IQR. Black squares
show the mean value. Each data point represents one cell; Tubbl: control (n =
35), KD (n = 36), Tubb2: control (n = 31), KD (n = 37), Tubb3: control (n =
8), KD (n = 12), Tubb4: control (n = 30), KD (n = 39), Tubb5b: control (n =
33), KD (n = 33), panTubb: control (n = 32), KD (n = 33). For graphical repre-
sentation of the distribution, data are binned with bin size 0.08 [a.u.|. Statistics:
Mann-Whitney rank sum test, only for panTubb Student’s t-test.



3.5. EB3 dynamics in neurons with reduced Tubb3 expression levels

3.5. EB3 dynamics in neurons with reduced Tubb3

expression levels

The MT end-binding protein 3 (EB3) was used to investigate MT dynamics. It
binds to the growing MT plus-end tip and here it was fused with a Tomato tag.
The fusion protein mimics its endogenous counterpart and MT plus-end growth can
be monitored in fluorescence live cell imaging. Neuronal hippocampal cultures were
co-transfected with EB3-Tomato and the control or knockdown miRNA via Lipofec-
tamine at DIV 9. Three days later they were imaged with a spinning disc confocal
microscope (details in chapter 2.12). Figure 3.11 A shows representative frames of
EB3 videos for the two conditions in dendrites and figure 3.11 B shows the trac-
ing of representative comets over time. The videos were analyzed with ImagelJ, by
measuring the growth length, duration, and velocity with a self-written macro (de-
scribed in chapter 2.13). In dendrites, cells transfected with the knockdown miRNA
showed a significant increase in EB3 growth length compared to control cells. The
duration of EB3 comet movements showed no significant difference between control
and knockdown. The EB3 velocity was, as the growth length, significantly increased
for Tubb3 knockdown cells compared to control cells. Figure 3.12 shows the EB3
analysis in axons. As for dendrites, figure 3.12 A shows representative frames of
EB3 videos for the two conditions in axons and figure 3.12 B shows the tracing of
representative comets over time. The growth length and duration of EB3 comets in
axons showed no significant difference between knockdown and control. The EB3
velocity of cells transfected with the knockdown miRNA was significantly increased
compared to control cells.

The significant differences in MT plus-end growth between cells with reduced Tubb3
expression and control cells in dendrites and axons confirm that isotype composition

influences MT dynamics in living cells.
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FIGURE 3.11. — Effects of reduced Tubb3 expression levels on EB3
dynamics in secondary dendrites. (A): Spinning disc confocal images of
hippocampal neurons co-transfected with EB3-Tomato and the control or knock-
down miRNA at DIV 9. Live cell imaging was conducted at DIV 12 with videos
taken over three minutes and a frame rate of one per second. Shown are rep-
resentative frames of the EB3 videos. Scale bar, 20 pm. (B): Enlargements of
dendritic segments marked by the pink boxes in (A). EB3 comets were analyzed
over time. Yellow arrowheads mark the movement of one representative comet
for each condition over 28 seconds from top to bottom. The last panel visualizes
the covered distance. Scale bar, 3 pm.
Continued on next page
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3.5. EB3 dynamics in neurons with reduced Tubb3 expression levels

FIiGURE 3.11. - Effects of reduced Tubb3 expression levels on EB3
dynamics in secondary dendrites. (C-E): Quantification of EB3 comet
movements based on three independent experiments. (C): Cells transfected with
Tubb3 knockdown miRNA show a significant increase in EB3 growth length
(6.85um), compared to the control (4.69 pm), (p = 0.01). (D): The duration of
EB3 comet movements shows no significant difference between control (27s) and
knockdown (28.5s), (p = 0.799). (E): Cells transfected with Tubb3 knockdown
miRNA show a significant increase in EB3 velocity (0.24 pm/s), compared to the
control (0.16 pm/s), (p < 0.001). Depicted are median values with 25th and
75th percentile. Whiskers indicate the range within 1.5 IQR. Black squares show
the mean value. Each data point represents one EB3 comet; control (n = 55),
knockdown (n = 52). For graphical representation of the distribution, data are
binned with bin size: (C) 0.8 pm, (D) 5s and (E) 0.015pum/s. Statistics: Mann-
Whitney rank sum test.
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FIGURE 3.12. - Effects of reduced Tubb3 expression levels on EB3
dynamics in axons. (A): Spinning disc confocal images of hippocampal neu-
rons co-transfected with EB3-Tomato and the control or knockdown miRNA at
DIV 9. Live cell imaging was conducted at DIV 12 with videos taken over three
minutes and a frame rate of one per second. Shown are representative frames
of the EB3 videos. Scale bar, 20pm. (B): Enlargements of axonal segments
marked by the pink boxes in (A). EB3 comets were analyzed over time. Yellow
arrowheads mark the movement of one representative comet for each condition
over 28 seconds from top to bottom. The last panel visualizes the covered dis-
tance. Scale bar, 3um. (C-E): Quantification of EB3 comet movements based
on three independent experiments. (C): Cells transfected with Tubb3 knockdown
miRNA show no significant difference in growth length (5.08 um), compared to
the control (4.1 pm), (p = 0.278). (D): The duration of EB3 comet movements
shows no significant difference between control (30s) and knockdown (27s), (p =
0.487). (E): Cells transfected with Tubb3 knockdown miRNA show a significant
increase in EB3 velocity (0.19 pm/s), compared to the control (0.17 pm/s), (p =
0.004). Depicted are median values with 25th and 75th percentile. Whiskers in-
dicate the range within 1.5 IQR. Black squares show the mean value. Each data
point represents one EB3 comet; control (n = 75), knockdown (n = 52). For
graphical representation of the distribution, data are binned with bin size: (C)
0.8pnm, (D) 5s and (E) 0.015pm/s. Statistics: Mann-Whitney rank sum test.
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3.6. KIF5C motor movement in neurons with reduced Tubb3 levels

3.6. KIF5C motor movement in neurons with
reduced Tubb3 levels

After finding influences of Tubb3 expression levels on EB3 growth and, therefore,
MT dynamics, the next step was to investigate transport processes by analyzing
motor protein movement on MTs. Processive motor proteins are the main actors of
directed transport and therefore of special importance in neuronal protein delivery
into dendrites and axons. From the kinesin superfamily proteins (KIFs), kinesin-1,
more precisely KIF5C, transports, amongst others, N-Cadherin and AMPA receptors
and is thereby important for synaptic formation and plasticity |Lee, 2011, Hirokawa
and Takemura, 2005|. A fusion protein of the KIF5C motor domain with a Tomato
tag was used for visualization and the peroxisome assembly protein 26 (PEX26)
to activate the motor by recruiting peroxisomes as artificial cargo. Neuronal hip-
pocampal cultures were co-transfected with KIF5C-Tomato-PEX and either control
miRNA or knockdown miRNA via calcium phosphate at DIV 9. Live cell imaging
was conducted three days later. Figure 3.13 A shows representative frames of the
transfection marker GFP (co-expressed with miRNA) for the two conditions in den-
drites and figure 3.13 B shows the tracing of representative KIF5C motor movements
over time. The quantification showed no significant differences in run length, dura-
tion, and velocity of KIF5C motor movement between control and knockdown cells.
Figure 3.14 shows the KIF5C analysis in axons. Again, figure 3.14 A shows repre-
sentative frames of the transfection marker GFP for the two conditions and figure
3.14 B shows the tracing of representative KIF5C motor movements in axons over
time. The quantification showed no significant difference in motor run length be-
tween cells transfected with control and knockdown miRNA. The duration of KIF5C
motor movement in cells transfected with the knockdown miRNA was significantly
decreased compared to the control. Whereas, the motor velocity of cells transfected
with the knockdown miRNA was significantly increased compared to the control.

Since significant differences in KIF5C motor protein movement between cells with
reduced Tubb3 expression and control cells in axons were shown, the following ex-

periment analyzed if the potential cargo N-Cadherin was influenced.
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FiGUureE 3.13.

protein movement in dendrites.

— Effects of Tubb3 downregulation on KIF5C motor
(A): Spinning disc confocal images of

hippocampal neurons co-transfected with KIF5C-Tomato-PEX and control or
knockdown miRNA at DIV 9. Live cell imaging was conducted at DIV 12 with
videos taken over three minutes and a frame rate of one per second. Represen-
tative frames of the transfection marker GFP are shown. Scale bar, 20 pm.

Continued on next page




3.6. KIF5C motor movement in neurons with reduced Tubb3 levels

FiGURE 3.13. — Effects of Tubb3 downregulation on KIF5C motor
protein movement in dendrites. (B): Enlarged dendritic segments taken
from KIF5C-Tomato-PEX frames of the area marked by the pink boxes in (A).
Motor movements were analyzed over time. Yellow arrowheads mark the move-
ment of one representative motor protein for each condition over 21 seconds
from top to bottom. The lowest panel visualizes the covered distance. Scale
bar, 8um. (C - E): Quantification of KIF5C motor protein movements based on
three independent experiments. (C): Cells transfected with Tubb3 knockdown
miRNA show no significant difference in run length (19.7 pm), compared to the
control (18.8um), (p = 0.587). (D): The duration of KIF5C motor movement
also shows no significant difference between control (23s) and knockdown (225s)
(p = 0.507). (E): Cells transfected with Tubb3 knockdown miRNA show no
significant difference in KIF5C motor protein velocity (1.16 pm/s), compared to
the control (0.99 pm/s), (p = 0.092). Depicted are median values with 25th and
75th percentile. Whiskers indicate the range within 1.5 IQR. Black squares show
the mean value. Each data point represents one KIF5C motor protein; control
(n = 45), knockdown (n = 46). For graphical representation of the distribution,
data are binned with bin size: (C) 2.6 um, (D) 2.5s and (E) 0.1 pm/s. Statistics:
Mann-Whitney rank sum test in (C) and (D), Student’s t-test in (E).
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FIGURE 3.14. - Effects of Tubb3 downregulation on KIF5C motor pro-
tein movement in axons. (A): Spinning disc confocal images of hippocam-
pal neurons co-transfected with KIF5C-Tomato-PEX and control or knockdown
miRNA at DIV 9. Live cell imaging was conducted at DIV 12 with videos taken
over three minutes and a frame rate of one per second. Representative frames of
the transfection marker GFP are shown. Scale bar, 20pm. (B): Enlarged ax-
onal segments taken from KIF5C-Tomato-PEX frames of the area marked by the
pink boxes in (A). Motor movements were analyzed over time. Yellow arrowheads
mark the movement of one representative motor protein for each condition over
10 seconds from top to bottom. The lowest panel visualizes the covered distance.
Scale bar, 8um. (C-E): Quantification of KIF5C motor protein movements
based on three independent experiments. (C): Cells transfected with Tubb3
knockdown miRNA show no significant difference in run length (23.9 pm), com-
pared to the control (24.0 um), (p = 0.838). (D): The duration of KIF5C motor
movement in cells transfected with knockdown miRNA (225s) is significantly de-
creased compared to control cells (29s), (p = 0.017). (E): Cells transfected with
Tubb3 knockdown miRNA show a significant increase in KIF5C motor protein
velocity (1.47um/s), compared to the control (1.31 pm/s), (p = 0.018). Depicted
are median values with 25th and 75th percentile. Whiskers indicate the range
within 1.5 IQR. Black squares show the mean value. Each data point represents
one KIF5C motor protein; control (n = 41), knockdown (n = 17). For graphical
representation of the distribution, data are binned with bin size: (C) 2.6 um,
(D) 2.5s and (E) 0.1 pm/s. Statistics: Mann-Whitney rank sum test in (C), and
Student’s t-test in (D) and (E).
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3.7. N-Cadherin transport in neurons with reduced
Tubb3 levels

As a cargo that is transported by kinesin motor proteins [Lee, 2011|, N-Cadherin
movement was analyzed in neurons with reduced Tubb3 expression. N-Cadherin is a
transmembrane protein and, amongst others, important for synapse formation and
maturation |Hirano and Takeichi, 2012|. Here it was used as a red fluorescent pro-
tein (RFP) fusion protein, which mimicked the endogenous N-Cadherin transport.
Neuronal hippocampal cultures were co-transfected with NCad-RFP and control or
knockdown miRNA. Figure 3.15 A shows representative frames of the transfection
marker GFP (co-expressed with miRNA) for the two conditions in dendrites and
figure 3.15 B shows the tracing of representative N-Cadherin cargo movements over
time. Cells transfected with the knockdown miRNA showed no significant difference
in N-Cadherin run length compared to the control. The duration of cargo move-
ment in cells transfected with the knockdown miRNA was significantly decreased
compared to control cells. The velocity of N-Cadherin showed no significant dif-
ference between knockdown and control. Figure 3.16 shows the results of the axon
analysis. The N-Cadherin run length showed no significant difference between con-
trol and knockdown. The cargo duration in cells transfected with the knockdown
miRNA showed a significant decrease compared to the control and the N-Cadherin
velocity of cells transfected with knockdown miRNA showed a significant increase
compared to the control. The significant differences in N-Cadherin transport be-
tween cells with reduced Tubb3 expression and control cells led to the question if

its distribution on the cell surface was also changed.
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FIGURE 3.15. — Effects of Tubb3 downregulation on N-Cadherin trans-
port in dendrites. (A): Spinning disc confocal images of hippocampal neurons
co-transfected with NCad-RFP and control or knockdown miRNA at DIV 9. Live
cell imaging was conducted at DIV 12 with videos taken over three minutes and
a frame rate of one per second. Representative frames of the transfection marker
GFP are shown. Scale bar, 20 um. (B): Enlarged dendritic segments taken from
NCad-RFP frames of the area marked by the pink boxes in (A). Cargo transport
was analyzed over time. Yellow arrowheads mark the movement of one repre-
sentative N-Cadherin cargo protein for each condition over 19 seconds from top
to bottom. The lowest panel visualizes the covered distance. Scale bar, 8 pm.
(C-E): Quantification of N-Cadherin movements based on three independent
experiments. (C): Cells transfected with Tubb3 knockdown miRNA show no sig-
nificant difference in run length (19.0 um), compared to the control (23.1 pm), (p
= 0.062). (D): The cargo duration shows a significant difference between control
(24s) and knockdown (165s), (p = 0.008).

Continued on next page
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FIGURE 3.15. — Effects of Tubb3 downregulation on N-Cadherin trans-
port in dendrites. (E): Cells transfected with Tubb3 knockdown miRNA show
no significant difference in N-Cadherin transport velocity (1.37 pm/s), compared
to the control (1.09nm/s), (p = 0.209). Depicted are median values with 25th
and 75th percentile. Whiskers indicate the range within 1.5 IQR. Black squares
show the mean value. Each data point represents one N-Cadherin cargo protein;
control (n = 26), knockdown (n = 30). For graphical representation of the dis-
tribution, data are binned with bin size: (C) 2.6 pm, (D) 2.5s and (E) 0.1 pm/s.
Statistics: Welch’s t-test in (C) and (D), Mann-Whitney rank sum test in (E).
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FIGURE 3.16. — Effects of Tubb3 downregulation on N-Cadherin trans-
port in axons. (A): Spinning disc confocal images of hippocampal neurons co-
transfected with NCad-RFP and control or knockdown miRNA at DIV 9. Live
cell imaging was conducted at DIV 12 with videos taken over three minutes and
a frame rate of one per second. Representative frames of the transfection marker
GFP are shown. Scale bar, 20 pm. (B): Enlarged axonal segments taken from
NCad-RFP frames of the area marked by the pink boxes in (A). Cargo transport
was analyzed over time. Yellow arrowheads mark the movement of one repre-
sentative N-Cadherin cargo protein for each condition over 18 seconds from top
to bottom. The lowest panel visualizes the covered distance. Scale bar, 8 pm.
(C-E): Quantification of N-Cadherin movements based on three independent
experiments. (C): Cells transfected with Tubb3 knockdown miRNA show no sig-
nificant difference in run length (27.9um), compared to the control (31.9 nm),
(p = 0.595). (D): The duration of N-Cadherin movement shows a significant
difference between control (31s) and knockdown (18s) cells, (p < 0.001). (E):
Cells transfected with Tubb3 knockdown miRNA show a significant increase in
N-Cadherin transport velocity (2.18 pm/s), compared to the control (1.56 nm/s),
(p = 0.028). Depicted are median values with 25th and 75th percentile. Whiskers
indicate the range within 1.5 IQR. Black squares show the mean value. Each data
point represents one N-Cadherin cargo protein; control (n — 21), knockdown (n
= 13). For graphical representation of the distribution, data are binned with bin
size: (C) 2.6 um, (D) 2.5s and (E) 0.1 pm/s. Statistics: Mann-Whitney rank sum
test in (C), Welch’s t-test in (D) and Student’s t-test in (E).

3.7.1. N-Cadherin surface intensity in axons

After finding significant differences in motor and cargo movement in axons with
reduced Tubb3 expression, it was analyzed if this influences N-Cadherin distribu-
tion. Therefore, the N-Cadherin surface intensity in axons was measured. Neuronal
hippocampal cultures were transfected with control and Tubb3 knockdown miRNA,
three days later cells were fixed and immuno-stained for N-Cadherin and Ankyrin-G.
Ankyrin-G is a marker of the axon initial segment and enables to identify the axons
of transfected cells. Representative images and quantification are shown in figure
3.17. N-Cadherin surface intensity was measured for two distances from the soma,
both areas were 30 pm long (pink boxes in A). Panel B shows the enlargements of
the axonal segment with 30 pm distance to the soma and Panel C the ones with
150 pm distance. The axonal regions were determined based on the GFP expression
and transferred into the N-Cadherin staining. N-Cadherin signal intensities were
measured in these axonal regions outlined in yellow. The quantification showed no
significant difference in N-Cadherin surface signal intensity for cells transfected with
Tubb3 knockdown miRNA, compared to the control (set to one) for 30 and 150 pm

distance.
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FiGURE 3.17. - N-Cadherin surface intensity in axons. (A): Repre-
sentative images of hippocampal neurons transfected with control miRNA or
knockdown miRNA at DIV 9. Cells were fixed at DIV 12 and immuno-stained
for N-Cadherin and Ankyrin-G. Transfected neurons were identified via GFP
expression and axons via an Ankyrin-G staining, which marks the axon initial
segment. Axons of transfected cells are marked by pink arrowheads. N-Cadherin
surface intensity was measured in two 30 um long areas, one with a distance of
30 pm to the soma and the second with a distance of 150 pm (pink boxes). Scale
bar, 50 pm. (B): Enlargements of axonal segments 30 pm away from the soma
marked by pink boxes in (A). The axonal regions were determined based on
the GFP expression and transferred into the N-Cadherin staining (NCad, yellow
lines). N-Cadherin signal intensities were measured in these axonal regions out-
lined in yellow. Scale bar, 7pm. (C): Enlargements of axonal segments 150 um
away from the soma marked by pink boxes in (A). The axonal regions were deter-
mined based on the GFP expression and transferred into the N-Cadherin staining
(NCad, yellow lines). N-Cadherin signal intensities were measured in these ax-
onal regions outlined in yellow. Scale bar, 7um.

Continued on next page
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FiGURE 3.17. - N-Cadherin surface intensity in axons. (D): Quan-
tification of N-Cadherin signal intensity measurements based on two indepen-
dent experiments. At 30 pm distance from the soma cells transfected with the
knockdown miRNA show no significant difference in N-Cadherin signal intensity,
0.93a.u. (p = 0.085) compared to the control (set to 1). At 150 pm distance from
the soma cells transfected with the knockdown miRNA also show no significant
difference in N-Cadherin signal intensity, 0.98 a.u. (p = 0.628) compared to the
control (set to 1). Depicted: mean + SEM. Each data point represents one cell;
control (n = 50), KD (n = 56). Statistics: Student’s t-test.



4. Microtubule modeling

4.1. Basics

Due to the large number of possible tubulin isotypes in mammalian neurons and
the limited access to isotype-specific antibodies, a computational simulation was
developed to predict microtubule (MT) growth in silico. This chapter complements
the experimental data of M'T growth in dissociated hippocampal cultures with a
biophysical model. Several kinds of MT models exist in literature [VanBuren et al.,
2002, VanBuren et al., 2005, Gardner et al., 2011b, Castle et al., 2017, Hemmat
et al., 2019], but none of them included different tubulin isotypes as building blocks
of MTs. To simulate MT growth velocities, a two-dimensional computational Monte
Carlo model was developed that incorporated three different tubulin dimer types as
building blocks. The model was based on the 2D model published by VanBuren et
al. [VanBuren et al., 2002| and extended by several dimer types. The aim of this
simulation was to model the EB3 data presented in chapter 3.5 and was therefore
focused on MT growth. MT catastrophe, shrinkage, rescue and GTP hydrolysis
were neglected. The basis of the model was the MT-grid shown in figure 4.1. The
3D MT tube was flattened into a 2D protofilament sheet. Each rectangle represents
one alpha- and beta-tubulin dimer, which build up the protofilaments marked by
numbers 1 to 13. Periodic boundaries mirrored protofilament 1 next to protofila-
ment 13 and vice versa, so that a continues grid was generated. Bonds between
dimers along one protofilament were characterized by longitudinal bond energies.
Bonds between dimers of neighboring protofilaments were characterized by lateral
bond energies. Protofilament 1 and 13 were shifted by 1.5 dimers to represent the

MT seam. Accordingly, each dimer had 0, 0.5, 1, 1.5 or 2 lateral neighbors.
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Tubbs)
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FIGURE 4.1. — Microtubule 2D grid. A 3D MT tube was flattened into a 2D
protofilament sheet. Tubulin dimers of types 1, 2, and 3 are depicted as rectangles
of blue, green and violet color, respectively. They longitudinally bind together
to build up the protofilaments marked by numbers 1 to 13. Periodic boundaries
mirror protofilament 1 next to protofilament 13 and vice versa, so that a continues
grid is generated. Protofilaments 1 and 13 are shifted by 1.5 dimers to mimic
the MT seam. Longitudinal energies bind dimers along one protofilament and
lateral energies bind dimers of neighboring protofilaments. Dimers a, b, ¢, and
d represent dimers with a different number of lateral neighbors. Illustrating 0.5
and 1.5 lateral neighbors in one example was not possible, so the case of 1.5
lateral neighbors was not shown.

During the growing phase of a MT, dimers stochastically bound to or dissociated
from the protofilament tips. If more dimers were bound than were dissociated,
the MT increased in length. Binding and unbinding were characterized by the
bimolecular on-rate constant k,,(M ~'s™1), and the unimolecular off-rate constant
koss(s71). They were related by the equilibrium constant of polymerization K (M)
[VanBuren et al., 2002]:

kon
Kofs

K= (4.1)

The bimolecular on-rate constant was multiplied with the tubulin concentration to
give a pseudo first order on-rate constant k,,(s™!). The standard Gibbs free energy

change was described by:

AG = —RT In(K), (4.2)
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4.1. Basics

with R being the universal gas constant and 7" the absolute temperature in kelvin.
It was assumed, that every dimer that binds to a protofilament, forms one longi-
tudinal bond, changing the free energy by AGis,,. The energy changes for dimer
immobilization and conformational change were included into AG},,4 to simplify the
parameter set. For each lateral neighbor, the energy AG),; was added, leading to a

change in the free energy upon dimer binding of:

AG = AGlong + x AGiy, (43)

with = being the number of lateral neighbors. Therefore, with a given k,, and

combining equations 4.1, 4.2 and 4.3, ks was calculated as:

kOTL

kopr =
AGlong"rm AGaty
exp(— =" g—)

(4.4)

Most MT models in literature consider only one dimer type as building block for
MTs. To model the growth velocities of MT plus-ends with reduced Tubb3 and
increased Tubb4 amounts, three different dimer types as building blocks were im-
plemented. To hypothesize about similarities and differences in longitudinal and
lateral energies, the sequences of mouse beta-tubulin isotypes were analyzed. Align-
ments are shown in figure 4.2. Sequence regions associated with lateral dimer bind-
ing [Meurer-Grob et al., 2001] were marked with red boxes and regions involved in
longitudinal binding [Meurer-Grob et al., 2001] with blue boxes. Differences in the
amino acid sequences between isotypes were colored. They showed that the longitu-
dinal binding sites did not differ between isotypes, whereas the amino acid sequence
associated with the lateral binding sites did differ between isotypes. Therefore, for
calculations in a cell free environment, equal longitudinal energies and on rate con-
stants, but different lateral energies and off rate constants were assumed for different

isotypes.
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FIGURE 4.2. — Mouse beta-tubulin isotype amino acid sequence align-
ment. Alignment of beta-tubulin isotype amino acid sequences performed with
the software MegAlign (DNASTAR, version 15.3.0) using the MUSCLE algo-
rithm. The ruler marks the amino acid positions. Differences in the isotype
sequences from the consensus are marked with boxes colored according to their
biochemical characteristics indicated by the legend. Regions involved in lateral
binding of dimers are marked in red and regions associated with longitudinal
binding are marked in blue. Adapted from |Hausrat et al., 2020].
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4.2. Simulation procedure

4.2. Simulation procedure

The first step of the simulation procedure was to formulate a list of possible events.
A diagram of the program code is shown in figure 4.3. To each protofilament end
a dimer of type one, two or three, reflecting individual combinations of tubulin
isotypes, could bind. To consider the sterical hindrance of already existing lateral
neighbors at the possible binding site, an on-rate penalty of 2 (k,,/2) was intro-
duced for one lateral neighbor and a penalty of 10 (k,,/10) for two lateral neighbors
[Gardner et al., 2011b|. Additionally, each dimer of the grid could unbind. As
shown in equation 4.4 the number of lateral neighbors determined the quantity of
bound lateral energy and influenced k,¢s. If a dimer dissociated from a position in-
side the grid, all upper dimers of this protofilament also dissociated and the lateral
energies of the respective dimer and all the above dimers were summed up. This
made the unbinding of a dimer more than a few layers deep a very rare event. To
enable dissociation from the beginning of the simulation, protofilaments were given
a start-length of 70 or 10 dimers each. Dimer types were chosen within a Monte
Carlo simulation randomly to yield a uniform distribution of dimers. In the second
step the execution time ¢ (s) for each event in the list was calculated according to
literature [VanBuren et al., 2002|:

(4.5)

with ¢ being the index of the possible event, /N being a uniformly distributed random
number between 0 and 1, and k being the rate constant (s™!) of the event. The third
step was to implement the event with the shortest execution time and add this time
to the total elapsed time. Then steps one to three were repeated as often as defined
by the user. In order to model velocities, as observed experimentally, steps one to
three were repeated 5000 times. Simulation parameters were k,,, AGiong, AGial,
AG1e2, AG3 and the tubulin dimer concentrations C'1, C2 and C'3. The final
output was the time of growth and the length of the protofilaments, from which the
growth velocity of the MT tip could be calculated by:

mean length of protofilaments

velocity = (4.6)

total elapsed time

The complete source code of the program is given in appendix A.2.
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4. Microtubule modeling

—{ Program code

- parameters are set (kon, Glong, Glats, concentrations)

- start grid is filled (dimer types 1, 2, 3 randomly chosen)

—| loop (5000x, number of steps)}

—‘ loop (runs through the protofilaments) I

- t. of the protofilament tip is calculated and saved in dependence of
dimer type and lateral neighbors

—| loop (runs through every dimer in the grid) I

- number and type of lateral neighbors of the current dimer are determined
- ko is calculated in dependence of dimer type and lateral neighbors

- t,¢ is calculated and saved

—| loop (runs through the calculated times) I

- shortest time is determined

- event with the shortest time is implemented (length of the protofilament and
dimer distribution in grid are changed)

- total elapsed time is calculated

- MT mean length is calculated

- MT growth velocity is calculated

FIGURE 4.3. — Simulation code diagram.

4.3. Parameter determination on the basis of a cell

free environment

Tubulin heterodimers consist of one alpha-tubulin and one beta-tubulin. The present
study was focused on beta-tubulin isotypes, therefore alpha-tubulin isotypes were
not differentiated. To determine the parameters, the model was adjusted to match
experimental EB3 imaging data. Accordingly, dimer type 1 was defined to rep-
resent Tubb3-containing dimers and dimer type 2 to represent Tubb4-containing
dimers. Since free energy changes are additive, dimer type 3 was defined to rep-
resent all other beta-tubulin isotype-containing dimers (Figure 4.1). In literature,
values for k, and AGj,,, range from 1puM~'s™! to 8.9 uM s~ |Gardner et al.,
2011b] and from —5.8 RT to —18 RT' [Hemmat et al., 2019|, respectively. Values
published by Castle et al. [Castle et al., 2017] were used to determine further pa-
rameters in a cell free environment, because the in vitro values of 6 uM s~ for

kon and —7.2 RT for AG),,g were enhancements of the same 2D model that was
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4.3. Parameter determination on the basis of a cell free environment

used as a basis in this study [VanBuren et al., 2002|. Their publication addition-
ally included a parameter set for dynamic instability in vivo, which was utilized for
the modeling in a cellular environment. To determine the lateral energy values of
AG 4 (Tubb3) and AGj4(Tubb4) in a cell free environment, in vitro velocity values
from the publication of Vemu et al. [Vemu et al., 2017] were extracted using the
WebPlotDigitizer version 4.3. They included MT plus end growth rates purified
from mouse brain tissue (containing all natural isotypes), tsA201 cells (containing
Tubalb, Tubbl, Tubb4b) and recombinant single-isotype human tubulin (contain-
ing Tubala, Tubb3). At 6 uM tubulin concentration, brain derived MTs grew with
0.008 um/s, Tubbl/Tubb4b containing MTs with 0.0146 um/s and Tubb3 contain-
ing MTs with 0.0102 ym/s [Vemu et al., 2017|. To simplify the parameters, the pub-
lished velocity for Tubbl/Tubb4b dimers was used in the model for Tubb4 dimers.
Since the MTs in these cell free environment experiments with Tubb3 and Tubb4
were build out of one dimer type, the program was used as if only one dimer type ex-
isted. This means that the program was executed with the same AG,,; for all dimer
types and concentrations C1 = C2 = C3 = 2uM to have a total concentration of
6 uM. To determine the corresponding lateral energy values for AG,(Tubb3) and
AG 4 (Tubb4) the program was executed with several AGy, values ranging from
—2.4 to —8 RT in 0.2 steps and the resulting velocities were plotted in figure 4.4 A.
The program was executed 10 times and each of the plots was fitted with the func-
tion: velocity = A — B/(exp(C AG; + D)). With the calculated fit parameter
A, B, C, D and the published velocities (Tubb3: 0.0102 um/s, Tubbl/Tubbdb:

0.0146 um/s), the corresponding lateral energies were calculated by:

m(—2 )¢
AGia = <Avel‘zf“y> . (4.7)

The results for AG 4 (Tubb3) and AG,(Tubb4) are shown in figure 4.4 B. The lat-
eral energy of Tubb3 (—3.67 RT) was significantly higher than the lateral energy
of Tubb4 (—3.79 RT'). This difference in lateral energies originated purely from the
different isotypes building up the MTs, since the experiments in a cell free environ-
ment did not contain any further proteins as MTBPs or PTMs inducing proteins
that could influence the tubulin assembly. Since in neuronal cells, MTs contain
all beta-tubulin isotypes, additionally to the lateral energies of Tubb3 and Tubb4
the combined lateral energy value of the other beta-tubulin isotypes was calculated.
For that the program was executed with the same k,, and AGj.,, as before, but
the tubulin concentrations were adjusted. The RNA expression data shown before
(chapter 3.1) suggest an isotype percentage of Tubb3 = 14%, Tubb4 = 28% and
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4. Microtubule modeling

rest (Tubbl, Tubb2, Tubbb, Tubb6) = 58% in adult mouse brain tissue. With
a total tubulin concentration of 6 uM that gave concentrations of C'(Tubb3) =
0.84 uM, C(Tubb4) = 1.68 uM, C(otherTubbs) = 3.48 uM. AG,(Tubb3) and
AG 4 (Tubb4) were set to the before calculated values of —3.67 RT and —3.79 RT,
respectively. AGj,(otherTubbs) was ranging from —3.4 to —8 RT in 0.2 steps.
The program was executed 10 times and each data set was fitted with: velocity =
A — B/(exp(C' AGy + D)) (Figure 4.4C). The dotted gray line indicates the in
vitro velocity of MT plus ends containing tubulin purified from mouse brain tissue
(brain, 0.008 m/s) published in [Vemu et al., 2017]. The lateral energy value of the
other beta-tubulin isotypes was calculated the same way as before for Tubb3 and
Tubb4. The results are shown in figure 4.4 D. AG,(other Tubbs) (—3.51 RT') was
significantly higher than AG,(Tubb3) and AG,(Tubb4). With these parameters
the velocities of brain MTs were simulated in a cell free environment for the control
and the Tubb3 knockdown condition. The MT growth program was executed with
the cell free parameters of ko, = 6 uM~'s™t, AGipng = —7.2 RT, AG 4 (Tubb3) =
—3.67 RT, AG)4(Tubb4) = —3.79 RT and AG 4 (otherTubbs) = —3.51 RT. For the
control condition concentrations were as before C(Tubb3) = 0.84 M, C(Tubb4) =
1.68 uM, C(otherTubbs) = 3.48 uM. For the Tubb3 knockdown condition, indi-
vidual dimer concentrations were determined using the experimental results from
this study. Following Tubb3 knockdown, Tubb3 expression levels were reduced
to 43 %, representing an average value of different experiments in this study and
Tubb4 expression levels were increased to 133 %. Based on this, concentrations of
individual Tubbs were calculated to C'(Tubb3) = 0.36 uM, C(Tubb4) = 2.23 uM,
C'(otherTubbs) = 3.41 uM. For each condition 100 velocities were calculated and
plotted in figure 4.4 E. The velocity of the control condition was significantly lower
than the velocity of the knockdown condition, which matched the experimental re-
sults. But the experimental MT plus-end growth rates acquired by EB3 imaging
were much faster than these calculated velocities. This originates from the fact
that experiments were conducted in living cells containing co-factors as MTBPs and
PTMs which influence MT growth. To account for these factors, model parameters

and growth velocities were calculated also on the basis of a cellular environment.
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FIGURE 4.4. - Parameter determination on the basis of a cell free
environment and velocity calculations. (A): The MT growth program was
executed with the cell free parameters of ko, = 6 uM~1s 1, AGiong = —T.2RT,
Cl=C2=C3 =2uM and AGj4 ranging from —2.4 to —8 RT in 0.2 steps.
The program was executed 10 times and each data set was fitted with: velocity =
A—B/(exp(C AGj4+D)). The dotted gray lines indicate the in vitro velocities of
MT plus-ends containing tubulin purified from tsA201 cells (Tubb4, 0.0146 pum/s)
or recombinant single-isotype human tubulin (Tubb3, 0.0102 um/s) published in
[Vemu et al., 2017]. (B): Lateral energy values were calculated with the fit
parameter from (A) and the published in vitro velocities (Tubb3: 0.0102 um/s,
Tubb4: 0.0146 um/s). AGq(Tubb3) (=3.673 £ 0.005 RT') and AGjq(Tubb4)
(—3.794 £+ 0.005 RT') are significantly different (p < 0.001).

Continued on next page
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4. Microtubule modeling

FIGURE 4.4. — Parameter determination on the basis of a cell free envi-
ronment and velocity calculations. (C): The MT growth program was exe-
cuted with the cell free parameters of k., = 6 uM ~'s~! and AGiong = —7.2RT.
The concentrations of the tubulin isotypes were set to the physiological val-
ues of C1 = 0.84uM, C2 = 1.68uM, and C3 = 3.48 uM. AG,;(Tubb3)
and AGi.(Tubb4) were set to the before calculated values of —3.67 RT' and
—3.79 RT, respectively. AG,(otherTubbs) was ranging from —3.4 to —8 RT
in 0.2 steps. The program was executed 10 times and each data set was fitted
with: velocity = A — B/(exp(C AGjq + D)). The dotted gray line indicates the
in vitro velocity of MT plus-ends containing tubulin purified from mouse brain
tissue (brain, 0.008 wm/s) published in [Vemu et al., 2017]. (D): The lateral
energy value of the other Tubbs was calculated with the fit parameter from (A)
and the published in vitro velocity (brain: 0.008 um/s). AGi.(other Tubbs)
(—3.51 £0.02 RT) is significantly higher than AGj,(Tubb3) and AG 4 (Tubb4)
(p < 0.001). (E): The MT growth program was executed with the cell free pa-
rameters of ko, = 6 uM 157! AGiong = —7.2kRT, AGjq(Tubb3) = —3.67 RT,
AGiq(Tubbd) = —3.79 RT and AG4(otherTubbs) = —3.51 RT. For the con-
trol condition concentrations were C'(Tubb3) = 0.84 M, C(Tubb4) = 1.68 uM,
C'(otherTubbs) = 3.48 M and for the Tubb3 knockdown condition C(Tubb3) =
0.36 uM, C(Tubb4) = 2.23 uM, C(otherTubbs) = 3.41 uM. For each con-
dition 100 velocities were calculated. The velocity of the control condition
(0.0085 + 0.0003 um/s) is significantly lower than the velocity of the knock-
down condition (0.0096 £+ 0.0003 um/s) (p < 0.006). Depicted: mean+ SEM.
For graphical representation of the distribution, data in (E) are binned with bin
size 0.001 um/s. Statistics: Student’s t-test.

4.4. Velocity modeling with energy values
determined on the basis of a cellular

environment

For a cell free environment, it was assumed that longitudinal energy values did not
differ between tubulin isotypes. In a cellular environment this assumption could
not be maintained because MTBPs can influence lateral bonds between dimers
as well as longitudinal bonds. So, parameters were expanded by AGi,(Tubb3),
AGiong(Tubb4), and AGe,,(other Tubbs). This made the energy determination
more complex and necessitated the use of experimental results from the control and
the Tubb3 knockdown condition. With the aim to predict longitudinal and lat-
eral energies of Tubb3 and Tubb4 (AGjeng(Tubb3), AG . (Tubb3), AGise(Tubb4),
AG,(Tubb4)), published in vivo values for the on-rate constant k,, = 30 uM ~ts!
and the total tubulin concentration C(total) = 7uM were adapted from a study
by Castle and colleagues [Castle et al., 2017|. Longitudinal and lateral energy val-
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ues for type 3 dimers (AGjony(other Tubbs) = —7 RT and AG 4 (other Tubbs) =
—4 RT) were estimated based on references [VanBuren et al., 2002, VanBuren et al.,
2005, Gardner et al., 2011a, Castle et al., 2017]. As mentioned above, it was esti-
mated that Tubb3 represents 14 %, Tubb4 28 % and the remaining Tubbs 58 % of
soluble tubulin in the neuronal cytoplasm. Using these values and a tubulin concen-
tration of 7uM, individual tubulin dimer concentrations were calculated for control
conditions (C(Tubb3) = 0.98 uM, C(Tubb4) = 1.96 uM and C(otherTubbs) =
4.06 uM). As before for the knockdown condition, the Tubb3 concentration was
set to 43 % of control levels and the Tubb4 concentration to 133 %. Based on this,
molarities of individual Tubbs were calculated (C'(Tubb3) = 0.42 uM, C(Tubb4) =
2.61 uM and C(otherTubbs) = 3.97 uM). To determine longitudinal and lateral
energies of Tubb3- and Tubb4-containing dimers, the program was executed with
longitudinal energies ranging from -3RT to -9RT in 0.5 RT steps and lateral en-
ergies ranging from -1RT to the respective longitudinal value. This procedure
was justified, since longitudinal energies have to be smaller than lateral energies
to polymerize stable MTs [Nogales et al., 1999]. For each energy parameter set
(AGiong(Tubb3), AG 4 (Tubb3), AGiene(Tubb4), AG,(Tubb4)), MT growth veloc-
ities were calculated under control or Tubb3 knockdown conditions, respectively.
Since plotting 5-dimensional data was not feasible, results were collected and pro-
cessed using Excel (Microsoft), as described below. To display the results, en-
ergy values for Tubb3 and Tubb4 were plotted separately in contour graphs (Fig-
ure 4.5). To plot Tubb3 energies, Tubb4 energy values were fixed to final result
values (AGjny(Tubb4) = —7.5 RT and AGu(Tubb4) = —6 RT). Likewise, the
same procedure was applied to plot Tubb4 energies (AGjpn,(Tubb3) = —5 RT and
AGat(Tubb3) = =3 RT'). Gray contour lines were displayed to mark experimental
velocities (control: 0.167 um/s; Tubb3 knockdown: 0.201 um/s).
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FIGURE 4.5. — Contour graphs of longitudinal and lateral energy val-
ues of Tubb3 and Tubb4 dimers. (A-D): Contour graphs of longitudinal
and lateral energy values of Tubb3 and Tubb4 dimers. Velocity values are color
coded as indicated to the right. Gray contour lines mark experimentally mea-
sured velocities (control: 0.167 pm/s; Tubb3 knockdown: 0.201 pm/s). In stable
MTs, longitudinal energies are smaller than lateral energies [Nogales et al., 1999,
so no velocity values were calculated for the parameter sets at the bottom right
(white areas). (A) Tubb3 energy values under control conditions. (B) Tubb4
energy values under control conditions. (C) Tubb3 energy values under Tubb3
knockdown condition. (D) Tubb4 energy values under Tubb3 knockdown condi-
tion.

From the original results, parameter sets that generated velocities in the range of
0.167 £+ 0.006 wm/s for the scrambled control and 0.201 £ 0.008 um /s for the Tubb3
knockdown were selected. Parameter sets that coincided for control and knockdown
conditions were filtered, resulting in 88 parameter sets that fulfilled the requirements.
To narrow the number of possible parameters down, the program was executed again
with the filtered parameter sets, this time calculating 100 velocities with control con-
centrations and 100 velocities with knockdown concentration. Because the standard
error of mean velocity values produced from 100 calculations was 0.002 um/s, energy
parameter sets that generated velocities in the range of 0.167 + 0.002 um/s for the
control condition and 0.2014+0.002 pm/s for the knockdown condition were selected.

This procedure resulted in four parameter sets that fulfilled the requirements (Table
4.1).
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TABLE 4.1. — Energy parameter settings after refinement.

AGiong(Tubb3) | AGia(Tubb3) | AGiong(Tubb4) | AG i (Tubb4) | velocity | velocity
|RT| |RT |RT |RT con- knock-
trol down
lpm/s] | [pm/s]
-5 -3 -7.5 -6 0.167 0.200
-4 -3 -7.5 -6.5 0.169 0.201
-7 -1 -5 -8 0.166 0.203
-6 -1.5 -6 -7.5 0.166 0.201

To refine the system, the program was executed with 400 runs, calculating MT
growth velocities under control and Tubb3 knockdown conditions, respectively. This

led to an accuracy in the standard error of the mean (SEM) in the range of 0.001 pm/s.
Under these conditions, the parameter setting AG),,,(Tubb3) = —5 RT, AG 4 (Tubb3) =
—3 RT, AGjpng(Tubb4) = —=7.5 RT, and AG,(Tubb4) = —6 RT mimicked exper-
imental EB3 imaging results (Figure 4.6), leading to the complete parameter set
shown in table 4.2.

TABLE 4.2. — Parameter values resulting from the parameter determi-
nation process.

Parameter Control | Tubb3 knockdown
kon 30 ,uM_ls_1
AGong(other Tubbs) —7RT
AGiqi(other Tubbs) —4 RT
AGong(Tubb3) —5RT
AGiqt(Tubb3) —3RT
AGiong(Tubb4) —7.5RT
AGi:(Tubb4) —6 RT
C(Tubb3) 0.98 uM 0.42 uM
C(Tubb4) 1.96 uM 2.61 uM
C'(rest) 4.06 uM 3.97 uM
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FIGURE 4.6. — Parameter determination on the basis of a cellular

environment. The program was executed with control and Tubb3 knockdown
conditions (400 runs, each) using the parameter values listed in table 4.2. Results
equal the experimental data of EB3 MT growth experiments. The MT growth
velocity of the Tubb3 knockdown condition (0.202 £ 0.001 pm/s) is significantly
higher compared to the control (0.167+0.001 pwm/s) (p<0.001). Depicted: mean
+ SEM. For graphical representation of the distribution, data are binned with
bin size 0.0075 pum/s. Statistics: Student’s t-test.

4.5. Modelling microtubule growth in silico

After the determination of suitable energy parameters simulating the EB3 experi-
ment, these settings (Table 4.2) were used to assess the number of individual dimer
types incorporated into growing MTs. The program was applied with 100 runs
per condition and the actual numbers of dimer types were normalized to the total
amount of dimers (Figure 4.7). Under control conditions, 4.3 % turned out to be
Tubb3-containing dimers, 41.4 % Tubb4-containing dimers and 54.3 % dimers con-
taining other Tubbs. In contrast, under conditions modelling Tubb3 knockdown,
a 50 % reduction in Tubb3-containing dimers (2.1%) was obtained, as expected.
In parallel, Tubb4-containing dimers turned out to be increased to 48.3 %, while
dimers-containing other Tubbs accounted for 49.7%. These results confirmed for-
mer experimental data suggesting that reduced Tubb3 levels can be compensated
by increased Tubb4.
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FIGURE 4.7. — Count of dimer types incorporated into the MT. The
program was executed for control and Tubb3 knockdown conditions, as indicated
(100 runs each). The number of Tubb3-containing dimers, Tubb4-containing and
remaining Tubb isotype-containing dimers were counted and normalized by the
total dimer count under control or Tubb3 KD conditions, respectively. The num-
ber of Tubb3 containing dimers after Tubb3 knockdown (0.021 + 0.001 a.u.) is
significantly lower compared to the control (0.043 £ 0.001 a.u.) (p<0.001). The
number of Tubb4 containing dimers for the Tubb3 knockdown condition (0.483+
0.002 a.u.) is significantly increased compared to the control (0.414 £+ 0.002 a.u.)
(p<0.001). The number of other Tubbs containing dimers is significantly lower
for the Tubb3 knockdown condition (0.497 £ 0.002 a.u.) compared to the control
(0.543 £0.002 a.u.) (p<0.001). Depicted: mean + SEM. For graphical represen-
tation of the distribution, data are binned with bin size 0.025a.u.. Statistics:
Student’s t-test.

Next, the model was used to simulate MT growth velocities with varying combi-
nations of Tubb expression levels (Figure 4.8). First, the opposite scenario to the
Tubb3 knockdown was modeled (scenario I: high Tubb3, low Tubb4, equal other
Tubbs). 400 runs of the program predicted that scenario I led to a significant de-
crease in the growth velocities of MTs, compared to control condition. Likewise,
scenario II (equal Tubb3, low Tubb4, more other Tubbs, 400 runs) predicted a sig-
nificant decrease in MT growth velocities. Consistent with this view, rising Tubb4
levels in turn were predicted to speed up MT growth in scenario III (equal Tubb3,
high Tubb4, equal other Tubbs). Interestingly, this seemed to be different for Tubb3.
While low Tubb3 sped up MT growth both experimentally and in the computational
model (Figure 4.6), high Tubb3 was predicted to also accelerate MT growth (high
Tubb3, equal Tubb4, equal other Tubbs). In summary, it can be concluded that the
expression levels of individual tubulin isotypes translate into individual functions
with respect to the dynamics of MTs. Due to the large number of alpha- and beta-
tubulin isotypes and the many dimer combinations, computational modeling may

be suitable to identify critical players.
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FIGURE 4.8. - Application of the computational model. The pro-

gram was executed for different conditions, as indicated (400 runs, each),
compared to the control condition. Scenario I was modeled with concentra-
tions of C(Tubb3) = 2.1 uM, C(Tubb4) = 0.84 uM, and C(otherTubbs) =
4.06 uM. Changes compared to control concentrations are indicated by black
arrows. Scenario Il was modeled with concentrations of C(Tubb3) = 0.98 M,
C(Tubb4) = 0.84 uM, and C(otherTubbs) = 5.18 uM. Scenario III was mod-
eled with concentrations of C'(Tubb3) = 0.98 uM, C(Tubb4) = 2.64 uM, and
C(otherTubbs) = 4.06 uM. Scenario IV was modeled with concentrations of
C(Tubb3) = 2.1 uM, C(Tubb4) = 1.96 uM, and C(otherTubbs) = 4.06 uM.
Altered parameters are indicated by vertical or horizontal black arrows, respec-
tively. The velocity of scenario I (0.092 4 0.001 um/s) is significantly lower than
the control value (0.168 & 0.001 pm/s) (p<0.001). The MT growth velocity of
scenario IT (0.125 + 0.001 m/s) is significantly lower than the control velocity
(p<0.001). The velocities of scenario III (0.234 + 0.002 um/s) and scenario IV
(0.181 + 0.002 um/s) are significantly higher than the control value (p<0.001).
Depicted: mean 4+ SEM. For graphical representation, data are binned with bin
size 0.010 um/s. Statistics: One way ANOVA, followed by Dunnett’s method for
multiple comparisons against control.

4.6. Analysis of exogenous Tubb3 expression

To verify the prediction of the MT growth model for the plus-end growth rates in
case of a Tubb3 overexpression, a DNA3-Tubb3 construct (chapter 2.3) was used to
exogenously express Tubb3 in cells. Since fusion tags like GFP prevented the Tubb3
protein from being incorporated into MTs (Figure 4.9), a construct without any
further tag was used. Human embryonic kidney (HEK) cells were transfected with
this construct to proof that Tubb3 was expressed and incorporated into MTs. Figure
4.10 A shows a western blot of lysed HEK cells that were transfected with DNA3-
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Tubb3 in comparison to un-transfected cells. It illustrates the Tubb3 expression
after transfection, whereas un-transfected HEK cells barely expressed endogenous
Tubb3. GAPDH was used as loading control. Confocal images of transfected HEK
cells showed that Tubb3 was incorporated into MTs (Figure 4.10 B). DNA3-Tubb3
was co-transfected with GFP to identify transfected cells. 24 hours later cells were
fixed and immuno-stained for Tubb3, panTuba and DAPI. The staining revealed
Tubb3 expression in GFP positive cells and the filamentous structure proved the
incorporation into M'Ts. Figure 4.11 shows the results of exogenous Tubb3 expression
in neuronal hippocampal cultures. Cells were co-transfected with, either DNA3 and
the control miRNA (Control), or DNA3 and the knockdown miRNA (Knockdown),
or DNA3-Tubb3 and the control miRNA (Exogen. Tubb3). Panel B shows the
enlargements of somata marked by pink boxes in A. As before, the Tubb3 signal
intensity was measured inside the soma in DAPI negative regions marked by yellow
boxes. The reduction of Tubb3 intensity after transfection with knockdown miRNA
(50 %), compared to the control (set to one), worked reliably. But the signal intensity
after exogenous Tubb3 expression (125 %) only showed a tendency towards higher

intensity, not a significant difference, compared to the control.

mCherry-Tuba

20pm

FIGURE 4.9. — Exogenous GFP-Tubb3 and mCherry-Tuba expression
in HEK cells. Representative spinning disc confocal images of HEK cells trans-
fected with GFP-Tubb3 or mCherry-Tuba. 24 hours later cells were imaged. The
diffuse distribution of GFP-Tubb3 illustrates the expression of the construct, but
it was not incorporated into MTs. As comparison mCherry-Tuba shows a clear
filamentous structure and was therefore incorporated. Scale bar, 20 pm.
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Tubb3

GAPDH

DAPI

FIGURE 4.10. - Exogenous Tubb3 expression in HEK cells. (A):
Western blot of lysed HEK cells that were un-transfected or transfected with
DNAS3-Tubb3. After transfection, expression of Tubb3 was detectable. GAPDH
was used as loading control. (B): Representative confocal images of HEK
cells co-transfected with DNA3-Tubb3 and GFP. 24 hours later cells were fixed
and immuno-stained for Tubb3, panTuba and DAPI. Transfected cells could be
identified via GFP expression. The staining illustrates the co-localization of
Tubb3 with endogenous tubulin (panTuba) in filamentous structures and indi-
cates thereby the incorporation of exogenous Tubb3 into MTs. Scale bar, 20 pm.
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FIGURE 4.11. - Validation of exogenous Tubb3 expression in neu-

rons. (A): Representative images of hippocampal neurons transfected with con-
trol miRNA, knockdown miRNA or control miRNA plus DNA3-Tubb3 (Exogen.
Tubb3) at DIV 9 and fixed at DIV 12. Scale bar, 50 pm. (B): Enlargements of
the cell somata in the pink boxes in (A). Tubb3 signal intensities were analyzed
in DAPI negative regions as indicated by the yellow boxes. Scale bar, 5 pm.
Continued on next page
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4. Microtubule modeling

FIGURE 4.11. — Validation of exogenous Tubb3 expression in neurons.
(C): Quantification of Tubb3 signal intensity measurements based on two in-
dependent experiments. Cells transfected with the knockdown miRNA show a
significant decrease in Tubb3 signal intensity, 0.5a.u. (p < 0.001) compared to
the control (set to 1). Cells transfected with the control miRNA plus DNA3-
Tubb3 (Exogen. Tubb3) show no significant difference in Tubb3 signal intensity,
1.25a.u. (p = 0.185), compared to the control. Knockdown and exogenous Tubb3
expression display a significant difference in Tubb3 signal intensity (p < 0.001).
Depicted are median values with 25th and 75th percentile. Whiskers indicate
the range within 1.5 IQR. Black squares show the mean value. Each data point
represents one cell; control (n = 37), knockdown (n = 38), exogen. Tubb3 (n =
37). For graphical representation of the distribution, data are binned with bin
size 0.08 [a.u.]. Statistics: Kruskal-Wallis one way ANOVA on ranks, followed
by Dunn’s Method for multiple comparisons of groups. Exogen.: exogenous.

Although the intensity measurements did not show a significant increase in Tubb3
intensity after Tubb3 overexpression compared to the control, EB3 measurements
were executed to analyze the MT plus-end growth rate in axons. As in chapter 3.5
a MT end-binding protein 3 (EB3)-Tomato fusion construct was used to visualize
the growing MT plus-end. To have the same comparison as for the modeling re-
sults, the experimental results of the Tubb3 knockdown in axons of chapter 3.5 are
shown again. Neuronal hippocampal cultures were co-transfected with KB3-Tomato
and the control miRNA, knockdown miRNA, or control miRNA plus DNA3-Tubb3
(Exogen. Tubb3) via Lipofectamine at DIV 9. Three days later they were imaged
with a spinning disc confocal microscope. Figure 4.12 A shows representative frames
of EB3 videos for the three conditions in axons and figure 4.12 B shows the trac-
ing of representative comets over time. The videos were analyzed with ImagelJ, by
measuring the growth length, duration, and velocity. Shown are only the velocity
results. Cells transfected with the knockdown miRNA showed a significant increase
in EB3 velocity compared to the control. And, although transfection with the con-
trol miRNA and DNA3-Tubb3 (Exogen. Tubb3) showed no increase in Tubb3 signal
intensity, these cells also revealed a significant increase in EB3 velocity compared
to the control. This matches the prediction of the MT growth model for the over-
expression with more Tubb3. Therefore, one can use the results of the model to
conclude that after exogenous Tubb3 expression only the Tubb3 amount increases

but other isotypes do not change.
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FIGURE 4.12. — Effects of altered Tubb3 expression levels on EB3 dy-
namics in axons. (A): Spinning disc confocal images of hippocampal neurons
co-transfected with EB3-Tomato and the control miRNA, knockdown miRNA or
control miRNA plus DNA3-Tubb3 (Exogen. Tubb3) at DIV 9. Live cell imaging
was conducted at DIV 12 with videos taken over three minutes and a frame rate
of one per second. Shown are representative frames of the EB3 videos. Scale bar,
20 pum. (B): Enlargements of axonal segments marked by the pink boxes in (A).
EB3 comets were analyzed over time. Yellow arrowheads mark the movement
of one representative comet for each condition over 28 seconds from top to bot-
tom. The last panel visualizes the covered distance. Scale bar, 3um. (C): Cells
transfected with Tubb3 knockdown miRNA show a significant increase in EB3
velocity (0.19 pm/s), compared to the control (0.17pum/s), (p = 0.004). Cells
transfected with the control miRNA plus DNA3-Tubb3 (Exogen. Tubb3) also
show a significant increase in velocity (0.21 pm/s), compared to the control (p <
0.001). Knockdown and exogenous Tubb3 expression show no significant differ-
ence in EB3 velocity (p = 0.134).

Continued on next page
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FIGURE 4.12. — Effects of altered Tubb3 expression levels on EB3 dy-
namics in axons. Depicted are median values with 25th and 75th percentile.
Whiskers indicate the range within 1.5 IQR. Black squares show the mean value.
Each data point represents one EB3 comet; control (n = 75), knockdown (n =
52), exogen. Tubb3 (n = 82). For graphical representation of the distribution,
data are binned with bin size 0.015pum/s. Statistics: Kruskal-Wallis one way
ANOVA on ranks plus Dunn’s method for multiple pairwise comparisons. Exo-
gen.: exogenous.



5. Discussion

5.1. Induction of Chemical long-term potentiation

in acute hippocampal slices

So far, little is known about the effect of synaptic stimulation on microtubule (MT)
isotype composition. The induction of chemical long-term potentiation (cLTP) via
tetraethylammonium (TEA) in acute hippocampal slices showed an increased Tubb3
signal intensity in SDS-Page analysis, which provided evidence that the tubulin iso-
type expression reacts to chemical stimuli and is most likely changed upon LTP
induction. The question arose if the total tubulin concentration (all isotypes) was
increased after stimulation, instead it could be shown by our lab that not all beta
tubulin isotype signal intensities increase upon stimulation (data not shown). Kan-
terewicz et al. showed an increase in active ERK1 and ERK2 after TEA treatment
of hippocampal slices, confirming the necessity of the ERK pathway in the induc-
tion of synaptic plasticity |[Kanterewicz et al., 2000]. An increase in the activity
of casein kinase II, which catalyzes the phosphorylation of a large number of pro-
tein substrates, was shown in hippocampal slices after cLTP induction via TEA by
Charriaut-Marlangue et al. |[Charriaut-Marlangue et al., 1991]. These results con-
firmed the ability of TEA induced cLTP to alter protein expression levels important
for synaptic plasticity and other functions. The influence of cLTP on cytoskeletal
elements was revealed by Briz et al. by showing an increased actin polymerization
in rat hippocampal slices after TEA treatment |Briz et al., 2015]. The increase of
distinct tubulin isotypes after cLTP induction coincides with the trend in literature
and clarifies that the beta-tubulin isotype composition is influenced by synaptic
stimulation. Therefore, it could act as a regulator in synaptic plasticity. To connect
the beta-tubulin isotype expression with specific MT functions, effects of altered
beta-tubulin isotype expression on MT growth and transport were analyzed via a
Tubb3 knockdown.
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5.2. Knockdown of Tubb3 via engineered
microRNA and expression analysis of several

beta-tubulin isotypes

It was shown that the downregulation of Tubb3 via microRNA (miRNA) led to a
reduction of Tubb3 intensity measured in fluorescent confocal images. In secondary
dendrites Tubb3 intensity was reduced to 67 % and in the cell soma to 45%. The
differences in knockdown efficiency in different cell compartments indicated that the
distribution of tubulin isotypes throughout the cell was somehow regulated, possibly
by transport processes. Timeline experiments showed that the knockdown reaches a
plateau after three days incubation time, in accordance with the literature tubulin
half-life value that lies between two and four days [Caron et al., 1985, Dutton and
Barondes, 1969]. It was also shown that general beta-tubulin and alpha-tubulin
intensity values did not change after Tubb3 downregulation, which gave rise to the
question which other tubulin isotypes were affected by the downregulation of Tubb3.
After an extensive tubulin antibody evaluation published in [Hausrat et al., 2020],
the analysis of Tubbl, Tubb2, Tubb4 and Tubbb intensity levels revealed an increase
in Tubb4 intensity to 133 %, whereas other isotypes stayed unaltered. Why exactly
Tubb4 was upregulated can only be speculated. The analysis of amino acid sequence
homology of Tubb3 compared to Tubb2, Tubb4, and Tubbb5 showed a similar simi-
larity of 92 or 93 %, only Tubb1 was less similar (79 %) [Hausrat et al., 2020]. A hint
towards Tubb4 could be, that Tubb4a was the only isotype which expression was
upregulated from embryonic to adult tissue (see chapter 3.1.) Studies with Tubb3
knockout mice also showed equivalent total beta-tubulin levels compared to control
mice. But the lack of Tubb3 protein was compensated by 10 to 20 % upregulation
of most of the other beta-tubulin isotypes [Latremoliere et al., 2018] and not a spe-
cific one. A developing mouse with a complete lack of Tubb3 represents a different
scenario than a neuronal cell in culture with a temporal controlled knockdown of
Tubb3 to 45 % after neuritogenesis. However, both showed a compensation for the
reduced Tubb3 protein expression levels, which indicated that cells can regulate their
tubulin content very strictly. Alpha- and beta-tubulin build a dimer, which means
that reducing beta-tubulin in general would lead to a decreased dimer amount and
with that probably to reduced MT growth and disturbed MT function. Since MTs
are very important components of cells it is logical that they react to a deficit in
Tubb3 with a compensation, here with an increase in Tubb4. It was shown that
in some cases isotypes were interchangeable and in others they were not [Luduena,

1993]. Therefore, the question arose if different amounts of beta-tubulin isotypes in
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MTs have an effect on MT dynamics and their function as tracks in cargo transport.

This will be discussed in the following paragraphs.

5.3. EB3 dynamics in neurons with reduced Tubb3

expression levels

MT plus-end growth rates were analyzed by visualizing them with an end-binding
protein (EB3) - Tomato fusion construct. The reduction of Tubb3 revealed an in-
creased M'T growth length in dendrites, which led to an increased growth velocity
of MT plus-ends. In axons, also an increased growth velocity of MT plus-ends with
downregulated Tubb3 compared to control MTs could be shown. Literature dis-
plays varying results for the influence of tubulin isotypes on MT dynamics. Here,
one must carefully pay attention to purification technique, source of tubulin and
solution mixtures. For example, Vemu et al. showed that plus-end growth rates of
MTs with decreased Tubb3 amount were higher, when mixed together with Tubbl
and Tubb4 [Vemu et al., 2017]. Whereas Panda et al. showed that plus-end growth
of MTs with reduced Tubb3 amount was lower, when mixed with Tubb2 [Panda
et al., 1994]. Both results were based on in vitro experiments with purified isotypes.
The highest expressed isotype in brain is Tubb2 [Banerjee et al., 1992|, therefore,
the expected result of the cell culture experiments was reduced MT growth velocity
after Tubb3 downregulation, however, the opposite was observed. But one must
keep in mind, that the reduction of Tubb3 led to an increase in Tubb4, which might
explain why the observed velocity in the experiments increased and not decreased.
Also, the experiments were conducted in cell culture with all naturally available
microtubule binding proteins (MTBPs) that influence MT assembly. Banerjee et
al. showed that, with available tau or MAP2, bovine brain MTs depleted of Tubb3
assemble faster than regular MTs in vitro [Banerjee et al., 1990]. Also, MTs with
available tau assembled faster than the ones with available MAP2. This showed
that not only the isotype composition, but also the presence of distinct MTBPs

influences MT growth velocity.
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5. Discussion

5.4. Kinesin-1 and N-Cadherin movement in

neurons with reduced Tubb3 expression levels

After showing influences of tubulin isotype composition on MT growth the ques-
tion arose if transport processes would also be affected. Motor movement and cargo
transport were analyzed using KIF5C-Tomato and N-Cadherin-RFP fusion proteins.
It was shown that the velocity of the motor movement and cargo transport in axons
with reduced Tubb3 amount was increased compared to the control sample. So far,
not much is known about the relationship between isotype composition and motor
movement on MTs. Sirajuddin et al. showed a dependency between motor velocity
and different isotypes with modified C-terminal tails and post-translational modifi-
cations (PTMs) in a single molecule assay [Sirajuddin et al., 2014]. Since kinesin-1
motors bind to beta-tubulin, changing the beta-tubulin isotype composition and
with that the corresponding PTMs should be able to influence motor velocity. An-
other question was, why changes in axons were observed, but not in dendrites. It
is known that MTPBs and PTMs distribution is different in axons and dendrites
[Song and Brady, 2015]. That the changes in MT plus-end growth rate were dif-
ferently strong in axons and dendrites gave evidence that isotype distribution from
the soma to the neurites is also variable. As N-Cadherin is a cargo transported by
kinesin motors [Lee, 2011], it was logical to observe the same effects for N-Cadherin
transport as for KIF5C movement. Since N-Cadherin expression can influence the
composition of synaptic molecules |Nikitczuk et al., 2014] and synaptic function
[Pielarski et al., 2013], a N-Cadherin surface staining was conducted to analyze if
the changed transport in axons upon Tubb3 downregulation had an influence on N-
Cadherin distribution. This showed no differences in N-Cadherin surface intensity
in axons with reduced Tubb3 amount compared to the control. Xu et al. could
show that Tubb3 downregulation led to an increase in gamma-Aminobutyric acid-
A receptor (GABA 4-R) surface expression [Xu et al., 2017], what indicated that
Tubb3 expression can influence the surface expression of a synaptic protein. Also
a conditional KIF5A knockout led to reduced cell surface expression of GABA 4-Rs
[Nakajima et al., 2012], connecting a kinesin-1 motor protein to surface expression.
This discrepancy might originate in the fact that GABA 4-Rs are mainly existent
in dendrites and the cell body, whereas here the surface intensity in axons was an-
alyzed. Additionally, N-Cadherin is a transmembrane protein, not a receptor and

might therefore underlie different regulating pathways.
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5.5. Microtubule growth modeling

5.5. Microtubule growth modeling

Beside experiments, mathematical models and simulations became an important
tool to analyze biological research hypotheses. Since tubulin isotype composition in
MTs was the main variable analyzed in this thesis, a biophysical model of M'T growth
in dependence of beta-tubulin isotype composition, was included. To determine a
parameter set for computing MT growth velocities, the model was designed using
the acquired EB3 plus-end growth rates. In literature [VanBuren et al., 2002, Gard-
ner et al., 2011b, Castle et al., 2017] models were based on a single dimer type
as building blocks for MTs, here a model with three individual dimer types was
introduced. From a sequence analysis of beta-tubulin isotypes it became clear,
that the parameter which differs between isotypes in a cell free environment should
be the lateral binding energy. Lateral energy values of Tubb3, Tubb4, and other
Tubbs containing dimers calculated with in vitro velocities published by Vemu et
al. [Vemu et al., 2017|, were significantly different. Applying changes in tubulin
concentrations representing the Tubb3 knockdown scenario led to an increase in
MT growth velocity. This increase matched the in vitro results published by Vemu
et al. and the cellular EB3 experiments conducted in this thesis. Since velocities
in a cellular environment were much higher than ¢n vitro, the model had to be ad-
justed accordingly. The difference between a cell free and a cellular environment
were the PTMs and MTBPs that affect MT assembly. A first test (data not shown)
revealed that variations in the lateral energies of the isotypes did not suffice to
generate velocity differences between control and knockdown, as seen experimen-
tally. This made sense since it was very likely for MTBPs to affect lateral bonds
between dimers as well as longitudinal bonds. This expanded the modeling complex-
ity from three (AG,:(Tubb3), AG4(Tubb4), AG,, (other Tubbs)) unknown energy
parameters to six (AGieng(Tubb3), AG . (Tubb3), AGn,(Tubb4), AG . (Tubb4),
AGong(other Tubbs), AG 4 (other Tubbs)). Computational limits made it neces-
sary to reduce the complexity of this problem which was accounted for by adapt-
ing values for AGjyng(other Tubbs) and AG),(other Tubbs) from literature ([Castle
et al., 2017]). This assumption reduced the strength of the resulting absolute en-
ergy values, but the relative comparison of energy values was not compromised by
that. Meaning, that the absolute energy values for Tubb3 and Tubb4 containing
dimers depended on the chosen starting energy values for the other Tubbs. This
was a limitation of the cellular parameter determination but made it possible to
calculate final velocity results. To gain the final parameter set listed in table 4.2,
experimental EB3 growth velocities of the control and the Tubb3 knockdown con-

dition were used, so the parameters reflected the energies needed to produce the
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experimentally observed change in velocity upon Tubb3 knockdown. Tubb3 ener-
gies were weaker than the ones of Tubb4 or the other Tubbs, whereas the energy
values of Tubb4 were stronger than the ones of the other Tubbs. This suggested that
changes in Tubb4 concentration have a stronger effect on MT growth than Tubb3
changes. Compared to lateral energy values obtained from a cell free environment
where differences in lateral energies were rather small (AG,:(Tubb3) = —3.67 RT,
AG 4 (Tubb4) = —3.79 RT') the differences between energies obtained in a cellular
environment were much bigger (AGjon,(Tubb3) = =5 RT, AG,(Tubb3) = —3 RT,
AGiong(Tubb4) = —7.5 RT, and AGu(Tubb4) = —6 RT'). This finding indicated
that, although pure tubulin isotypes led to different MT growth velocities, PTMs
and MTBPs influence tubulin isotypes in a varying manner, play a vital role in
MT assembly and must be included in the model to gain correct results. Subse-
quently the model was used to make predictions about future experiments which

are discussed in the following paragraphs.

A first application of the MT growth model, the count of dimer types inside the MT
showed that the dimer types were not incorporated in the same percentage as they
were available. The Tubb3 concentrations fed into the program were 14 % for the
control and 6 % for the knockdown condition. The dimer count gave 4.3% of the
incorporated dimers being Tubb3 for the control and 2.1 % for the knockdown. Both
were reduced by the same ratio upon Tubb3 knockdown, but the total percentage
of Tubb3 inside the MT was lower than in the solution. This possibly originated
from the relatively weak energy bonds of Tubb3, which increased the unbinding of
Tubb3 containing dimers from the growing MT tip. In contrast to that, Tubb4
was much more incorporated into MTs than expected. The Tubb4 concentration
given to the program were 28 % for the control and 37.3 % for the Tubb3 knockdown
condition. The dimer count of incorporated dimers gave 41.4% for the control and
48.3% for the knockdown, which can be explained by the strong energy bonds of
Tubb4 containing dimers. The number of incorporated Tubb4 dimers also increased
upon Tubb3 downregulation, but not as much as in the solution. In total, these
results suggest that tubulin dimers do not have to be incorporated into the MT in
the same ratio as they are available in the cytosolic solution, probably due to their

different characteristics and interactions with MTBPs.

The second application was to model MT growth velocities for different tubulin iso-
type concentration scenarios. The overexpression of Tubb3 (scenario IV) showed an
increased velocity compared to the control. This was unexpected since the down-
regulation of Tubb3 also led to an increased velocity compared to the control. But

again, one must keep in mind that with the downregulation of Tubb3 came an
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upregulation of Tubb4. This suggested that the increased velocity of the Tubb3
knockdown originated from an upregulated Tubb4 expression. And indeed, model-
ing of the M'T plus-end growth velocity with increased Tubb3 and decreased Tubb4
concentrations (scenario I) showed a lower velocity than the control. This indicates
that changes in Tubb4 concentration have a stronger effect on the MT growth veloc-
ity than changes in Tubb3 concentration. But nonetheless, a Tubb3 increase alone
also changed the MT growth velocity. Since this was a simplified MT model using
assumptions for some biological parameters, it was possible that modeled results
might deviate from the biological truth. Nonetheless they give important insights
into processes at the protein level, raise new questions and point to the right ex-
perimental direction. The more information about isotype compositions in cellular
MTs becomes available the more precise biophysical models can become and with

that the predictions they make.

5.6. Exogenous Tubb3 expression

To verify the prediction of the M'T growth model about the MT plus-end growth ve-
locity for Tubb3 overexpression, neurons were transfected with a Tubb3 construct.
Unfortunately, Tubb3 intensity measurements only showed a tendency to higher
intensities after Tubb3 overexpression compared to the control, not a significant
difference. But EB3 experiments showed an increased growth velocity after trans-
fection with the Tubb3 construct compared to the control in axons and dendrites,
which indicated a change in the MT composition. This confirmed the prediction
of the MT growth model of increased growth velocity in the case that Tubb3 was
overexpressed, and other isotype concentrations were unaltered. This makes it very
likely that the Tubb3 overexpression did work but is somehow not detectable by
the intensity measurement method. In general, an increased Tubb3 expression was
associated with increased malignancy in several tumor tissues. Also in neuronal
tumors the increased expression of Tubb3 was associated with tumor maturational
phenomena [Katsetos et al., 2003]. Overexpression of beta-tubulin in yeast cells was
lethal and led to an arrested cell cycle, increased chromosome loss, lack of MTs and
beta-tubulin accumulation into a novel structure |Burke et al., 1989]. These find-
ings indicate that overexpressed Tubb3, or general beta-tubulin, might be harmful
to cells, especially by influencing the cell cycle. However, differentiated neurons do
not proliferate and might not be affected by this. In neurons a correlation between
Tubb3 expression and epileptic seizures was revealed by finding increased Tubb3

levels in rat hippocampi of two chronic epilepsy models [Xu et al., 2017]. Tubb3
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knockdown had an anti-epileptic effect, whereas Tubb3 overexpression contributed
to seizure development. Epileptic seizures result from an imbalance of excitatory and
inhibitory neurotransmission, with the latter mainly being mediated via GABA 4-Rs.
Xu et al. also showed that Tubb3 overexpression led to reduced cell surface expres-
sion of the GABA 4-R and decreased mean amplitude of the miniature inhibitory
postsynaptic potentials (mIPSCs), which means that Tubb3 may be involved in
trafficking of GABA 4-Rs from the intracellular pool to the surface [Xu et al., 2017].
This matches the earlier finding, that Tubb3 downregulation influences N-Cadherin
transport. It also leads back to the very first experiment where it was shown that
chemical induced LTP led to increased Tubb3 levels in acute hippocampal slices. Al-
though Hanse et al. showed that TEA induced LTP is not related to alterations in
GABA 4ergic inhibition [Hanse and Gustafsson, 1994, it is an indicator how Tubb3

expression could influence synaptic plasticity.
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This study showed a connection between synaptic stimulation, tubulin isotype com-
position and MT function. The topics of tubulin isotypes, their expression patterns,
and functions are expanding and especially interesting in neuroscience because of
the high variety of tubulin isotypes in brain tissue. Also, it was shown that muta-
tions in tubulin genes which result in disease phenotypes can lead to reduced Tubb3
expression |Tischfield et al., 2010]. The results of this thesis confirm that the expres-
sion pattern of beta-tubulin isotypes influences MT growth, motor driven transport,
and that cells respond to external interference in isotype expression. This points
to an elaborate regulatory system which is important for the cell to maintain func-
tional efficiency and adapt to external stimuli in the process of synaptic plasticity.
Additional to the experimental results the M'T growth model gave insights into the
effects of isotype concentrations on MT growth and demonstrated the power and

usefulness of mathematical simulations to understand biological systems.

This study also demonstrated the complexity of MT research. Although the role of
tubulin isotypes is more and more understood, a lot of open questions remain. Next
steps could be to generate additional knockdown and overexpression constructs to
analyze the functionality of other tubulin isotypes. Also, activity related questions
are of interest, for example if cLTP could induce a MT growth or motor transport
phenotype in cell culture. Together with the SDS-Page analysis of isotype expression
after cLTP induction, this could shed a light on isotype functionality. Additionally
to cell culture experiments, mouse behavior experiments could be conducted with
following isotype composition analysis of the hippocampus region. Furthermore, su-
per resolution microscopy analysis would be an efficient tool to investigate isotype
patterns within the MTs. In general, future research should provide more detailed
information about isotype distribution and functionality since this is clearly an im-

portant regulator of cellular processes.

In addition to extended experiments the MT model holds a great potential for expan-
sions. At the moment it is focused on MT growth and velocity. MT shrinkage could
be included by determining the energy difference between GTP-tubulin (growth)
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and GDP-tubulin (shrinkage) states. Switching between these two states (catastro-
phy, rescue) could be characterized by a hydrolysis constant. Also, more or different
isotypes could be included to model further growth scenarios. When all natural
isotypes and MT dynamic parameters are included, the model could be used to
discuss phenotypes related to tubulin isotype expression, like cortical development
in mice [Saillour et al., 2014], rat epileptic tissue [Xu et al., 2017|, and cancer cell
lines [Katsetos et al., 2003]. An important step forward would also be to improve
the parameter determination process for the cellular environment by either reducing

the needed computation time or by finding another calculation method.

Altogether, the combination of biological experiments with physical models is be-
coming an increasingly important approach to investigate complex scientific ques-

tions.
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A. Appendix

A.1l. Imageld Macro for video analysis

macro "Man_Track" {

Dialog.create("Scale");

// produces a dialogbox with the title "Scale"

// the user should enter the pixelsize with unit and the framerate of the
imaging, the given values are for our spinning disc microscope with
100x objective

Dialog.addNumber ("pixel:", 1);
Dialog.addNumber ("known distance:", 0.08);
Dialog.addString("unit:", "um");
Dialog.addNumber ("frame rate [s]:", 1);
Dialog.show();

//shows the dialog box

pixel = Dialog.getNumber();
//the macro gets the numbers and units from the dialogbox
known = Dialog.getNumber();;
unit = Dialog.getString();
framerate = Dialog.getNumber();;;

run("Set Scale...", "distance=pixel known=known pixel=1 unit=unit");
//the scale of the current image is set to the values that the user
entered in the dialog box
run("Set Measurements...", '"display redirect=None decimal=3");
//the settings of measurements are set
setTool("1line");
//selects the line tool
run("ROI Manager...");
//opens the roi manager
roiManager ("Show All");
//checks the box that all rois are visible in all frames

titlel = "Tracks";

//sets the title for the later produced table
title2 = "["+titlel+"]";
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f=title2;
//f is the variable for the table

run("New... ", "name="+title2+" type=Table");
//produces a table
print(f,"\\Headings:Track\tLabel\tlength ["+unit+"]\tduration [s]
\tvelocity ["+unit+"/s]");
//shows the table with the given headings
setKeyDown('"none") ;
//deselects all keys that might have been pressed before
i=1
//gives later the number of the track
count2 = 1;
//counts the rows of the current track in the result table for the
calculation of the length of that track
k =0;
// counts the clicks inside the image and gives the row for the result
table

while (!(isKeyDown("alt"))) {
//this while loop is executed until the alt key is pressed
IJ.log("Close this window to start a new Track.\nPress Alt and
close this window after the last Track.")
//opens a log window with the given text
x2=-1; y2=-1; z2=-1; flags2=-1;
//requirement for the get cursor location command
logOpened = false;
//argument for the next while loop
slicel = -2;
//argument for a later if loop, just needed a number which could
never be equal to slicel so that the if loop is executed at
least omnce

while (!logOpened || isOpen("Log")) {
// executes this while loop as long as the log window is opened
getCursorloc(x, y, z, flags);
//gets the cursor locations all the times, remembers the
x,y and z position(frame), the flag is a number which
gives the clicking of the mouse button

if (x!=x2 || y!=y2 || z!'=2z2 || flags!=flags2) {

if (flags==48) {

//executes this if loop when the user presses the

left mouse button(flag of clicking the left is
48)

if (z !'= slicel) {
//executes this if loop when z is not

122



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

A.1. ImageJ Macro for video analysis

equal to slicel, as I set the initial
value of slicel to -2 and z is the
frame of the stack (which is always

a positive number) this loop is
executed at least once

title = getTitle();

//gets the title of the current image

setResult ("Label", k, title);

//the following lines fill the results
table, k counts how often this loop
is executed and with that counts the
clicks (left mouse button) of the user
on the image, the label is the title

of the current image
setResult ("Track", k, j);

//j counts the repetitions of the first
while loop so it gives the number of
the track

setResult ("X", k, x);
// x and y positions of the cursor in

pixel

setResult ("Y", k, y);

setResult("Slice", k, z+1);
//z gives the frame, but starts at O,
thats why I add 1

k=k+1;

//k counts how often this loop is executed
and with that counts the clicks
(left mouse button) of the user
on the image

slicel = z;

//sets slicel to z, so if you click twice
in the same frame the if loop is not
executed

} else {
//if you click twice in the same frame
this else loop is executed and gives
you an error message

showMessage ("Only one click per
frame allowed.");
}
}
updateResults();
//updates the results table
logOpened = true;
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124

x2=x; y2=y; z2=z; flags2=flags;

¥
dist = 0;

//sets the distance of the track to 0
count = O;

//counts how often the following for loop is executed,
80 it counts the number of times you clicked in the
current track

for (i=count2; i<nResults; i++) {

//count2 is set initially to 1 (1 is the second row in
the result table), nResults is the number of entries
in the result window, so this loop runs through all
the rows in the result window of the current track

x1 = getResult("X",i-1);
//get the results for the x and y values of two
consecutive points in the result table

yl = getResult("Y",i-1);
x2 = getResult("X",i);
y2 = getResult("Y",i);

len = sqrt((x2-x1)*(x2-x1) + (y2-y1)*(y2-y1));
//calculates the absolute distance between these
two points

dist = dist + len;
//calculates the distance of the whole track by
adding all the single distances between
consecutive points of the track

count = count + 1;
//counts how often this for loop is executed,
so it counts the number of times you clicked
in the current track

count2 = count2 + 1;
//counts up count2 for the argument of this loop

count = count + 1;

//if the for loop is not executed anymore count still

has to be one larger to account for all the points in

the track
count2 = count2 + 1;
firstSlice = getResult("Slice",nResults - count);

//to caclulate the duration of the track we need the
number of the first and the last frame of the stack,
nresults is the last entry of the result table and
count counted the number of points in the track,
so by subtracting we get the first point of the track
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lastSlice = getResult("Slice",nResults-1);
dur = framerate * abs(lastSlice - firstSlice);
//by multiplying the framerate by the duration (in
frames) we get the duration of the track in seconds
vel = dist/dur;
//the velocity is the distance devided by the duration
label = getResultLabel(nResults-1);
//gets the title of the current image out of the result
tabel

if (dur!=0) print(f, j +"\t"+ label +"\t'"+dist*known/pixel+"\t
"+dur+"\t"+vel*known/pixel);
//if the duration is not equal to O the results get
printed into the "Tracks'" table (f), j is the number
of the track, label is the title of the image, the
distance and the velocity have to be multiplied by
the pixelsize which the user defines in the beginning,
because x and y coordinates are given in pixel and
distance and velocity shall be given in the pysical
unit

j=i+ty
//counts the repetitions of the first while loop and
with that the number of tracks

setKeyDown('none") ;
//deselects all keys that might have been pressed before
selectWindow("ROI Manager");
//all opened windows get closed
roiManager("reset");
run("Close");

selectWindow("Results");
run("Close");

selectWindow("Tracks");
run("Close");
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A.2. Microtubule growth model

using System;

namespace MT_growth_velocity

{
class Program

{

static void Main(string[] args)

{

int steps = 50

00;

// number of events that are calculated

int startlength = 10;
// startlength of each
double konuser =
// k_on defined by the

double Glongl;

// longitudinal energy

double Glong2;
// longitudina
double Glong3;
// longitudina
double Glong4;
// longitudina
double Glongb;
// longitudina
double Glong6;
// longitudina

double Glatl;
// lateral
double Glat2;
// lateral
double Glat3;
// lateral
double Glaté4;
// lateral
double Glath;
// lateral
double Glat6;
// lateral

double concl =

30;

1 energy
1 energy
1 energy
1 energy

1 energy

energy

energy

energy

energy

energy

energy

0.98;

user

Tubb3

Tubb4

of

of Tubb3

of Tubb4

protofilament is 10 dimers

the remaining isotypes
between Tubb3 and Tubb4d
between Tubb3 and the remaining isotypes

between Tubb4 and the remaining isotypes

of the remaining isotypes

between Tubb3

between Tubb3

between Tubb4

// dimer concentration of Tubb3

double conc2 =

126

1.96;

and Tubb4
and the remaining isotypes

and the remaining isotypes

in the control condition
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A.2. Microtubule growth model

// dimer concentration
double conc3 = 4.06;
// dimer concentration
condition

//double concl = 0.42;
// dimer concentration
//double conc2 = 2.61;
// dimer concentration
//double conc3 = 3.97;
// dimer concentration
condition

of Tubb4 in the control condition

of the remaining isotypes in the control

of Tubb3 in the knock down condition
of Tubb4 in the knock down condition

of the remaining isotypes in the knock down

double konl = konuser * concl;

// on rate of Tubb3 multiplied with Tubb3 dimer concentration
double kon2 = konuser * conc?2;

// on rate of Tubb4 multiplied with Tubb4 dimer concentration
double kon3 = konuser * conc3;

// on rate the remaining isotypes multiplied with their dimer

concentration

double koff;
// off rate constant

int[] length = new int[15];
// array to save the length of the protofilaments

int[,] grid = new int[15,

// 2D array to save the dimer types at their position in the MT grid

steps + startlength + 2];

double[,] time = new double[14, steps + startlength + 5];

// 2D grid to save the
int[] x={1, 2, 3 };

execution time of each event

double[] vel = new double[101];
// double to save the velocities

double smallest;
double meanvel;
double MTmeanlength;
int row;

int protofilament;
double totaltime;
double totallength;
double addedlength;
double MTlengthdiff;
int dimerl;

int dimer?2;

int dimer3;

double latneighborl;
double latneighbor2;
double latneighbor3;
double latneighbor4;
double latneighborb;
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double latneighbor6;

double longneighborl;
double longneighbor2;
double longneighbor3;
double longneighbor4;
double longneighborb;
double longneighbor6;

Random rnd = new Random();

Glongl = -5;

// longitudinal energy of Tubb3

Glong2 = -7.5;

// longitudinal energy of Tubb4

Glong3d = -7;

// longitudinal energy of the remaining isotypes

Glong4 = (Glongl + Glong2) / 2;

// longitudinal energy between Tubb3 and Tubb4

Glongb = (Glongl + Glong3) / 2;

// longitudinal energy between Tubb3 and the remaining isotypes
Glong6 = (Glong2 + Glong3) / 2;

// longitudinal energy between Tubb4 and the remaining isotypes

Glatl = -3;
// lateral energy of Tubb3
Glat2 = -6;
// lateral energy of Tubb4
Glat3 = -4;
// lateral energy of the remaining isotypes
Glat4 = (Glatl + Glat2) / 2;
// lateral energy between Tubb3 and Tubb4
Glats = (Glatl + Glat3) / 2;
// lateral energy between Tubb3 and the remaining isotypes
Glat6 = (Glat2 + Glat3) / 2;
// lateral energy between Tubb4 and the remaining isotypes

Array.Clear(vel, 0, vel.Length);
// deletes all values in the velocity array and sets them to O

for (int w = 1; w <= 100; w++)
// everything in this loop is executed 100 times
{
Array.Clear(grid, 0, grid.Length);
// deletes all values in the grid array and sets them to 0
length = new int[] { startlength, startlength, startlength, startlength,
startlength, startlength, startlength, startlength, startlength, startlength,
startlength, startlength, startlength, startlength, startlength };
// initializes the startlength of 70 dimers for each protofilament
row = 0;
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145 protofilament = O;
146 totaltime = O;

147 totallength = O;
148

149 for (int g = 1; g <= 13; gt++)

150 // runs through protofilaments from 1 to 13

151 {

152 for (int h = 1; h <= startlength; h++)

153 // runs through the dimers of the protofilament from 1 to the set
154 startlength (10)

155 {

156 grid[g, h]l] = x[(rnd) .Next(3)];

157 // puts a dimer of a rondom type (1,2 or 3) at this grid position
158 }

159 }

160 // with this a starting grid for the MT is defined

161

162 for (int i = 1; i <= steps; i++)

163 // runs through the events that are executed

164 {

165 Array.Clear(time, O, time.Length);

166 // deletes all values in the time array and sets them to O

167 for (int j = 1; j <= 13; j++)

168 // runs through the protofilaments

169 {

170 int s1 = 1;

171

172 while (grid[j, s1] != 0)

173 // this loop is executed as long as a dimer of type 1,2 or 3

174 sits at this grid position, it calculates the off rate constant
175 for each dimer in the lattice and the execution time of each
176 dimer to unbind from the lattice

177 {

178 double countlatl = O;

179 // number of lateral neighboring Tubb3 dimers

180 double countlat2 = O;

181 // number of lateral neighboring Tubb4 dimers

182 double countlat3 = O;

183 // number of lateral neighboring dimers of the remaining isotypes
184 double countlatd4 = O;

185 // number of lateral neighboring Tubb3 and Tubb4 dimers

186 double countlaths = O;

187 // number of lateral neighboring Tubb3 and remaining isotype dimers
188 double countlaté = O;

189 // number of lateral neighboring Tubb4 and remaining isotype dimers
190

101 double countlongl = O;

192 // number of longitudinal neighboring Tubb3 dimers

103 double countlong2 = O;
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// number of longitudinal neighboring Tubb4 dimers
double countlong3 = O;
// number of longitudinal neighboring dimers of the remaining
isotypes
double countlongd = O;
// number of longitudinal neighboring Tubb3 and Tubb4 dimers
double countlongb = 0O;
// number of longitudinal neighboring Tubb3 and remaining
isotype dimers
double countlong6 = O;
// number of longitudinal neighboring Tubb4 and remaining
isotype dimers

if (grid[j, s1l] == 1)
// goes into this loop if the dimer type is 1 (Tubb3)
calculations of longitudinal neighbor dimer types for the
current dimer

{
if (grid[j, sl - 1] == 1) { countlongl += 1; }
if (grid[j, sl - 1] == 2) { countlong4 += 1; }
if (grid[j, s1 - 1] == 3) { countlongb += 1; %
}

if (grid[j, s1] == 2)
// goes into this loop if the dimer type is 2 (Tubb4)
calculations of longitudinal neighbor dimer types for the
current dimer

{
if (grid[j, sl - 1] == 1) { countlong4 += 1; }
if (grid[j, sl - 1] == 2) { countlong2 += 1; }
if (grid[j, sl - 1] == 3) { countlong6 += 1;
}

if (grid[j, s1] == 3)
// goes into this loop if the dimer type is 3 (all ramaining
isotypes) calculations of longitudinal neighbor dimer types
for the current dimer

{
if (grid[j, s1 - 1] == 1) { countlongb += 1; }
if (grid[j, sl - 1] == 2) { countlong6 += 1; }
if (grid[j, s1 - 1] == 3) { countlong3 += 1; %
}

int s2 = si;

while (grid[j, s2] != 0)

// this loop is executed as long as a dimer of type 1,2 or 3 sits at

this grid position
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if (j == 1)

// this loop calculates the number of lateral neighbors for
protofilament 1, because of the MT seam between protofilament
1 and 13 with a longitudinal dimer shift of 1.5 dimers, the
lateral neighbors for protofilament 1 and 13 have to be
calculated seperately from the rest

{

if (grid[j, s2] == 1)
// goes into this loop if the dimer type is 1 (Tubb3)

{

if (s2 == 1)

// calculations of lateral neighbor dimer types for the
first dimer of protofilament 1

if (grid[2, s2] == 1) { countlatl
if (grid[2, s2] == 2) { countlat4
if (grid[2, s2] == 3) { countlatb
if (grid[13, s2] == 1) { countlatl
if (grid[13, s2] == 2) { countlat4
if (grid[13, s2] == 3) { countlatb

b
if (s2 == 2)
// calculations of lateral neighbor
second dimer of protofilament 1
{

if (grid[2, s2] == 1) {
if (grid[2, s2] == 2) {
if (grid[2, s2] == 3) {
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==

if (82 1= 1 && s2 1= 2)

countlatl = countlatl + 1;

countlat4d
countlatb

1)
2)
3)

{ countlati
{ countlat4
{ countlath

countlatd + 1;
countlatb + 1;

countlatl
countlat4
countlatb

countlatl + 1; }
countlatd4 + 1; }
countlatbs + 1; }
countlatl + 1; }
countlat4 + 1; }
countlath + 1; }

dimer types for

o o

// calculations of lateral neighbor dimer types for

following dimers of

if (grid[2, s2] == 1) {
if (grid[2, s2] == 2) {
if (grid[2, s2] == 3) {
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==

protofilament 1

countlatl = countlatl + 1;
countlat4 = countlatd4 + 1;
countlatb = countlatbh + 1;
1) { countlatl = countlati
2) { countlat4 = countlat4
3) { countlatb5 = countlat5h
1) { countlatl = countlatil
2) { countlat4 = countlat4
3) { countlat5 = countlat5b

+ o+ o+

O O O O O O
o o1 o o1 oo

the

F;
w N

all

N
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if (gridl[j, s2] == 2)
// goes into this loop if the dimer type is 2 (Tubb4)

{

if (82 == 1)

// calculations of lateral neighbor dimer types for the
first dimer of protofilament 1

if (grid[2, s2] == 1) { countlat4
if (grid[2, s2] == 2) { countlat2
if (grid[2, s2] == 3) { countlat6
if (grid[13, s2] == 1) { countlat4 = countlat4 + 1; }
if (grid[13, s2] == 2) { countlat2
if (grid[13, s2] == 3) { countlaté

i
if (s2 == 2)
// calculations of lateral neighbor
second dimer of protofilament 1
{

if (grid[2, s2] == 1) { countlat4 = countlat4 + 1;
countlat2 = countlat2 + 1;

if (grid[2, s2] == 2) {
if (grid[2, s2] == 3) {
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==

if (82 1= 1 && s2 1= 2)

countlat6

1) { countlatd
2) { countlat2
3) { countlat6

countlat6 + 1;

countlaté
countlat?2
countlat6

countlatd4 + 1; }
countlat2 + 1; }
countlat6 + 1; }

countlat2 + 1; }
countlat6 + 1; }

dimer types for

+ o+ o+

// calculations of lateral neighbor dimer types for

following dimers of

if (grid[2, s2] == 1) {
if (grid[2, s2] == 2) {
if (grid[2, s2] == 3) {
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 2] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==
if (grid[13, s2 - 1] ==

if (grid[j, s2] == 3)
// goes into this loop if the

{

isotypes)

if (82 == 1)

protofilament 1

countlat4 = countlatd4 + 1;
countlat2 = countlat2 + 1;
countlat6 = countlat6 + 1;
1) { countlat4 = countlat4
2) { countlat2 = countlat2
3) { countlat6 = countlat6
1) { countlat4 = countlat4
2) { countlat2 = countlat2
3) { countlat6 = countlat6

o+ o+ o+

O O O O O O
o o1 v o1 o O

the

“e

all

(TR

LS O N e

dimer type is 3 (all ramaining
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A.2. Microtubule growth model

// calculations of lateral neighbor dimer types for the
first dimer

if
if
if
if
if
if

if
if
if
if
if
if

if
if
if
if
if
if
if
if
if

this loop calculates the number of lateral neighbors for
protofilament 13, because of the MT seam between protofilament
1 and 13 with a longitudinal dimer shift of 1.5 dimers, the
lateral neighbors for protofilament 1 and 13 have to be

(grid[2, s2]
(grid[2, s2]
(grid[2, s2]

(grid[13, s2]
(grid[13, s2]

if (82 == 2)
// calculations

of

of lateral neighbor

protofilament 1

1) { countlath
2) { countlat6
3) { countlat3

2) { countlat6
3) { countlat3

second dimer of protofilament 1

(grid[2, s2]
(grid[2, s2]
(grid[2, s2]

(grid[13,
(grid[13,
(grid[13,

following dimers of

s2
s2
s2

if (s2 !=1 && s2
// calculations of lateral neighbor dimer types for
protofilament 1

(grid[2, s2]
(grid[2, s2]

(grid[2, s2]
(grid[13, s2
(grid[13, s2
(grid[13, s2
(grid[13, s2
(grid[13, s2
(grid[13, s2
13)

1= 2)

n A1
2) {
3 {

1]
1]
1]

» A
2) {
3)

2]
2]
2]

11 =

1]
1]

countlat6
countlat3
1) { countlath
2) { countlat6
3) { countlat3

countlatb

countlat3

A m A A

calculated seperately from the rest

if (gridl[j, s2] == 1)
// goes into this loop if the dimer type is 1 (Tubb3)

countlatbs + 1; }
countlat6 + 1; }
countlat3 + 1; }
(grid[13, s2] == 1) { countlath = countlatbs + 1; }
countlaté + 1; }
countlat3 + 1; }

dimer types for

countlatb = countlatb + 1;
countlat6 + 1;
countlat3 + 1;

countlatb
countlat6
countlat3

= countlatb + 1;

countlat6 = countlat6 + 1;
= countlat3 + 1;

countlatb = countlath
countlat6 countlat6
countlat3 countlat3
countlatb countlatb
countlat6 countlat6
countlat3 countlat3

+ + o+
L

“e

+ o+ o+

O O O O O O
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if
if
if
if
if
if
if
if
if

(grid[12, s2]
(grid[12, s2]
(grid[12, s2]
(grid[1, s2 +
(grid[1,
(grid[1,
(grid[1,
(grid[1,
(grid[1,

n
N
+ + 4+ + o+

1]
1]
1]
2]
2]
2]

if (gridl[j, s2] == 2)
// goes into this loop if the dimer type is 2 (Tubb4)

{
if
if
if
if
if
if
if
if
if

(grid[12, s2]
(grid[12, s2]
(grid[12, s2]
(grid[1, s2 +
(grid[1,
(grid[1,
(grid[1,
(grid[1,
(grid[1,

5]
N
+ + 4+ + 4+

1]
1]
1]
2]
2]
2]

if (grid[j, s2] == 3)
// goes into this loop if the dimer type is 3 (all

if
if
if
if
if
if
if
if
if

if (j

isotypes)

(grid[12, s2]
(grid[12, s2]
(grid[12, s2]
(grid[1, s2 +
(grid[1,
(grid[1,
(grid[1,
(grid[1,
(grid[1,

n
N
+ + 4+ + 4+

=1 &% j

1= 13)

1)
2)
3)

1)
2)

{ countlati
{ countlat4
{ countlatb

iy
2)
3)
iy
2)
3)

{ countlat4
{ countlat2
{ countlaté

iy
2)
3)
iy
2)
3)

{ countlath
{ countlaté
{ countlat3

1)
2)
3)
1)
2)
3)

{
{

A e

{
{

S s A

{

T

countlatl
countlat4d
countlath
countlatl
countlatd
countlatb

countlat4
countlat?2
countlat6
countlatd
countlat?2
countlat6

countlatb
countlat6
countlat3
countlatb
countlat6
countlat3

countlatl + 1;
countlat4 + 1;
countlatb + 1;

countlatl
countlatéd
countlathb
countlatl
countlatd
countlatb

+ + + + + +

countlatd4 + 1;
countlat2 + 1;
countlat6 + 1;

countlat4
countlat?2
countlat6
countlatd
countlat?2
countlat6

+ + + + + +

countlath + 1;
countlat6 + 1;
countlat3 + 1;

countlatb
countlat6
countlat3
countlatb
countlat6
countlat3

+ + + + + +

O O O O O O v ww

Gl ol ol ol o1 O
N i sl e

OO OO O0OWwYw Y
oo ool o1 O
ol el

[

ramaining

O O O O O O YW v Y
o o1 o 01 o1 O

“e

i o el

// this loop calculates the number of lateral neighbors for

{

protofilament 2 to 12

if (grid[j, s2] == 1)
// goes into this loop if the dimer type is 1 (Tubb3)

{
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if (grid[j + 1, s2] == 1) { countlatl = countlatl + 1; }
if (grid[j + 1, s2] == 2) { countlat4 = countlat4 + 1; }
if (grid[j + 1, s2] == 3) { countlath = countlatbs + 1; }
if (grid[j - 1, s2] == 1) { countlatl = countlatl + 1; }
if (grid[j - 1, s2] == 2) { countlat4 = countlat4 + 1; }
if (grid[j - 1, s2] == 3) { countlath = countlatbs + 1; }

if (gridl[j, s2] == 2)
// goes into this loop if the dimer type is 2 (Tubb4)

{
if (grid[j + 1, s2] == 1) { countlat4 = countlat4 + 1; }
if (grid[j + 1, s2] == 2) { countlat2 = countlat2 + 1; }
if (grid[j + 1, s2] == 3) { countlat6 = countlaté + 1; }
if (grid[j - 1, s2] == 1) { countlat4 = countlat4 + 1; }
if (grid[j - 1, s2] == 2) { countlat2 = countlat2 + 1; }
if (grid[j - 1, s2] == 3) { countlat6 = countlaté + 1; }

+

if (grid[j, s2] == 3)
// goes into this loop if the dimer type is 3 (all

ramaining isotypes)

{
if (grid[j + 1, s2] == 1) { countlath = countlats + 1; }
if (grid[j + 1, s2] == 2) { countlat6 = countlaté + 1; }
if (grid[j + 1, s2] == 3) { countlat3 = countlat3 + 1; }
if (grid[j - 1, s2] == 1) { countlatbs = countlatb + 1; }
if (grid[j - 1, s2] == 2) { countlat6é = countlaté + 1; }
if (grid[j - 1, s2] == 3) { countlat3 = countlat3 + 1; }

+

+
82++;

// the value of s2 is increased by 1, with this the program
jumps to the next dimer in the protofilament and calculates
its lateral neighbors; because if a dimer deep in the
lattice unbinds all the dimers above it unbind and all
lateral energies have to be summed up

double sum_Glat = (countlatl * Glatl) + (countlat2 * Glat2) +
(countlat3 * Glat3) + (countlat4 * Glat4) + (countlatb * Glath)
+ (countlat6 * Glat6);

// calculates the total lateral energy of the current dimer
double sum_Glong = (countlongl * Glongl) + (countlong2 * Glong2)
+ (countlong3 * Glong3) + (countlong4 * Glong4) + (countlongb *
Glong5) + (countlongé * Glong6);

// calculates the total longitudinal energy of the current dimer

koff = konuser / Math.Exp(-1 * (sum_Glat + sum_Glong)) * 100000;
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// calculates the off rate constant of the current dimer
time[j, s1] = -Math.Log(rnd.NextDouble()) / koff;
// calculates the execution time of the current dimer to unbind

sl++;
// the value of sl is increased by 1, with this the program
jumps to the next dimer in the protofilament to calculate
the number of lateral neighbors of this and all the above

dimers
b
if (j == 1)
// this loop calculates the executions times of dimers binding to
protofilament 1
{

if (length[1] > O && grid[13, length[1] - 1] != 0 &&
grid[2, length[1] + 1] != 0)
// goes into this loop if protofilament 1 has a length greater
than O, and is shorter than protofilaments 13 and 2
{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 10);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2 / 10);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3 / 10);
// the execution times of dimers of type 1, 2 or 3 binding
to the protofilament tip are calculated
}
else
{
if (length[1] > O && grid[13, length[1] - 1] == 0 &&
grid[2, length[1] + 1] == 0)

// goes into this loop if protofilament 1 has a length greater
than O, and is longer or of the same length than
protofilaments 13 and 2

{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl);
time[j, steps + startlength + 3]
-Math.Log(rnd.NextDouble())
time[j, steps + startlength + 4]
-Math.Log(rnd.NextDouble()) / (kon3);
// the execution times of dimers of type 1, 2 or 3
binding to the protofilament tip are calculated

(kon2) ;

1

i
else
// this loop is executed when protofilament 1 is shorter than
one of the neighboring protofilaments and longer than the
other
{



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

583

584

585

A.2. Microtubule growth model

time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 2);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2 / 2);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3 / 2);
// the execution times of dimers of type 1, 2 or 3
binding to the protofilament tip are calculated

b
+
b
if (j == 13)
// this loop calculates the executions times of dimers binding
to protofilament 13
{

if (grid[12, length[13] + 1] != 0 && grid[1, length[13] + 2] != 0)
// goes into this loop if protofilament 13 is shorter than
protofilaments 12 and 1
{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 10);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2 / 10);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3 / 10);
// the execution times of dimers of type 1, 2 or 3
binding to the protofilament tip are calculated
+
else
{
if (grid[12, length[13] + 1] == 0 && grid[1, length[13] + 2] == 0)
// goes into this loop if protofilament 1 is longer or of the
same length than protofilaments 13 and 2

{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3);
// the execution times of dimers of type 1, 2 or 3
binding to the protofilament tip are calculated
+
else
// this loop is executed when protofilament 13 is shorter than
one of the neighboring protofilaments and longer than the
other
{

time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 2);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2 / 2);
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time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3 / 2);
// the execution times of dimers of type 1, 2 or 3
binding to the protofilament tip are calculated

if (5 !=1 && j !'= 13)
// this loop calculates the executions times of dimers binding
to protofilaments 2 to 12

if (gridlj - 1, length[j] + 1] != 0 && grid[j + 1, length[j]l + 1] != 0)
// goes into this loop if the current protofilament is shorter
than its two neighboring protofilaments
{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 10);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2 / 10);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3 / 10);
+
else

{

if (grid[j - 1, length[j] + 1] == 0 && grid[j + 1, length[j] + 1] == 0)

// goes into this loop if the current protofilament is longer
or of the same length than its two neighboring protofilaments
{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl);
time[j, steps + startlength + 3] =
-Math.Log(rnd.NextDouble()) / (kon2);
time[j, steps + startlength + 4] =
-Math.Log(rnd.NextDouble()) / (kon3);
+
else
// this loop is executed when the current protofilament is
shorter than one of the neighboring protofilaments and
longer than the other
{
time[j, 0] = -Math.Log(rnd.NextDouble()) / (konl / 2);
time[j, steps + startlength + 3]
-Math.Log(rnd.NextDouble())
time[j, steps + startlength + 4]
-Math.Log(rnd.NextDouble())

/ (kon2 / 2);
/

(kon3 / 2);
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smallest = time[1, 0];

for (int k = 1; k <= 13; k++)
{
for (int 1 = 0; 1 <= steps + startlength + 4; 1++)
{
if (timel[k, 1] '= 0 && time[k, 1] <= smallest)
{
smallest = timel[k, 1];
protofilament = k;
row = 1;
}
+
}

// this loops determine the shortest execution time of all before
calculated times and saves the protofilament number and the row

if (row == 0)

// row = O means that a dimer of type 1 (Tubb3) binds to the

corresponding protofilament

{
length[protofilament] = length[protofilament] + 1;

// the length of the protofilament is increased by 1

grid[protofilament, length[protofilament]] = 1;
// the number in the grid array is set to 1
by

else

{
if (row == steps + startlength + 3)

// row = steps + startlength + 3 means that a dimer of type 2
(Tubb4) binds to the corresponding protofilament

{

length[protofilament] = length[protofilament] + 1;
// the length of the protofilament is increased by 1

grid[protofilament, length[protofilament]] = 2;
// the number in the grid array is set to 2
+

else

{
if (row == steps + startlength + 4)

// row = steps + startlength + 4 means that a dimer of type 3
(all remaining isotypes) binds to the corresponding

protofilament

{

length[protofilament] = length[protofilament] + 1;
// the length of the protofilament is increased by 1
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grid[protofilament, length[protofilament]] = 3;
// the number in the grid array is set to 3
+
else
// this loop is executed when a dimer unbinds

int countrow = row;
// sets the value of countrow to the value of row, which
means the following while loop starts at the dimer with
the shortest execution time

while (grid[protofilament, countrow] != 0)
// this loop is executed as long as the dimer type at this
grid position is 1, 2 or 3
{
grid[protofilament, countrow] = 0;
// removes the dimer from this grid position
length[protofilament] = length[protofilament] - 1;
// the length of the protofilament is decreased by 1
countrow++;
// increases the values of countrow by 1, which means that
all dimers above the dimer with the shortest execution
time are removed as well

totaltime = totaltime + smallest;
// calculates the total elapsed time by summing all calculated

execution times

DateTime start = DateTime.Now;
// sets the date and time to the current values, which are used

as seeds for the random numbers

addedlength = length[1] + length[2] + length[3] + length[4] + length[5] +
length[6] + length[7] + length[8] + length[9] + length[10] +

length[11] + length[12] + length[13];

// summes up the lengths of all protofilaments
MTmeanlength = addedlength / 13;
// calculates the mean MT length
MTlengthdiff = MTmeanlength - startlength;
// substracs the startlength of the protofilaments from the mean MT

length

totallength = MTlengthdiff * 8;
// transforms the lenfth from number of dimers into nm (length of 1

dimer is 8 nm)
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733 vel[w] = totallength / totaltime;

734 // calculates the velocity

735

736 dimerl = 0;

737 dimer2 = 0;

738 dimer3 = 0;

730 latneighborl = 0;

740 latneighbor2 = 0;

741 latneighbor3 = 0;

742 latneighbord = O;

743 latneighborb = 0;

744 latneighbor6 = 0;

745 longneighborl = 0;

746 longneighbor2 = 0;

747 longneighbor3 = 0;

748 longneighbord = 0;

749 longneighborb5 = 0;

750 longneighbor6 = 0;

751

752 for (int j = 1; j <= 13; j++)

753 // runs through the protofilaments

754 {

755 for (int i = startlength + 1; i <= steps + startlength + 1; i++)
756 // starts counting the dimer types in the protofilaments above the
757 starting grid

758 {

759 if (grid[j, i] == 0)

760 // stops if there is no dimer at this space of the grid

761 {

762 break;

763 }

764

765 if (grid[j, i] == 1) { dimerl += 1; }

766 if (gridl[j, il == 2) { dimer2 += 1; }

767 if (grid[j, i] == 3) { dimer3 += 1; }

768 // counts the number of incorporated dimer types

769

770 if (J == 1)

771 // this loop calculates the dimer types of lateral neighbors
772 for protofilament 1

773 {

774 if (grid[j, i] == 1)

775 // goes into this loop if the dimer type is 1 (Tubb3)
776 {

77 if (grid[j, i - 1] == 1) { longneighborl += 1; 7

778 if (grid[j, i - 1] == 2) { longneighbor4 += 1; %}
779 if (grid[j, i - 11 == 3) { longneighborb += 1; }
780 if (grid[13, i - 2] == 1) { latneighborl += 0.5; %
781 if (grid[13, i - 2] == 2) { latneighbor4 += 0.5; }
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{

if

if
if
if
if
if
if
if
if
if

if
if
if
if

(grid[13,
(grid[13,
(grid[13,
(grid[13,

He He P M

(gridlj, i] == 2)
// goes into

(grid[j, i - 1]
(gridl[j, 1 - 1]
(grid[j, i - 1]

(grid[13,
(grid[13,
(grid[13,
(grid[13,
(grid[13,
(grid[13,

e He B He e

if (grid[j, i] ==
// goes into this loop if

{
if (gri

}
}

if (G '=1)

alj, i
if
if
if
if
if
if
if

isotypes

2]
2]
2]
1]
1]
1]

2]
1]
1]
1]

3) { latneighbor5 += 0.5; }
1) { latneighborl += 0.5; }
2) { latneighbor4 += 0.5; }
3) { latneighbor5 += 0.5; }

this loop if the dimer type is 2 (Tubb4)

3)

)

1) { longneighbor4 += 1; 7

2) { longneighbor2 += 1; }

3) { longneighbor6 += 1; }
= 1) { latneighbor4 += 0.5; }
2) { latneighbor2 += 0.5; 7
= 3) { latneighbor6 += 0.5; }
= 1) { latneighbor4 += 0.5; }
2) { latneighbor2 += 0.5; %
3) { latneighbor6 += 0.5; }

the dimer type is 3 (all ramaining

- 1] == 1) { longneighborb += 1; }
(gridlj, i - 1] ==
(grid[j, i - 1] ==
(grid[13,
(grid[13,
(grid[13,
(grid[13,
(grid[13,
if (grid[13, i -

He e He He

1] =

2]

2] ==
2] ==

1] =
1]

= 3)

2) { longneighbor6 += 1; }

3) { longneighbor3 += 1; }
1) { latneighborb5 += 0.5; }
2) { latneighbor6 += 0.5; }
3) { latneighbor3 += 0.5; }
= 1) { latneighborb5 += 0.5; }
2) { latneighbor6 += 0.5; }

{ latneighbor3 += 0.5; }

// this loop calculates the dimer types of lateral neighbors
for all other protofilament

if (gridl

{

j, il == 1)
// goes into this loop if the dimer type is 1 (Tubb3)

if (gridlj, i - 1] =

if
if
if
if
if

(gridlj, i -
(grid[j, 1 -
(gridlj - 1,
(grid[j - 1,
(grid[j - 1,

= 1) { longneighborl += 1;

1]
1]
i]
i]
i]

2) { longneighbor4 += 1; }
3) { longneighborb5 += 1; }
1) { latneighborl += 1;
2) { latneighbor4 += 1;
3) { latneighborb5 += 1;

N
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831 }

832 if (grid[j, i] == 2)

833 // goes into this loop if the dimer type is 2 (Tubb4)
834 {

835 if (grid[j, i - 1] == 1) { longneighbor4 += 1; }

836 if (grid[j, i - 1] == 2) { longneighbor2 += 1; 7
837 if (grid[j, i - 1] == 3) { longneighbor6 += 1; }

838 if (grid[j - 1, il == 1) { latneighbor4 += 1; }

839 if (grid[j - 1, i] == 2) { latneighbor2 += 1; }

840 if (grid[j - 1, il == 3) { latneighbor6 += 1; }

841 }

812 if (gridl[j, il == 3)

843 // goes into this loop if the dimer type is 3 (all ramaining
844 isotypes)

845 {

846 if (grid[j, i - 1] == 1) { longneighbor5 += 1; }

847 if (grid[j, i - 1] == 2) { longneighbor6 += 1; 7

848 if (grid[j, i - 1] == 3) { longneighbor3 += 1; }

849 if (grid[j - 1, il == 1) { latneighborb5 += 1; }

850 if (grid[j - 1, i] == 2) { latneighbor6 += 1; }

851 if (grid[j - 1, il == 3) { latneighbor3 += 1; }

852 }

853 }

854 }

855 }

856

857 int dimertotal = dimerl + dimer2 + dimer3;

858 // calculates the total dimer amount in the MT

859 double lattotal = latneighborl + latneighbor2 + latneighbor3 +

860 latneighbor4 + latneighborb + latneighbor6;

861 // counts the total number of lateral connections

862 double longtotal = longneighborl + longneighbor2 + longneighbor3 +
863 longneighbor4 + longneighborb + longneighbor6;

864 // counts the total number of longitudinal connections

865

866 Console.WriteLine (Math.Round(vell[w], 4) + " ; " + dimertotal + " ;
867 " + dimerl + " ; " + dimer2 + " ; " + dimer3 + " ; " + lattotal + " ;
868 " + latneighborl + " ; " + latneighbor2 + " ; " + latneighbor3 + " ; "
869 + latneighbor4 + " ; " + latneighborb + " ; " + latneighbor6 + " ; "
870 + longtotal + " ; " + longneighborl + " ; " + longneighbor2 + " ; "
871 + longneighbor3 + " ; " + longneighbor4 + " ; " + longneighborb + "
872 ; "'+ longneighbor6);

873 // writes the velocity and dimercounts into the console

874 }

875 Console.Read();

876 // keeps the console open until the user presses enter

877}

878 F

879 F
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A.3.4. Publications

Hausrat TJ, Radwitz J, Lombino FL, Breiden P, Kneussel M. Alpha- and beta-
tubulin isotypes are differentially expressed during brain development. Dev Neuro-
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