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1 Abstract

The molecular dynamic of tau protein, its interaction with microtubules and the
changes in both that appear in pathological conditions are a focus of research to
get an insight in neurodegeneration. It is known that tau binds to microtubules
by four homologous repeats in its carboxyterminal half. We want to examine
tau and especially its repeat regions and their role for microtubule-interaction in
living neurons using live cell imaging. We created multiple tau fragments with
different numbers of repeats and expressed them in neuronal differentiated PC12
cells as a model for neurons. We performed fluorescence decay after photoacti-
vation experiments by measuring the change of fluorescence intensity over time
in the activated region in the middle of cell processes. From this experiments
we were able to determine association and dissociation rates of the respective
constructs by fitting and modeling approaches. Fluorescence decay increased
with decreasing number of repeats. We found that a minimum number of three
repeats required for microtubule interaction. This could also be observed in the
tip of the processes. Destabilization of microtubules by colchicine increases the
mobility of full length tau and microtubule-interacting fragments, while stabiliza-
tion with epothilone D has no effect. Pseudophosphorylation of tau does not
significantly affect the fluorescence decay, but leads to an increase of the disso-
ciation and association rate. Truncation of the carboyxterminus after amino acid
421 - which simulates caspase 3 cleavage of tau - or amino acid 401 leads to a
decrease of fluorescence decay indicating increased binding of these fragments
to microtubules and a higher dissociation rate of these fragments. Furthermore
we could show that overexpression of full length tau in PC12 cells increases the
fraction of polymerized tubulin. The stronger binding caspase cleavage fragment
shows a similar microtubule stabilization.
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2 Introduction

2.1 Neurodegenerative Diseases

Alzheimer’s disease (AD) is characterized by a progressive loss of memory and
cognitive functions, resulting in severe dementia and massive neuron loss [9]. It
is the most well known type of dementia and with the increasing number of el-
derly people and the trend to prolong human life it moved into the focus of public
attention. Not only did it become a study subject for scientific research in the last
50 years, it also evolved into an economic factor for modern day societies [59].
AD has two characteristic hallmarks: The first one is the presence of extracellu-
lar amyloid plaques containing the aggregated amyloid precursor protein (APP)
peptide fragment Aβ. The second hallmark are the intracellular neurofibrillary
tangles (NFTs) composed of hyperphosphorylated tau proteins [31].
Characteristic for AD, like many other neurodegenerative diseases, is a loss of
neuronal connections or changes in structural plasticity of neurons in an early

Figure 2.1: pathology of Alzheimer’s disease Silver stain of an AD patient’s
cerebral cortex. Amyloid plaques (white arrow) and intracellular neu-
rofibrillary tangles (red arrow) can be visualized. (Chong 2005 [17]
modified)
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2. INTRODUCTION

stage of disease progression [4]. As well as for Aβ-plaques as for NFTs, a spe-
cific pathway of occurrence of pathogenic hallmarks can be observed. They first
appear in layer II of the entorhinal cortex. This region projects into the dentate
gyrus of the hippocampus, where both NFTs and amyloid plaques can be found
in later stages of disease progression, before they are found in limbic and asso-
ciation cortices [18,21,51,67].
Accumulation of hyperphosphorylated Tau protein is also seen in several other
human neurodegenerative disorders, called tauopathies. Some of these diseases
are Frontotemporal Dementia, Pick disease, Dementia with agyrophilic grains and
Cortico-basal degeneration. In all these diseases abnormally hyperphosphory-
lated tau is associated with neurofibrillary degeneration [37].
In vitro studies have shown that abnormally hyperphosphorylated tau is no longer
competent in promoting microtubule assembly or binding to microtubules [2].
Since a proper regulation of microtubule dynamics (assembly and disassembly)
is essential for normal cell morphology, functions and viability, malfunction tau
can lead to a disorganization of the cytoskeleton and therefore to cell death [68].
What makes AD even more complicated is the yet unknown connection between
Aβ and tau [38].

2.2 Cytoskeleton and microtubules

The cytoskeleton is an integral part of every cell. It not only provides the cell
with structure and shape by acting as a molecular scaffold, but also plays an
important roll in intracellular transport processes. Eukaryotic cells contain three
main kinds of cytoskeletal filaments, which are microfilaments, intermediate fil-
aments, and microtubules. For our work, microtubules and their role in a cell’s
shape and polarity are of special interest. Microtubules are tubular polymers,
made up of dimers of α- and β-tubulin. They have a distinct polarity with a (-)
and a (+) end, where elongation usually occurs in the (+) end. Microtubules are
no rigid structures, but are dynamically unstable, undergoing alternating phases
of growth and shrinkage, known as "rescue" and "catastrophe". This dynamic in-
stability can be influenced in multiple ways, either by microtubule affecting sub-
stances or by regulating proteins as the microtubule-associated proteins (MAPs).
The polarity orientation of microtubules in neurons is dependent of the com-
partment. While microtubules in axons in both axon and dendrite are parallel,
the (+) ends of microtubules in axons are directed to the growth cone, the mi-
crotubules and in dendrites they have no uniform polarity orientation - roughly
equal proportions are oriented with (+) ends to growth cone or cell body [3]. The
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2. INTRODUCTION

cytoskeleton both establishes and maintains polarity in neurons [71]. The stabi-
lization of microtubules plays an important role in inducing axon formation and
therefore in neuronal polarization; Microtubules in axons show an increased sta-
bility and pharmacological stabilization of microtubules is observed during axon
formation [71,72]. Of central importance for axon formation and neuronal polar-
ity is the specialized, highly motile cellular compartment at the tips of growing
axons, termed growth cone. It is composed of a central region filled with or-
ganelles and microtubules and a peripheral, highly dynamic, actin-rich region
containing lamellipodia and filopodia [64]. The dynamic state of the neuronal
cytoskeleton may have an important role in neuronal degeneration [69]. Many
neurodegenerative processes are associated with pathological alterations in the
dynamic turnover of intracellular proteins including proteins of the neuronal cy-
toskeleton [4, 28, 70]. Microtubule loss from axons and dendrites is a key con-
tributor to nervous system degeneration during Alzheimer’s disease. Yet the
connection between tau hyperphosphorylation and microtubule disintegration is
still target for many questions - there is little information [38]. One hypothesis is
that tau protects microtubules from being destroyed by various other proteins. A
pathological condition in which tau would detach from microtubules would make
them vulnerable to such factors [68]. Recently the focus fell on a category of
microtubule-severing proteins. These proteins are enzymes that to pull out a
tubulin subunit from a microtubule anywhere along its length, and thereby ’cut’
it by causing it to break into pieces [38]. The activity of katanin, one of the best
studied microtubule-severing proteins, is thought to be regulated by microtubule-
bound tau, which protects the microtubule from being accessed by katanin [57].
What makes the whole case more complex is that AD is not only a tauopathy,
but also Aβ is playing a role here. Besides that beta amyloid is accumulating in
AD patients’ brains and prompts tau to hyperphosphorylate, recent studies state
that Aβ can also elicit microtubule loss, independent of tau dissociation from the
microtubules [38].

2.3 Tau Protein

Tau protein was discovered in the middle of the 1970s and is one of the major
and most-studied microtubule-associated proteins of the vertebrate nervous sys-
tem [55]. The tau proteins are abundant in the central and peripheral nervous
system and are expressed in neurons, where they are mainly present and mostly
found in the axons of neurons [8,12]. The molecular characterization of tau has
given us a glimpse of the complex and diverse organization and modification of
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Figure 2.2: Transcription and translation of tau isoforms. A total six mRNAs
are generated by alternative splicing of exons 2, 3 and 10. A the black
boxes represent constitutive exons, and the gray and empty boxes
represent alternative spliced exons. B mRNAs of tau in adult human
brain. C isoforms of tau in adult human brain. Gray boxes represent
the N-terminal inserts (coded by exons 2 and 3) or MT-binding repeats
(coded by exons 9, 10, 11 and 12). The second MT-binding repeat
coded by exon 10 is highlighted by dark gray box. (Liu and Gong
2008 [47], modified)

the cytoskeleton for tau has been recognized to play major roles in promoting mi-
crotubule assembly and stabilizing the microtubules and to maintain the normal
morphology of the neurons [30,42,61,68]. In the human central nervous system
six different isoforms are generated via alternative splicing of exons 2, 3 and 10
of the human tau gene located on chromosome 17q21 (Figure 2.2) [52]. These
isoforms range from 352-441 amino acids and can be distinguished by the ab-
sence or presence of two 29 amino acid long inserts in the amino-terminal region
and the presence of 3 or 4 repeats in the carboxy-terminal region. The expres-
sion of the different isoforms is age dependent: Where the shortest isoform (352
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2. INTRODUCTION

amino acids) can be found during the whole life, the longest isoform (441 amino
acids) can only be found in the adult brain [32]. Tau proteins link to microtubules
to other cytoskeletal elements or proteins, like neurofilaments and membranous
organelles [12,61]. In neurons, tau is strongly substoichiometric compared with
tubulin (~20-40 μM tubulin compared with ~1 μM Tau or less) [19]; in vitro bind-
ing studies show saturation at tau:tubulin ratios up to ~0.5, that is about one tau
molecule for two tubulin αβ-heterodimers [34].
The overall amino acid composition of full-length tau (441) is unusually hydrophilic.
The protein has an overall basic character, although the amino-terminal ~120
residues are predominantly acidic, and the carboxy-terminal ~40 residues are
roughly neutral. The amino-terminal region is termed "projection domain", be-
cause it projects from the microtubule surface where it may interact with other
cytoskeletal proteins or the plasma membrane [10, 36]. It is followed by a part
that contains numerous prolines and therefore is names "proline-rich region".
The c-terminal half of tau is termed microtubule-binding domain. It contains the
repeat region with the already mentioned three to four repeats and a carboxy-
terminal part. These highly conserved repeats are 18 amino acid long and sep-
arated from each other by less conserved 13-14 amino acid long inter-repeat
regions (figure 2.3). It is well documented that the repeat region binds micro-
tubules through a flexible array of distributed weak sites [13,43]. Nevertheless
the exact binding site on microtubules is still unknown and several models for
tau binding have been proposed. One model states that the repeat region of tau
runs across protofilaments to help stabilize lateral bonds. In this context also the
flanking regions - the proline rich region and a proposed R’ repeat - play a role
by providing stiffening [34, 40, 50]. But also a model was proposed where tau
stabilizes microtubules by binding along individual protofilaments [1,16]. Other
studies state that tau is randomly distributed along the outer surface of the mi-
crotubules [60].

A number of biophysical studies revealed that physiological tau is an intrinsi-
cally unstructured protein, with a very low content of secondary and no tertiary
structure [26,39]. Tau protein can be modified by posttranslational modification.
It can be phosphorylated at various sites. There are seventy nine putative serine
or threonie phosphorylation sites on the longest brain tau isoforms [12]. Phos-
phorylation affects tau-microtubule-binding. Microtubule assembly depents par-
tially upon the phosporylation state of tau; Phosphorylated tau proteins are less
effective to promote microtubule polymerization than the non-phosphorylated
counterparts [45]. Phosphorylation of Ser262 for example dramatically reduces
the affinity of tau for microtubules in vitro [7]. Tau proteins associated with NFTs
are phosphorylated to a greater extent than normal tau [12].
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Figure 2.3: The repeat region of tau consists of 3-4 repeats. The The re-
peats (red boxes) are 18 amino acids long and highly homologous
(Grey boxes indicate homologous amino acids). They are linked by 13-
14 amino acids long inter-repeat regions with a low grade of homol-
ogy. Green letters indicate truncation mutations (See 4.1.1) (Gustke
1994 [34] modified).

Studies show that not only phosphorylation can influence tau protein and its ten-
dencies to form tangles. Also proteolysis can have a massive effect on tangle
formation. Caspase 3, a protease that plays a central role in the execution-phase
of cell apoptosis cleaves tau after aspartate 421. This truncation leads to a more
rapid and extensive assembly of tau into filaments in vitro and is reported in
neurons that were treated with amyloid-β peptide in vivo. [27]. Furthermore it
was shown that the Asp421 truncation fragment is also associated with NFTs in
the brains of Alzheimer disease patients [6]. This proteolysis appears to precede
the nuclear events of apoptosis, leading to the assumption that Aβ promotes
pathological tau filament assembly in neurons by triggering caspase cleavage
of tau [27]. In this connection the caspase activation occurs first, followed by
tangle formation. It is assumed that caspase cleavage of tau initiates tangle for-
mation and is preceded by truncated tau recruiting normal tau to misfold and
form tangles by hours to days [20].

2.4 Live cell imaging

To address questions of protein dynamics, it is important to have a tool that en-
ables us to observe processes in living cells. For this purpose Live cell imaging is
an approach to study biological function with high sensitivity.
Fluorescent proteins play a major role in our live cell imaging approaches. The
most prominent of them are green fluorescent protein (GFP) from the jellyfish
Aequorea victoria and its variants [65]. Its importance as a marker protein in
cellular biology lies in the possibility to fuse it with other proteins and there-
fore to visualize, track and quantify them [46]. GFP has a molecular weight of
27 kDa and consists of 238 amino acids; an imidazolone ring structure formed
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2. INTRODUCTION

from residues of the three amino acids Ser65,Tyr66 and Gy67 is the actual fluo-
rophore [53]. While inside the jellyfish energy is provided by the protein aequorin,
light of specific wavelength is used for excitation of GFP in scientific applications.
Wild-type GFP normally exists as a mixed population of a neutral and an anionic
phenolates, which produces the major 397-nm and minor 475-nm absorbance
peaks. Upon intense illumination of the protein with ultraviolet light, the chro-
mophore population undergoes photoconversion and shifts predominantly to the
anionic form, giving rise to an increase in minor peak absorbance (Figure 2.4).
This produces an increase in fluorescence of about threefold upon excitation at
488 nm [56]. Substituting Thr203 with a histidine results in a mutant that has

Figure 2.4: Structure of the chromophore of wild-type GFP before (left) and after
(right) photoconversion. The neutral phenolic form can be photocon-
verted into the anionic phenolate form by illumination with UV light.
Rotation of the T203 and decarboxylation of glutamic acid 222 (E222)
are structural rearrangements that may be the key features for this
photoconversion. The green color of the chemical structure indicates
the light-emitting structure of the chromophore(Lippincott and Patter-
son 2002 [56], modified).

almost no detectable fluorescence, but photoconversion by irradiation with UV
laser light (∼ 400 nm) leads to a 100-fold increase of green fluorescence in the
anionic form [48]. The T203H variant therefore serves as a photoactivatable
form of GFP, so called PAGFP. The feature of "photoactivatability" is essential:
It now is possible to mark small specific populations of tagged proteins inside
the cells and track them over time with a Fluorescence Decay After Photoac-
tivation (FDAP) approach. This type of this selective photoactivation produces
a population of highlighted proteins more rapidly and with grater optical en-
hancement than selective photobleaching outside a similar population of GFP
molecules. Also, newly synthesized proteins will not be fluorescent, which makes
analysis of protein dynamics much less complicated [56].The short time required
for photoactivation and the lower intensity of irradiation leads to a lower risk of
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2. INTRODUCTION

phototoxicity [56]. The utility of PAGFP for addressing biological questions was
demonstrated in several different experimental setups, for example, the study
of embryogenesis, metastasis and tumor formation, or taxis reactions of free
unicellular organisms [48].

2.5 Aim of this thesis

This study tries to address the interaction of tau protein with microtubules in
living cells. In the first part of this study we characterize changes in the inter-
action of tau with microtubules by reduction of repeats in the repeat domain of
tau. We analyze the mobility of tau and calculate biophysical constants. We also
look at local differences by analyzing tip of the process. By using of stabilizing
agent Epothilone D and destabilizing agent Colchicine we try to observe alter-
ations in fluorescence decay and association and dissociation rates connected to
microtubule stability. In the second part of this study we examine the effect of
caspase cleavage and the carboxy-terminal part of tau on the tau-microtubule
interaction by looking at caspase cleavage mimicking tau fragments. In the third
part we are addressing changes in the degree of tubulin polymerisation caused
by expression of human tau protein in our model cell system.

J. Brühmann 9



3 Material and Methods

3.1 Material

3.1.1 Devices and Materials

3.1.1.1 Plasticware

All plasticware, if not discribed otherwise, were obtained from following compa-
nies:

� Eppendorf AG, Hamburg

� Greiner BioOne GmbH, Frickenhausen

� Milipore GmbH, Schwalbach

� Nunc GmbH & Co KG, Wiesbaden

� Sarstedt AG & CO, Nürmbrecht

3.1.1.2 Glassware

Glassware were obtained from the following companies:

� Brand GmbH & CoKG, Weinheim

� Fisher Scientific GmbH, Schwerte

� Glaswarenfabrik Karl Hecht KG, Sondheim

� Hirschmann Laborgeräte GmbH & Co KG, Eberstadt

� Poulton & Graf GmbH, Wertheim

� Schott Glas, Mainz

J. Brühmann 10



3. MATERIAL AND METHODS

3.1.1.3 Devices

Agarose documentation system MicroDOC gel documentation system
(Cleaver Scientific Ltd.,Rugby, UK)

Agarose chamber Manufactured in the workshops of the Uni-
versities of Osnabrück and Heidelberg

Analytic balances Typ 572 (Kern & Sohn GmbH, Balingen-
Frommern),
Typ 1702 (Satorius AG, Göttingen)

Centrifuges and rotors Table top centrifuge Biofuge Fresco,
Megafuge 1.0R (Heraeus, Hanau)
Sorvall Discovery 90SE with Sorvall
Surespin 630 rotor (Thermo Scientific
GmbH, Waltham, USA)

Cryo freezing box Nunc GmbH, Wiesbaden
Cryo tubes 1,8 mlNonclon�(Nunc GmbH, Wiesbaden)
ELISA reader Emax precicion multi plate reader (Molec-

ular Devices Germany GmbH, Biberach an
der Riss)

ECL detection system Fusion SL (Vilber Lourmat Deutschland
GmbH, Eberhardzell)

Freezers and refrigerators Liebherr Comfort (Liebherr, Biberach an
der Riss)

Gas burner Laborgaz 206 (C.G.I.D. Hatterheim)
Fireboy (Tecnomara, Zürich, CH)

Glass bottom cell-culture dish Glas bottom culture dish P35G-1.0-14-C
No. 1.0, uncoated, gamma-irradiated (Mat-
Tek Coorporation, Ashland, USA)

Ice machine Scotsman MF22-AS (Endonis Deutschland
GmbH, Herborn)

Incubators HeraCell (Kendro Laboratory Products
GmbH, Langenselbold)

Incubation chamber (LSM) Solent Scientific Limited, Segensworth, UK
Microscope Laser Scanning Microscope Nikon Eclipse

TE2000-U (Nikon GmbH, Düsseldorf)
Optical microscope Leitz Labovert (Leica
Microsystems AG, Wetzlar)

Microwave Proline SM18 (Proline, Korea)
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3. MATERIAL AND METHODS

Objective (LSM) Nikon CFI Plan Apo VC 60X Oil, N.A. 1.4
PCR Thermocycler MasterCycler gradient (Eppendorf AG,

Hamburg)
pH-Meter Mikroprocessor pH-Meter 761 (Metrohm

AG, Herisau CH)
Photometer Biophotometer (Eppendorf AG, Hamburg)

NanoDrop ND-1000 Spectrometer (Thermo
Fisher Scientific, Frankfurt a.M.)

Pipettes Eppendorf 10 µl, 20 µl, 100 µl, 200 µl, 1000
µlwith adjustable volume (Eppendorf AG,
Hamburg)
Gilson PIPETMAN Classic�2 µl, 10 µl, 20
µl, 200 µl, 1000 µlwith adjustable volume
(Gilson, Inc., Middleton, USA)

Pipetting aids Pipetboy acu (INTEGERA Biosciences
GmbH, Fernwald)

Power supply Power Pac 1000 (Bio-Rad Laboratories
GmbH, München)

PVDF transfer membrane 0.45 µm pore size, Immobilion-P (Milipore
GmbH, Eschborn)

SDS-PAGE accessories acrylic glass electrophoresis chambers
(Workshops of the University of Os-
nabrück), glass plates, seperators and
combs (Sigma)

Sterile work bench HeraSafe (Kendro Laboratory Products
GmbH, Langenselbold)

Thermomixer Eppendorf Thermomixer comfort (Eppen-
dorf AG, Hamburg)

Transfection tubes 15 ml(Sarstedt AG & Co KG, Nürnbrecht
Western blot tank Manufactured in the workshop of the Uni-

versity of Osnabrück

3.1.2 Molecular Biology

3.1.2.1 Plasmids

Plasmid Source Resistance

pCMV-PAGFP-htau 352 wt Carina Weissmann, AG Brandt Kanamycin
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3. MATERIAL AND METHODS

pCMV-PAGFP-htau 441 wt Jörg Brühmann, AG Brandt Kanamycin
pCMV-PAGFPx3 wt Carina Weissmann, AG Brandt Kanamycin
pET-htau-441A (5xPHP) Jochen Eidenmüller, AG Brandt Ampicilin
L22-PAGFP-htau 441wt Jürgen J. Heinisch Ampicilin
L22-PAGFP-htau 352wt Jürgen J. Heinisch Ampicilin
L22-mCherry-htau 441wt Jürgen J. Heinisch Ampicilin
L22-mCherry-htau Δ421 Jürgen J. Heinisch Ampicilin
L22-3×mCherry Jürgen J. Heinisch Ampicilin
L3 helper plasmid Pavel Osten Ampicilin
L4 helper plasmid Pavel Osten Ampicilin
pIREShyg2_PAGFP-
αTubulin

Patricia Wadsworth, UMass
Amherst, US

Ampicilin

3.1.2.2 Primers

Primers were all obtained from Biomers.net GmbH (Ulm).

� Name Sequence Tm

1 Δ369 5’-CGTCCCTGGCGGAGGAAATTAAAAGATTG
AAACCC-3’

80.4
◦C

2 Δ338 5’-CCAGGAGGTGGCCAGGTGTAAGTAAAATC
TGAG-3’

109.1
◦C

3 Δ307 5’-GGAGGCGGCAGTGTGTAAATAGTCTACAA
ACC-3’

108.0
◦C

4 Δ276 5’-GGAGGCGGGAAGGTGTAAATAATTAATAA
GAAGCTGG-3’

94.4
◦C

5 5xPHP-Δ369
STOP-BamHI-BW

5’-CTTGTGGGTTTCGGATCCTTAATTTCCTCCG
CCAGGGACG-3’

78.0
◦C

6 5xPHP-Δ338
STOP-BamHI-BW

5’-CAAGCTTCTCAGAGGATCCTTACACCTGGCC
ACCTCCTGG-3’

78.0
◦C

7 5xPHP-Δ307
STOP-BamHI-BW

5’-CCAGCTTCTTATTGGATCCTTACACCTTCCC
GCCTCCCGGCTG-3’

80.0
◦C

9 peET441-BGLII-
FW

5’-CTTTAAGAAGGAGAAGATCTATGGCTGAGC-3’ 66.0
◦C

10 5xPHP FW 5’-GGGGGCTGATGGTAAAAC-3’ 59.0
◦C

11 5x PHP BW 5’-CTTGCTCAGGTCAACTG-3’ 56.0
◦C
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3. MATERIAL AND METHODS

3.1.2.3 Bacterial strains

Strain Gernotype

Escherichia coli DH5α F- fhuA2 Δ(argF-lacZ)U169 phoA glnV44 80
Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hs-

dR17

3.1.2.4 Bacterial culture

Ampicilin stock solution 100 mg/ml in H2O, sterile filtered
Kanamycin stock solution 30 mg/ml in H2O, sterile filtered
LB medium 10 g/l Bacto-Tryphon (Difco),

5 g/l yeast extract (Bacto�),
10 g/l NaCl,
adjust to pH 7.5 with 1 M NaOH, autoclave

LB agar add 15 g/l to LB medium and autoclave, let it
cool down to 45 ◦Cand add antibiotics

TfbI 30 mM KOAc,
100 mM RbCl,
10 mM CaCl2×H2O,
15 % Glycerol,
adjust to pH 6.0 with 0.2 M acidic acid,
add 50 mM MnCl2×4H2O,
adjust pH to 5.8,
sterile filtered

TfbII 10 mM MOPS,
10 mM RbCl,
75 mM CaCl2×H2O,
15 % Glycerin,
adjust pH to 6.5 with KOH,
sterile filtered

3.1.2.5 Restriction endonucleases and DNA modifying enzymes

Restriction endonucleases

BamHI Fast Digest, 10 U/µl, (Thermo Fisher Scientific - Germany GmbH,
Schwerte)

BglII Fast Digest, 10 U/µl, (Thermo Fisher Scientific - Germany GmbH,
Schwerte)
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DpnI Fast Digest, 10 U/µl, (Thermo Fisher Scientific - Germany GmbH,
Schwerte)

Other enzymes

CIP (Calf Intestine Phos-
phatase)

10,000 U/ml, (New England Biolabs, Frankfurt
a.M.)

T4-Ligase 40,000 U/ml, (New England Biolabs, Frankfurt
a.M.)

Q5® High-Fidelity poly-
merase

2,000 U/ml(New England Biolabs, Frankfurt
a.M.)

Pfu polymerase native, 100,000 U /ml, (Thermo Fisher Scientific
- Germany GmbH, Schwerte)

3.1.3 Cell Culture

3.1.3.1 Eukaryotic cell lines

Name Source

PC12 Pheochromocytoma cells
(Rat)

John A. Wagner, PhD (Boston)

HEK293FT (Human embryonic
kidney) cells

Invitrogen

3.1.3.2 Cell culture media

Name Composition

DMEM all incl. DMEM with 10% (v/v) Fetal Calf Serum, 5% (v/v)
Horse Serum, 1 (v/v) 0.2 M Glutamine, 1% (v/v)
Pen-Strep

DMEM complete DMEM with 10% (v/v) Fetal Calf Serum, 0.2 M
Glutamine, 1% (v/v) Pen-Strep, 1% (v/v) MEM
NEAA, 1% (v/v) Sodium Pyruvate

DMEM 1% DMEM with 0.67% (v/v) Fetal Calf Serum, 0.33%
(v/v) Horse Serum, 1 (v/v) 0.2 M Glutamine, 1%
(v/v) Pen-Strep

G418 50 mg/ml in ddH2O, PAA (Pasching, A)
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Laminine 50 µg/ml in 0.05 M Na2CO3 buffer, Millipore (Es-
chborn)

NB/B27 medium NB with 1% (v/v) B27, 1% (v/v) Fetal Calf
Serum, 1% (v/v) Horse Serum, 1% (v/v) Glu-
tamine, 100 µg/µl primocine and 25 µM β-
mercaptoethanol

3.1.3.3 Stock solutions for cell culture

Name Source or composition

B27 B27 Serum-Free Supplement (Life Technologies)
β-Mercaptoethanol MERCK-Schuchardt (Hohenbrunn)
Colchicine Sigma Aldrich Chemie GmbH (Steinheim)
Collagen From a preparation of rat tails with 20 mM

acetic acid, diluted to 50 µg/ml, sterile filtered
Discodermolide Amos B. Smith III, University of Pennsylvania
DMEM Dulbecco’s Modified Eagle Medium (High Glu-

cose), sterile filtered (Life Technologies)
Epothilone D Amos B. Smith III, University of Pennsylvania
HBSS Hank’s Balanced Salt Solution (Life Technolo-

gies)
MEM Minimum Essential Medium Eagle (Sigma

Aldrich Chemie GmbH, Steinheim)
MEM NEAA 100× MEM Non-Essential Amino Acids Solution

(Life Technologies)
Nerve Growth Factor (NGF) 100 µg/µl mouse NGF (7S) in DMEM without phe-

nole red
NB Neurobasal Medium (Life Technologies)
Nocodazole Sigma Aldrich Chemie GmbH (Steinheim)
OPTIMEM Opti-MEM I Reduced Serum Medium (Life Tech-

nologies)
Paclitaxel / Taxol Sigma Aldrich Chemie GmbH (Steinheim)
1x PBS 8 g NaCl, 0.2 g KCl, 0.2 g KH2PO4, 1.15 g

Na2HPO4, fill with ddH2O to 1 l, adjust pH to 7.4
Pen-Strep (100×) PAA Laboratorium GmbH, Pasching
Poly-L-Lysine 100 µg/µl Poly-L-lysine in borate buffer pH 8.5
Primocin 500 mg Primocin (Invivogen, Toulouse, France)
Sodium Pyruvate 100 mM Sodium Pyruvate (Life Technologies)
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Vinblastine sulfate salt Sigma Aldrich Chemie GmbH (Steinheim)

3.1.4 Buffers and Solutions

3.1.4.1 Biochemistry

Name Composition

APS 10% (w/v) Ammonium persulfate in ddH2O
Blocking solution 5% (w/v) powdered milk in 1x TBS/Tween
Borate buffer 1.24 g borate, 1.9 g borax (Na-Tetraborate), fill

up to 400 ml with ddH2O, pH 8.5
10× Electrophoresis buffer 30 g Tris, 114 g glycerol, 10 g Sodium dodecyl

sulfate (SDS), fill up to 1 l with ddH2O
ECL solution ECL-Kit (Thermo Fisher Scientific, Bonn)
4× Lower-Tris 1.5 M Tris/HCl, pH 8.8, 0.4% (w/v) SDS
5× Laemmli buffer 300 mM Tris/HCl, pH 6.8, 10% (w/v) SDS, 50%

(v/v) Glycerol, 10% (v/v) ß-Mercaptoethanol,
0.005% (w/v) Bromphenole blue

Lysis buffer 48.9% (v/v) 2x RIPA buffer, 48.9% (v/v) ddH2O,
2% (v/v) 1 mg/ml Pepstatin, 1% (v/v) 2 mg/ml
Leupeptin, 1% (v/v) 0.2 M PMSF, 0,002% (v/v)
0.5 M EDTA

Protein ladder PageRuler�Prestained Protein Ladder (Fermen-
tas, St. Leon-Rot), 10-250 kDa

2× RIPA buffer 100 mM Tris/HCl pH 7.5, 300 mM NaCl, 2 mM
EDTA, 2% NP40, 1% DOC, 0.2% SDS in ddH2O

TBS/Tween 0.05% (v/v) Polyethylene Sorbitan Monolaurate
(Tween 20) in 1x TBS

TEMED N,N,N,N’-tetramethylethylendiamine
Transfer buffer 0.2 M Glycerol, 250 mM Tris, 20% (v/v) Methanol
4× Upper-Tris 0.5 M Tris/HCl, pH 6.8, 0.4% (w/v) SDS

3.1.4.2 Molecular biology

Name Composition

Agarose gel 1% (w/v) in 1× TBE
DNA ladder GenRuler�1kb DNA Ladder, ready-to-use (Fer-

mentas, St. Leon-Rot)
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dNTP mix 2 mM, Fermentas (St. Leon-Rot)
EB buffer Qiagen (Venlo, NL)
Ethidium bromide stock so-
lution

25 mg/ml in ddH2O

Buffer for Fast Digest En-
zymes

5× Green Buffer (Fermentas, St. Leon-Rot)

Ligation buffer 10× T4 Ligase buffer (New England Biolabs,
Frankfurt a.M.)

Polymerase buffer 10× Pfu polymerase buffer with MgSO4 (Fer-
mentas, St. leon-Rot)

Quick Solution Stratagene (La Jolla, USA)
5× TBE 0.45 M Tris, 0.45 M boric acid, 1 mM EDTA, ad-

just to pH 8

3.1.5 Transfection Reagents and Kits

Name Source

QIAprep spin Miniprep Kit QIAGEN (Venlo, NL)
QIAquick Gel Extraction Kit QIAGEN (Venlo, NL)
Lipofectamin�2000 Invitrogen (Darmstadt)
TransIT®Transfection
Reagent

Mirus Bio LCC (Madison, USA)

Pierce BCA Protein Assay Kit Thermo Scientific Germany GmbH (Schwerte)

3.1.6 Antibodies

Primary Antibodies

Name Species Source Cocentration

anti GFP Mouse CloneTec 1:3000
anti GFP Chicken Aves Labs Inc. 1:6000

Secondary Antibodies (Tagged to HRP)

Name Species Source Cocentration

antiMouse Goat Jackson ImmunoRe-
search

1:20000

antiChicken Donkey Jackson ImmunoRe-
search

1:20000
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3.1.7 Software

Cloning and DNA manage-
ment

Clone Manager (Sci-Ed Software)

ECL documentation FusionCapt Advance (Vilber Lourmat Deutsch-
land GmbH, Eberhardzell)

Image processing Adobe Illustrator CS3, Fiji (a distribution of Im-
ageJ by Wayne Rasband, National Institute of
Health, USA), Inkscape, GIMP 2.0

Microscope EZ-C1 Silver Version 3.91 build 889, NSI-
Elements (Nikon)

Statistics Origin Pro 8.0 (OriginLab)
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3.2 Methods

3.2.1 Methods of Molecular Biology

3.2.1.1 Generation of Ψ-competent Cells

For transformation of DNA (see 3.2.1.2) cells are needed that are capable of
taking up plasmids. We use a E.coli-strain, DH5α for this. They are able to take
up plasmids and amplify them very effectively. Preparations were done using the
following protocol.

Protocol: A small amount of DH5α cells were transferred to 5 ml LB Medium
and incubated on a shaker at 37 ◦C over night. This pre-culture was then trans-
ferred to 100 ml of LB medium and incubated at 37 ◦C on a shaker. The optical
density at 600 nm (OD600) was checked regularly until it reached a value of 0.5.
The cells where cooled on ice and transferred to a 50 ml tubes and centrifuged
for 10 minutes at 4000 ×g and 4 ◦C. The supernatant was discarded and the
pellets were resuspended and reunified in a total of 80 ml of TfbI buffer. Then the
cells were incubated on ice for 5 minutes. Afterwards they were centrifuged for
10 Minutes at 4000 ×g and 4 ◦C. The supernatant was discarded and the pellet
was resuspended in 5 ml TbfII buffer. The cells then where aliquoted to 100 µl
each, shock frozen in liquid nitrogen and stored at -80 ◦C.

3.2.1.2 Transformation and Preparation of DNA

In molecular biology transformation is the process of plasmid-DNA uptake from
the surrounding medium by bacterial cells. This method uses the cell’s synthesis
machinery to amplify DNA in a very simple and effective manner. For the se-
lection of successfully transformed cells the plasmids contain a resistance gene.
Afterwards, the DNA can be isolated from the respective cells.

Protocol: 1 µl DNA was added to 100 µl for freshly thawed competent DH5α
cells. The cells where incubated on ice for 30 minutes, then a heat shock was ap-
plied by incubating the cells at 42 ◦C for 1 minute. After 2 minutes on ice 900 µl
LB medium was added and the cells where incubated at 37 ◦C for 45 minutes (for
ampicilin-resistance) or 90 minutes (for kanamycin-resistance). The cells where
spun down at 10000 ×g for 5 minutes and the supernatant was discarded. The
pellet was resuspended and transferred to an agar plate containing 1% of the
respective antibiotic. The plates where incubated for 16 hours at 37 ◦C.

J. Brühmann 20



3. MATERIAL AND METHODS

After that colonies where picked from the plates and transferred to tubes con-
taining 5 ml LB medium and 1% of the respective antibiotic. These tubes where
incubated on an shaker or roller for 16 hours at 37 ◦C.
The DNA was isolated using the QIAprep miniprep kit according to the manufac-
turer’s manual.

3.2.1.3 Quantification of DNA

DNA was quantified by measuring a 1:70 dilution in a photometer or directly by
using a NanoDrop (by courtesy of the biophysics department). The concentration
was measured at a wavelength of 230 nm.

3.2.1.4 Restriction of DNA

Restriction enzymes cut DNA on defined sites according to the sequence. This
can be of use for the analysis of DNA on the one hand, and for cutting out defined
DNA sequences on the other. A wide variety of restriction enzymes gives a lot of
possible combinations.

Protocol: The amount of enzyme and respective buffer was chosen according
to the manufacturer’s manual and the amount of used DNA. Enzymes and buffers
were all purchased from Fermentas (St. Leon-Rot). The restriction samples were
incubated at 37 ◦C, the time was dependent of the amount of used DNA. When
DNA fragments should be extracted, the enzymes where deactivated by heating
them according to the manual. Afterwards the samples where loaded on an
agarose gel (see 3.2.1.6) for analysis or extraction.

3.2.1.5 Cloning of DNA constructs

Molecular cloning is the process to assemble and replicate recombinant DNA
fragment by inserting them into a vector (plasmid in our case). By doing so
it is not only possible to replicate and multiply a specific DNA fragment, but
also to fuse it with other genes like a fluorescence tag or to combine it with a
specific promoter. By inserting in a plasmid it is also possible to transfer the
DNA fragment into a cell and let the genes be expressed. Cloning is therefore
a crucial technique, especially for consecutive processes like transformation or
transfection.
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Protocol: The vector was cut (see 3.2.1.4) with a matching pair of restriction
enzymes. Afterwards 2 µl of Calf Intestine Phosphatase was added and again in-
cubated for 30 minutes at 37 ◦C. Afterwards it was loaded on a agarose gel (see
3.2.1.6) The vector fragment was extracted by cutting it out of the gel and ex-
tracting it using the QIAquick Gel Extraction Kit. The insert was either directly cut
out with the same enzymes as the vector or was amplified by PCR (see 3.2.1.7)
with primers with the respective cutting sites on the ends. The PCR product was
loaded on an agarose gel and extracted the same way as the vector. The insert
was then digested with the same restriction enzymes than the vector and puri-
fied by using the QIAquick Gel Extraction Kit.
Insert and Vector were added in a ratio of 1:5 (based on the size of the frag-
ments) in an assay containing 1 µl T4 ligase and 1 µl buffer and filled up to 10 µl
with ddH2O. The samples were incubated at 16 ◦C over night. In the next day
they where transformed to DH5α cells (see 3.2.1.2 and success was checked via
restriction digestion and agarose gel.

3.2.1.6 Agarose gel electrophoresis

One of the most important techniques of analyzing DNA is the separation of
its fragments via agarose gel electrophoresis. DNA fragments are negatively
charged molecules that move along an electric field through the agarose gel,
which acts as a molecular sieve - smaller fragments can pass it faster than lager
ones. The fragments can be made visible by adding ethidium bromide to the gel
which intercalates with the DNA and fluoresces under UV light.

Protocol: Agarose (1% (w/v) in 1xTBE) was heated in a microwave until it fully
melted. The gel was then filled in an electrophoresis chamber and 0.5 µl ethidium
bromide was mixed in. After the agarose cooled down the chamber was filled with
1xTBE buffer. The samples were loaded on the gel and a current of 80 mV was
applied. Analysis was performed with a gel detection unit.

3.2.1.7 Polymerase chain reaction (PCR)

Developed in 1983 by Kary Mullis, the PCR developed to a standard technique
for a broad variety of applications from gene amplification to genetic fingerprint
analysis. The PCR relies on thermo cycling consisting of multiple repeats of the
three phases denaturation, annealing and extension. During the denaturation
phase, the DNA template is "‘melted"’ yielding single-stranded DNA molecules.
The used DNA polymerase should be heat stable, because this step is usually
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done at 94-98 ◦C. During the annealing phase, DNA primers can bind that are
contemplary to the 3’ ends of each of the sense and anti-sense strand of the DNA
target. In the extension step a DNA polymerase is synthesizing a new DNA strand
contemplary to the template. The temperature of this step is chosen by the
polymerase’s optimum activity temperature. Usually these steps are repeated
20-40 times. The DNA generated can itself be used as a template for replication,
therefore the DNA template is exponentially amplified.

Protocol: Primers 5-9 (see 3.1.2.2) were used for PCR reactions. 1 µl of DNA
template and 1 µl of both forward and reverse primer (10 µM) was put together
with 10 µl of 5× polymerase buffer, 5 µl dNTP mix and 1 µl Q5 polymerase and
filled up to a total volume of 50 µl with ddH2O. The samples where put into a
thermo cycler with the program from table 3.1.
Samples were transferred to an agarose gel (see 3.2.1.6 for analyzing and/or
extraction.

Table 3.1: Thermo cycler program for PCR
Segment Repeats Temperature Time

1 1 98 ◦C 30 s

2 35
98 ◦C 10 s
50 ◦C 20 s
72 ◦C 40 s

3 1 72 ◦C 10 min
4 ◦C hold

3.2.1.8 Site-directed Mutagenesis

The mutagenesis uses the principle of PCR to exchange single base pares. The
amino acids sequence of the encoded protein can be modified that way. We used
the ligation-during-amplification method where a plasmid is combined with a spe-
cific primer that carries the specific mutation. The mutation inside the primer
is that way included in the plasmids that are created during the amplification.
The unmodified template plasmid is digested in the following DpnI treatment,
because this restriction enzyme is only cutting dam methylated DNA. Only one-
stranded, modified plasmids remain. They are then transformed. Afterwards, a
completed, modified plasmid carrying the desired mutation can be isolated.

Protocol: The samples contained 100 ng of template DNA and 100 ng of re-
spective primer as well as 2.5 µl 10x Pfu buffer with MgSO4, 0.5 µl Quick solution
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(Stratagene), 5 µl 2 M dNTP mix and 1 µl Pfu polymerase at a total volume of 25 µl
(filled up with ddH2O).
The samples where put into a thermo cycler with the program from table 3.2. Af-
terwards, 1 µl of DpnI was added and the sample was incubated for 1 h at 37 ◦C.
Then the cells where transformed (see 3.2.1.2). To see if the mutagenesis was
successful the product had to be sequenced.

Table 3.2: Thermo cycler program for mutagenesis
Segment Repeats Temperature Time

1 1 95 ◦C 1 min

2 30
95 ◦C 1 min
55 ◦C 1 min
65 ◦C 12 min

3 1 4 ◦C hold

3.2.2 Protein Biochemistry

3.2.2.1 PC12 Lysates

For quantifying and analyzing the size of expresses proteins it is a classical ap-
proach to lysate cells and create an extract of all proteins. Afterward this extract
can be analyzed by multiple ways for its composition. In our case we transiently
transfected PC12 cells (see 3.2.3.5 with our gene of choice and then lysated the
cells in a RIPA lysation buffer.

Protocol: The cells were cultured and transfected in 3.5 mm cell culture dishes
and incubated for 3 more days after transfection. Then the medium was removed
and the cells were washed two times in ice cold 1× PBS. After removing the PBS
90 µl lysation buffer was added and the cells were detached from the bottom of
the dish with a cell scraper. Buffer and cells were transferred into an reaction
tube and put on ice immediately. Then the tube with the lysate was incubated on
a shaker for 30 minutes at 4 ◦C. Afterwards the lysates were centrifuged for 10
minutes at 10000 rpm and 4 ◦C. Supernatant was transferred into a new reaction
tube. The lysate could be used immediately or shock frozen in liquid nitrogen
and stored at -80 ◦C.

3.2.2.2 BCA Assay

The bicinchoninic acid assay is a biochemical assay for determining the total con-
centration of protein in a solution. The total protein concentration is exhibited by
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a measurable color change of the samples from green to purple which is propor-
tional to the total concentration of proteins. It primarily relies on two reactions.
First, the peptide bonds in protein reduce Cu+

2 ions from cupric sulfate in the
working solution to Cu+ where the amount of reduced Cu+

2 is proportional to the
amount of protein present in the solution. Next, two molecules of bicinchoninic
acid chelate with each Cu+ ion, forming a purple-colored product that strongly
absorbs light at a wavelength of 562 nm. The bicinchoninic acid Cu+ complex is
influenced in protein samples by the presence of cysteine/cystine, tyrosine, and
tryptophan side chains. At 37 ◦C peptide bonds assist in the formation of the
reaction product. The total protein concentration can be quantified by measur-
ing the absorption spectra and comparing with a standard consisting of solutions
with known protein concentrations.

Protocol: The samples are diluted 1:5 in ddH2O. BSA solutions with the con-
centration of 2000 µg/ml, 1500 µg/ml, 1000 µg/ml, 750 µg/ml, 500 µg/ml, 250 µg/ml
and 125 µg/ml were used as a standard. Standard and samples were pipetted on
a 96-well ELISA plate as triplets of 10 µl each. 200 µl of premixed working solution
(according to the kit’s manual) were added and then the samples were incubated
for 30 minutes at 37◦. Afterwards the samples were analyzed in an ELISA reader.
The dilution was considered in the final concentration.

3.2.2.3 SDS-PAGE

By sodium dodecyl sulfate polyacrylamid gel electrophoresis (SDS-PAGE) proteins
can be separated by their size. sodium dodecyl sulfate binds to proteins, giving
them an overall negative charge. Then they move along an electric field through
the polyacrylamid which acts as a molecular sieve. The "speed" of movement
through the gel is indirectly proportional to the size of the proteins with big ones
moving slower and small ones moving faster. For later analysis of the proteins
afterwards the gel can be stained directly or the proteins can be transferred to a
membrane via western blot.

Protocol: The gel consisted of two components, a separation gel in the lower
part and a stacking gel in the upper part. The composition of the gels can be
found in table 3.3. The separation gel was founded between two tightly con-
nected glass plates and covered with isopropanol. After polymerization the iso-
propanol was removed and the stacking gel was founded in a second layer. After
polymerisation the seal was removed and the gel inside the glass plates was in-
serted into the electrophoresis chamber that was then filled with buffer.
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20% 5×Laemmli buffer was added to the samples and they were heated up to
95 ◦C for 10 minutes.
Then 5-20 µl of the samples (containing 20 µg of proteins) or 5 µl Protein ladder
was transferred to the gel and a constant voltage of 100 V was applied for 90
minutes.

Table 3.3: Composition of SDS gels

Separation gel 10% Stacking gel 6%
Acrylamid/Bis 1 ml 200 µl
4× Lower Tris 750 µl -
4× Upper Tris - 250 µl

ddH2O 1.25 ml 550 µl
10% APS 20 µl 5 µl
TEMED 3.5 µl 1 µl

3.2.2.4 Western Blot

Western blotting is a technique to transfer proteins form an polyacrylamid gel
to a polyvinylidene fluoride membrane (PVDF) and make them accessible for
immunostaining. By applying a constant electric field the proteins are wandering
from the gel to the membrane where they are bound.

Protocol: In a grid a piece of felt and on top of it a piece of filter paper is
applied and soaked with transfer buffer. After separating the glass plates the
stacking gel is removed and the separation gel is then placed on the filter paper.
The PVDF membrane is activated in methanol and then placed on the gel. All was
covered then with another layer of filter paper and felt. It is important that all the
components are soaked with transfer buffer and no air bubbles remain. The grid
was closed and placed into the western blotting tank. A constant electric current
pf 100 mA was applied over night.

3.2.2.5 ECL Immunodetection

Antibodies can be a useful tool to detect specific proteins, for example when they
are bound on a PVDF membrane. The epitope of the primary antibody is specific
for the protein that should be stained and a secondary antibody, linked to horse

radish peroxidase (HRP) is binding to the primary antibody. HRP is catalyzing a
chemoluminescent reaction of luminol. This reagent is added as part of an ECL
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solution (enhanced chemoluminescene) and the light emitted by that reaction
can be detected with a detection unit.

Protocol: The PVDF membrane is incubated in 15 ml of 5% (w/v) milk pow-
der (solved in 1×TBS-Tween) for 1 hour on a seesaw to block remaining reactive
groups. The membrane was then washed 3 times for 5 minutes in 1×TBS-Tween.
Then it was incubated for 105 minutes in 5 ml primary antibody solution (Dilution
1:5000 in 5% milk powder in 1×TBS-Tween) on a seesaw. Afterwards it was again
washed 3 times for 5 minutes in 1×TBS-Tween before the membrane was incu-
bated in secondary antibody solution (Dilution 1:20000 in in 1×TBS-Tween) for 45
minutes on a seesaw. It was then washed 3 times for 5 minutes in 1×TBS-Tween
again. 1 ml of ECL detection solution was put directly on the membrane and then
it was detected in an ECL detection unit.

3.2.3 Cell Culture

Cultures were stored and incubated in an incubator at 37 ◦C and 10% CO2. Media
were stored at 4 ◦C and warmed up to 37 ◦C before use in a water bath.

3.2.3.1 Culture of PC12 cells

Phaeochromocytoma cells (PC12) were first isolated from a rat’s adrenal gland
tumor. Cells from the adrenal gland have their origin in the neural crest and
are therefore related to neuronal cells. One essential part of this heritage is
the fact that when treated with Nerve Growth Factor, they show a neuron-like
development and form axon-like neurites. This makes PC12 cells to a easy-to-
handle model system for neuronal cells.

Protocol: All work was done under S1 conditions. PC12 cells are cultured in
a 10 cm cell culture dish in 10 ml DMEM all inclusive medium. Every 3-4 days
the cells reached confluency. Then they had to be splitted by removing the old
medium, dissolving and resuspending the cells from the bottom of the dish in
5 ml DMEM all inclusive. 1 ml was kept and transfered to a new dish and filled
up to 10 ml with DMEM all inclusive. The rest was either discarded or kept as a
backup and for plating out cells.
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3.2.3.2 Culture of HEK293FT cells

The Human Embryonic Kidney 293FT cell line is derived from human embryonal
kidney cells transformed with sheared adenovirus 5 DNA and the SV40 large T
antigen to generate high-titer lenti virus. HEK 293 cells are very easy to grow
and transfect very readily.

Protocol: All work was done under S2 conditions. HEK293FT cells are cultured
in a 10 cm cell culture dish in 10 ml DMEM complete medium and 100 µl G418.
Every 3-4 days the cells reached confluency. Then they had to be split by remov-
ing the old medium and dissolving them by adding 500 µl trypsine and letting
them rest for some minutes. The cells were then resuspended in 9.5 ml DMEM
complete. 1 ml of resuspended cells were then transferred to a fresh 10 cm cul-
ture dish, filled up to 10 ml and 100 µl G418 was added.

3.2.3.3 Cell counting

To determine the number of plated cells, they were counted using a Neubauer
chamber.

Protocol: The cells were resuspended in 5 µl DMEM all incl. 10 µl of cell suspen-
sion were mixed with 10 µl tryphane blue and 10 µl of this mixture were loaded
on the Neubauer counting chamber. 4 squares were counted and the mean was
calculated and multiplied by two (due to the dilution with tryphane blue). This
result multiplied by 104 was the total number of cells per ml in the suspension.

3.2.3.4 Covering of live cell dishes

Covering dishes with collagen or laminine provided a surface on which plated
cells could attach.

Protocol: All work was done under S1 conditions. Glass bottom dishes were
covered with 750 µl poly-l-lysine solution and incubated over night. On the next
day they were washed 2 times with ddH2O for 1 hour each.
For PC12 cells, the dishes were covered with 750 µl collagen solution for 45 min-
utes. For primary culture neurons, the dishes were covered with 750 µl laminine
solution for 6 hours. In both cases the dishes were washed 2 times with 1×PBS
afterwards. The cells were plated directly after the last coating step.
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3.2.3.5 Transient Transfection of PC-12 cells

Liposome-transmitted transient transfection is a technique for temporary inser-
tion of a plasmid into an eucaryotic cell. The used transfection reagent is cov-
ering the plasmid and giving it a hydrophilic "cover" so that it can pass the cell
membrane and get into the cell. It is a mild yet efficient method to transport a
specific plasmid and therefore a desired gene into the target cells and to let it
express the respective encoded gene.

Protocol: All work was done under S1 conditions. On the previous day 105

cells from a 10 mm cell culture dish were plated on a PLL and collagen coated
glass bottom dish and 1.5 ml DMEM all inclusive was added. 80 µl OPTIMEM were
provided in a polystyrene tube. 4 µl Lipofectamin�2000 were added for 5 minutes
at room temperature. 80 µl were provided in a reaction tube and 2.5 µg DNA
was added. Then the mixture was transferred into the polystyrene tube mixed
throughoutly and incubated for 25 minutes at room temperature. Meanwhile the
plated cells were washed with OPTIMEM and then 800 µl OPTIMEM was put in the
cells. After the incubation time, 800 µl OPTIMEM was added to the mixture in the
polystyrene tube and the whole mixture was transferred to the dish drop wise.
After 5 hours of incubation at 37 ◦C 800 µl DMEM all inclusive was added to the
culture dish. On the next day, the medium was removed and 1.5 ml DMEM all
inclusive was put into the dish.

3.2.3.6 Transient transfection of HEK293FT cells

For the generation of replication deficit lenti viruses, a system of three plasmids
is used: On of them carrying the gene of interest and two helper plasmids. There-
fore a triple transfection is used for that. Once all three plasmids have entered
the target cell, the combination of all three leads to synthesis of lenti viruses
capable of stably inserting the gene of interest into the infected cell.

Protocol: All work was done under S2 conditions. 23.6 µl TransIT 293 and
1.18 µl OPTIMEM were put together into a polystyrene tube and incubated for
10 minutes at room temperature. Then 5 µg L22 plasmid DNA, 3.75 µg L3 helper
plasmid and 1.5 µg L4 helper plasmid (see 3.1.2.1) was added and the mixture
was incubated for another 20 minutes at room temperature. The old medium was
removed from the 10 cm culture dish containing the HEK293FT cells and 10 ml
of fresh DMEM complete medium was added. Then the mix from the polystyrene
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tube was added to the dish. The cells where then incubated for 72 hours at 37 ◦C
and 5% CO2. Afterwards the virions could be harvested.

3.2.3.7 Harvesting and concentration of lenti virus

By performing a triple transient transfection with a L22 lenti viral vector bearing
the gene of interest and two helper plasmids we are able to transform HEK293FT
cells into a production unit for replication-deficient, self-inactivating lenti viruses
capable of infecting the gene of interest directly into the genome of the target
cells. The HEK cells release these virions into the surrounding medium, where
they can be harvested.

Protocols: All work was done under S2 conditions. The supernatant from the
10 cm culture dish was collected using a 20 ml syringe and then filtered and
transferred into an ultraclear centrifuge tube using a 0.45 µm syringe filter. The
tubes were centrifuged for 90 minutes at 115000 ×g (25,000 rpm) and 4 ◦C using
a Sorvall Discovery 90SE ultracentrifuge with a Surespin 630 rotor. After centrifu-
gation, the supernatant was carefully decanted into liquid S2 waste. The pellet
was resuspended in 100 µl MEM and left standing at 4 ◦C overnight. Following
the incubation, the virus was aliquoted and shock frozen in liquid nitrogen. The
aliquots were for single use and has been stored at -80 ◦C. Viruses were charac-
terized and transfection efficiency was determined by infection of PC12 cells and
determining the ratio of infected to total cell number. The mice were bred for
three days. 16 days after breeding (calculated from second breeding day), the
mice were sacrificed by cervical dislocation. The abdominal wall was opened and
the uterus containing the embryos was removed and placed on a EtOH saturated
tissue. The embryos where extracted from the uterus and the amniotic sac and
transferred to a sterile HBBS-filled /unit10cm cell culture dish and resting on a
cool pack. The head was dislocated and the linnings of the brain were removed
with forcepses. The dissected cortexes of the brain were separated and trans-
ferred to a reaction tube containing 500 µl MEM and put on ice.

3.2.3.8 Preparation of primary culture neurons

From now on all work was performed under S2 conditions. The cells were dissoci-
ated mechanically by trituating through a Pasteur pipette. The pipette was flame
treated before trituation to avoid sharp edges on the opening. The samples were
put on ice for some minutes to let the remnants of the linings of the brain sed-
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iment. The supernatant was transferred into a 15 ml tube and was centrifuged
at 700 rpm for 15 minutes at 4 ◦C. The supernatant was removed and the pellet
was resuspended in 500 µl NB/B27. Afterwards the cells were counted and 5×104

cells were plated on a laminine coated glass-bottom dish (see 3.2.3.4) and filled
up with 1.5 ml NB/B27.

3.2.3.9 Infection of cells with lenti virus

Transfection is not working for all model organisms. An alternative method of
inserting genes into cells in vivo viruses can be used as a vector. Especially lenti
viral vectors have the great benefit of stably inserting genes of interest into the
genome of model cells.

Protocol: 5-10 µl of virus aliquot (dependant of infection efficiency) was added
to the glass bottom dish containing plated PC12 or primary culture cells. Imaging
was performed 6 days after infection.

3.2.3.10 NGF treatment

By treating PC12 cells with Nerve Growth Factor (NGF), differentiation can be
induced similar to neuronal cells: The cells start to develop processes or neurites
that show similar characteristics to neural axons. By that PC12 cells can be used
as a neuron like cell model that is easy to handle.

Protocol: On the second and fourth day after transfection the cells were treated
with NGF. The old medium was removed and 1.5 ml DMEM 1% without phenole
red was added. Also 15 µl NGF was added.

3.2.4 Live Cell Imaging

3.2.4.1 Aquisition

All imaging was performed with the confocal laser scanning microscope Nikon
Eclipse TE2000-U with confocal C1 scan and detection unit. The microscope was
equipped with a 405 nm Blue-Diod laser, a 488 nm argon laser and a 543 nm he-
lium/neon laser. The microscope stage is equipped with an incubation chamber
and a CO2 enrichment chamber made by Solent Scientific Ltd. to ensure that the
cells are kept at 37 ◦C and 10% CO2. A 60× oil immersion objective (Numerical
aperture 1.40) by Nikon was used for recording.
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fluorescence distribution

405nm

Selection of activation region
and UV irradiation

A B pre
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Figure 3.1: Schematic (A) and showcase (B) representation of photoacti-
vation approach.The region of activation is chosen and the PAGFP
is photoconverted by UV irradiation at 408 nm. The distribution of
fluorescence can be observed over time.Scale bar 10 µm

PAGFP-positive cells were detectable by week green fluorescence. For the ex-
citation a 488 nm laser was used. Only cells were chosen which had straight
processes minimum the size of the cells diameter. The activation region of the
program was set on the middle or the tip of the process. The detector gain was
then reduced so that the cell was not longer visible. Then the photoactivation
macro was started; the PAGFP was photoconverted with a 408 nm laser for 1 sec-
ond and after activation a picture was recorded every second for a duration of
112 seconds (for microscope settings see also table 3.5).

3.2.4.2 Evaluation

The recorded data sets consisted of 113 frames each. The first frame was
recorded before photo conversion (from now on called "photoactivation") and
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Table 3.5: Microscope settings

Settings
Pixel dwell 4.08 µs
Field of view 100 µm
resolution 256 × 256 pixel
Number of frames 112
Frame delay 1 s

is considered as the background frame. The evaluation was performed using Fiji,
an image processing package of ImageJ. The activated region was selected with
a rectangle and the length of the rectangle was noted (see Figure 3.2 A). Only
regions with approximately the same length were chosen for further evaluation.
The sum of the gray values of the pixels inside the selected area (called "Raw
Integrated Density") is then calculated by Fiji for every frame (see Figure 3.2 B).
These values represent the "brightness" of the fluorescence in the activated re-
gion. To subtract the background of the picture, the first value is subtracted from
every other value in the set. Afterward the values were normalized to the first
value after photoactivation, which is considered the one with the most fluores-
cence. All values are divided by the value of the first frame after photoactivation
(see Figure 3.2 C). The results show the remaining fluorescence in the activation
region relative to the first frame after photo activation. These values were plot-
ted as a curve and resemble the fluorescence decay after photoactivation in the
activated region, which we used as a marker for protein mobility.
Statistical analysis among experimental groups was performed using one-way
analysis of variance (ANOVA). For analysis of FDAP curves the values at time
point 10 s and 50 s were used, the P-value was P<0.05.

3.2.4.3 Modeling and Fitting

For modeling the parameters of tau/microtubule interaction we determined a
model of a tube where a fraction of unbound proteins (C) and binding partners
(B) are in steady state with a fraction of bound proteins (S) as can be seen in
equation 3.1.

C + B
kon−−*)−−
koƒ ƒ

S (3.1)

For C and S the concentrations c(~r, t) and s(~r, t) are determined mathematically.
c(~r, t) and s(~r, t) are then summed up and averaged over the whole activation
area (see figure 3.2). By doing so a theoretical curve could be calculated repre-
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senting the parameters of tau interaction.
Afterwards the evaluated data were fitted to the curve according to the method
of least squares. A script was written to compare the evaluated data with the
theoretical curve and determines the values for k∗

on
and koƒ ƒ for which the sum of

squared residuals for the parameters was minimal. The value k∗
on

stands for the
association rate which describes how many tau molecules attach to the micro-
tubule surface per second - it is an apparent association rate, which is defined as
product of kon and the fraction of free binding partners Beq (see also equation
3.3 and 3.4. The value koƒ ƒ is the dissociation rate describing the number of tau
molecules detaching from the microtubule surface per second.
From this data, we were able to derive the fraction of bound tubulin. We define
the equilibrium constant Keq of equation 3.1 by the equations 3.2 and 3.3. From
these two definitions we can derive that the ratio of apparent association con-
stant to dissociation constant is equal to the ratio of bound to unbound fraction of
protein (equation 3.5). By assuming that the total concentration of protein ctot
is the sum of the concentrations of bound and unbound protein, we can calcu-
late the relative fraction of unbound protein Ceq

ctot
by combining equations 3.6 and

3.7. Ceq
ctot

is a relative value, we do not need to know the actual concentration of
proteins.

Keq =
kon

koƒ ƒ
(3.2)

Keq =
Seq

Ceq ·Beq
(3.3)

k∗
on
= kon ·Beq (3.4)

k∗
on

koƒ ƒ
=
Seq

Ceq
=⇒ Seq =

k∗
on

koƒ ƒ
·Ceq (3.5)

ctot = Ceq + Seq (3.6)

⇒
Ceq

ctot
=

1

1 + k∗
on
/koƒ ƒ

(3.7)

This approach is based on unpublished work of Maxim Igaev.
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l

l

A B C
l= l=

Figure 3.2: Evaluation of FDAP acquisitions. A The region of activation is
marked (yellow box) and its length is determined (l). B Then the raw
integrated intensity is measured for all 113 frames. C The background
intensity(green box) is subtracted from all values. Then all values are
normalized by dividing through the value of the first frame after photo
conversion (blue box).
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4 Results

4.1 Characterization of Tau Fragments

4.1.1 Functional Organization of the Interaction of Tau with
Microtubules in PC12 cells

Binding of tau to microtubules requires the repeat domain in the c-terminal half
of tau protein that consists of 3-4 highly homologous repeats [50]. We want to
know whether the number or the specific position of the repeats has a direct
influence of tau mobility in neuronal cells in vivo. We also want to address the ef-
fect that the number of repeats has on biophysical constants of tau-microtubule-
interaction in living cells. For this we created tau fragments by replacing amino
acids glutamine 276, glutamine 307, glutamate 338 or lysine 369 with stop
codons via site-directed mutagenesis (see green letters in Figure 2.3). The re-

PAGFP N P R1 R2 R3 R4 C
A

441wt

3xPAGFP

PAGFP N P R1 R3 R4 C
352wt

∆369
∆338
∆307
∆276

∆369f

C 352wt ∆369f 3xPAGFP 100 kDa

70 kDa

B ∆276 ∆307 ∆338 ∆369 441wt

100 kDa

70 kDa

Figure 4.1: Characterization of tau truncation fragments by western blot.
Schematic representation of PAGFP-tagged tau truncation products
and a control construct 3xPAGFP (A). Western blots show the ex-
pression of tau constructs in PC12 cells for fragments derived form
htau441wt (B) and htau352wt (C). Immunostaining was performed
with chickenαGFP antibody
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sults are four tau fragment constructs which differ in their numbers of repeats in
their repeat domains and that all lack the carboxy-terminal part (see Figure 4.1).
All fragments were tagged with a PAGFP on their amino terminal end to perform
fluorescence decay after photoactivation (FDAP) experiments. The sequence
was embedded in a pCMV vector so that they could easily be transfected into
PC12 cells for further investigation. To have a control for a non-interacting pro-
tein, we used 3×PAGFP which consists of three copies of PAGFP linked together
to one molecule, which has approximately the size of PAGFP-htau441wt. We also
used a PAGFP-tagged tau 352wt, which lacks exon two and three as well as re-
peat two. To see if repeat two has a specific function, we also created a fragment
of tau352wt which has three repeats like Δ338 and also lacks the c-terminus. We
used the same primer as for Δ369 and consequently named the fragment Δ369f
(f stands for "fetal"). The fragment plasmids were transiently transfected into
PC12 cells and four days of NGF-treatment was performed to differentiate the
cells and animate them to develop processes. We looked at the middle of the
process because here it is very flat and narrow compared to the cell body. Due to
this shape it can be treated as a pseudo two dimensional system where proteins
can diffuse only in two directions.

We performed FDAP experiments with full length tau (tau441wt) and its frag-
ments and compared the fluorescence decay of it with non-interacting control
protein 3×PAGFP. We analyzed the relative intensity of fluorescence in the region
of activation and compared it to the first frame after photoactivation. The control
construct showed a very rapid fluorescence decay while the FDAP of full length
tau was significantly slower (Figure 4.2 A, table 4.1). With decreasing number of
repeats the the FDAP was increasing for fragments constructed from tau441wt.
For Δ369 the fluorescence deday is already significantly lower than for tau441wt.
So a truncation after repeat 4 already has an influence on tau mobility. Deletion
of repeat 4 results also in a decreased FDAP although the difference between
Δ369 and Δ338 is not significant. Fragments that only had one or two repeats
left showed the same mobility as the 3×PAGFP control; there is no significant dif-
ference between the FDAP of Δ307, Δ276 and 3×PAGFP. Since this control protein
does not interact with other proteins at all we reason that these two fragments
don’t interact with microtubules, so a minimum of two repeats is needed for tau
to properly interact with microtubules. The FDAP of tau352wt (Figure 4.2 D) is
similar to tau441wt; It shows no significant difference. FDAP for Δ369f is sig-
nificantly lower than for tau352wt - this observation is analog to tau441wt and
Δ369. Both Δ338 and Δ369f, which both have three repeats left, show a similar
FDAP, although Δ369f is 89 amino acids smaller than Δ338 because it lacks exon
two and three. The difference between the two curves is not significant.
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A

B

∆276 ∆307 ∆338 ∆369 441wt ∆369f 352wt

C

∆276 ∆307 ∆338 ∆369 441wt

D

E

F

∆369f 352wt

Figure 4.2: Fluorescence decay after photo activation (FDAP) and asso-
ciation and dissociation rates of tau and its fragments in the
middle of the process. The FDAP of tau441wt and its fragments
increases with decreasing number of repeats. (A). The association
rate k∗

on
(B, displayed as decadic logarithm) is decreasing, the disso-

ciation rate koƒ ƒ (C) stays nearly the same. The FDAP of tau352wt is
similar than for tau441wt, its fragment Δ369f has an increased FDAP
that matches to the correspondent fragment of tau441wt (Δ338). n
= 13-15 (D). The association rate k∗

on
of tau352wt is higher than for

tau441wt (E, displayed as decadic logarithm). Unlike for the 441-
fragments the dissociation rate koƒ ƒ for Δ369f is lower than for the
wild type (F). A+D show the mean value ± standard error, n = 14-19.
k∗
on

and koƒ ƒ are calculated values including an error estimation.
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Table 4.1: Statistical analysis of FDAP curves of tau and its fragments in
the middle of the process. The significance was calculated using
One way ANOVA (P<0.05) for FDAP values at 10 and 50 seconds. +
indicates that the curves are significantly different in both values, -
means no significant difference. The respective curves can be seen in
figure 4.2 A+D.

441wt Δ369 Δ338 Δ307 Δ276 352wt Δ369f 3×PAGFP
441wt + + + + - + +
Δ369 + - + + + - +
Δ338 + - + + + - +
Δ307 + + + - + + -
Δ276 + + + - + + -

352wt - + + + + + +
Δ369f + - - + + + +

The association rate of tau441wt and its fragments are decreasing with decreas-
ing numbers of repeats (Figure 4.2 B) from 6.2 s−1 down to 0.3 s−1 for Δ338
(which, according to figure 4.2 A is the last fragment that shows interaction
with microtubules) and down to 0.04 s−1 for Δ307 and 0.005 s−1 for Δ276 which
show no interaction at all. The dissociation rate for tau441wt, Δ307 and Δ276
are the same (0.13 s−1), while the rate is slighly increased for Δ369 (0.18 s−1)
and slightly decreased for Δ338 (0.10 s−1). This leads to the conclusion that
the reduction of the total number of repeats of tau441wt mainly leads to a de-
creased ability of association with microtubules, while the dissociation is lowly
affected. The association and dissociation rate of tau352wt (Figure 4.2 E+F) are
both higher than the rates of tau441wt, so the fetal form attaches and detaches
more often when it comes to microtubule interaction. The fetal tau fragment
Δ369f shows a slightly lower association rate (0.25 s−1) than its comparable full
length fragment Δ338, its dissociation rate (0.12 s−1) on the other hand is similar
to the rate of 441wt but slightly higher than for Δ338.
From the association and dissociation rates, we were able to derive the fraction

Table 4.2: Fraction of microtubule-bound tau fragments. With decreasing
number of repeats, less tau protein is bound to microtubules. Standard
errors are shown below each value. n = number of cells. D = diffusion
coefficient

441wt Δ369 Δ338 Δ307 Δ276 352wt Δ369f
Bound fraction 98% 89% 75% 23% 4% 98% 67%
Standard error 0.15 0.15 0.28 0.16 0.02 0.42 0.28
n 15 16 19 14 14 13 15
D in m2/s 14.4 15.0 15.3 15.6 15.9 14.9 15.3
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of microtubule-bound tau fragments (for the calculation see 3.2.4.3 on page 33).
Table 4.2 shows that for both wild types (tau441+352) the fraction of bound tau
is 98%, which matches with the observation that 352wt is dissociation and asso-
ciation with a higher rate but still show the same mobility when looking at the
FDAP. With decreasing number of repeats also the fraction of microtubule-bound
tau is decreasing for both full length and fetal tau fragments.
We were also able to calculate the diffusion coefficient of all tau fragments ac-
cording to the Stokes-Einstein equation. This coefficient describes the movement
of tau and its fragments by diffusion in a system without interaction hindering
it. The differences between the fragments are result of the different sizes of the
fragments and therefore a different hydrodynamic radiuses.
We excluded Δ276 from further investigations, because this fragments shows no
microtubule interaction at all and continued with the other fragments with Δ307
as our no-more-interaction control.
Growth cones are specialized structures that are in a constant state of reorga-
nization. Microtubules transiently enter the peripheral region via dynamic insta-
bility and are stabilized to promote process growth and growth cone movement.
So the tip of a process can be seen as a very dynamic structure compared to
the middle. address tau mobility in the tip, performed FDAP experiments by
photoactivation in the tip of the processes (Figure 4.3 A). Due to the shape, the
fluorescence could distribute only into one direction of the process (Figure 4.3 B),
which is also reflected in the FDAP curves (Figure 4.3 C) by their more shallow
slope. We found that also in the tip of the process truncation of tau and with it
reduction of the number of repeats leads to an increase of FDAP. However the
differences between the curves are much smaller than in the middle of the pro-
cesses. Except for the wild types, the the FDAP curves of the tau fragments are
not significantly different from the curve of 3×PAGFP.

Table 4.3: Statistical analysis of FDAP at the tip of the process. Signifi-
cance was calculated using One way ANOVA (P<0.05) for FDAP values
at 10 and 50 seconds. + indicates that the curves are significantly dif-
ferent in both values, - means no significant difference. The respective
curves can be seen in figure 4.3 C+D.

441wt Δ369 Δ338 Δ307 352wt Δ369f 3×PAGFP
441wt - + + - - +
Δ369 - - + - - -
Δ338 + - - - - -
Δ307 + + - + - -

352wt - - - + - +
Δ369f - - - - - -
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405 nm
A

B pre 1 s 50 s

C D

Figure 4.3: FDAP at the tip of the process. Schematic representation of photo
activation and fluorescence distribution at the tip of the process (A)
and example (B) with activation area (red box) before (pre) and 1 and
50 seconds after photo activation. Scale bar, 10 µm. FDAP at the
tip of the process for htau441wt and its fragments (C) is increasing
with decreasing number of repeats. Despite the differences in shape,
the FDAP for tau441wt is almost similar in middle and tip, and lower
for the fragments. The same can be observed for htau352wt and its
fragment (D). C+D show the mean value ± standard error, n = 11-17.
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To see if PC12 cells are a valid model system for the processes in neuronal cells
we compared the interaction of PAGFP-htau441wt with the interaction in primary
culture neurons. We used a lenti viral vector to express PAGFP-tagged human
tau, analyzed the dynamics in axons and dendrites separately and compared it
with the results we previously received. In figure 4.4 we can see no significant
difference between the FDAP of the different cell systems. This is congruent to
former work in this group [29], where it could be shown that the interaction of tau
352wt and the membrane associated protein Annexin A2 in PC12 cells was com-
parable with the interactions in primary culture neurons. When we look at the
association rate though, we see that k∗

on
is higher for PC12 cells than for primary

neurons. Also the koƒ ƒ -rate for axons is slightly lower than for PC12 cells, while it
is higher for dendrites, but with a very huge error estimation. The difference in
the apparent association rate indicates that tau-microtubule interaction is lower
in primary culture neurons. For this we have to keep in mind that the expression
levels are different: The CMV promoter that was used for transient transfection
in PC12 cells has a higher expression rate than the CaM kinase II promoter we
used in primary culture neurons. Another finding of this experiment is that there
is no significant difference in FDAP between the compartments. So although tau
is primarily found in the axon of neurons [8,12], mobility of tau does not depend
on the compartment, as it can be seen here that there is no significant difference
between FDAP in axon and dendrite. Also on level of the association rate there
is no difference between axons and dendrites. The dissociation rate is higher in
dendrites, but again we have to keep in mind the high error estimation.
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A

B C

PC12 Axon Dendrite PC12 Axon Dendrite

Figure 4.4: Comparison of FDAP in PC12 cells and primary culture neu-
rons. Axons and dendrites were analyzed separately. No significant
difference can be seen between the FDAP of the different model sys-
tems or between compartments. Mean values ± standard error, n =
15 (PC12) / 6 (Axon) / 8 (Dendrites). (A). The association rate k∗

oƒ ƒ
for tau441wt is higher than in primary neurons. However there is no
difference between k∗

oƒ ƒ
in axons and dendrites (B). The dissociation

rate is a bit higher in PC12 cells than in axons and it is much higher
for dendrites, although the error estimation is very high (B).
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4.1.2 Interaction of Tau and its Fragments on stabilized
and destabilized Microtubules

For tau-microtubule interaction not only tau is relevant, but also the state that
microtubules are in. The dynamic instability of microtubules can be affected by
multiple factors, and possibly the interaction with tau is one of them, too. We
examined the influence of microtubule stability have on tau mobility and micro-
tubule interaction by using destabilizing and stabilizing agents.
Colchicine is a toxic alkaloid found in Colchicum autumnale. It is used in cancer
treatment as a mitosis inhibitor where it prohibits the formation of a spindle ap-
paratus. It binds to a Colchicine-binding site located on β-tubulin. A portion of
this site is constituted by residues 1-46 and 214-241; these Colchicine-binding
regions are also involved with GTP binding and, thus, represent active regulatory
domains of β-tubulin [66]. It is also proposed that Pro268 and Ala248 are cru-
cial for the specificity of Colchicine for animal tubulin [5]. Binding of Colchicine
to tubulin inhibits tubulin polymerization in animal cells. Treated with Colchicine
these cells consequently show more free tubulin dimers that cannot bind any-
more to microtubules; the balance between bound and unbound tubulin is dis-
tracted and so is microtubule stability.
We transiently transfected PC12 cells with both wild type tau isoforms and the
microtubule-interacting fragments Δ369 and Δ338. We also used Δ307 and
3×PAGFP as a control. After four days of NGF treatment we treated the trans-
fected cells for 30 minutes with 10 µM Colchicine (dissolved in ddH2O) or ddH2O
as a carrier control. Imaging was performed for maximum 1 hour after treatment
to exclude any effects from long-time incubation, so the maximal duration the
cells where exposed to Colchicine was 90 minutes.
As expected we saw no differences in FDAP for 3×PAGFP and for Δ307 (Figure
4.5 A) hence the fact that both of them are known not to bind to microtubules
(see 4.1.1 on page 36). Also for Δ369 and for tau352wt we could only observe
a very low effect and an only slightly increased FDAP that is not significantly
different from the ddH2O control. We however observed a significant difference
between Colchicine treatment and carrier control for cells transiently transfected
with tau441wt (P<0.05). We saw an increased FDAP for Δ338 transfected cells
treated with Colchicine compared to the carrier control; the fluorescence decay
is higher in the first half and is approximating to the fluorescence decay of the
carrier decay in the second half. Statistical analysis could not proof significance
for this difference.
The association rate (Figure 4.5 B) for both wt tau isoforms is slightly decreased
for Colchicine treated cells compared to carrier control, an effect that can be ex-
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441wt 352wt

∆369 ∆338

∆307 3xPAGFP
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441wt ∆369352wt ∆338 ∆307 441wt ∆369352wt ∆338 ∆307

Figure 4.5: FDAP and association and dissociation rates of tau and its
fragments in the middle of the process with and without
Colchicine treatment. Fluorescence decay after photo activation
for every construct. The cells were treated with 10 μM Colchicine
for 30 minutes, H2O was used as a control. Mean ± standard error,
n = 13-17 (A). Down to three remaining repeats a increase of FDAP
can be observed. Association rate k∗

on
and (B, displayed as decadic

logarithm) and dissociation rate koƒ ƒ (C)
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plained by the lower number of binding partners due to microtubule destabiliza-
tion. While the association rate for Δ369 is unaffected by Colchicine treatment,
it is even higher for Δ338. Taking the error estimation in account it is not possi-
ble to formulate any differences in the association rate of Δ307 with or without
Colchicine treatment. The dissociation rate (Figure 4.5 C) of tau441wt is unaf-
fected by Colchicine treatment of the cells. Interestingly the dissociation rate for
tau352wt is lower after treatment with Colchicine than it is in the carrier control.
As we postulated that tau352wt is interacting more frequent with microtubules
(see 4.1.1) it is also more likely to be affected when altering microtubule dy-
namics. In the boundaries of the error estimation there is no difference between
Colchicine treatment and carrier control for the Δ307, while there is a very small
difference in Δ369. There is a very high difference between Colchicine treatment
and carrier control for cells that are transfected with the Δ338 fragment.
To see if stabilization of microtubules on the other side would have an influence
on tau dynamics we treated the cells with Epothilone D (EpoD). Epothilones are
a group of substances with five subspecies (Epothilone A-F) that are considered
to be of great use in cancer treatment. They stabilize microtubules by a simi-
lar mechanism like Paclitaxel (also known as Taxol). Epothilone D binds to the
Paclitaxel-binding site [22]. This site is located at the β-subunit of the αβ-tubulin
heterodimer [58,63]. By Binding it decreases the rate of αβ-tubulin dissociation.
The EpoD stocks were dissolved in dimethyl sulfoxide (DMSO) and then diluted
in ddH2O, so we used the same relative amount of DMSO (0.001%) solved in
water as a control. After four days of NGF treatment we treated the transiently
transfected PC12 cells with 1 nM EpoD or DMSO control for 30 minutes. Imaging
was performed for no longer than an hour so the cells were exposed to EpoD for
not longer than 90 minutes. Figure 4.6 A shows that stabilizing the microtubules
with Epothilone D has no significant effect on FDAP of both wild type isoforms
441 and 352 or the microtubule interacting fragments compared to the DMSO
control and also Δ307 and 3×PAGFP control are not affected. Nevertheless there
are differences in the association rate (Figure 4.6 B) of tau352wt and Δ369 and
Δ338, where the association rate is slightly higher for Epothilone D treated cells
than for the DMSO control. The increase of the association rate after Epothilone
D treatment of cells transfected with tau352wt, Δ369 and Δ338 is coupled with a
slight increase of dissociation rate (Figure 4.6 C). The effect is biggest for Δ338,
but overall very little (0.01 to 0.03 s−1) so we conclude from these results that
tau interaction with microtubules is unaffected by stabilizing microtubules with
EpoD. This leads to the conclusion that stabilizing microtubules and therefore
providing more binding partners does not lead to more binding of tau to micro-
tubules.
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Figure 4.6: FDAP and association and dissociation rates of tau and its
fragments in the middle of the process with and without
Epothilone D treatment. Fluorescence decay after photo activa-
tion for every construct. The cells were treated with 1 nM EpoD for 30
minutes. 0.001% DMSO was used as a control. Mean ± standard er-
ror, n = 8-14 (A). No difference between the Epothilone D treated cells
and the control can be observed. Association rate k∗

on
(B, displayed

as decadic logarithm) and dissociation rate koƒ ƒ (C)
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There are certain differences in association rates for ddH2O control and DMSO
control. Especially for tau352wt these differences are observable; while the as-
sociation rate of tau352wt is 3.89±0.01 s−1 for ddH2O control, it is 0.68±0.01 s−1

for DMSO control. Also the dissociation varies in cells transfected with tau352wt
(0.14±0.01 s−1 for ddH2O control, 0.03±0.01 s−1 for DMSO control). In other
studies we also encountered the fact that DMSO has an influence on microtubule
dynamics and seems to stabilize microtubules. The reason for this effect still has
to be determined.

4.1.3 Influence of Phosphorylation on Interaction of Tau
and its Fragments with Microtubules

Phosphorylation of tau can affect the tau-microtubule interactions in multiple
ways [7, 45]. Previous studies showed that glutamate substitution can simu-
late hyperphosphorylation of tau protein [23] and a series of phosphorylation-
mimicking serine/threonine to glutamate exchanges in the P-region is sufficient
to block nucleation with microtubules in vitro [24]. To test the effect of pseu-
dophosphorylation on tau dynamics and microtubule interaction, we used a PAGFP-
tagged tau 441 construct that mimics phosphorylation by exchanging the amino
acids serine 198, 199, 202, 235, 396, 404, 409, 413, 422 and threonine 231 to
glutamate and tagged them to PAGFP (see figure 4.7). From this we constructed
a pseudohyperphosphorylated version of our Δ369 fragment construct by insert-
ing a stop codon after amino acid 369.

PAGFP N P R1 R2 R3 R4 CPHP

S1
98

E
S1

99
E

S2
02

E
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31

E

S2
35
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69
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96

E
S4
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E

S4
09

E
S4

13
E

S4
22
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Figure 4.7: Phosphorylation-mimicking tau fragments. Tau441wt was used
to create a pseudohyperphosphorylated (PHP) form of tau. White ar-
rows show mutations to glutamate to mimic phosphorylation. Black
arrows indicate mutations to truncate full length tau to specific trun-
cation products.

The cells were transiently transfected with PAGFP-tagged and the PHP full length
tau and PHP-Δ369 fragment. After 4 days of NGF treatment imaging was per-
formed. We photoactivated was performed in the middle of the processes. When
we compare PHP-tau441 with its wild type we see no significant increase or de-
crease of FDAP altough there is a small difference between the two curves. Also
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for the Δ369 fragment there is no significant difference between the curves of
the PHP and the non-PHP form; we reason that the mobility of tau in the cells was
not affected by pseudohyperphosphorylation.
When we look at the association rates thought (Figure 4.8 B) we can see a de-
crease of k∗

on
for the pseudophosphorylated tau and its fragment compared to

their counterparts. The association rate of tau441 is lowered by a factor of 2.5
(from 6.2±0.3 s−1 for the wild type to 2.5±0.07 s−1 for the PHP construct) and
for Δ369 it is even lowered by a factor of 10 (from 1.5±0.05 s−1 for Δ369 to
0.15±0.03 s−1 for PHP-Δ369). So pseudophosphorylation has a strong negative
effect on tau’s ability to attach to the microtubule surface. It also has an ef-
fect on the dissociation rate (Figure 4.8 C), for koƒ ƒ is decreased for both PHP-
tau441 and PHP-Δ369. Although the difference is much smaller than for k∗

on
, it

is a notable observation that the koƒ ƒ rates of both PHP-constructs are the same
(0.09±0.002 s−1 for PHP-tau441 and 0.1±0.01 s−1 for PHP-Δ369). So in this case
pseudophosphorylation leads to a decrease and an equalization of the dissoci-
ation rate which means that pseudohyperphosphorylated tau tends to stay at-
tached longer to the microtubule surface. The decreased association combined
with the tendency to more likely keep in contact with microtubules results in a
very small chance in FDAP and therefore in the overall mobility.
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A

B C

PHP-tau441 tau441wt PHP-∆369 ∆369 PHP-tau441 tau441wt PHP-∆369 ∆369

Figure 4.8: Influence of phosphorylation on tau’s mobility. No significant
difference in FDAP can be found between tau441wt and PHP-tau. The
same can be observed for Δ369 and its pseudophosphorylated form
PHP-Δ369. Mean ± standard error, n = 16-17 (A). The association rate
k∗
on

is decreased for phosphorylated forms of tau441wt and its frag-
ment (B). The same decrease is also observable for the dissociation
rate koƒ ƒ (C).
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4.2 Caspase cleavage and cleavage-like products

Studies show that proteolysis of tau by Caspase 3 at aspertate 421 is associated
with NFTs in the brains of Alzheimer disease patients [6]. Caspase 3 is a protease
that is activated during the execution phase of cell apoptosis [35]. Interestingly
this naturally cleaved fragment seems to appear even before apoptosis [27].
Also, little is known so far about the function of the carboxyterminal part of tau
protein where the cleavage site is located. We were interested in the effect
that this truncation in the c-terminal part has on the mobility and microtubule-
interaction of of tau protein. We created a product that is mimicking the caspase
3 cleavage by inserting a stop codon after aspertate 421, leading to a shortened
tau protein expression that has the same length than the cleaved tau (Figure 4.9).
We tagged it to PAGFP so we could perform live cell imaging with this fragment.
We also created a second, caspase cleavage-like fragment with only 401 amino
acids. Older studies state the existence of a R’ that has only a low homology and
is usually not considered as a repeat, but is stated to play a role in microtubule
targeting [34]. To address this, we created this Δ401 fragment that stops after
this R’ and therefore is even 20 amino acids shorter than our Δ421 construct.

PAGFP N P R1 R2 R3 R4 C
441wt

∆421
421

∆401
401

Figure 4.9: Caspase cleavage and cleavage-like fragments Full-length (441)
tau was truncated via site directed mutagenesis by inserting a stop-
codon after aspartate 421 (Δ421) or after glycine 401 (Δ401).

The cells were transiently transfected with either the PAGFP-tagged Δ421 or
Δ401 fragment and treated with NGF for four days after transfection. Imaging
was performed afterwards and photoactivation was conducted in the middle of
the processes. Removing the last 20 amino acids of tau441wt leads to a decrease
of FDAP (Figure 4.10 A) which states that Δ421 is less mobile than full length tau.
The smaller fragment Δ401 shows an even more decreased fluorescence decay.
So removing the c-terminus of tau highly affects the mobility of tau by slowing
it down. Statistic analysis showed that the decrease of FDAP for Δ421 and Δ401
compared to tau441wt and also the difference between the FDAP of Δ421 and
Δ401 are significant (table 4.4). The fragments show a reduced tendency to bind
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Table 4.4: Statistical analysis of FDAP of caspase cleavage and cleavage
like fragments. Significance was calculated using One way ANOVA
(P<0.05) for FDAP values at 10 and 50 seconds. + indicates that the
curves are significantly different in both values, - means no significant
difference. The respective curves can be seen in figure 4.10.

441wt Δ421 Δ401
441wt + +
Δ421 + +
Δ401 + +

Table 4.5: Derived bound rates for caspase cleavage and cleavage-like
fragments. Truncation of carboxy-terminal amino acids leads to an
increase of the bound fraction. Standard errors are shown below each
value. n = number of cells

441wt Δ421 Δ401
Bound fraction 98% 99% 99%

SE 0.15 0.26 2.39
n 15 23 17

to microtubules, according to the association rates (Figure 4.10 B). While k∗
on

is
6.2±0.3 s−1 for tau441wt, the rate drops to 2.8±0.2 s−1 for Δ421 and 1.5±0.4 s−1

for Δ401. But it also has an effect on the dissociation rate (Figure 4.10 B), that is
also reduced for the caspase cleavage and cleavage-like fragments. While koƒ ƒ is
0.13±0.004 s−1 for tau441wt, it id reduced to 0.03±0.002 s−1 for Δ421 and even
to 0.008±0.002 s−1 for Δ401. Removing 20 to 40 amino acids from the c-terminal
part of tau therefore reduces its tendency to detach from microtubules once it
has bound, which matches the observation of decreased mobility and therefore a
decreased FDAP. From the association and dissociation rate we are able to derive
the fraction of microtubule-bound tau for these fragments (table 4.5). The data
show that caspase cleavage and caspase cleavage-like fragments have a bigger
fraction of microtubule bound tau, which can be explained by the lower koƒ ƒ and
therefore the lower tendency to dispatch from microtubules once bound, despite
the lower association rate.
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A

B

∆401 ∆421 441wt

C

∆401 ∆421 441wt

Figure 4.10: Fluorescence decay after photoactivation for Caspase cleav-
age and cleavage-like tau fragment. The fragment mimicking
the Caspase3 cleavage product shows a lower fluorescence decay
than wildtype tau. By shortening the carboxy-terminal part even
more by using a fragment that stops after amino acid 401, this ef-
fect can be increased. Mean ± standard error, n = 15-23 (A). Both
association rate k∗

on
(B, shown as decadic logarithm) and dissocia-

tion rate koƒ ƒ (C) are decreased.
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4.3 Effect of tau on microtubule stability

After we examined the influence that the repeat domains of tau have on its
mobility and microtubule interaction, we wanted to address tau’s role in micro-
tubule stability. Tau stabilizes microtubules by binding to the microtubule surface
and promote their self-assembly from tubulin subunits [42,49]. To address this,
we transiently transfected PAGFP-tagged α-tubulin into PC12-cells and afterward
treated them with NGF for four days. The marked α-tubulin would be integrated
into the tubulin dimers and eventually into the microtubules (Figure 4.11 A). The
fraction of PAGFP-α-tubulin that is integrated into microtubules is assumed immo-
bile, while the unbound fraction can diffuse. By activating a small population of
the tagged tubulin in the middle of the process and observing the FDAP in the ac-
tivation region, we can draw conclusions about the ratio of bound to free tubulin

B C

α-Tubulin

β-Tubulin PAGFP-α-Tubulin

A

Figure 4.11: PAGFP-tagged α-tubulin is integrated in microtubule dynam-
ics. PAGFP-α-tubulin forms dimers together with β-tubulin. These
dimers take part in microtubule assembly and disassembly in form
of a dynamic instability. This results in a bound dimer fraction and a
unbound fraction (A). Treatment with microtubule stabilizing agents
Paclitaxel (Taxol), Epothilone D (EpoD) and Discodermolide (Disco)
(B) lead to a decreased FDAP in the region of photoactivation while
treatment with destabilizing agents Nocodazole, Colchicine and Vin-
blastine (C) increases the fluorescence decay. Treatment was per-
formed for 30 minutes with the respective agents or with 0.01%
DMSO control. Photostability was unaffected. n = 17-26.
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and therefore about the stability of microtubules. We tested this approach with
different substances. All substances were dissolved in DMSO and diluted with
water. The final DMSO concentration was 0.01%, as a control we used DMSO
dissolved in water. The cells were treated for 30 minutes with the respective
substance, afterwards imaging was performed for maximum 60 minutes. Pacli-
taxel (also known as Taxol), Epothilone D and Discodermolide are reducing micro-
tubule disassembly and therefore stabilize microtubules. In our assay this leads
to a higher fraction of photoactivated PAGFP-tagged α-tubulin in the activation
region and therefore to a decreased FDAP (Figure 4.11 B). Nocodazol, Vinblas-
tine and Colchicine on the other hand are destabilizing microtubules by binding
to tubulin-dimers and prevent their assembly to microtubules, which leads to an
increased FDAP (Figure 4.11 C).
We used a lenti virus infection system to express tau in PC12 cells. The viral
vector had a CaM kinase II promoter that is neuron specific and has a lower ex-
pression level than it is with the CMV promoter, also Lenti virus integrates into
the genome, leading to a more stable, longer lasting expression. To verify tau
expression in our PC12 cell model system, we created a mCherry-tau441wt con-
struct. To see if the higher binding affinity of caspase cleaved tau (see 4.2 on
page 51) has any influence on microtubule stability, we also created a mCherry-
tagged tauΔ421. We used 3×mCherry, consists of three copies of mCherry linked
together to one molecule, as a control protein. Twelve days before imaging we
infected the cells with tau, the caspase cleavage fragment or the control. Six
days before imaging we transiently transfected the cells with PAGFP-α-tubulin.
Four days before imaging we treated them with NGF to promote differentiation.
For imaging we chose cells that showed red fluorescence and green fluorescence
to which we referred as "double" and cells that only showed green fluorescence
we referred to as "control" (Figure 4.12). All cells however, double and control,
were from the same dish to exclude the possibility that differences in the results
could be an effect of differences in conditions of culturing due to infection with
lenti virus. We performed 3 independent experiments for each construct and
summed up the results.
Expressing mCherry-tau441wt in PC12 cells leads to a decrease of FDAP of α-
tubulin in the activated (Figure 4.13 A). Expression of the cytosolic non-interacting
control protein 3×mCherry on the other hand shows no significant difference
in FDAP between "double" and "control" cells (Figure 4.13 B). So α-tubulin is
distributed significantly slower in the cell in the presence of human mCherry-
tagged full-length tau. This indicates a bigger fraction of polymerized tubulin
dimers which leads to the conclusion that human tau441wt has a stabilizing ef-
fect on microtubule dynamics in the processes of PC12 cells. For cells expressing
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mCherry-tagged Δ421 a decrease of FDAP was observed in comparison to the
respective control cells (Figure 4.13 C). However the difference between control
and double in mCherry-Δ421 cells is not visibly higher than in mCherry-tau441wt
expressing cells and a difference between tau441wt and Δ421 can not be con-
firmed with this data.

A B C

FED

Figure 4.12: Example for cells with two fluorescent markers (A-C) and
control (D-F). Cells were infected via a lenti virus with a mCherry-
tagged tau or a 3×mCherry-construct (as in this example) and tran-
siently transfected with PAGFP-αTubulin. Cells that showed a fluo-
rescence signal in the red channel and were positively transfected
(green channel A, red channel B and overlay C) were defined as
"double", cells that only were transfected but show no mCherry fluo-
rescence (green channel D, red channel E and overlay F) were used
as control. Both cells are from the same dish. Scale bar, 10 µm.
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A

B

C

Figure 4.13: Tubulin dynamics in cells that express mCherry constructs.
Cells expressing mCherry-tau441wt (A) show a significantly slower
FDAP and therefore a slower αTubulin mobility than their respec-
tive, mCherry-negative control cells, whereas 3×mCherry express-
ing cells (B) show no significant difference to their control cells.
mCherry-tauΔ421 expressing cells (C) show a slight difference to
their controls. Mean ± standard error, n = 26-39.
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5 Discussion

5.1 Structural factors of tau-microtubule

interaction

Hence the fact that the repeat region is commonly seen as the microtubule-
interacting part of tau [13, 43] our interest is focused on this particular region
of tau’s primary structure. By reducing the number of repeats via truncation
from the c-terminal direction we hoped to see alterations in tau’s mobility and
therefore in its binding to microtubules. The increase of FDAP with decreasing
numbers of repeats shows that the affinity of tau protein for microtubules in vivo

is dependent on the total number of repeats. This is consistent with former in

vitro studies [13]. We found out that when we cut off all repeats but two, frag-
ments Δ276 and Δ307 show nearly the same FDAP than 3×PAGFP, which is our
non-interacting control construct. If there is no interaction, the tau fragments
can diffuse unhindered through the cell, just like our cytosolic control protein.
(figure 4.2). From this we conclude that tau fragments with one or two repeats
do not interact with microtubules (Δ276 appears to move even faster; to explain
this one has to keep in mind that diffusion speed is connected to the hydrody-
namic radius of a molecule. Since Δ276 only has 2/3 of the size of tau441wt and
3×PAGFP was chosen because its size is similar to that of tau441wt it is plausible
that Δ276 has an even higher FDAP). So the minimal number of repeats required
for microtubule binding is three. This corresponds to the native isoforms exist-
ing in the central nervous system, that also have at least three repeats. When
we look at other Microtubule Associated Proteins (MAPs) we also can find micro-
tubule binding regions consisting of a series of at least 3 repeats; both MAP2 and
MAP4 contain a series of three 18 amino acids long peptides in their c-terminal
part that are homologous to the motif present in tau [14, 44]. And there also
exist isoforms of MAP2 with 4and MAP4 isoforms with up to 5 repeats [15, 41].
The microtubule binding domain of MAP1B on the other hand is unrelated to that
of tau [54]. This loss of binding is also resembled in the diminishing association
rates. The truncation of everything but the four repeats on the c-terminal sites
already results in a reduction of k∗

on
by a factor of 4 (k∗

on
is 6.2 s−1 for tau441wt
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and 1.5 s−1 for Δ369). That means that not only the repeats contribute to mi-
crotubule association, but also the c-terminal part of tau. Loss of another repeat
and reduction to 3 repeats decreases the association rate again with a factor of
5 to 0.3 s−1 for Δ338. If we take account of the microtubule assembly is a result
of the sum of binding affinities of single repeats, it is consistent that there is also
a difference between a two-repeat and a one-repeat-fragment, although the as-
sociation rates are very small for both. The koƒ ƒ -rate is going up when removing
the c-terminal part of tau, so without the last 72 amino acids the fragment is dis-
sociating from microtubules more likely, which contributes to the higher mobility
of the fragment. The fragments Δ307 and Δ276 show a similar koƒ ƒ -rate than
tau441wt, but the high error estimation and their k∗

on
-rates shows us that this is

due to the fact that these two fragments are not binding good to microtubules at
all; a dissociation rate for a fragment that hardly binds at all must have a high
variation and cannot be completely explicit. Δ338 on the other hand shows a
decreased dissociation rate compared to the wild type. Its rate is also similar
to Δ369f, so the decrease of koƒ ƒ cannot fully explained by the specific repeats
themselves: Both have 3 repeats left, their main difference is that Δ369f is miss-
ing repeat 2, while Δ338 lacks repeat 4. Also the presence or absence of exon
2 and 3 makes no difference in the dissociation rate. If we compare these two
fragments with tau352wt, we see a decrease in the dissociation rate, wich also
indicates that the c-terminal part also plays a role in microtubule interaction, an
observation that was previously described in vitro [33]. In general tau352wt in-
teracts more often with microtubules than tau441wt, represented by its higher
k∗
on

and koƒ ƒ rate - this increase of both values explains the similarity of FDAP with
full-length tau; a roughly proportional increase of both will compensate the effect
on tau mobility (compare with equation 3.2 on page 34). So 352wt attaches and
detaches more often, which fits to its occurrence in cell development. During a
fetal stage, the cells undergo much development and rearrangements, also con-
nected to changes in the cytoskeleton and therefore in microtubule structure.
A tau isoform that attaches and detaches more often could support these rear-
rangements while in an adult organism a isoform that interacts more slowly may
be needed to support microtubule structures in neuronal cells.
A feature of axons is that they show a strict polarity in microtubule organization.
Also former studies show that tau tends to enrich in the distal part of axons of pri-
mary cortical cultures [70]. Therefore it was also important for us to look at tau’s
mobility at the tip of the processes of our PC12 model system. The main problem
was the shape of the tip. Where the middle of the process can be considered a
tube with two open endings where the proteins can diffuse in two different direc-
tions, the tip is a geometric construct with only one open end. Our algorithms for
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determine association and dissociation rate would not fit. Also, proteins can only
move into one direction after photoactivation, so our FDAP curves from photoac-
tivation in the middle of the process are hardly comparable with the curves from
tip activation. Nevertheless, the tendencies for the fragments stay the same
with 3 repeats as minimum for tau-microtubule-interaction. One big differences
to FDAP in the middle of processes is that the differences in FDAP in the tip get
smaller and are no longer significant (compare table 4.3). Also the FDAP for
tau441wt is similar in its immobile fraction (this is observable at later time points
of the fluorescence decay, around 100 seconds). So for later time points the mi-
crotubule binding predominates shape-related effects. This effect gets lost with
decreasing numbers of repeats and also for the control; at later time points, the
fraction of 3×PAGFP in the activation region is higher for tip activation than for
middle activation, and so it is for all other fragments. This effect is also slightly
lower for tau352wt. As it attaches and detaches more frequently, a different
shape is affecting its mobility more than that of full length tau. On the one hand
this means that overexpression of human tau protein in mouse primary cortical
neurons leads to a equal distribution of tau in the cell. On the other hand it shows
that there is no compartment specific difference in tau-microtubule interaction in
these cells.
When we compare our transiently transfected PC12 cell model with primary cul-
ture neurons infected with a lenti viral vector expressing PAGFP-tau441wt, we see
no significant difference in FDAP between a process in a PC12 cell and an axon
or dendrite in a neural cell, but the apparent association rate is higher, leading
to the conclusion that tau binds less frequent to microtubule. Here we have to
keep in mind that we are calculating the apparent association, which is defined
as product of the association rate kon and the free binding partners in an equilib-
rium state (see equation 3.4 on page 34). So if the number of binding partners in
primary cultures differ from PC12 cells in vivo, the calculated k∗

on
would be also

different. The far more interesting observation is that when we express human
tau in a neural cell via lenti virus, there is no significant difference in FDAP in the
different compartment: Tau mobility seems to be equal in axons and dendrites.
Also the k∗

on
rates of axons and dendrites do not differ, leading to the conclusion

that the mobility of lenti viral expressed, PAGFP-tagged tau441wt is the same in
axons and dendrites. This is interesting because tau is not known to be equally
distributed in neuronal cells, but found mostly in the axons [30].
The next question we tried to address is the influence of altered microtubule
dynamics on tau mobility. Various substances are known to affect the dynamic
instability of microtubule assembly and disassembly and a lot of them are used
in cancer treatment. We already found out that truncation of tau and reduc-
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tion of the number of repeats increases mobility and decreases microtubule-
interaction by reducing its association and dissociation rates. By using Colchicine
and Epothilone D we want to combine changes on tau and microtubule stabil-
ity. As expected, changes in tau FDAP and therefore in mobility after colchicine
treatment only occurred for tau fragments that are actually still able to bind to
microtubules. That means that for Δ307 we had the same FDAP as for the non-
interacting control construct 3×PAGFP. Also its k∗

on
and koƒ ƒ rate are not altered.

We see a significant effect on colchicine treatment on the FDAP of tau441wt we
attribute to the reduced number of possible binding partners due to the destabi-
lization of microtubules. This is also backed by a decreased k∗

on
rate combined

with no alteration of the koƒ ƒ rate; while tau441wt does not bind so often to mi-
crotubules when they are destabilized and a lower number of binding partners
is available, it still detaches with the same rate once it is interacting with micro-
tubules. We see a different effect when we look at the mobility of Δ338. Here the
FDAP is also higher than in the carrier control, especially at earlier time points.
At later time points the curve converges to the curve of the control. The asso-
ciation rate of Δ338 is higher than for the carrier control which means that it
binds more often to microtubules, but according to the dissociation rate it also
detaches more often. So by reducing the number of repeat and destabilizing mi-
crotubules and therefore also reducing the binding sites the interaction is altered
in a new way that differs from full length tau. The smallest effect is visible for
Δ369. The FDAP is slightly higher, although the association rate is not different
after colchicine treatment compared with carrier control and the dissociation rate
is only slightly higher. Also tau352wt shows a slight increase of the FDAP. Ana-
log to tau441wt, the association rate is decreased after colchicine treatment. In
contrast to tau441wt the dissociation rate is slightly higher for tau352wt.
Epothilone D treatment on the other hand seems to have no influence on FDAP
and therefore on tau mobility. The curves show no difference for Epothilone D
treatment compared to DMSO control. Also the association rate of tau441wt
shows only a very small difference with a slightly higher rate after Epothilone D
treatment in compare to DMSO control. For the fragments the difference is much
higher though. Δ369 shows an increase from 0.17 ± 0.04 s−1 for the DMSO con-
trol to 0.44 ± 0.04 s−1 after Epothilone D treatment and also Δ338 has a higher
k∗
on

rate after Epothilone D treatment than with DMSO control. Only Δ307 shows
no difference, but as mentioned this fragment has not enough repeats to prop-
erly interact with microtubules any more. We also can observe a higher k∗

on
after

Epothilone D treatment for tau352wt. This leads to the idea that stabilization of
microtubules could increase the number of binding sites for tau and thus make
it easier to interact with the microtubule surface. But since the effect is very
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small for full length tau the affinity of tau isoforms with four repeats for binding
to microtubules is already close to its optimum, while for the fragments and for
fetal tau stabilization can increase this affinity. While increase of the k∗

on
rate

after Epothilone D treatment is apparent, there is no distinct difference for the
koƒ ƒ rate between Epothilone D treatment and DMSO control. Differences are all
within the error estimations, although there is a slight trend for a higher koƒ ƒ rate
after Epothilone D treatment for the tau fragments, but the difference is too small
to derive any effect from this. It is more likely that stabilizing the microtubules
has no effect on tau dissociation - Analog to the association rate of full length tau
we can conclude that tau dissociation is already at its optimum and stabilizing
does not increase this any more. This finding is contradictory to newer studies
that state that microtubule modifications have substantial effects on the acces-
sibility and/or the three-dimensional structure of the binding loci of tau with the
microtubule surface [11].
As already mentioned in the beginning, phosphorylation affects tau-microtubule-
binding. Microtubule assembly depends partially on the phosphorylation state of
tau [45]. We tried to address this by using pseudohyperphosphorylated forms of
tau protein and its fragments. Former studies showed that exchanging specific
serines and threonines with glutamate can result in a model system to simulate
hyperphosphorylation [23–25]. We used this system to look at the differences
in tau mobility and tau-microtubule interactions with and without pseudohyper-
phosphorylation and in combination with our fragments. Surprisingly the results
show no significant difference in tau mobility: The FDAP curves are nearly the
same for the PHP constructs and their non-phosphorylated counterparts. This
is contradictory to former studies that show that pseudohyperphosphorylation
directly lead to a redistribution of tau from the axon to the somatodendritic com-
partment [70]. Nevertheless we can see a clear difference in the association and
dissociation rates, stating that phosphorylation indeed affects tau-microtubule-
binding by decreasing the tendency of tau to bind to the microtubule surface.
Maybe pseudophosporylation does not affect detaching so much, but decreases
tau’s ability to bind to microtubules and by that way leads to the distribution
towards the axon as former studies state. The fact that pseudophosphorylation
decreases koƒ ƒ of both tau441wt and Δ369 to the same level could indicate that
the level of influence that phosphorylation has on the dissociation of tau is limited
to a certain point.
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5.2 Contribution of the c-terminus to tau’s

affinity to bind to microtubules in vivo

Studies propose a model in which caspase activation cleaves tau to initiate tan-
gle formation, then truncated tau recruits normal tau to misfold and form tan-
gles [20]. Interestingly this cleavage appears to precede the nuclear events of
apoptosis [27], so this caspase 3 activity seems not to be linked to the processes
of programmed cell death but is triggered by something else. However the rel-
evant part for this study is whether caspase cleavage has any influence on tau-
microtubule-interaction that precedes the formation of neurofibrillary tangles. In
other words: Is caspase cleaved tau more likely detach from the microtubule sur-
face or otherwise? Our results show that removing the last 20 or 40 amino acids
from the c-terminal part of tau does decrease the fluorescence decay after pho-
toactivation of tau fragments and not only affects its association rate but also the
dissociation rate to this effect that tau is stronger attached to the microtubule
surface and therefore its mobility is decreased. The derived binding rates state
that the bound fraction of tau is higher for the Δ421 and Δ401 fragment than for
tau441wt. Maybe this increased tendency to bind makes the caspase cleavage
fragment Δ421 more likely to initiate tangle formation and to recruit normal tau.
What is also very interesting is the question what role the c-terminal part plays
in tau-microtubule-interaction. While removing the whole c-terminus up to the
last repeat (so the last 72 amino acids) increases the mobility of the fragment
and leads to a lower fraction of microtubule-bound tau, the removal of only the
last 20 amino acids leads to a decreased mobility and a higher fraction of bound
tau fragment. And the mobility is even more decreased for a fragment lacking
the last 40 amino acids. Removing amino acids 369 to 401 has no further effect
on the association rate (Δ369 and Δ401 have the same k∗

on
rate), but there is a

difference in the koƒ ƒ rates (441wt: 0.13±0.004 s−1, Δ369: 0.18±0.01 s−1, Δ421:
0.03±0.002 s−1, Δ401: 0.008±0.003 s−1). So this leads to the assumption that
the last 40 amino acids are involved in the detaching of tau from the microtubule
surface. A lack of this amino acids consequently leads to a stronger binding and
a decreased dissociation rate. Interestingly the lack of the last 72 amino acids
compensates that effect. This suggests that in the c-terminal part, there are re-
gions that tend to prevent disassembly (presumably in the amino acids 370 to
401) and others that deregulate this effect (localized in amino acids 402 to 441).
Studies state the existence of a low homology region called "R’" which is usually
not considered as a repeat, but is stated to play a role in microtubule target-
ing [34]. From our data we can derive that this region might have the effect to
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influence microtubule binding, but not in a sense of targeting, but by increasing
the persistence of the binding. The effect of this region might be countered by
the last 40 amino acids of the c-terminus. This also could explain why removing
only 20 amino acids (as in case of caspase cleavage) leads to partial compensa-
tion of this binding effect. Studies also showed in vitro, that the carboxy-terminal
sequences downstream of the repeat region make a strong but indirect contribu-
tion to microtubule binding [33].

5.3 Influence of tau on the dynamic instability of

microtubules

Microtubule-associated proteins like tau are characterized functionally by their
ability to promote the assembly and stability of microtubules in axons and den-
drites [30]. So to take a closer look at microtubule stabilization by tau expression,
we developed an assay that could make stabilizing and destabilizing effects on
microtubules visible with our microscopy set-up. To combine it with our live cell
imaging assay, we used PAGFP-tagged α-tubulin. We chose α- over β-tubulin be-
cause β-tubulin tends to be cytotoxic when overexpressed. Experiments from our
group show that this PAGFP tagged tubulin is still integrating into microtubules
in sufficient amounts, so that we can draw conclusions about the changes in as-
sembly and disassembly of tagged tubulin dimers in microtubules.
With this approach we are able to determine the stabilizing and destabilizing ef-
fect of substances on the dynamic instability of microtubules. We tested it with
multiple known substances that have either a stabilizing or destabilizing effect
on microtubules and were able to differentiate between those effects compared
with a carrier control. We were also able to rule out photo bleaching effects as
shown in figure 4.11 B: The overall intensity of each frame was constant, so the
fluorophore was stable and not underlying any bleaching effect. What we had to
keep in mind though was the effect of DMSO on microtubule stability. It turned
out that this solvent had a stabilizing effect on our system. This shows that our
model system is reacting very sensitive to changes and lead to the decision to
image both double transfected and control cells from the same dish.
For expressing of the mCherry-tagged constructs we used a lenti viral infection
system. It inserts the gene of interest stably into the genome of the target cells
and has a CaM kinase II promoter with a moderate expression rate compared to
the CMV promoter we used for the transient transfection. As a control construct
we used - analog to our 3×PAGFP control - a 3×mCherry construct, which also
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has roughly the same size like our mCherry-tau441wt constructs. Our experi-
ments show that expressing a non-interacting protein in our PC12 cell system
has no effect on FDAP and therefore on tubulin polymerisation (figure 4.13 B)
so we can exclude effects on the dynamic instability of microtubules by just ex-
pressing another protein via lenti virus. The expression of mCherry-tau441wt on
the other hand shows a decrease of FDAP in the activated region and therefore
a lower mobility of tagged α-tubulin (figure 4.13 A). This shows us that human
full length tau has an influence on microtubule stability and acts stabilizing, as
described in the literature [30]. After we found out that caspase cleavage and
cleavage-like tau fragments have a higher binding affinity to the microtubule
surface, we also created a lenti viral vector for the mCherry-tagged tau frag-
ment Δ421. We chose this fragment because it mimics a form of tau cleavage
that actually can be observed in neural cells. If tau is stabilizing microtubules
by binding to them and therefore prevent disassembly , a fragment that has a
higher affinity to attach and stay attached to the microtubule surface will stabi-
lize them even more. Despite our assumption, mCherry-tauΔ421 does lead to a
decreased FDAP of PAGFP-tagged α-tubulin, but the effect is not higher than that
of mCherry-tau441wt. This means that a fragment that has a higher tendency to
stay at the microtubule surface has no higher stabilizing effect on microtubules.
Therefore the idea that tau stabilizes microtubules by its binding to it can not be
fully correct. We should take in account that tau is stabilizing microtubules not
by its binding to it, but via a protecting effect. Studies suggest that tau prevents
access of microtubule-seizing proteins like katanin and therefore stops these pro-
teins from pulling out single tubulin units and cutting them that way [38,57]. If
we assume such a mechanism of "stabilization", it would be only dependent on
the amount of expressed tau - a fragment with a higher affinity to bind would not
make any difference in stabilization.

5.4 Outlook

Our results gave us a first insight in the functional organisation of the tau pro-
tein and the consequences for tau-microtubule-interaction. How this interaction
actually works and what happens when tau descends into a pathological state is
of great importance to get a deeper understanding in the processes that happen
during tauopathies and especially during AD.
Our experiments gave us insight in the processes of tau mobility and microtubule
interaction at the scale of tau populations, so our results base on the "behavior"
of multiple molecules at once, where we are not able to resolve the behavior of
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a single molecule. This gives us a kind of statistical stability as single molecules
outliers do not distort our results that much, but to back up this results, experi-
ments with single molecule tracking could be useful to see if the results we got
from observing protein populations could also be reproduced on the level of sin-
gle molecules. For the observations of tau mobility at the tip of a process we need
a new model for determining the association and dissociation rates. Due to the
different shape - the tip must be considered as a tube with only one open ending
- new algorithms must be calculated for modeling and fitting. The determination
of association and dissociation rate will give the opportunity to directly compare
the differences of tau mobility in the tip and the middle of a process, for these
parameters are independent of the shape. From the observation of the different
fragments we can conclude that the ability of tau to interact with microtubules
is not a effect of the respective repeats, but a product of the combined binding
affinity of the repeats. Therefore it is not surprising that a minimum amount of
repeats is needed for tau to bind to microtubules and that this number is also
found in the natural isoforms of tau protein. However, we cannot address the
role of the conformation of tau and structural influences on its interaction with
microtubules with our approach. Tau is considered a intrinsically disordered pro-
tein [26, 39]. Nevertheless studies show that although these proteins do not
exhibit any stable secondary structure in the free form, they are able to fold after
binding to targets and contain regions with large propensity to adopt a defined
type of secondary structure [62]. The comparison of the fragments Δ338 and
Δ369ƒ also suggests that the individual repeats don’t play a role for themselves,
but their total number and the structure of the protein. Our observations with
the caspase cleavage and cleavage-like fragments also pose the question about
the function of the carboxyterminus of tau and its role in binding to microtubules.
Structural reasons that occur with the lack of the last 20 to 40 amino acids could
affect the interactions and result in a fragment that does not detach so easily.
As our results show, a stronger binding tau construct does not have influence on
microtubule stability. Taking the hypothesis in account that tau protects micro-
tubules against microtubule-seizing proteins, further co-expression experiments
could help to address this topic. When the protective effect is due to the fact
that tau binds to microtubule and therefore hinders other proteins from seizing
it, expression of fragments that have a weaker binding affinity for microtubules
could have a lower stabilizing effect on microtubules - if they tend to bind less
often and less good, they should also be less protective.
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μ . . . . . . . . . . . . . . . . micro-

koƒ ƒ . . . . . . . . . . . . . Dissociation rate

kon . . . . . . . . . . . . . Association rate

k∗
on

. . . . . . . . . . . . . Apparent association rate

% (v/v) . . . . . . . . . percent by volume

% (w/v) . . . . . . . . percent by weight

Aβ . . . . . . . . . . . . . . Amyloid β peptide

AD .. . . . . . . . . . . . . Alzheimer’s disease

APP . . . . . . . . . . . . . Amyloid precursor protein

Asp . . . . . . . . . . . . . Aspartate

bp . . . . . . . . . . . . . . basepairs

c . . . . . . . . . . . . . . . . centi-

c-terminal . . . . . . carboxyterminal

D . . . . . . . . . . . . . . . Diffusion coefficient

d (Prefix) . . . . . . . deci-

Da . . . . . . . . . . . . . . Dalton

DMSO .. . . . . . . . . Dimethylsulfoxid

DNA .. . . . . . . . . . . Desoxyribonucleic acid

EpoD .. . . . . . . . . . Epothilone D

FDAP . . . . . . . . . . . Fluorescence decay after photo activation

g . . . . . . . . . . . . . . . . gram
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GFP . . . . . . . . . . . . . Green fluorescent protein

Gly . . . . . . . . . . . . . Glycine

H (Amino acid) Histidine

HRP . . . . . . . . . . . . Horse raddish peroxidase

k . . . . . . . . . . . . . . . . kilo-

M . . . . . . . . . . . . . . . molar = mo/l

m (Prefix) . . . . . . milli-

m (Suffix) . . . . . . meter

MAPs . . . . . . . . . . . Microtubule-associated proteins

mCherry . . . . . . . Monomeric Cherry

n . . . . . . . . . . . . . . . . nano-

NFTs . . . . . . . . . . . . Neurofibrillary tangles

NGF . . . . . . . . . . . . Nerve growth factor

p . . . . . . . . . . . . . . . . pico-

PAGFP . . . . . . . . . . Photoactivatable green fluorescent protein

PC12 . . . . . . . . . . . Pheochromocytoma

PCR . . . . . . . . . . . . . Polymerase chain reaction

PVDF . . . . . . . . . . . Polyvinylidene fluoride

R . . . . . . . . . . . . . . . . Repeat region in tau sequence

rpm .. . . . . . . . . . . . Rounds per minute

s . . . . . . . . . . . . . . . . second

SDS . . . . . . . . . . . . Sodium dodecyl sulfate

Ser . . . . . . . . . . . . . Serine

T (Amino acid) . Threonine

Tyr . . . . . . . . . . . . . . Tyrosine
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UV .. . . . . . . . . . . . . Ultraviolet

V . . . . . . . . . . . . . . . . Volt

wt . . . . . . . . . . . . . . Wild type
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