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Summary
Microtubules, dynamic polymers of tubulin heterodimers, are one of the three major cytoskeletal
components along with actin and intermediate filaments in eukaryotic cells (Pollard and Goldman,
2018). Microtubules play an important role in various cellular processes such as intracellular trafficking,
organization, cell division, polarization and migration. Not only eukaryotes but many prokaryotes also
have at least one protein that is homologous to tubulin. The most common of them is the FtsZ protein
in Archaea and bacteria, which can also assemble into polymers and play a role in cell division in
prokaryotes (Pollard and Goldman, 2018). Microtubules are long, stiff polymers but its special
property, the “dynamic instability”, takes the centre stage while controlling most of the fundamental
microtubule-based processes.

In cells, generally microtubules are nucleated from a special machinery called “MicrotubuleOrganizing Centres (MTOCs)” such as centrosomes or spindle pole bodies (Goodson and Jonasson,
2018). One end of the microtubules which are embedded to these MTOCs is known as minus end and
microtubules grow outwards radially by adding GTP-tubulin dimers to the other end known as growing
end or plus end (Akhmanova and Steinmetz, 2019; Goodson and Jonasson, 2018). Most of the time
these microtubules undergo stochastic transitions between the growth and shortening, known as
“dynamic instability” (Mitchison and Kirschner, 1984). This dynamic nature can be harnessed by the
cells for various processes like polarization, migration, segregation of chromosomes and also allows
cell to adapt to changes in environment and cell shape (Goodson and Jonasson, 2018).

The change in cell shape is critical for various physiological processes such as cell division, polarization,
migration and dynamic microtubules are at the heart of these processes. It is thought that, MTOCs like
centrosomes are the sole source for microtubules inside the cells. However, microtubules can also
dissociate or get severed by severing proteins and transported to other cellular locations where they
are needed by molecular motors. Although this kind of transport of microtubules is possible in certain
cell types, local microtubule nucleation and local remodelling of microtubules takes place at locations
independent of centrosomes (Ishihara et al., 2014; Meunier and Vernos, 2016; Petry and Vale, 2015).
The fact that microtubules can nucleate from the Golgi apparatus (Chabin-Brion et al., 2001), nuclear
envelope (Tassin et al., 1985), kinetochore (Maiato et al., 2004), pre-existing microtubules (Murata et
al., 2005; Petry et al., 2013) and plasma membrane (Mogensen and Tucker, 1987) suggests that the
local nucleation and remodelling of microtubules plays an important role in maintaining the cellular
microtubule architecture and in turn cell shape and morphology.
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Among many different cells, neurons are specialized cells with a complex morphology. They have a
long axon protruding out of the cell body and stretching over long distances. Axons form a branch like
formation along the shaft and the tips of the branched axons form synapse with the dendrites of their
neighbouring neurons, resulting in the basis of the formation of the intricate communication network
of nervous system. This complex network is central to basic brain functions like memory, sensory
perception, learning, cognition and motor behaviour (Kalil and Dent, 2014). During neural
development, branches come out from specific locations in axons as dynamic protrusions that can
extend and retract. Some of these protrusions later on stabilize into branches and then connect to its
synaptic targets (Kalil and Dent, 2014).
Microtubules are major cytoskeletal elements in neurons and they control various fundamental
neuronal processes such as migration, polarity formation and differentiation (Kapitein and
Hoogenraad, 2015). They act as structural elements for neurons to maintain their polarized
morphology and for long distance intracellular transport of signalling vesicle from soma to synapse and
vice versa. Hence, the proper maintenance and control of various microtubule properties like number,
length, distribution, orientation and bundling is critical for proper functioning of neurons (Kapitein and
Hoogenraad, 2015). Several human neurodevelopmental disorders such as lissencephaly, perry
syndrome, hereditary spastic paraplegia have been linked to the genes of microtubule-related proteins
reflecting the importance of microtubules in neuronal development (Kapitein and Hoogenraad, 2015)
(Franker and Hoogenraad, 2013; Reiner and Sapir, 2013).

Microtubules are central for different stages of axon development from axon initiation to elongation
and axon branch formation and for all these processes the microtubule architecture has to undergo
various types of remodelling and reorganization. In axons, microtubules are bundled parallelly with
uniform orientation of growing ends outward whereas microtubules bundles are composed of mixed
orientation in dendrites. During the elongation of axons at the growth cone, microtubules display a
complex set of organizations like splaying, looping, bending and bundling(Conde and Cáceres, 2009).
Similarly, to generate branch points, it is necessary for microtubules to undergo remodelling such that
cytoskeletal paths split into separate branches. As centrosomes are not required for the development
of axon and axon branching, microtubule remodelling must be regulated locally at branch points (Stiess
et al., 2010) (Yu et al., 2008). Current models for axon branching involve the microtubule nucleators
augmin and g-tubulin, which allow microtubules to grow out from nucleation points that attach to the
outside of pre-existing microtubules (Sànchez-Huertas et al., 2019). But the exact mechanism how
microtubules are remodelled at branching points is still not known. Microtubule-severing proteins like
spastin and katanin play an active role in axon branching (Yu et al., 2008), but how severed
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microtubules are remodelled at a branch point is still an enigma. Until now, there was no evidence of
other proteins that could remodel microtubules at axon branches or that could directly remodel
microtubules into branched structures.

In our study, we found the novel microtubule-remodelling factor SSNA1, also known as NA14 or DIP13,
which remodels microtubules into a branched structure. SSNA1 was found to be localized at
centrosomes, basal bodies and at midbodies during cytokinesis (Lai et al., 2011; Pfannenschmid et al.,
2003). Apart from these known MTOCs, recently, SSNA1 was also reported to be present in neurons
and promote axon elongation and branching (Goyal et al., 2014).
In vitro reconstitution showed that SSNA1 mediates microtubule nucleation and further induces
formation of branched microtubules, where new daughter microtubules directly branch out from
existing microtubules. Cryo-EM analysis revealed that SSNA1 co-polymerizes together with tubulins by
attaching along single protofilaments, guiding them to grow away from a mother microtubule, further
to split and create a branched microtubule. The branching activity of SSNA1 relies on its ability to selfassemble into fibrils in a head-to-tail fashion and mutating residues essential for the self-assembly of
the protein lead to abrogation of branching in-vitro. It was found that SSNA1 localizes at axon
branching sites in primary neurons and it has a key role in neuronal development. SSNA1 mutants that
abolish microtubule branching in vitro also fail to promote axon development and axon branching,
showing a correlation of SSNA1’s microtubule-remodelling activity and axon branching. We have
therefore discovered a novel mechanism for microtubule-branching, in which microtubules are directly
remodelled into branched structures and we identified its implication in neuronal development.
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Preface
The work presented in this thesis was performed at the laboratory of Dr. Naoko Mizuno at Max Planck
Institute of Biochemistry, Martinsried, Germany. The thesis mainly comprises two topics: 1) Direct
induction of microtubule branching by microtubule nucleation factor SSNA1 and 2) Structural insights
into the cooperative remodelling of membranes by amphiphysin/BIN1. Therefore, this thesis is
presented in a cumulative manner. Chapter 1 includes introduction which gives a general view about
microtubule dynamics, its importance in the cell as a structural and functional component and how its
dynamics inside the cell is controlled either via various microtubule binding proteins or fine-tuned via
various post-translational modifications. The introduction also includes the neuronal cytoskeleton and
how microtubule is essential for various processes of neuronal development. Chapter 2 presents the
result section which consists of the published research articles divided into two sub-chapters. The first
sub-chapter 2.1 presents the research article first topic: Direct induction of microtubule branching by
microtubule nucleation factor SSNA1 followed by second sub-chapter 2.2 which includes the research
article: Structural insights into the cooperative remodelling of membranes by amphiphysin/BIN1.
Finally, the chapter 3 includes extended discussion, the relevance of findings and the last chapter 4
includes the outlook and future directions of the first topic.
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1. Introduction
1.1.

Microtubules and tubulin

Microtubules are long, ~25 nm hollow cylindrical polymers assembled from heterodimers of α- and βtubulin, which are normally referred as αβ-tubulin or tubulin (Figure 1A). The structural subunit,
tubulin heterodimer consists of very compact globular “body” and can be divided into three distinct
functional regions: N-terminal (N-terminal) containing nucleotide-binding region, intermediate region
containing taxol-binding site and a negatively charged, disordered C-terminal tail (Nogales et al.,
1998c). Each tubulin monomer binds a single molecule of GTP nucleotide. The GTP nucleotide bound
to α-tubulin at N-site is not hydrolyzable and only the GTP bound to β-tubulin at E-site is hydrolyzed
to GDP during microtubule polymerization (Nogales et al., 1998c). The α-and β-tubulin “body”
structure is highly similar with roughly 80-95% sequence identity and the most isoform sequence
variation and posttranslational modifications are concentrated on the C-terminal tails (50% sequence
identity between the tails tubulin) (Roll-Mecak, 2015).

In cells, microtubules are typically composed of 13 linear protofilaments (pf) connecting with each
other laterally, to form a closed tubular polymer (Figure 1B and D). Although in most of the cells
microtubules have 13 pf, pf numbers ranging from 8-20 have been observed both in-vitro and in-vivo
conditions with 14 pf being the majority in in-vitro conditions (Chrétien and Wade, 1991). Microtubules
are polar structures with a fast growing plus end exposed with β-tubulin and a slow growing minus end
exposed with α-tubulin. Microtubules grow by the addition of tubulin dimers at the growing end
whereas in most of the cases slow growing end is connected to microtubule-organizing center (MTOC)
(Goodson and Jonasson, 2018).

During the polymerization of a typical 13 pf microtubule, the main body of microtubule is composed
of Β-lattice where α-subunits of a protofilament is next to the α -subunit of neighboring protofilament
(α-α) and β-tubulin next to the β-tubulin(β-β), except at the boundary where it closes. This boundary
is referred to as a “seam” of the microtubule, where the α-tubulin of a protofilament is next to the βtubulin of next protofilament (α-β), forming a B lattice (Figure 1C-D) (Chrétien and Wade, 1991). Due
to slight shift of protofilaments in main body with respect to its neighbouring protofilament there is an
offset of 1.5 dimers at the seam for 13 pf resulting a 3 start helix. Changing the number of the
protofilaments changes the offset, so the microtubules with 15 pf and 16 pf have a shift of 2 dimers
resulting in 4-start helix (Goodson and Jonasson, 2018; Hunyadi et al., 2007). Due to the presence of
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the seam microtubules cannot be described as a true helix but a pseudo-helical structure (Zhang and
Nogales, 2015).

Figure 1.Microtubule structure and dynamic instability. (A, B) Tubulin structure (PDB: 1jFF) and
microtubule protofilament. (C) A and B type lattice seen in microtubule body. (D) 13pf microtubule
with seam marked with red. (E) Microtubule “dynamic instability” model.

The presence of seam has an important implication in high resolution microtubule structure
determination (Zhang and Nogales, 2015). Due to high similarity between α- and β-tubulin at low
resolution, which usually drives the image alignment, it is important to determine seam location for
each microtubule segment in order to obtain true structure of microtubule (Zhang and Nogales, 2015).
Different method has been used recently to address this issue. One of the strategy that have been
frequently used was to decorate microtubule with kinesin motor which acts as a low-resolution marker
for tubulin dimer(Sindelar and Downing, 2007) (Alushin et al., 2014). In this method, the seam location
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was determined by a reference-based analysis where cross-correlation values between the raw images
and projection of reference model decorated with kinesin was calculated. Although with this method,
the seam location for majority of well decorated microtubules were accurately determined, it was still
limited, in case of situations where kinesin decoration was less or the protein markers were relatively
small for example doublecortin or EB3 (Zhang and Nogales, 2015). Due to the small size of the protein
or sparse decoration, it was hard to determine the clear cross-correlation peak values resulting in
failure of correct seam determination for the given microtubule segments (Zhang and Nogales, 2015).
Recently with improved data quality obtained from the direct detector and combining with the
improved data processing algorithm, Rui Zhang and colleagues have been able to obtain high
resolution cryo-EM reconstruction of naked or undecorated microtubule at 3.5 Å resolution. This
development has helped us to understand different aspects of microtubules such as nucleotide binding
site and different nucleotide state of the microtubule (GTP-microtubule or GDP-microtubule) (Zhang
et al., 2015).

Another important aspect of the microtubule structure is that it is highly negatively charged at the
outer surface due to the disordered C-terminal tail of tubulin. These C-terminal tails, which are also
known as E-hooks due to the presence of multiple glutamate residues, play an important role for the
interaction with many microtubule-binding proteins (MTBPs). The tubulin tail acts as a hotspot for
different post-translational modifications (PTMs) such as phosphorylation, detyrosination,
glutamylation and glycylation and could affect the recruitment and interaction of various MTBPs (RollMecak, 2015). Different studies have shown that the C-terminal tail also plays a critical role in
microtubule polymerization. Subtilisin treated tubulin where C-terminal tails were removed, have a
significantly lower critical concentration at which microtubule polymers will form (Bhattacharyya et
al., 1985). Even the shielding of the negative charge by the CAP-Gly domain of MTBPs such as p150
glued leads to the neutralization of charge on the surface, resulting in promoting microtubule
polymerization (Wang et al., 2014b).

Another structurally relevant aspect of the microtubules which is relatively under studied is the innerlumen space. Cryo-electron microscopic images of microtubules in neurons, platelets and insect
sperms tails have shown the closely packed electron density at inner-lumen of microtubules (Garvalov
et al., 2006). Cryo-EM images have also shown inner-luminal particle in flagellar microtubules (Ichikawa
et al., 2017; Nicastro et al., 2006). One of the possible candidate for the inter-luminal particle is tubulin
acetyltransferase TAT which acetylates the Lys40 of α-tubulin located at the flexible internal loop of
microtubule (Akella et al., 2010; L'Hernault and Rosenbaum, 2002).
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Microtubules are structurally very rigid, with a Young’s modulus of 1-2 GPa in-vitro, which is
comparable to the stiffness of a pexi-glass and exhibits the persistence length of ~5000 µm which is
comparable to the dimension of a cell (Goodson and Jonasson, 2018; Sui and Downing, 2010). Although
being very rigid, microtubules are very dynamic undergoing phases of growth and shrinkage due to
addition and removal of tubulin dimers at their end. This property of microtubule is also known as
“dynamic instability”. Interestingly, microtubules are also found to be highly curved in vivo, in contrast
to the view of highly rigid polymers. This curvedness of microtubules is suggested to be the result of
force exerted by the motor proteins or due to its interaction with other cytoskeleton proteins
(Goodson and Jonasson, 2018) and also there is a possibility of lattice defects, when a tubulin dimer is
either missing or wrongly incorporated into the microtubule lattice (Schaedel et al., 2019).

1.2.

Tubulin isoforms and post-translational modification

The α- and β- subunits of microtubules have a compactly folded body, which has a very high sequence
similarity (about 95 %). The most isoform sequence variation and posttranslational modification is
concentrated at the disordered C-terminal tail of the tubulin dimer (Figure 2A) (Janke, 2014; RollMecak, 2015). The changes in the C-terminal tail could possibly effect the behavior of microtubules
and their interactions with various MTBPs. In human, nine genes of α-tubulin and nine b-tubulin genes
has been reported (Gadadhar et al., 2017) (Figure 2B) Many tubulin isoforms are present in a given cell
type although it was thought that a single isoform will form a single type of microtubule with
specialized functions like in neuronal microtubules or microtubules at the marginal band of platelets
and cilia which is composed of high amount of specific β-tubulin isoform (Janke, 2014). It appears that
the microtubule polymers can be formed from the complex pool of different tubulin isoforms resulting
in the formation of heterogeneous microtubules (Gadadhar et al., 2017). But it is still not clear how
the different level of tubulin isoforms could control or fine tune microtubule dynamics inside the cell
(Gadadhar et al., 2017; Janke, 2014). Recently a large number of mutations in single tubulin isoforms
have been shown connected to the various pathologies like blood clotting and neurological disorders,
which in turn is providing us with insights on possible functions of these isoforms (Fiore et al., 2017;
Tischfield et al., 2011).

The C-terminal tail of tubulin can also undergo different kinds of post translational modifications like
detyrosination/tyrosination (addition or removal of C-terminal tyrosine), polyglutamylation (addition
of free glutamates to the side chain of glutamates), polyglycalation (addition of glycine to side chain of
glutamates and acetylation of the lysine 40 of α-tubulin (Figure 2A). Apart from these well studied
posttranslational modifications, there are others which have been discovered recently;
phosphorylation,

polyamination,

methylation,
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palmitoylation,

arginylation,

ubiquitylation,

Figure 2. Tubulin isoforms and PTMs (A) Schematic representation of the PTM distribution in
tubulin. (B) Tubulin C-terminal sequences from human and yeast α and β tubulin isoforms.
Source:(Wehenkel and Janke, 2014).
glycosylation and sumoylation (Gadadhar et al., 2017). Among these only few of the PTMs have been
well studied so far. Phosphorylation of serine 172 of β-tubulin by cyclin dependent kinase-1 cdk1 has
been shown to affect microtubule dynamics during cell division (Fourest-Lieuvin et al., 2006). The
methylation of K40 in α-tubulin seems to compete with the acetylation of same residues (Park et al.,
2016) and polyamination seems to add positive charge to glutamate residues and is involved in
stabilization of microtubules (Song et al., 2013).
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1.2.1. Detyrosination/Tyrosination
Tyrosination is a reversible, ATP dependent and tRNΑ-independent addition of free tyrosine to the
absolute C-terminal glutamate of α-tubulin via α-linked peptide bond (Gadadhar et al., 2017; RollMecak, 2015). The enzyme responsible for the tyrosination is known as tubulin tyrosine ligase (TTL)
(Janke, 2014), which is also the first enzyme discovered that modifies tubulin. After being elusive for
40 years since the discovery of tyrosination, the enzyme responsible for detyrosination, vasohibins has
been

recently

discovered

(Aillaud

et

al.,

2017;

Nieuwenhuis

et

al.,

2017).

The

tyrosination/detyrosination cycle acts as ON/OFF signal for the recruitment of MTBPS at the growing
end of the microtubules (Roll-Mecak, 2015). The proteins like p150 subunit of dynactin, cytoplasmic
linker protein CLIP170 are recruited to the growing end of the microtubule via the short GEEY/F motif
at the C-terminal of α-tubulin (Peris et al., 2006). The tyrosination can also act as an OFF signal, in case
of kinesin-1 which prefers binding to the detryrosinated axonal microtubules in comparison to the
tyrosinated microtubules at the dendrites (Konishi and Setou, 2009). Freshly incorporated tubulin at
the growing end of microtubules is highly tyrosinated whereas detyrosination occurs only at tubulin
units in polymerized microtubules. This generates a gradient of tyrosination from freshly polymerized
growing end, to the older part of microtubule where the degree of tyrosination is less (Roll-Mecak,
2015). This gradient is thought to play an important role in localizing certain MTBPs to the growing end
of microtubule. The plus end or growing end tracking protein, end binding protein (EBs) specifically
follows the growing end of protein through its interaction with tyrosinated microtubules. The EBs then
acts as a platform to recruit number of other MTBPs to the growing end of the microtubule. These set
of proteins which bind to the growing end are also known as +TIPs and the process of
tyrosination/detyrosination is important for their interaction with microtubules (Akhmanova and
Steinmetz, 2008; 2015).

1.2.2. Polyglutamylation, Polyglycalation and K40 acetylation
Polyglutamylation and polyglycalation is an enzymatic addition of one or more glutamate or glycine
residues to g-carboxyl group of one of the internal glutamate residues of α-or β-tubulin resulting in a
branched peptide structure (Figure 2A). After the formation of branch structure glutamate and glycine
residues can be added to make a chain structure containing up to 21 glutamates and 34 glycines (RollMecak, 2015). Polyglutamylation and polyglycalation is mediated by the enzymes glutamylases and
glycylases, which are the members of the TTL-like family(TTLL) family. Each enzyme from this family
has a substrate and a reaction preference, so different enzymes that either initiate the branch
formation or elongate the chain with preference for either α-tubulin or β-tubulin exits. Some enzymes
are found to be highly substrate specific, whereas some catalyzes a range of substrate (Janke, 2014).
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Tubulin polyglutamylation is a reversible process and the enzymes or deglutamylases which catalyzed
the reverse reaction belongs to the family of tubulin carboxypeptidases(CCP). CCP1, 4 and 6 remove
long polyglutamate chains and CCP5 shows preference for removing of branched polyglutamate chains
(Rogowski et al., 2010).

Polyglutamylation has been shown to play a role in regulating microtubules and their interactions with
various MTBPs. Addition or removal of glutamate and glycated residues could either increase or
decrease the net negative charge of the C-terminal tail respectively. Considering most of the MTBPs
and motor protein’s microtubule-binding sites have a patch of positive charge, these polyglutamate
residues could act as a fine tuner for this charge based interaction between the microtubule and
MTBPs (Roll-Mecak, 2015). Blot-overlay assays have shown that tau, MAP2, MAP1B and kinesin-1
preferentially interacts with microtubules that have up to three glutamates while MAP1A shows
preference towards microtubules with up to 6 glutamates (Roll-Mecak, 2015). The tubulin purified
from the brain tissues have in average 3 to 6 glutamates and maximum up to 11 glutamates (RollMecak, 2015). The longest chain of glutamate was found in cilia where up to 21 glutamates has been
observed (Roll-Mecak, 2015). Polyglutamylation in cilia regulates the dynein motors which alters the
ciliary beating and movement (Gadadhar et al., 2017). In neurons, it was shown that the
polyglutamylation influences microtubule dynamics by regulating the activity of the microtubulesevering enzyme spastin (Valenstein and Roll-Mecak, 2016). In neurons, polyglutamylation has also an
important role in differentiation and survival (Janke, 2014).

So far, it is still not known how polyglycylation controls microtubule dynamics but glycylating enzymes
were found in all organisms and depletion of the glycases leads to ciliary disassembly and ciliary defects
(Janke, 2014). In mammals, TTLL3 and TTLL8 initiates the glycylation which is then elongated by
another enzyme TTLL10 whereas in Drosophila melanogaster a single glycase TTLL3 can do both
initiation and elongation (Rogowski et al., 2009). Similar to the glycylation, the mechanism by which
acetylation of K40 control the microtubule dynamics is unclear (Gadadhar et al., 2017). Microtubules
of cilia and flagella and long-lived cytoplasmic microtubules are highly acetylated and loss of TAT leads
to neurodegeneration and defect in axonal morphology in C. elegans and abnormalities in sperm in
mice (Roll-Mecak, 2015). Since acetylation is mostly found in stable microtubule it has become marker
for the stable microtubule (Roll-Mecak, 2015). This selectivity must be the consequences of TAT’s
preference for polymerized microtubule compare to free tubulin (Roll-Mecak, 2015). Since K40 is
present at the inner-lumen side, it is thought that, it is necessary for regulating the interaction of
microtubules with microtubule inner-lumen proteins(MIPs) (Janke, 2014).
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1.2.3. Tubulin code
Apart from the genetic isoform, the C-terminal tail of tubulin can also undergo various
posttranslational modifications. There is a plethora of different combination of these modifications
possible, which could give rise to a chemically diverse and complex signaling platform on the
microtubule surface, which is now referred to as “Tubulin code” (Janke, 2014; Verhey and Gaertig,
2007). This is analogous to the “histone code”, where various posttranslational modification and
sequence variability is concentrated at the N-terminal tail (Jenuwein and Allis, 2001). Recent
discoveries in isoform specific tubulin mutations and its involvement in range of human pathologies is
shedding some light in its importance on various cellular processes (Gadadhar et al., 2017; Janke,
2014). To summarize, the ‘’Tubulin code” plays a key role in the control of microtubule dynamics and
the production of tubulin with controlled posttranslational modification in order to study its role in
microtubule dynamics in-vitro will give us important information about biological function.

1.2.4. Other tubulin isoforms (g-, δ-, ε-, ζ- and η-tubulin)
g- tubulin is a member of tubulin gene family which is important for the microtubule nucleation and
determination of polarity. In centrosomes or spindle bodies it is a part of a machinery g-tubulin ring
complex(g-TURC) (Kollman et al., 2011). It is well characterized in vertebrates but g-TURC dependent
nucleation seems to be conserved across the eukaryotes as it has been found in all non-parasitic
eukaryotic organisms (Findeisen et al., 2014a; 2014b; Gull, 2001; Kollman et al., 2011). δ-, ε-, ζ- and ηtubulin was found in cilia/flagella and basal bodies and was proposed to be connected to triplet
microtubules. Although δ-, ε- and ζ-tubulins was identified in all major eukaryotic kingdom it is not
ubiquitous as α-β-and g -tubulin, suggesting they might not perform important function in cells. Other
tubulin isoforms such as η-tubulin is restricted to certain lineages of protists (Findeisen et al., 2014a).

1.3.

Microtubule assembly and dynamic instability

Although the immunofluorescence images of microtubules give a very “static” image about its nature,
but in reality, microtubules are very dynamic structure. The microtubules can nucleate spontaneously
when the ab-tubulin dimers exceeds a certain critical concentration in a solution. The growth occurs
by addition of GTP-tubulin at the microtubule end, which is also known as growing end. The
polymerization or addition of GTP-tubulin to microtubule is a spontaneous process driven by the
hydrophobic effect (Vulevic and Correia, 1997). After the GTP-tubulin is added, it forms a stabilizing
cap (GTP-tubulin cap) at the growing end of the microtubule (Figure 1E). The region below the cap
mainly consists of tubulin in GDP bound state, as a result of GTPase activity of the incoming tubulin
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dimer (Figure 1E) (Nogales et al., 1998a). When this stabilizing cap composed of the GTP-tubulin is lost,
the microtubule undergoes an event known as “catastrophe” where the microtubule shrinks rapidly.
This catastrophe can be rescued stochastically and after rescue the microtubule switches from
catastrophe back to growth (Figure 1E) (Mitchison and Kirschner, 1984).

This behavior of microtubules, where their ends transit between the phase of growth and shrinkage is
known as “Dynamic Instability”. The process of shrinkage or depolymerization is driven by the energy
from GTP hydrolysis as microtubules, which are polymerized in the presence of the slowly hydrolysable
GTP analogue GMPCPP, could polymerize but fail to disassemble (Hyman et al., 1992).

1.3.1. Molecular view of microtubule dynamics
The mechanism of dynamic instability has been elusive since its discovery by Mitchinson and Kirschner
in 1984 (Mitchison and Kirschner, 1984). Recent development in single-molecule microscopy
(Brouhard and Rice, 2018) and high resolution cryo-EM structure (Alushin et al., 2014; Zhang et al.,
2015) has provided new insights into the microtubule assembly process. Both a- and b-tubulin bind
GTP nucleotide at their N-site and E- site respectively (Löwe et al., 2001).The GTP bound to a-tubulin
is not hydrolysable but the b-tubulin bound GTP undergoes hydrolysis due to GTPase activity of
incoming tubulin (Nogales et al., 1998a). Recent high-resolution cryo-EM structures of microtubules
(Alushin et al., 2014; Zhang et al., 2015) and crystal structures (Ravelli et al., 2004) has shown that aand b-tubulin undergo at least three different conformation changes during the microtubule growth
and shrinkage cycle. These conformations are described as curved, expanded and compact
conformations. Free GTP-tubulin dimers have a curved conformation characterized by ~12° kink at the
intra-dimer space (Brouhard and Rice, 2018). After binding to the growing end, tubulin dimers
straighten into expanded conformation. This change in conformation introduces strain to the lateral
lattice as the microtubule lattice holds tubulin dimers in an unfavorable conformation. After GTP
bound to b-tubulin is hydrolyzed, the dimers undergo another structural change to compaction, which
results in shortening of the microtubule lattice by 2 Å (Alushin et al., 2014). When the stabilizing GTP
cap is present, the relatively strong lateral bond holds the polymer structure resulting in continued
polymerization but when the GTP cap is lost, GDP-tubulin relaxes and adopt their preferred curved
confirmation, releasing the stored strain energy in dimer and peeling outward forming a curved
structure (also known as ram’s horns)(Figure 1E) (Brouhard and Rice, 2018; Nawrotek et al., 2011;
Ravelli et al., 2004; Rice et al., 2008; Rubén M Buey et al., 2006).
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The GDP lattice under the stable cap stores the energy from GTP hydrolysis which is then used for the
microtubule depolymerization. Although the model is able to answer a lot of question pertaining
microtubule dynamic instability, there are still many questions yet to be answered. The compaction
microtubule lattice on GTP hydrolysis was observed in mammalian microtubule but similar compaction
was not observed in yeast microtubule (Howes et al., 2017). The minus end or slow growing end of the
microtubule is also undergoing the dynamic instability but the exact mechanism of dynamic instability
at minus end and how it differs from the growing end is still not known.

1.3.2. Microtubule dynamics in cells
In cells, there is a constant turnover of microtubules due to dynamic instability, but what could be the
biological implication of such an energy consuming process? The dynamic microtubules allow cells to
undergo morphological changes in response to the various internal and external signals like specific
polarized organization of microtubules and signaling molecules inside cell during migration (Kaverina
and Straube, 2011). The growing and shrinking microtubule generates pushing and pulling force
respectively. This generated pushing force is important for localizing or centering the cellular
structures like nuclei (Tran et al., 2001) and mitotic spindles during cell division (Tolić-Nørrelykke et al.,
2004). Similarly, the pulling force is important for moving the segregated chromosome to opposite end
during division (Coue et al., 1991). One of the important functions of microtubules is to act like “tracks”
on which various cargo like vesicles, organelles, chromosome are transported across the cell with the
help of various motors (Sweeney and Holzbaur, 2018). The dynamic instability also allows microtubules
to explore the cellular space and bring microtubules close to various cellular structures, a process
which is also known as “search-capture” (Goodson and Jonasson, 2018).

1.4.

Microtubule nucleation in vitro and in cells

In in-vitro conditions spontaneous polymerization of microtubules is rare unless the tubulin
concentration exceeds the critical concentration. This process is known as nucleation and is an
energetically unfavorable process that does not occur until a critical nucleus is formed (Voter and
Erickson, 1984). Cells go through this unfavorable condition through a specialized machinery g-TURC
(Kollman et al., 2011) or newly severed microtubule (Lindeboom et al., 2013). g-TURC is a nucleation
machinery associated with g-tubulin and the nucleation involving these components is one of the wellstudied mechanism in-vivo (Goodson and Jonasson, 2018). g-TURC is a ‘lock washer shaped structure’
which not only provides template for the nucleation but also caps the minus end (Figure 5A). These
nucleators play an important role in the spatio-temporal control of microtubule nucleation inside the
cell and in generating different kinds of microtubule arrays (Akhmanova and Steinmetz, 2019).
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Although g-tubulin based nucleation is well characterized, other mechanism of nucleation also exists
inside cells. An example is the nucleation of microtubules from katanin-severed microtubule fragments
at cortical arrays of higher plants (Lindeboom et al., 2013) (Figure 5C). Many microtubule-stabilizing
proteins have microtubule nucleation activity in vitro, but weather they also nucleate microtubules in
vivo or only stabilize them is not clear (Goodson and Jonasson, 2018). Different MTBPs like XMAP215,
targeting protein for Xklp2 (TPX2) and neuronal migration protein doublecortin (DCX) promote
nucleation in-vitro. They recognize the curved confirmation of ab-tubulin at the microtubule tip and
either accelerate ab-tubulin additions (XMPA215) or stabilize tubulin-tubulin interaction interface
(TPX2 and DCX (Figure 4C). Petry et al. also showed that augumin can nucleate microtubule from preexisting microtubule in g-tubulin dependent mechanism and it has been shown to play a role for the
function of the mitotic spindle and neuron axonal development (Petry et al., 2013; Sànchez-Huertas et
al., 2019). Microtubule-severing proteins like spastin or katanin contribute to microtubule nucleation
by increasing microtubule numbers by breaking existing microtubule. On the one hand, these
breakages increase the pool of free tubulin, thus initiating nucleation and on the other hand, broken
microtubules can act as templates for nucleation (Ehrhardt and Shaw, 2006; Lindeboom et al., 2013).

1.5.

Microtubule-binding proteins (MTBPs)

In order to perform various cellular functions, the spatio-temporal dynamics of microtubules in the cell
has to be controlled precisely. In order to achieve this, there exists a set of special regulatory proteins,
which can interact with microtubules and change its dynamics in response to the various
environmental cues. These proteins are known as microtubule-binding proteins or MTBPs and they
share some common elements, like motifs, domains, mechanism and cellular process they control,
with each other and can be grouped together according to these common elements or properties.
MTBPs consist of large variety of proteins that have been shown to bind microtubules experimentally
and another term, microtubule-associated proteins (MAPs) is used to denote a subset of MTBPs which
can co-sediment with microtubules through multiple rounds of polymerization and depolymerization
and proteins like MAP2 and tau belongs to this class of proteins (Goodson and Jonasson, 2018).

In general, the MTBPs can classify into different groups, either according to their functions like
stabilizer, destabilizer, bundlers/cross-linkers and capping or where they localize or bind on
microtubule surface like, +TIP binding proteins (recruited to the growing end), minus end binding
proteins (recruited to the minus ends) and lattice binding proteins (associate with microtubules along
the length) (Figure 3). Other MTBPs proteins include motor proteins which use microtubules for
intracellular trafficking and cytoplasmic linker proteins(CLIPs) which is responsible to maintain the
cellular organization by anchoring with organelles and fixing its position (Goodson and Jonasson,
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2018). There are also a set of MTBPs which links microtubules with other component of cytoskeletons
like actin and are known as cytoskeletal integrators (Goodson and Jonasson, 2018).

1.5.1. MTBPs category according to the function
1.5.1.1.

Stabilizers

Stabilizers are set of proteins, which either promote polymerization or slows down the
depolymerization or catastrophe. Although proteins falling into this group are quite diverse they can
be grouped into one or another sub-group according to some similarities in motif, domain or their
behaviors. Some of these proteins also contain a conserved domain which are sometimes found to be
repeated in their structure. One example is protein XMAP215, a member of cytoplasmic linker
associated proteins (CLASP) family proteins which suppresses the microtubule catastrophe and
promotes rescue, contains multiple conserved TOG domain (Al-Bassam and Chang, 2011). Calponinhomology domain (CH-domain) containing proteins like EB1 and kinetochore-microtubule linker
NDC80 and CAP-GLY containing proteins like CLIP170 and p150glued show microtubule-stabilizing
activity and consists a conserved domain. Some stabilizers such as MAP2 and tau, belonging to
MAP2/tau family, are only expressed specifically in certain cell types. These proteins also contain, a
conserved C-terminal microtubule-binding repeat and are expressed specifically in neurons (Dehmelt
and Halpain, 2004). Similarly, the doublecortin family of proteins comprises another set of stabilizers
important for neuronal development (Fourniol et al., 2013).

The exact mechanism of how all these stabilizers work has not been elucidated yet, but the presence
of multiple conserved domains in these stabilizers indicates that the mode of interaction is most likely
conserved among these proteins and occurs through specific binding domains. Some of these proteins
seems to act also as a cross-linker and are stabilizing protofilaments both, laterally and longitudinally
(Brouhard and Rice, 2018). The neuronal migration protein doublecortin (DCX) recognizes the partially
curved structure of ab-tubulin and bind at the vertex of four ab-tubulins (Fourniol et al., 2010) (Figure
4C). Another protein TPX2 also binds preferentially to the slightly curved tubulin dimers at growing
end and binds at both longitudinal and lateral interface of ab-tubulin (Brouhard and Rice, 2018;
Roostalu et al., 2015a) (Figure 4C). These two completely unrelated proteins seem to suppress
catastrophe by same general mechanism that is by stabilizing tubulin-tubulin dimer interface
(Brouhard and Rice, 2018).

XMAP215 family proteins recognize the curved tubulin dimers at the growing end and accelerate
microtubule polymerization by the addition of the ab-tubulin dimers (Brouhard and Rice, 2018;
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Brouhard et al., 2008) (Figure 4C). But another TOG domain containing family protein CLASP seems to
stabilize microtubules in a different way compare to XMAP215. The TOG domains in CLASP seems to
recognize a different confirmation compare to the curved confirmation recognized by TOG domain of
XMAP215 (Leano et al., 2013). The TOG domain of CLASP seems to recognize a specific tubulin
confirmation that occurs during protofilament peeling and initiate microtubule rescue but the exact
mechanism is still not known (Brouhard and Rice, 2018). Apart from working alone, recent studies have
shown that many different proteins can act synergistically to stabilize microtubules, for example +TIP
network protein (Akhmanova and Steinmetz, 2015).

Figure 3. Microtubule-binding proteins can be grouped according to where they localize at
microtubule lattice or according to their function.

22

1.5.1.2.

Destabilizers

Destabilizers are a set of MTBPs, which either induce catastrophe by binding to microtubule or
sequester the pool of free tubulin, inhibiting the growth or polymerization or even breaking and
severing stable microtubules. So, in general they increase the pool free tubulins through one or
another mechanism (Goodson and Jonasson, 2018). The protein like stathmin induces the
depolymerization by sequestering the free tubulin. When stathmin binds to the tubulin dimers in a
curved confirmation, it cannot be incorporated into the microtubule lattice (Cassimeris, 2002).
Microtubule-severing proteins like spastin, katanin and fidgetin use the energy from ATP hydrolysis to
extract tubulin dimers from the microtubule lattice. This action destabilizes the lattice and results in
rapid microtubule depolymerization or catastrophe (Roll-Mecak and McNally, 2010; Sharp and Ross,
2012).

There are also set of destabilizers which can directly attack the growing end of microtubule. The
microtubule depolymerase of kinesin-13 family binds specifically to the curved ab-tubulin and use ATP
hydrolysis to induce the outward curvature in filaments resulting catastrophe (Mulder et al., 2009).
The mitotic centromere associated kinesin (MCAK) is one of the example of kinesin belonging to this
family (Figure 4C). Similarly, another kinesin fold containing protein called Kip3 from kinesin 8 family
also binds preferentially to the curved ab-tubulin dimers and induces the depolymerization (ArellanoSantoyo et al., 2017).

1.5.1.3.

Cross-linkers and bundles

During mitotic spindle formation in cell division, microtubule’s growing ends arrange themselves to
form a bundle of antiparallel microtubule filaments. This organization of microtubules is critical for
both segregation of chromosome and cytokinesis (Walczak and Shaw, 2010). The protein regulator of
cytokinesis 1 (PRC1) cross-links dynamic microtubules that interact in anti-parallel fashion and also cooperates with kinesin motor proteins, kinesin-4 and kinesin-5, to control the dynamics and size of
bundled region (Walczak and Shaw, 2010). The bundling of microtubules is not only seen during cell
division but also in other stages of the cell cycle. The microtubule cross-linking factor 1 (MTCL1) crosslinks microtubules in post-mitotic cells via its N-terminal microtubule-binding domain (Kader et al.,
2017). Microtubule bundling is also very important for the axon development in neurons. Tau and
MAP2 are known to bundle microtubules inside axons and dendrites, respectively (Dehmelt and
Halpain, 2004). In vitro experiment has also shown that shielding or neutralizing the negative charge
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produced by acidic C-terminal tail by CAP-GLY domain could result in bundling of microtubule and
promotion of polymerization of microtubule (Wang et al., 2014b).

1.5.1.4.

Capping proteins

Several proteins can bind to the growing plus end or minus end in order to stop either tubulin dimer
association or dissociation. One of the most characterized capping protein is g-TURC and g-TUSC
complex which nucleates microtubules and also caps the minus end of microtubules. At the growing
end, some evidence shows that stathmin can cap PFs and stop tubulin dimer addition (Gupta et al.,
2013). Although the minus end tracking proteins such as CAMSAP and patronin are also suggested to
be minus end capping protein and suggested to suppress dissociation, they do not bind to microtubules
as g-TURC complex but binds laterally to the microtubule lattice at minus end (Jiang et al., 2014).

1.5.1.5.

Cytoskeletal integrators

The interaction of microtubule with other cytoskeletal components like actin is very important for
proper functioning of processes such as cytokinesis, cell polarity, migration and neuronal development
(Dent et al., 2011; Rodriguez et al., 2003). The actin nucleating protein formin (Bartolini et al., 2008),
myosin10 (Weber et al., 2004) and also microtubule associated protein like tau has been reported as
integrators that bind both actin and microtubule (Gallo, 2007). Even large scaffolding proteins like
cancer associated protein (APC) and plakin family protein seems to act as integrator (Suozzi et al.,
2012). Although we know there exists communications between various cytoskeletal element such as
actin and these interactions are important for various fundamental cellular process, the mechanisms
are still poorly understood (Goodson and Jonasson, 2018).

1.5.1.6.

Other microtubule-binding proteins

There are various other proteins that do not fall in the above-mentioned categories but still play
important roles in microtubule-related processes in the cell. Microtubule motors like kinesin, dynein
and their accessory proteins such as the dynactin complex play an important role in intracellular
transport in the cell (Sweeney and Holzbaur, 2018). There are also a set of proteins like ensconcin
(Barlan et al., 2013) and tau (Dixit et al., 2003), which alter the behavior of motor proteins when bound
to the microtubule lattice. There is also a membrane-microtubule linker like the cytoskeleton-linking
membrane protein CLIMP63, which links the endoplasmic reticulum membrane to microtubules (Gurel
et al., 2019).
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1.5.2. MTBPs category according to its localization
1.5.2.1.

Plus-end tracking protein

The plus end tracking proteins (+TIPs) include a broad group of structurally and functionally diverse set
of proteins which have an ability to concentrate at the growing end of the microtubule. +TIPs can
further sub-divided into two groups, “autonomous tip trackers”, which can recognize microtubule
growing end independent of any other factor and “hitchhikers”, which have some affinity for
microtubule but mainly concentrates at the growing end by interacting with other autonomous tip
tracker (Akhmanova and Steinmetz, 2015) (Figure 4A). The +TIPs can also be distinguished into
different groups according to the conserved structural elements which enable them to interact with
microtubule or each other forming a synergistic +TIP network (Akhmanova and Steinmetz, 2015).

EBs (End-binding proteins)
End-binding (EB) family proteins are a small number of +TIPs which are known for their ability to track
growing ends preferentially to the stable GTP cap (Maurer et al., 2012) (Zanic et al., 2009). The end
binding proteins contain conserved N-terminal calponin homology (CH) domain, which binds at the
vertex of four ab-tubulin dimers (Figure 4B). The EB binding protein is also known as “Master TIP”
since other proteins localize to +TIP by binding to EB1 (Akhmanova and Steinmetz, 2015). The CH
domain is followed by coil-coil structure mediating the homo or hetero-dimerization of EB proteins.
The coil-coil domain extends to four helical bundles followed by a disordered C-terminal EEY/F motif,
which mimics the C-terminal tail of tubulin (De Groot et al., 2010). The four-helix bundle along with
some part of C-terminal tail form EB homology domain (EBH domain). Through the EEY/F motif, EB
protein interacts with various CAP-Gly proteins like p150glued and CLIP170. Also, the EBH domain
contain a hydrophobic pocket which binds the SxIP motif of EB1-binding proteins like APC, MCAK,
melanophilin and STIM1 (Akhmanova and Steinmetz, 2008).

CAP-Gly (Cytoskeleton-associated protein Gly-rich) proteins
The cytoskeleton-associated protein glycine-rich (CAP-Gly) domain is a globular module which
specifically recognizes the C-terminal EEY/F motif of the tubulin tail or EB family proteins. This domain
contains a conserved hydrophobic cavity and several characteristic glycine residues which enables it
to interact with C-terminal tail of both microtubule and EB proteins. The most notable examples are
CLIP proteins and largest subunit of the dynactin complex p150 glued (Weisbrich et al., 2007).
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Figure 4. Microtubule plus end binding protein. (A) +TIP network. Schematic illustration of plus end
binding protein and their interaction network. The plus end proteins are often composed of
structurally conserved domains illustrated in the box. In case of ch-TOG, the TOG domains are
repeating and tandemly arranged. EB protein acts as a “Master Tip”. Through its CH domain EB protein
binds to the microtubule surface and via its C terminal EBH domain and EEY motif it can recruit other
proteins like CLIP-170, p150glued, APC, MCAK, CLASP etc. to the microtubule surface. Figure adapted
from (Akhmanova and Steinmetz, 2015). (B) EB protein CH domain binds to microtubule at the vertex
of four ab-tubulin dimers (Akhmanova and Steinmetz, 2015) (C) +TIPs like XMAP215, tPX2 and DCX
recognizes the curved tubulin and promotes nucleation whereas MCAK stabilizes the curved tubulin
confirmation and promotes catastrophe.

SxIP motif containing protein
The large number of plus end tracking proteins include large, complex and often multi-domain proteins
that contain short Ser-x-Ile-Pro (SxIP) polypeptide motif (Akhmanova and Steinmetz, 2015). This
polypeptide motif is localized in low-complexity sequence region of protein that is rich in basic serine
and proline residues (Kumar and Wittmann, 2012). This SxIP motif enables these proteins to interact
with EBH domain of EB proteins at the +TIP end of microtubule. Some notable examples of the protein
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belonging to this family are adenomatous polyposis coil (APC) tumor suppressor, the microtubule-actin
crosslinking factor (MCAF) and the mitotic centromere associated kinesin (MCAK) (Figure 4A) (Kumar
and Wittmann, 2012).

TOG domain containing proteins
The protein family that contains multiple TOG domains, which include XMAP215 and CLASPS family
proteins, are another group of proteins which can autonomously track the +TIP of microtubule
(Akhmanova and Steinmetz, 2015) (Figure 4C). TOG domains are arranged tandemly and are
responsible for the binding to tubulin (Al-Bassam et al., 2007; Slep, 2009). The TOG domain
preferentially binds to the curved ab-tubulin dimer and increases the rate of microtubule
polymerization by increasing the concentration of unpolymerized tubulin near the growing
microtubule end (Figure 4C) (Geyer et al., 2015).

Most of the +TIP proteins can bind to each other, which could result in forming a network or web of
interacting proteins that work together and the synergistic interaction between these protein is very
important to regulate the microtubule dynamics and link it to various other cellular activities
(Akhmanova and Steinmetz, 2008; 2015) (Figure 4A). This network at +TIP is very dynamic and involves
only limited number of protein modules and linear sequence motifs such as CH, EBH and CAP-Gly
domain and EEY/F and SxIP motifs.

1.5.2.2.

Minus end tracking proteins(-TIP)

One of the most studied minus end protein is g-TURC complex which caps and blocks the exchange of
tubulin dimers at the minus end of the microtubule (Wiese and Zheng, 2000). Apart from the capping
function, g-TURC also acts as a template for the nucleation of the microtubule (Kollman et al., 2011)
(Figure 5A). The eight subunits protein augmin (HAUS in mammals) is a g-TURC interacting protein and
mediates the nucleation from the lateral surface of pre-existing microtubule (Petry et al., 2013). In
cells, the minus end protein plays important role in determine the geometry of the microtubule as they
are stably anchored to the place where they nucleate (Akhmanova and Steinmetz, 2015; 2019).
Recently it is becoming clearer that minus end proteins include the structurally and functionally diverse
group of proteins and they play an important role in controlling microtubule organization inside the
cells (Akhmanova and Steinmetz, 2019) (Figure 5B)

Apart from g-TURC complex, recently characterized set of proteins, calmodulin-regulated spectrinassociated protein (CAMSAP or patronin in invertebrates) family proteins are found to play an
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important role at microtubule minus end (Akhmanova and Hoogenraad, 2015). CAMSAP consists of an
N-terminal CH domain followed by a coil-coil region and a conserved C-terminal CKK motif (Baines et
al.) (Figure 5B). CAMPSAP protein can track minus end protein, bind to it and inhibit their growth. They
interact with the microtubules by laterally binding to the microtubule minus ends (Jiang et al., 2014),
unlike the conventional cap like interaction seen in g-TURC-microtubules. Other proteins that interact
with the microtubule minus end are abnormal spindle-like microcephaly-associated protein (ASPM),
which inhibit their growth after localizing at the minus end and components of interphase chromatinassociated protein complex (KANSL) that contain KAT8 regulatory NSL complex subunits 1 and 3

Figure 5. Microtubule minus end protein and microtubule organizing centers in the cell. (A) g-TURC
complex and microtubule nucleation from g-TURC complex 1(Kollman et al., 2011). (B) Schematic
representation of minus end protein (Akhmanova and Steinmetz, 2019). (C) Microtubule organizing
center. Apart from centrosome, microtubules can nucleate from various other cellular structures like
Golgi complex, chromosome and pre-existing microtubules. Minus end proteins play important role
in organizing microtubule organization inside the cell (Akhmanova and Steinmetz, 2019).

28

(KANSL1 and KANSL3)(Meunier et al., 2015) (Fig. 5B).

1.5.2.3.

Lattice binding proteins

Lattice binding proteins include all the proteins that bind to microtubule surface and do not interact
with either plus or minus ends of the microtubule (Figure 3). The classical lattice binding proteins are
MAP2, tau and MAP4. MAP2 and tau are specifically expressed in neurons and bind to microtubule at
dendrites and axon respectively, whereas, MAP4 is expressed in most of other tissues (Dehmelt and
Halpain, 2004). Microtubule destabilizers proteins such as spastin and katanin also interacts with
microtubule lattice and extracts the ab-tubulin dimers inducing depolymerization (Roll-Mecak and
McNally, 2010). Other microtubule lattice binding protein includes motor regulators such as esconsin
(or MAP7) which on binding to microtubule surface regulates motor kinesin-1 activity (Barlan et al.,
2013).

1.6.

Microtubule based patterns and structures in the cell

One of the most important functions of the microtubule is to maintain cellular architecture and
morphology. We can view microtubules as a very dynamic self-organized machinery which undergoes
considerable amount of remodeling during various cellular processes. During the cell division, it makes
a mitotic spindle making sure the chromosomes are segregated to opposite end, during cytokinesis it
forms major component of midbody, during interphase it forms an array which gives cell a certain
architecture and microtubule based cilia and flagella plays an important role in motility in various
organisms.

1.6.1. The microtubule array during interphase
The microtubule array during interphase plays an important role in maintaining cell shape,
organization of cellular organelles like nuclei and also act as a “track” for intracellular transport. In
many cell types, the minus end is attached to a microtubule organizing center (MTOC) and the growing
ends (+TIP) are grown radially outwards towards the cell boundary (Figure 6A) (Dogterom and Surrey,
2013). Although the radial organization of the microtubule is common in most of the cell types, it is
not universal (Figure 6B, D-E). For example, the microtubule array in polarized epithelial cells of
vertebrates is parallel with growing end located at the base of cell and minus end at the apical side
(Figure 6E) (Bartolini and Gundersen, 2006). In plant like Arabidopsis, the cortical parallel bundles of
microtubules with mixed polarity are oriented perpendicular to the axis of cell elongation (Ehrhardt
and Shaw, 2006) (Figure 6D). Similar mixed polarity and parallel bundles of microtubules is also present
in dendrites of neurons but in the axon of neurons microtubules are observed as parallel bundles with
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uniform polarity (Conde and Cáceres, 2009; Kapitein and Hoogenraad, 2015) (Figure 7). Also during the
elongation of neuron, the parallel bundles of microtubules from axon enters into the growth cone and
gets reorganized into various structures like splayed, bend and looped structure (Conde and Cáceres,
2009) (Figure 6B and 7).

During cell migration, the microtubules are organized in a polarized manner, with more microtubules
at the cell-front than the rear resulting in an asymmetric distribution. This asymmetric or polarized
organization of microtubules results in overall asymmetry in cellular activities which gives direction to
the cell migration (Etienne-Manneville, 2013; Garcin and Straube, 2019). This polarity is necessary for
the cell to get direction during migration. It was reported that many animal cells can migrate without
microtubules but they lose the directionality (Ganguly et al., 2012).

1.6.2. Microtubule organizing centers (MTOC): Centrosomes and spindle pole
bodies
A structure which acts as localized foci, from which microtubules nucleate inside the cell is known as
the microtubule organizing center (MTOC) and this generally includes centrosomes in animal and
spindle pole bodies in fungi such as budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe (Goodson and Jonasson, 2018) (Figure 5c). MTOC contains a specialized
nucleating machinery composed of g-tubulin and g-TURC, and generally considered as major
component of MTOC (Goodson and Jonasson, 2018). Similarly, in the budding yeast Saccharomyces
cerevisiae MTOC consists of nucleation machinery composed of g-tubulin small complex (g-TUSC) and
g-tubulin (Kollman et al., 2011). Apart from these two nucleating components, MTOC also contains
complex array of the other regulatory proteins, motors, +TIPs and in most of the case also contains
centrioles (Goodson and Jonasson, 2018; Petry and Vale, 2015; Wu and Akhmanova, 2017). Although
centrioles were thought to be the important part of centrosome activity it was found to be not
necessarily needed, as fly mutant lacking centrioles develop normally (Basto et al., 2006) and many
organisms (e.g. higher plants) also lack centrioles (Goodson and Jonasson, 2018).

Although g-tubulin and g-TURC complex is consider to be the major components for microtubule
nucleation machinery in cells, in flies the depletion of g-tubulin did not affect the steady state
microtubule at interphase and generation and arrangement of microtubules are independent of
centrioles (Rogers et al., 2008). Similarly, depletion of g-tubulin in C.elegans suggested that g-tubulin
is required for centrosomal aster formation but was not necessary for nucleation and stabilization of
cytoplasmic microtubules (Hannak et al., 2002; Strome et al., 2001). It suggests that there is a
possibility of alternative g-tubulin independent microtubule assembly pathway or presence of other
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Figure 6. Microtubule based structures and patterns. (A) Radial organization of the microtubule array
at interphase of fibroblast). Microtubule shown in green and nucleus in red (B) Neuronal growth cone
where microtubule shown in green and actin in red (C) Metaphase mitotic spindle during cell division
with microtubule in green and DNA in blue and kinetochore in red (D) Cortical array of microtubule from
epidermal hypocotyl cells (GFP-tubulin) in plant cells (Elliott and Shaw, 2018) (E) Parallel microtubule
array in polarized epithelia cells of vertebrates with microtubule shown in green (F) Midbody formation
during cytokinesis in human U-2 OS cells. Microtubule is shown is red and midbody localizing protein
LBX2 in green (G) Centrosome is generally composed of pericentriolar material and centrioles.
Centrioles generally contain one older “Mother centriole” and younger “daughter centriole”. Centrioles
at the base of cilia and flagella is known as basal bodies. In centrioles, nine triplet microtubules are
arranged in a cartwheel assembly whereas in the primary cilium has nine double microtubules
surrounding two central pair of microtubules in a “9+2” arrangements.

31

[Figure

sources:

photo-library.html

A)

https://pixels.com/featured/1-fibroblast-cells-dr-jan-schmoranzerscienceB)

https://en.wikipedia.org/wiki/File:Growthcone.jpg

https://commons.wikimedia.org/wiki/File:Kinetochore.jpg

E)

C)

Source:
Source:

https://www.bdr.riken.jp/en/research/labs/takeichi-m/index.html
https://www.proteinatlas.org/learn/dictionary/cell/cytokinetic+bridge+4

F)
G)

https://cpb-us-

w2.wpmucdn.com/sites.wustl.edu/dist/8/1090/files/2017/11/Anatomy-of-the-centrosomecilium-complex-12yuinl.jpg]

MTBPs with nucleation activity like TPX2 (Petry et al., 2013) and ch-TOG (Roostalu et al., 2015b) which
could rescue the nucleation and centrosome function.

Apart from centrosomes other cellular components can also acts as a MTOC center, nucleating
microtubule locally and manipulating the local organization of microtubule architecture (Petry and
Vale, 2015; Wu and Akhmanova, 2017). The Golgi-apparatus represents major alternative MTOC in
mammalian cells (Wu and Akhmanova, 2017) especially in some special retinal pigment epithelium
cells [RPE1 cells] where nearly half of the microtubule initiate from the Golgi apparatus (Efimov et al.,
2007).In muscle cells and plant cells microtubule minus end are organized at the nuclear envelope
(Masoud et al., 2013; Petry and Vale, 2015; Wu and Akhmanova, 2017).
Microtubule local nucleation in cells not only occur at the intracellular membranes but could also occur
independent of it. During mitosis microtubule nucleation can occur around chromatin and kinetochore
and plant cells do not contain any centrosome where most of the microtubules are nucleated at cell
cortex from older microtubule or at nucleus envelope (Wu and Akhmanova, 2017). The eight subunits
protein augmin (HAUS in mammals) is a g-TURC interacting protein and mediates the nucleation form
the lateral surface if pre-existing microtubule (Petry et al., 2013).

1.6.3. Centrioles and basal body
The centrosome generally contains two centrioles, the older “mother centriole” and the younger
“daughter centriole”. Centrioles have a symmetrical cartwheel like structure, which typically consists
of nine sets of triplet microtubule and two set of appendages at the distal end of the “mother
centrioles” (Figure 6G) (Vertii et al., 2016). The cartwheel like structure serves as a platform for
microtubule triplets in organized nine-fold symmetry. Apart from centrosomes, centrioles are also
found in base of flagella and cilia where they are known as basal-bodies. The centrioles/centrosomes
duplicate once per cycle in a highly regulated manner and is directly coupled with the cell division cycle
(Wang et al., 2014a).
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1.6.4. Cilia and flagella
Cilia and flagella are highly conserved organelle made up of highly organized microtubule based
structure, motors and various other proteins (Figure 6G) (Goodson and Jonasson, 2018). They are
required for cell signaling and motility in various organisms (Viswanadha et al., 2017). Motile cilia
typically contain a single axoneme with nine outer doublet microtubules and two central pair of
microtubules in “9+2” arrangement. The cilia and flagella are anchored at the cell membrane by
another microtubule based structure called basal bodies (Goodson and Jonasson, 2018). Although the
core structure of cilia and flagella is highly conserved, various genomic and functional studies have
shown variation in their architecture, function and biogenesis (Carvalho-Santos et al., 2011).

1.6.4.1.

Mitotic spindle

The mitotic spindle is a complex, enigmatic self-assembled microtubule based structure formed during
cell division and organizes the duplicated DNA so that each copy is attached to each end of the spindle
(Figure 6C). It’s a bipolar machine mainly composed of dynamic microtubule, various motor and other
regulatory proteins. The spindle starts to form at the end of prophase before dispersion of nuclear
envelope (McIntosh, 2016). In cells with centrosome, the dynamic microtubules grow radially from the
centrosome at the opposite poles, forming the spindle. Microtubules for spindle formation are not
only nucleated from centrosome but also from chromatin and microtubule based nucleation pathways
(Petry and Vale, 2015; Prosser and Pelletier, 2017). In cells from higher plants which lack centrosomes,
a sheath of microtubule is formed around prophase nucleus. As the sheath disperses, the region lying
just outside the nucleus at both ends becomes the microtubule nucleation sites, which then enters the
nucleus as the nuclear envelope disappears (McIntosh, 2016).

1.6.5. Midbody
The midbody is a transient structure formed during cytokinesis and is localized at the point of
abscission or separation of two daughter cells. After the replication of genetic material, at the last step
of cell division, the mother cell divides by the formation of cleavage furrow and during the formation
of cleavage furrow the microtubule from central spindle gets compacted to form midbody (Dionne et
al., 2015). Although it was thought to act as a diffusion barrier that limits the cytoplasmic exchange
during telophase, recent studies have shown that post-mitotic midbody acts as a signaling platform
regulating stem cell fate and proliferation. It can also serve as extracellular and intracellular polarity
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cues during early embryogenesis and during neuron and epithelial cells polarization (Dionne et al.,
2015; Goodson and Jonasson, 2018).

1.7.

Microtubule dynamics and neuron development

Neurons are highly polarized cells with a single long, thin axon and multiple short dendrites emerging
from the cell body. Interestingly, the polarization is not only limited to the morphology but also to its
function. The long axon transmits signal and sends information over the long distances whereas the
dendrites are specialized in receiving signal. The ability of the neurons to polarize is very crucial to form
a complex nervous system. Over the period of development, neuron undergoes various morphological
changes like migration, development of axon and dendrites, axon branching and establishment of
synaptic connections (Kapitein and Hoogenraad, 2015). Along with actin, structural organization and
dynamic remodeling of microtubules is essential for completing these morphological changes (Conde
and Cáceres, 2009; Kapitein and Hoogenraad, 2015). Recent studies have shown that, microtubule
defects caused by mutations in genes of microtubule binding proteins is related to various neurological
disorders and neurodevelopment problems (Kapitein and Hoogenraad, 2015). Also, various genetic
studies are able to identify mutation in tubulin family members which are involved in
neurodegenerative diseases (Franker and Hoogenraad, 2013; Kapitein and Hoogenraad, 2015;
Tischfield et al., 2011).

1.7.1. Neuronal microtubule cytoskeleton
Neuronal microtubules form densely packed parallel arrays in dendrites and axons which are required
for both growth and maintenance of the neurons (Conde and Cáceres, 2009). It has two major
functions inside the neurons, the first one of which is to guide the intracellular transport of the various
neuronal cargos like organelles, synaptic vesicle precursors, adhesion molecules, signaling molecules,
mRNAs and neuro transmitter receptors (Hirokawa et al., 2010) and the other is to induce
morphological changes during various stages of neuro-development and synapse formation (Conde
and Cáceres, 2009).

1.7.2. Microtubule and neuron morphology
Microtubule along with actin plays a very important role in various phases of neuronal development
like neurite initiation, growth cone formation, axon branching, synapse formation and migration (Lewis
et al., 2013). Microtubules contribute to these processes either by acting as a structural element or by
providing mechanical forces or by being the medium for intracellular transport and also acting as a
signaling platform (Kapitein and Hoogenraad, 2015). Various pharmacological studies have shown that
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microtubule depolymerizing drugs inhibit the growth of neurites and causes their retraction (Daniels,
1973; Yamada et al., 1970). Microtubule organization in neuron differs in both axon and dendrites in
terms of the orientation and the microtubule associated protein (MAP) they contain. The microtubules
are organized in uniform plus end out oriented parallel bundles in axons whereas dendrites contain
the microtubule bundles of mixed polarity (Figure 7). Similarly, the axon mainly contains the protein
tau whereas dendrites are rich in MAP2(Conde and Cáceres, 2009; Kapitein and Hoogenraad, 2015).

One of the most important function of the microtubules in neurons is to transport diverse cargoes and
maintain robust signalling pathways from synapse to soma and vice versa. Various
neurodevelopmental and neurodegenerative diseases have been associated with mutations in the
axonal transport machinery (Maday et al., 2014). Since intracellular transport plays crucial roles in the
development and maintenance of axonal, dendritic and synaptic processes, cells employ a set of
mechanisms to ensure that cargo is delivered to the right destination (Maday et al., 2014). Neurons
show polarization in terms of cargo transportation to axon or dendrites, with specific motors targeting
either one of them (Kapitein and Hoogenraad, 2011; Kapitein et al., 2010). Although the exact
mechanism for this polarized transport remains unclear, recent studies have shown that the specific
organization of microtubules in terms of orientation in dendrites and axon provides the selective
transport routes for the sorting of cargoes (Kapitein and Hoogenraad, 2011; Rolls, 2011). Microtubule
minus end directed motor protein dynein selectively transports the cargoes in dendrites (Kapitein et
al., 2010) whereas the plus end directed kinesin family member protein such as kinesin-1 seems to be
selectively transporting cargoes into axons despite the presence of plus end out microtubules in
dendrites (Nakata and Hirokawa, 2003). Non-polarized targeting in both axon and dendrites when
treated with microtubule stabilizing agent taxol shows that there is also some interconnection
between microtubule stability and polarized transport (Kapitein et al., 2010).

1.7.3. Neuron initiation and axon specification
Axon specification, how the newborn neuronal cells decides which minor extension to choose from
the many available to form a single axon, is a longstanding question in the field of neuroscience. Axon
specification is the first step towards the neuron polarization and development (Conde and Cáceres,
2009; Kapitein and Hoogenraad, 2015; Rao and Baas, 2018). The major cytoskeleton components, actin
and microtubules, play a major role in neuronal polarization and development. Various studies have
shown that the actin and microtubule provide mechanical force of pull and push which contribute to
the formation membrane protrusion (Dent et al., 2011; 2007). Various ultrastructural and
immunofluorescence studies have shown that the neuronal microtubules are composed of two distinct
population, in terms of stability. There is a distinct stable microtubule domain which is enriched in
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Figure 7 Role of microtubule in neuron initiation and elongation. Axon initiation is the first step
towards neuron elongation and development and microtubule stabilization is central to this process.
After the axon initiation, the axon growth cone leads the axon elongation process. The axon contains
uniformly oriented microtubules with growing end out parallelly bundled together whereas the
dendrites contain microtubules with mixed orientation. During axon elongation, the dynamic
microtubules play important role as the polymerizing microtubules gives the pushing force needed
and whereas the retrograde flow of actin provides the pulling force. During the axon growth, the
collateral branches can appear at various region on axonal shaft. Axon branch can form either by
bifurcation of the growth cone or via interstitial mode of branching. For branch formation, the
dynamic actin leads to the formation of membrane protrusions knowns as lamellopodia or filopodia
which is then stabilized by the invasion of the microtubules. The invading microtubules then bundle
resulting in elongation and stabilization of the branch.
acetylated and de-tyrosinated tubulin and is resistant to nocadazole treatment with long half-life (t1/2
> 2hr). The other domain consists of tyrosinated tubulin rich region with a short half-life (t1/2 < 5 min)
and depolymerizes rapidly on treatment of nocadazole (Conde and Cáceres, 2009). The tyrosinated
tubulin rich region which consists of dynamic microtubule was found to be assembled from the plus
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end of stable microtubules and are highly concentrated at the tip of neurites whereas the stable
microtubules are present more at the proximal axon (Baas et al., 1993; Brown, 1992).

The stability of microtubules plays a critical role in axon differentiation. When the neurons were
treated with low amount of microtubule stabilizing drug taxol, the extended neurites showed high
acetylated to tyrosinated microtubule ratio, proximo-distal tau protein distribution and no MAP2 was
present in these extensions. All of the extended neurites were showing similar microtubule
organization and MAP distribution compare to the axons in neurons (Witte et al., 2008). Similarly,
selective stabilization of the microtubules in one of the neurites using caged photoactivable taxol
resulted in the formation of axon and this local stabilization of microtubules did not interfere with
neither normal axon elongation nor the growth cone dynamics (Witte et al., 2008).

Microtubule stabilization is at the center of axon initiation, it could act as a seed for dynamic
microtubule assembly which generates the required mechanical force during axon elongation (Conde
and Cáceres, 2009). They also provide tracks for special motor proteins in order to transport several
macromolecular complexes and membrane bound organelles to various locations in axons. A motor
protein kinesin-1 binds to acetylated or stable microtubule with higher affinity and this lead to an axon
specific polarized trafficking(Reed et al., 2006) (Nakata and Hirokawa, 2003; Nakata et al., 2011). The
kinesin-1 motor domains when overexpressed, starts accumulating at the future axon even before the
polarization process has actually started (Jacobson et al., 2006).

1.7.4. Axon elongation and growth cone
Axon determination is followed by axon elongation and growth with an axon growth cone leading the
elongation process. Axon elongation through the growth cone is a result of coordinated action of actin
and microtubule dynamics, with microtubule polymerization providing the pushing force and
retrograde transport of actin providing the pulling force (Kapitein and Hoogenraad, 2015a; Lewis et al.,
2013). Along with microtubule polymerization, translocation of whole microtubule bundle also drives
the growth cone forward. This translocation presumably occurs due to the microtubules sliding on
each other as a result of pulling and pushing force generated by the molecular motors (Lu et al., 2013;
Roossien et al., 2014; Suter and Miller, 2011).

Unlike the process of axon determination where stable microtubule formation is pivotal to the process,
dynamic microtubules function in growth cone formation and elongation. When the low dose of
vinblastine, a drug which slows down the microtubule dynamics by inhibiting microtubule assembly,
was applied on neurons, it resulted in the growth cone wandering (lateral movements rather than
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forward) and axonal elongation was abolished. This process was reversible as when vinblastine was
washed out, the neuron presumed its normal growth (Tanaka, 1995). Microtubules not only provide
mechanical force at growth cone but also participates in various functional interactions with other
important cellular components such as actin, cell cortex, organelles, cargos and adhesion complexes.
These functional interactions are regulated by various +TIPs and MTBPs that interact with microtubules
(Kapitein and Hoogenraad, 2015; Prokop et al., 2013). It has been reported that the b3-tubulin could
directly interact with the membrane protein netrin receptor DCC at the cortex which couples axon
guiding cue Netrin-1 directly to the microtubule dynamics during axon growth and elongation (Qu et
al., 2013). Microtubules along with being a structural element also acts as a signaling hub that regulates
various aspect of neuronal polarization and growth (Conde and Cáceres, 2009; Kapitein and
Hoogenraad, 2015).

1.7.5. Axon branch formation
The axon during neuronal development not only elongates but also forms many collateral branches in
order to connect with multiple postsynaptic targets. It is a fundamental mechanism for the
connectivity in central nervous system and can occur through two distinct mechanisms: splitting or
bifurcation of growth cone and interstitial mode of branching (Lewis et al., 2013; Portera-Cailliau et al.,
2005). In splitting or bifurcation, the growth cone splits into two of roughly equal sizes during the
elongation and enables one single neuron to reach two targets which are far away from each other
with a single axon (Lewis et al., 2013). This mechanism of branching is reported to be promoted by
guidance cues such as Netrin-1 and is independent of the axon growth (Tang, 2005). The growth cones
of the dorsal root ganglion neuron (DRG) neuron splits into two daughter branches and make
connection to the target site through these collaterals (Le Ma and Tessier-Lavigne, 2007; Schmidt et
al., 2007).

In the interstitial branching mode, the branches are directly formed orthogonally from the axonal shaft
days after the growth cone have bypassed the target area (Kalil and Dent, 2014). In the axons of
corticospinal neurons, the growth cone first bypasses the basilar pons and only after a delay they form
dynamic-finger-like actin rich filopodia which develops into stable branches and arborizes the pons
(Bastmeyer and OLeary, 1996). This mode of branching was also observed in callosal axons which
connects the two-cerebral hemisphere (Norris and Kalil, 1991), in retinal ganglion cell axons of
retinotectal system (SIMON and OLeary, 1990) and in neocortex neurons (Portera-Cailliau et al., 2005).
In both thalamocortical neurons and cajal-retzius axons of the neocortex, interstitial branching is the
dominant form of branching (Portera-Cailliau et al., 2005). In cortical neurons, the branching occurs at
the region where the growth cone pauses shortly before the continuing (Györgyi Szebenyi et al., 1998).
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This pause of the growth cone was thought to leave a ‘mark’ which could determine the future axon
branching sites (Kalil et al., 2000).

Neuronal axon branching is critical for the formation of complex neural circuitry by connecting one
single neuronal cells to the various synaptic targets. Regardless of type of branching, the cytoskeletal
reorganization and dynamics during the formation of branches remain the same. First the actin
filaments undergo the reorganization through the cycle of polymerization and depolymerization, giving
rise to a membrane protrusion (filopodia, lamellopodia), followed by the invasion of microtubule which
then consolidates otherwise transient structure. After the invasion, the branch starts to mature and
elongate through microtubule bundling (Ketschek and Gallo, 2010; Lewis et al., 2013) (Figure 7). In
sensory neurons, the actin filaments transiently accumulate to form an actin patch at the axon
membrane protrusions, which gives rise to filopodia and lamellipodia (Ketschek and Gallo, 2010;
Spillane et al., 2011). Actin dynamics is highly regulated in neurons by an array of actin-associated
proteins during branch formation. Enable/vasodilator-stimulated phosphoprotein (ENA/VASP) that
binds at the barb end of actin and promotes actin polymerization plays an important role in filopodial
dynamics. It remodels the actin network in response to the guidance cues and when the amount of
ENA/VASP was reduced by sequestering it to the mitochondria, it resulted in fewer filopodia formation
in hippocampal neurons (Lebrand et al., 2004) Other actin nucleator proteins such as formin/mDia2
(Dent et al., 2007), cordon-bleu (Ahuja et al., 2007) and actin-related protein 2/3 (ARP2/3) function in
neurite initiation and axon branching (Dent et al., 2011). Not only nucleators, but also actin severing
proteins play a role in filopodial dynamics and subsequent axon branching. An actin severing protein
gelsolin when depleted in hippocampal neurons, promotes filopodia formation through reduced
retraction (Lu et al., 1997). Another actin severing protein, actin depolymerizing factor (ADF)/cofilin,
promotes actin polymerization by increasing the pool of free actin and generating free barbed ends,
which are important for filopodial dynamics in retinal growth cones (Chen et al., 2005).

The dynamic instability property of microtubules enables it to reorganize, explore and extend into the
filopodia and stabilize the branches which is otherwise a transient structure(Kalil and Dent, 2014). The
microtubules in the axons are parallelly bundled so the first step during filopodia invasion is unbundling
or splaying of the microtubules, then the local fragmentation occurs at the branch points and then
these fragmented short microtubules enters into the filopodia(Kalil and Dent, 2014; Lewis et al.,
2013).The invasion of filopodia is very important process during the axon branching as the time-lapse
imaging shows that only those filopodia containing microtubules were developed into branches (Dent
et al., 1999). Similar to actin, various MTBPs such as bundlers, stabilizers, severing proteins, +TIPS and
various motor proteins bind to microtubule and regulate its dynamics during branch formation.
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Overexpression of microtubule severing proteins such as spastin and katanin in hippocampal neurons
increase the axon branching whereas the depletion of these proteins results in reduction of axon
branches (Yu et al., 2008). Also, the tau protein, which stabilizes and protects the microtubule from
severing by katanin, when depleted increased the axon branching, most likely due to more activity of
katanin (Qiang, 2006). Similarly, other MTBPs like the family of plus end tracking proteins such as EB1
and APC, which regulate microtubule at growing end also contributes to axon outgrowth and
microtubule elongation via nerve growth factor(NGF) signaling (Zhou et al., 2004).

During axon branch formation both actin and microtubules play critical, interconnected roles. During
neuritogenesis the interaction between F-actin-binding protein debrin and EB3 at the base of filopodia
is important for the exploration by microtubules (Geraldo et al., 2008). ADF/cofilin, an actin severing
protein, when genetically ablated in cortical and hippocampal neurons, results in failure of
neuritogenesis. The ablation leads to actin disorganization due to blockade of actin retrograde flow
and impairs microtubule bundling (Flynn et al., 2012). Combined action of two interacting septin
protein SEP6 and SEP7 provides a coordinating mechanism for the axon branching. SEP6 when localizes
to the axonal patches of F-actin, increases the recruitment of a ARP2/3 regulator cortactin and triggers
the formation of filopodia. SEPT7 on the other hand promotes the microtubule entry of axonal
microtubules in filopodia leading a formation of collateral branches (Hu et al., 2012). It is getting clearer
and clearer that similar to the growth cone, the interconnection interactions between actin and
microtubules are important for axon branching.

1.7.6. Formation of neuronal microtubules
In a newly polarized neuron, g-tubulin rich centrosomes act as an active microtubule organizing center
(MTOC) nucleating microtubule. It was thought that the microtubule nucleated at centrosomes are
released by microtubule severing protein katanin and this short segment of microtubules was then
moved along the axon with motor proteins (Conde and Cáceres, 2009). But over time during
development the activity of centrosome loses its function as MTOC and then acentrosomal mode of
nucleation plays an important role in axon development (Ori-McKenney et al., 2012; Stiess et al., 2010).
During the course of development it was found that the amount of g–tubulin along with other
pericentrioler material like pericentrin is reduced in the centrosome and were delocalized to both axon
and dendrites (Nguyen et al., 2011; Stiess et al., 2010). When the microtubules in neurons were
depolymerized with nocodazole and microtubule nucleation was visualized after the washout of the
drug, acentrosomal nucleation of microtubule in the soma of young neurons and random nucleation
all over the whole cell of mature neuron was visualized (Stiess et al., 2010).
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Various different type of organelles have been described as MTOC for non-centrosomal nucleation in
non-neuronal cells, such as Golgi apparatus, melanosomes in melanophores, plasma membrane of
polarized epithelial cells, and nuclear envelope in myotubues (Kuijpers and Hoogenraad, 2011). Similar
alternative non-centrosomal mode of nucleation through different nucleation center could also exists
in neurons to establish a polarized microtubule network. One of the nucleation center that could play
was thought to be Golgi apparatus. In mammals and Dorsophilla neuron the Golgi apparatus appears
as a stack in soma and as an outpost in dendrites. It was reported that this Golgi outposts along with
g-tubulin and CP309, a Dorsophilla homologue of AKAP450, can act as a nucleation center in dendrites
(Ori-McKenney et al., 2012). However later Ngyuen et al. confirmed the importance of g-tubulin in local
nucleation in dendrites but did not support the idea of Golgi outposts housing the microtubule
nucleation sites. When an activated kinesin dragged the Golgi out of the dendrites g-tubulin remained
in dendrites and resulted in only small changes in microtubule polarity in dendrites (Nguyen et al.,
2014).

An alternative way of acentrosomal nucleation which is independent of any membrane structure was
reported, where new microtubules can be generated from the lattice of pre-existing microtubules. In
this mechanism an hetero-octameric protein complex called augmin or HAUS is recruited to the lattice
of old microtubule which then recruits g-Turc module and promotes the nucleation (Sànchez-Huertas
et al., 2019). More recent study also showed that HAUS complexes are distributed all over the neurons
and colocalize with g-turc and locally regulating microtubule nucleation for proper neuronal
development (Cunha-Ferreira et al., 2018). Similar mechanism of branched microtubule nucleation
with same components was also reported in dividing cells (Petry et al., 2013). Other mechanism to
increase the microtubule number in the cell would be cutting pre-existing microtubules by severing
enzymes such as spastin, katanin and fidgetin (Roll-Mecak and McNally, 2010). Microtubule severing
by katanin and spastin are important for proper axon branch formation and dendrite development.
Depletion of spastin from cultured neuron reduces the axonal branch frequency whereas
overexpression resulted into enhanced branch formation (Yu et al., 2008), but the mechanism how
these severed microtubules are remodeled into branch structure still remains elusive.

1.8.

SSNA1/NA14 (Sjögren’s Syndrome nuclear antigen 1/Nuclear Antigen
of 14kDa)

SSNA1/NA14 (Sjögren’s Syndrome nuclear antigen 1/Nuclear Antigen of 14kDa) is a small coil-coil
protein, originally identified as an autoantigen recognized by the serum of a patient with Sjögren’s
syndrome, localizes at microtubule organizing centers like centrosomes and basal bodies (Andersen et
al., 2003; Pfannenschmid et al., 2003). The Chlamydomonas reinhardtii homologue of SSNA1 (CrSSNA1)
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localizes to the microtubule based structures like basal bodies, flagellar axonemes and also cytoplasmic
microtubules. Both human and Chlamydomonas protein share around 60% amino-acid sequence
similarities with each other and have very similar structural features (Pfannenschmid et al., 2003).
SSNA1 is not only conserved in human and algae but the homologous sequence of SSNA1 is found in
several other species of fish, insects and protozoan parasites like trypanosoma and trematode (Figure
8B) (Pfannenschmid et al., 2003; Price et al., 2012).

SSNA1 have a relative molecular mass of 14,000 Da and is predicted to adopt a tropomyosin-like single
coiled-coil configuration. SSNA1 is predicted to be largely a-helical parallel 2-strand coiled-coiled
protein with short disordered C-terminus region (K105-S119)(Rodríguez-Rodríguez et al.) (Figure 8A-B
). The N-terminal region of SSNA1 contains a leucine zipper motif from amino-acids 8-22 followed by
the region rich in negatively charged residues between amino acids 6-80 and C-terminal region with
positively charged residues. SSNA1 seems to make oligomers through head to tail interaction, a
property which seems to be conserved across the species(Pfannenschmid et al., 2003; Price et al.,
2012; Rodríguez-Rodríguez et al.). The amino acids residues 14-104 was reported to be important for
the self-association of SSNA1 by forming parallel coil-coil structure and it was hypothesized that
residues Leu 83 and Leu 93 mediate interactions among SSNA1, spastin and microtubule (RodríguezRodríguez et al.).

SSNA1 is a microtubule binding protein and reduction of CrSSNA1 in Chlamydomonas with RNAi
resulted in multinucleated and multiflagellated cells due to the interference in cell division
(Pfannenschmid et al., 2003). Not only in Chlamydomonas cells, knockdown of SSNA1 in mammalian
cell also affected cell division specially cytokinesis (Goyal et al., 2014). It was reported to interact with
spastin and was also proposed as an adaptor to target spastin to centrosome and trigger microtubule
severing (Errico et al.). Spastin and SSNA1 also interact with each other at the midbody and plays an
important role in cytokinesis(Errico et al.; Goyal et al., 2014). SSNA1 was also reported to be expressed
in neurons and overexpression of SSNA1 in primary neurons resulted into the promotion of axon
branching and enhanced axonal development.

Apart from this, SSNA1 was also reported to be involved in transport of orphan receptor
TPRA40/GPR175 which has been shown to be essential for the regulation of cell division and the
interaction with SSNA1 was important for its function of regulating cell division in mouse embryos (Aki
et al., 2008). These accumulations of the evidences altogether suggest that SSNA1 is a microtubule
binding protein, which is involved in various microtubule related cell processes like cytokinesis,
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neuronal development and transport but the exact molecular mechanism the SSNA1 interacts with
microtubule and how it modulates its dynamics is still not known.

Figure 8. Predicted SSNA1 coil-coil structure and sequence alignment. A) Predicted SSNA1 coil-coil
structure. B) The sequence based alignment of SSNA1 proteins. The secondary structure was based
on PHYRE2 prediction depicted below the sequence with red bars for a-helices. Coil-coil prediction
based on Marcoil is shown above the sequences. The positively charged amino acids are colored in
blue, red for negatively charged residues. The red box highlights the variable unstructured region
present at the C-terminal.

1.9.

Self-assembly in biological system

Self-assembly of small monomers or units into a complex biological macromolecular assembly is crucial
to the function of cell. The self-assembly of tubulin and actin monomers into microfilaments such as
microtubule and actin is essential for several cellular processes and is tightly controlled inside the cell.
Other self-assemblies such as 2D bacterial surface layers (S-layers) and 3D virus capsids plays important
roles in other living systems (Yang et al., 2016). Self-assembly does not always involve only protein as
a building block but protein could also self-assemble with various other biological components like
DNA, RNA and lipids to form a complex structure such as chromatin, ribosomes and coated vesicles.
Understanding the self-assembly is very important not only to get insights into the biological
mechanism of self-assembled macromolecules but also to understand the mechanism of various
pathological diseases triggered due to self-assembly. Some examples include fibrillization of amyloid
b-protein(Ab) in Alzheimer’s disease, polymerization of hemoglobin due to single-point mutation in
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sickle-cell anemia and aggregation and fibrillization of a-synuclein in Parkinson disease. (McManus et
al., 2016; Uversky and Eliezer, 2009).

Self-assembly of protein on membrane surface is critical for the remodeling of membrane for the
curvature formation. Remodeling of biological membrane is essential for various biological process
such as vesicle trafficking, polarization or migration of cells, cell division and formation of organelles.
Various membrane shapes are formed from flat membrane surfaces in coordination of various proteins
where protein molecules self-assemble on the membrane surface and drives formation of various
kinds of membrane shapes such as flat, tubular, spherical and saddle-like. The non-vaginated plasma
membrane shows a flat shape, T-tubules in muscle shows tubular shape, transport vesicles show
spherical shape and invaginated vesicle which are not completely developed and emerging from the
membranes shows saddle-like shape. The formation of this different shapes and the degree of
deformation is controlled by both lipid composition and protein types involved.

Formation of T-tubules is crucial for the excitation-contraction coupling machinery in striated muscles,
as Dorsophilla amphiphysin mutants are flightless due to disorganized T-tubule network (Razzaq et al.,
2001). Amphiphysin2/BIN1 is a crescent shape N-BAR protein which is involved in the formation of
these deeply invaginated T-tubules in muscles (Lee et al., 2002). The amphiphysin2 is a special group
of membrane curving proteins belonging to the BAR(Bin/Amphiphysin/Rvs) domain superfamily.
Numerous proteins of these superfamily play important role in sensing, inducing, binding and
stabilizing membrane curvature during cell development and cellular processes (Frost et al., 2009). The
amphiphysin structure contains four distinct regions: N-terminal amphipathic helix H0, a BAR domain
followed by central region and an C-terminal SH3(Src Homology 3) domain. The highly conserved BAR
domain form variably shaped dimers which are used to deform cell membrane into various shapes via
electrostatic interactions between the positive charges on its curved surface and negative charges of
the membrane headgroups (Peter et al., 2004). The SH3 domain is thought to be involve in downstream
interaction partner dynamin (Lee et al., 2002). Amphiphysin2/BIN1 stabilizes the tubular membrane
structure in contrast to other N-Bar proteins which are involved in dynamic membrane scission in
clathrin-mediated endocytosis (Takei et al., 1999) and it is still not known the structural organization
of Amphiphysin/BIN1, how it self-assembles on the lipid surface, how this self-assembly remodel the
membrane into tubular structure and its implication on T-tubule formation.
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Aim of the thesis
Along with other cytoskeletal components like actin and intermediate filaments, microtubule is
essential in order to maintain cell shape and morphology. Change in cell shape, morphology or
polarization is very important for various cellular processes. Inside the cell microtubule organizing
centres (MTOCs) like centrosome were thought to be only source for microtubule nucleation and
organization inside the cell. But recent studies have shown that apart for these known MTOCs there
are other components present inside the cell that could nucleate and organize the microtubule
architecture locally at the various regions inside the cell and this local organization is critical for cellular
processes such as cell division. Specially in a very polarized cell like neurons, where the MTOCs like
centrosome loses its activity over the course of development, local nucleation and reorganization is
essential for neuronal process like axon elongation and branching.

The microtubule binding protein SSNA1 is known to localize at the microtubule organizing centres like
centrioles, basal-bodies and microtubule based structures like mid-body and axoneme. It was reported
that this protein could interact with microtubule severing protein spastin and plays important role
during cytokinesis in cell division. The knock-down of this protein using RNAi method resulted in
multinucleated cell in mammalian cell lines and multi-flagellated cells in green algae. When overexpressed in neuron, it resulted in elongation and hyper-branching of the axons. This phenotypes in
different cells shows that this protein is capable of modulating several microtubules based processes
inside the cell, but the exact information how it interacts with the microtubule, what it does with
microtubule or how it controls the microtubule dynamics inside the cell was not clear. The aim of the
thesis is to address these questions, to biochemically and structurally characterize its interaction with
the microtubule and the implication of this interaction in neuron axonal branching.
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1. Results
1.1. Direct induction of microtubule branching by
microtubule nucleation factor SSNA1
Basnet, N., Nedozralova, H., Crevenna, A.H., Bodakuntla, S., Schlichthaerle, T., Taschner, M., Cardone,
G., Janke, C., Jungmann, R., Magiera, M.M., et al. (2018). Nature Cell Biology 20, 1172–1180.
This study shows that SSNA1 can nucleate and induce the remodelling of microtubule into a branched
structure where a new microtubule directly branches out from the existing old microtubule. The
remodelling or branching property of SSNA1 is related to its ability of self-assembly and the mutants
which abrogates the self-assembly of SSNA1 also abolishes microtubule branching. These SSNA1
mutants that abolish microtubule branching in-vitro also fail to promote axon branching when
overexpressed in neurons.

This study was conducted under the supervision of Dr.Naoko Mizuno. For this study, I performed
biochemical and in-vitro experiments including cloning, design of mutant constructs, data acquisition
and analysis for electron and light microscopy (in vitro as well as cellular) experiments. Neuron
preparation and super resolution experiments were performed by collaborators. Detailed author
contributions are included in the attached article.
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1.2. Structural insights into the cooperative remodeling of
membranes by Amphiphysin/BIN1
Adam, J., Basnet, N., and Mizuno, N. (2015). Srep 5, 15452.
During my PhD study, I was able to contribute to a study about amphiphysin/BIN1 and how the selfassembly of these protein on a membrane results in its remodelling into a tubular structure.
Amphiphysin/BIN1 is involved in forming deeply invaginated tubes in muscle T-tubules, however the
mechanism how it is interacting with membrane, remodelling it and maintaining such a tubular
structure was still not known. Using cryo-EM, this study shows that N-BAR domain self-assemble on
the membrane surface on a cooperative manner in a helical arrangement. The biochemical assays and
3D reconstruction in this study shows that N-terminal amphiphatic helix H0 is essential for the initiation
of the tube assembly and further organizes Bar-mediated polymerization. The regulatory SH3 domain
of the Amphiphysin/BIN1 seems not to have any involvement in the self-assembly. For this study I
performed light microscopy, negative-stain EM and the molecular fitting of the structure. Detailed
author contributions are included in the attached article.
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2. Discussion
Many if not all cell types are polarized and cell polarity is essential for migration, organization and
development of the cells. Rod shaped cell of fission yeast Schizosaccharomyces pombe due to the
polarized growth at the tip of the cell, polarized lamellopodium formation during fibroblast migration,
formation of polarized axon and dendrites in neurons, generation of cell diversity due to asymmetric
cell division of polarized embryonic and stem cells and apical cortical polarity in epithelial cells are
some example of cell polarization in different cell types (Siegrist and Doe, 2007). It is known that actin
and actin related proteins are important for cell polarity but studies have shown that microtubule can
also induce as well as maintain cell polarity(Siegrist and Doe, 2007).

In complex and highly polarized cells like neurons, microtubule is central to the polarization processes
such as axon initiation to axon differentiation and from axon elongation to axon branch formation. Not
only in morphological changes but microtubule is also essential for intracellular transporting of various
cargoes from and to soma. The importance of microtubule in neuron became more apparent when
various mutation in microtubule related genes such as tau, spastin, dynein, kinesin, dynactin,
doublecortin and lis1 were linked to various neurodevelopmental disease (Kapitein and Hoogenraad,
2015). Not only microtubule related genes but genetic studies have also linked various neurological
disorders to mutations in various tubulin family members, which shows the importance of proper
development and maintenance of complex microtubule arrays in the neurons (Tischfield et al., 2011).

Formation of collateral branches on axon body is essential to form complex neural network. Although
we know about general cytoskeleton reorganization process during the branch formation, we still do
not know the underlying exact molecular mechanism behind it. During branch formation, after initial
membrane protrusion and deformation due to F-actin activity, the microtubule enters the branch sites
and subsequently stabilizes the branch. This entry of microtubule to the branch site is crucial for the
branch formation as time-lapse imaging have shown that only the branch sites which were invaded by
the microtubules resulted into the branch formation (Kalil et al., 2000). Microtubules are parallelly
bundled in the axons and in order to enter the branch sites it has to undergo certain degree of
remodeling and reorganization. The first step is unbundling, then the microtubules are splayed and it
enters to the branch site. But what kind of remodeling occurs, that the long, bundled array of
microtubules enter the branch site?

It was shown that at the branch points splaying of the microtubules was accompanied by the
fragmentation of the microtubules and then reorganization which ultimately leads to the entry and
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stabilization of the branch points (Dent et al., 1999). The fragmentation observed at the branch sites
is most likely caused by the microtubule severing protein spastin which is known to play important role
in axon branch formation (Yu et al., 2008). But what happens after fragmentation? How the
microtubule gets reorganized? We are still missing this piece of information.

In our study, we focus on a microtubule binding protein called SSNA1, which was reported to play a
role in promoting axon elongation and branching but the mechanism through which it modulated
microtubule dynamics was still not clear. We show that SSNA1 is a microtubule nucleating and
branching factor which accumulates at the axon branches and promotes the branch formation in
primary neurons. In-vitro reconstitution of SSNA1 and unpolymerized tubulin showed that SSNA1
forms small clusters along with the unpolymerized tubulin and nucleates microtubule from these
clusters which are reminiscent of aster formation observed during microtubule nucleation (Ishihara et
al., 2014; Wilde and Zheng, 1999).

SSNA1 not only promoted nucleation but also remodeled the microtubule into a branched structure.
SSNA1 fibrils seems to guide protofilaments of a microtubule to split apart from the microtubule lattice
and form daughter a microtubule. To our knowledge no other MTBPs can directly remodeled the
microtubule nor there is any report mentioning the rigid, cylindrical microtubule has a plasticity to be
remodeled in such a manner. We tested two other MTBPs, EB3 which regulates the microtubule
dynamics at growing end and ch-TOG which is a known microtubule nucleator under the same
experimental condition and both of these proteins did not induce microtubule branching. This property
of remodeling microtubule seems to be unique to SSNA1 and it relies on its ability to self-assemble into
fibrils in a head to tail fashion for the branching activity. SSNA1 mutants that abrogate the selfassembly of the protein did not show any branching activity and these mutants when expressed in
primary neurons also failed to promote axon branching.

Microtubule nucleation and remodeling of microtubule add a new mode of microtubule organization
inside the cell by forming a branched network. Local nucleation of microtubules forming a complex
branched network, which is independent of centrosome plays an important role in various cellular
processes (Petry and Vale, 2015). The current model for branched network of microtubules so far
involves g-tubulin mediated microtubule nucleation from the side of existing microtubule. This mode
of branching is completely different from the SSNA1 where the new branched microtubule is formed
by directly splitting the protofilament and it shares the lattice with the old microtubule. During copolymerization of SSNA1 and tubulin, association of SSNA1 may reinforce longitudinal connection of
tubulin oligomers and facilitates the protofilament formation which could then act as a seed for the
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polymerization. Similarly, the preference of SSNA1 to form lateral connections may stabilize the lateral
connections between the microtubule protofilaments. The protein is also self-assembling on the
surface of microtubule lattice, during co-polymerization and this self-assembly could precede the
formation of microtubule lattice. The preceding SSNA1 now could guide protofilaments outside the
microtubule axis which then provides the template for a new microtubule branch (“guide-rail”
mechanism).

In a cellular context, the process of branching and microtubule remodeling mediated by the SSNA1
could be more complex with many factors involved simultaneously but SSNA1 could possibly be a
missing link between microtubule fragmentation and reorganization observed during axon branch
formation. Spastin is known to interact with SSNA1 and after severing of the microtubules by spastin,
the pool of free tubulin generated could be then used by the SSNA1 for nucleation, remodeling and
reorganization of microtubules at the branch points. Our in-vitro experiments show that SSNA1 not
only remodels the microtubule during co-polymerization but has the ability to remodel pre-existing
stable microtubules. Therefore, the at the branch point not only free tubulin or tubulin oligomers but
also small fragments of microtubules could be remodeled by SSNA1.

During in-vitro reconstitutions, the SSNA1 makes cluster with unpolymerized tubulin at a high local
concentration and this requirement of high concentration could actually act as a regulatory element
in limiting the microtubule remodeling activity of SSNA1 to a specific sub-cellular localization in the cell
like base of cilia, midbody of dividing cells and axon branch points in neurons. Axons are densely packed
with microtubules and when spastin induces the fragmentation at the possible branch points, it could
increase the local concentration of tubulin possibly creating a condition for SSNA1 to nucleate and
reorganize the microtubules specifically at the branch points.

Our work shows how a small coil-coil protein SSNA1 could induce the microtubule nucleation while
getting itself self-assembled on the surface of microtubule lattice and how this self-assembly and
microtubule nucleation goes hand in hand and results into remodeling of the microtubule. This is the
first time where the remodeling of microtubule lattice to such an extent in order to form a branched
structure is observed and this gives us a new dimension to microtubule organization inside the cell.
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3. Outlook and future perspectives
Since its discovery in 1950s the microtubule research has made a remarkable journey to understand
the nature of one of the most important component of the eukaryotic cells (Brinkley, 1997).
Microtubules due to its dynamic nature, can explore the space in cytoplasm, capture cargo, acts as a
medium of transport of these cargoes, maintain the organization of the cell, act as a signaling hub and
control cell shape and morphology in response to external signals and cues. When the cell enters the
state of division, then the microtubule can disassemble and reassemble into an enigmatic structure
called mitotic spindle which makes sure the proper segregation of genetic material to the daughter
cells.

In specialized cells such as neurons it is essential for various processes such as neuronal migration,
polarity, differentiation and signal transduction. For the proper functioning of nervous system and
brain, individual neurons connect to multiple synaptic targets forming a complex neural circuitry and
this is achieved through extensive branching of their axons. As any other polarizing and development
event in neuron the microtubule is also central to the branch formation. In our study, we could show
that the small coil-coil protein called SSNA1 localizes at the axon branches and promotes axon branch
formation and elongation. We could co-relate its in-vitro activity of remodeling microtubule into
branched structure to axon branching in neurons but we need further insights on its exact mechanism
in-situ.

Various studies in the past have given us insights into the general mechanism of axon branching
process. The cytoskeleton undergoes major reorganization during the branch formation with
microtubule getting fragmented, reorganized followed by entry into branches and its subsequent
stabilization. Then when does SSNA1 acts at the branch points? Since, SSNA1 remodels and nucleates
microtubules and also interacts with microtubule severing enzyme spastin, one could imagine SSNA1
could be recruited at the branch sites through the interaction with spastin and act after the
microtubules get fragmented but we cannot dismiss the possibility for SSNA1 to be the one to recruit
spastin at the branch sites.
The axons were reported to form collateral branches through either bifurcation of growth cone or
interstitial mode and it will be interesting to know if SSNA1 mediates the branching in both modes.
The microtubules in neurons undergo various kind of post-translational modification and the protein
itself could be the subject of post-translational modification and then how does these modifications
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on protein or on microtubules regulate the dynamics? There are still lot of questions to be answered
till we start getting the picture of what SSNA1 is exactly doing.

There are still a huge caveat of information missing regarding the axon branching itself. How the axon
branch points are determined at axon? The presence of gradients of molecular cues were thought to
play role in specificity of branching (Kalil and Dent, 2014) but how the signaling pathways induced by
these external molecular cues converge into cytoskeleton and how it transforms the axonal
cytoskeleton into dynamic actin and microtubule filaments that will initiate and stabilize the branch
formation. It is very important to answer these questions in order to understand the remarkable ability
of axons to branch and connect specific region of developing nervous system. The development of new
genetic tools in combination with high-resolution imaging and more importantly development and
application of cryo-electron tomography could shed some light in this complex but fascinating process.
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4. List of figures
Figure 1.Microtubule structure and dynamic instability. (A, B) Tubulin structure (PDB: 1jFF) and
microtubule protofilament. (C) A and B type lattice seen in microtubule body. (D) 13pf microtubule with
seam marked with red. (E) Microtubule “dynamic instability” model. ________________________ 11

Figure 2. Tubulin isoforms and PTMs (A) Schematic representation of the PTM distribution in tubulin.
(B) Tubulin C-terminal sequences from human and yeast α and β tubulin isoforms. _____________ 14

Figure 3. Microtubule-binding proteins can be grouped according to where they localize at
microtubule lattice or according to their function. ______________________________________ 22

Figure 4. Microtubule plus end binding protein. (A) +TIP network. Schematic illustration of plus end
binding protein and their interaction network. The plus end proteins are often composed of structurally
conserved domains illustrated in the box. In case of ch-TOG, the TOG domains are repeating and
tandemly arranged. EB protein acts as a “Master Tip”. Through its CH domain EB protein binds to the
microtubule surface and via its C terminal EBH domain and EEY motif it can recruit other proteins like
CLIP-170, p150glued, APC, MCAK, CLASP etc. to the microtubule surface. Figure adapted from
(Akhmanova and Steinmetz, 2015b). (B) EB protein CH domain binds to microtubule at the vertex of
four ab-tubulin dimers (Akhmanova and Steinmetz, 2015b) (C) +TIPs like XMAP215, tPX2 and DCX
recognizes the curved tubulin and promotes nucleation whereas MCAK stabilizes the curved tubulin
confirmation and promotes catastrophe. ______________________________________________ 26
Figure 5. Microtubule minus end protein and microtubule organizing centers in the cell. (A) g-TURC
complex and microtubule nucleation from g-TURC complex {Kollman:2011gj}11. (B) Schematic
representation of minus end protein. (C) Microtubule organizing center. Apart from centrosome,
microtubules can nucleate from various other cellular structures like Golgi complex, chromosome and
pre-existing microtubules. Minus end proteins play important role in organizing microtubule
organization inside the cell {Akhmanova:2019fcc}1 ______________________________________ 28

Figure 6. Microtubule based structures and patterns. (A) Radial organization of the microtubule array
at interphase of fibroblast). Microtubule shown in green and nucleus in red (B) Neuronal growth cone
where microtubule shown in green and actin in red (C) Metaphase mitotic spindle during cell division
with microtubule in green and DNA in blue and kinetochore in red (D) Cortical array of microtubule
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from epidermal hypocotyl cells (GFP-tubulin) in plant cells (Elliot and shaw,2018) 1. (E) Parallel
microtubule array in polarized epithelia cells of vertebrates with microtubule shown in green (F)
Midbody formation during cytokinesis in human U-2 OS cells. Microtubule is shown is red and midbody
localizing protein LBX2 in green (G) Centrosome is generally composed of pericentriolar material and
centrioles. Centrioles generally contain one older “Mother centriole” and younger “daughter centriole”.
Centrioles at the base of cilia and flagella is known as basal bodies. In centrioles, nine triplet
microtubules are arranged in a cartwheel assembly whereas in the primary cilium has nine double
microtubules surrounding two central pair of microtubules in a “9+2” arrangements. ___________ 31

Figure 7 Role of microtubule in neuron initiation and elongation.Axon initiation is the first step
towards neuron elongation and development and microtubule stabilization is central to this process.
After the axon initiation, the axon growth cone leads the axon elongation process. The axon contains
uniformly oriented microtubules with growing end out parallelly bundled together whereas the
dendrites contain microtubules with mixed orientation. During axon elongation, the dynamic
microtubules play important role as the polymerizing microtubules gives the pushing force needed and
whereas the retrograde flow of actin provides the pulling force. During the axon growth, the collateral
branches can appear at various region on axonal shaft. Axon branch can form either by bifurcation of
the growth cone or via interstitial mode of branching. For branch formation, the dynamic actin leads
to the formation of membrane protrusions knowns as lamellopodia or filopodia which is then stabilized
by the invasion of the microtubules. The invading microtubules then bundle resulting in elongation and
stabilization of the branch. __________________________________________________________ 36

Figure 8. Predicted SSNA1 coil-coil structure and sequence alignment. A) Predicted SSNA1 coil-coil
structure. B) The sequence based alignment of SSNA1 proteins. The secondary structure was based on
PHYRE2 prediction depicted below the sequence with red bars for a-helices. Coil-coil prediction based
on Marcoil is shown above the sequences. The positively charged amino acids are colored in blue, red
for negatively charged residues. The red box highlights the variable unstructured region present at the
C-terminal. ______________________________________________________________________ 43
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5. Abbreviation
APC

Cancer associated protein

ASPM

Abnormal spindle-like microcephaly-associated protein

APC

Adenomatous polyposis coil

BAR

Bin/Amphiphysin/Rvs

CAMSAP

Calmodulin-regulated spectrin-associated protein

CCP

Carboxypeptidases

DRG

Dorsal root ganglion neuron

EM

Electron microscopy

ENA/VASP

Enable/vasodilator-stimulated phosphoprotein

EB

End binding protein

GTP

Guanosine-5'-triphosphate

GMPCPP

Guanosine-5ʹ-[(β,γ)-methyleno]triphosphate

MTBPs

Microtubule binding proteins

MCAF

Microtubule-actin crosslinking factor

MTOCs

Microtubule-Organizing Centers

MCAK

Mitotic centromere associated kinesin

MIPs

Microtubule inner proteins

+TIPs

Plus-end tracking proteins

PTMs

Post-translational modifications

PRC1

Protein regulator of cytokinesis 1

Pf

Protofilaments

SH3

Src Homology 3

TPX2

Targeting protein for Xklp2

TTL

Tubulin tyrosine Ligase

TTLL

TTL-like family

TAT

Tubulin acetyltransferase

TURC

Tubulin ring complex
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