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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 “Microtubule-
Organizing 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.



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 Caceres, 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 y-tubulin, which allow microtubules to grow out from nucleation points that attach to the
outside of pre-existing microtubules (Sanchez-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



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 self-
assemble 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.



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 a- and 8-
tubulin, which are normally referred as aB-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 a-tubulin at N-site is not hydrolyzable and only the GTP bound to B-tubulin at E-site is hydrolyzed
to GDP during microtubule polymerization (Nogales et al., 1998c). The a-and B-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 B-tubulin and a slow growing minus end
exposed with a-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 B-lattice where a-subunits of a protofilament is next to the a -subunit of neighboring protofilament
(a-a) and B-tubulin next to the B-tubulin(B-B), except at the boundary where it closes. This boundary
is referred to as a “seam” of the microtubule, where the a-tubulin of a protofilament is next to the B-
tubulin of next protofilament (a-B), 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).
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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 a- and B-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 A 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 (Roll-
Mecak, 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 inner-
lumen 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
etal., 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 a-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 pm 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 a- and B- 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; Roll-
Mecak, 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 a-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 B-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 a-tubulin (Figure 2A). Apart from these well studied
posttranslational modifications, there are others which have been discovered recently;

phosphorylation, polyamination, methylation, palmitoylation, arginylation, ubiquitylation,
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Figure 2. Tubulin isoforms and PTMs (A) Schematic representation of the PTM distribution in
tubulin. (B) Tubulin C-terminal sequences from human and yeast a and B 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 B-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 a-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 tRNA-independent addition of free tyrosine to the
absolute C-terminal glutamate of a-tubulin via a-linked peptide bond (Gadadhar et al., 2017; Roll-
Mecak, 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 a-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 y-carboxyl group of one of the internal glutamate residues of a-or B-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 (Roll-
Mecak, 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 a-tubulin or B-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 (Roll-
Mecak, 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 microtubule-
severing 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 TTLLS8 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 (y-, 6-, €-, {- and n-tubulin)

y- 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 y-tubulin ring
complex(y-TURC) (Kollman et al., 2011). It is well characterized in vertebrates but y-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). &-, €-, {- and n-
tubulin was found in cilia/flagella and basal bodies and was proposed to be connected to triplet
microtubules. Although 6-, €- and Z-tubulins was identified in all major eukaryotic kingdom it is not
ubiquitous as a-B-and y -tubulin, suggesting they might not perform important function in cells. Other

tubulin isoforms such as n-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 af-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 (LOwe 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 a-
and 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 A (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 (Toli¢-Ngrrelykke 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 y-TURC
(Kollman et al., 2011) or newly severed microtubule (Lindeboom et al., 2013). y-TURC is a nucleation
machinery associated with y-tubulin and the nucleation involving these components is one of the well-
studied mechanism in-vivo (Goodson and Jonasson, 2018). y-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 y-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 af3-tubulin at the microtubule tip and
either accelerate af-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 pre-
existing microtubule in y-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; Sanchez-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). Calponin-
homology 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 a3-tubulin and bind at the vertex of four a-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 af-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 af-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).

+TIPs

+ve regulators

EB1,XMAP215,CLASP,CLIP170
APC,doublecortin

minus end binding
proteins -ve regulators

Stathmin, Kinesin 8 and 13
+ve regulators

y-TURC,patronin/CAMSAPs

-ve regulators GTP-Cap
Stathmin

GDP-lattice

Lattice binding

+ve regulators/stabilizers 8 GTP-Tubulin 8 GDP-Tubulin
Tau,Map2,Map4,Maplb

-ve regulators/destabilizers
Katanin,spastin,fidgetin

Bundlers and crosslinkers
MAP65, PRC1, tau

Bundlers and crosslinkers
Tau, ensconsin

Figure 3. Microtubule-binding proteins can be grouped according to where they localize at

microtubule lattice or according to their function.
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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 a3-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 ap-tubulin dimers and induces the depolymerization (Arellano-

Santoyo 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 co-
operates 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) cross-
links 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 y-TURC and y-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 y-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),
myosinl0 (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 af-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 af-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-lle-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 af-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 y-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, y-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 y-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 proteinsinclude 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 y-TURC complex, recently characterized set of proteins, calmodulin-regulated spectrin-

associated 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 y-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 chromatin-

associated protein complex (KANSL) that contain KAT8 regulatory NSL complex subunits 1 and 3
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Figure 5. Microtubule minus end protein and microtubule organizing centers in the cell. (A) y-TURC
complex and microtubule nucleation from y-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).



(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 af3-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 Caceres, 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 Caceres,

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 Schizo-
saccharomyces pombe (Goodson and Jonasson, 2018) (Figure 5c). MTOC contains a specialized
nucleating machinery composed of y-tubulin and y-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 y-tubulin small complex (y-TUSC) and
y-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 y-tubulin and y-TURC complex is consider to be the major components for microtubule
nucleation machinery in cells, in flies the depletion of y-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 y-tubulin in C.elegans suggested that y-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 y-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.
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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 y-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 (Mclntosh, 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 Caceres, 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 Caceres, 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 Caceres, 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 Caceres, 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 Caceres,
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 (ty»
> 2hr). The other domain consists of tyrosinated tubulin rich region with a short half-life (t;;, < 5 min)
and depolymerizes rapidly on treatment of nocadazole (Conde and Caceres, 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 Caceres, 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 Caceres, 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 OlLeary, 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 (Gy6rgyi 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, y-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 Caceres, 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 y—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
y-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 y-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 y-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 y-Turc module and promotes the nucleation (Sanchez-Huertas
etal., 2019). More recent study also showed that HAUS complexes are distributed all over the neurons
and colocalize with y-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 (Sjogren’s Syndrome nuclear antigen 1/Nuclear Antigen
of 14kDa)

SSNA1/NA14 (Sjogren’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 Sjogren’s
syndrome, localizes at microtubule organizing centers like centrosomes and basal bodies (Andersen et

al., 2003; Pfannenschmid et al., 2003). The Chlamydomonas reinhardtiihomologue 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)(Rodriguez-Rodriguez 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; Rodriguez-Rodriguez 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 (Rodriguez-

Rodriguez 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.

rrrrrrrrrrr €CCCCCCCcCcccceCccccccCCCccCcccCCCCcCcCCCCCCCCCCCCCCCCCCCCCCCCecc
H. sapiens SSNAT 1MTQQGAALQNYNNELVEKC I|EELcQKRIEELCRQIQEEEDERKQRLQNEVRQLTEKLARVNENLARK I ASRINE 70
M. musculus SSNA1 1MTQQGAALQNYNNELVKC I[EE[LCQKREELCRQIQQEEDEKQRLQNEVRQLTEKLARVNENLARK I ASRNE 70
D. rerio SSNAT 1MTQQGAALQTYNNELVKC I|[EE[LCSKREDLNRLIQQEEAEKARLQHDIRVLTEKLSRVNESLAHRLSARAE 70
B. terrestris SSNA1 1TMSQHGAALQTYNQELVKCLIEEMKLRRTELQAEI ESQEEEKNHLQREIEKLSYKLTRLNDSLTKKIAVRNE 70
C.reindarditii SSNA1 1MSAQGQALQNHNNELVKIC I|ED[LR EKRIEE ! | KQ LREDDAEKAK I TQELQ I LTKRLAQVNES IARKTETKINE 70
[ R T
H. sapiens SSNA1 71 FORIT 1AETEAAY LRI LEssQTLLSVL AGNLTKIATAPDQHS sGGRIDS- -| 119
M. musculus SSNA1 71 FDRIT IAETEAAYLKILESSQTLLSVL AGNLTKATASDQKISSGGKDS- -| 119
D. rerio SSNA1 71 FDRIT IAETEAAYMKI LESSQTLLSVL AGNLTKATEP- - RISS- - KDH- -| 115
B. terrestris SSNAT 71 YDRT ITDTETAYVKILESSQLLLNMI ATNLDQTLV- - - KANMDKQQC-| 117
C.reindardtii SSNA1 71 YDKIV I SETEAAY LK LESSQTLLTVL AVNIAK QASS 1M

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

43



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 HO, 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 over-
expressed 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, | 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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Direct induction of microtubule branching by
microtubule nucleation factor SSNAT1

Nirakar Basnet', HanaNedozralova', AlvaroH. Crevenna?, Satish Bodakuntla®4, ThomasSchlichthaerle'>¢,
Michael Taschner'’, Giovanni Cardone’, CarstenJanke ©3#4, Ralf Jungmann ©'5, MariaM. Magiera®*,
Christian Biertiimpfel ©' and Naoko Mizuno ©®™

Microtubules are central elements of the eukaryotic cytoskeleton that often function as part of branched networks. Current
models for branching include nucleation of new microtubules from severed microtubule seeds or from y-tubulin recruited to
the side of a pre-existing microtubule. Here, we found that microtubules can be directly remodelled into branched structures by
the microtubule-remodelling factor SSNA1 (also known as NA14 or DIP13). The branching activity of SSNAT1 relies on its ability
to self-assemble into fibrils in a head-to-tail fashion. SSNAT1 fibrils guide protofilaments of a microtubule to split apart to form
daughter microtubules. We further found that SSNA1 localizes at axon branching sites and has a key role in neuronal develop-
ment. SSNA1 mutants that abolish microtubule branching in vitro also fail to promote axon development and branching when
overexpressed in neurons. We have, therefore, discovered a mechanism for microtubule branching and implicated its role in

neuronal development.

processes. Microtubules, the major cytoskeletal component

determining cell shape, are mostly nucleated at the centro-
some in proliferating cells. During specialized cell-shaping events,
such as mitosis or cell polarization, cytoskeletal remodelling is
thought to be driven by local nucleation of microtubules using a
centrosome-independent mechanism'~>.

Neuronal cells are a distinctive example of cells with highly com-
plex morphologies. Neurons are shaped in an extremely polarized
fashion with a unique-shaped axon protruding from the cell body
and stretching over long distances. Individual cells develop branch
points from their axons to connect to neighbouring cells, creating
an intricate communication network in the nervous system. As the
shape of axons is determined by microtubules, these branch points
require remodelling of microtubules to split the cytoskeletal path
into separate branches'~*. As the centrosome is not necessary for
the morphological development of the axon®, it is possible that
axonal transformation occurs in a locally regulated manner within
the axon. At axon branching points, the local destabilization and
fragmentation of microtubules is mediated by the microtubule-
severing enzyme spastin, which leads to the emergence of short
microtubules’. However, the process of splitting the microtubule
networks and, specifically, how the local rearrangement of spastin-
processed tubulin oligomers or short microtubule fragments occurs
has been enigmatic.

Due to its importance in various cell activities, the microtubule
cytoskeleton has been well characterized in vitro. In the classical
view, microtubules are considered as cylindrical polymers made
of ~13 protofilaments. However, in living cells, it has been sug-
gested that microtubules form higher-order branched networks to
regulate their distribution within complex cytoskeletal networks"**.

C ell-shape control is critical in a number of physiological

The branched networks could be envisioned either through the
attachment of new microtubule modules onto the side of an exist-
ing microtubule, or through direct branching of microtubules. So
far, only one example of branching microtubule network has been
shown, involving the microtubule nucleators augmin and y-tubulin,
which allow microtubules to grow out from nucleation points that
attach to the side of existing microtubules®'-*. There was, however,
no evidence that protofilaments in a single microtubule can split
apart to form a branched structure. Particularly at axon branch
sites, augmin is less likely to be involved in generating branched
microtubule networks, but has rather been implicated in determin-
ing microtubule orientation by crosslinking adjacent microtubules
within an axon™.

Here we focused on the protein SSNA1, a microtubule-binding
protein implicated in the dynamic assembly of microtubules. SSNA1
is found at centrosomes or basal bodies in sperm cells'>'%, and at
the midbody in dividing cells””. A recent study reported that SSNA1
accelerates neuronal development by promoting axon elongation
and branch formation'’. These observations collectively suggest a
versatile role for SSNA1 in microtubule remodelling. However, the
nature of its activity in controlling microtubule dynamics is unclear.

We now demonstrate that SSNA1 is a powerful microtubule-
nucleating and -branching factor. In vitro reconstitution of SSNA1-
mediated microtubule nucleation showed an induction of branched
microtubules, where new daughter microtubules directly branch
out from existing microtubules. SSNAL1 attaches along single proto-
filaments, guiding them to grow away from a microtubule and tem-
plate a branched microtubule. Mutation of residues essential for the
oligomerization and the microtubule-branching activity of SSNAI,
which we designed by structure-guided in vitro experiments, leads
to defective axonal branching in primary neurons, showing that the

'Max Planck Institute of Biochemistry, Martinsried, Germany. Biomolecular Self-Organization, Instituto de Tecnologia Quimica e Biolégica Antdnio Xavier,
Universidade Nova de Lisboa, Oeiras, Portugal. *Institut Curie, PSL Research University, CNRS, Orsay, France. “Universite Paris Sud, Universite Paris-Saclay,
Orsay, France. *Department of Physics and Center for Nanoscience, Ludwig Maximilian University, Munich, Germany. éGraduate School of Quantitative
Biosciences Munich (QBM), Ludwig Maximilian University, Munich, Germany. "Present address: Department of Fundamental Microbiology, University of
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simple scaffolding mechanism of SSNA1 can lead to vast morpho-
logical changes in neurons.

Results

SSNA1 localizes at axon branching sites in primary neurons.
A previous study implicated SSNA1 in the promotion of axon
branching’, but the underlying mechanism remained elusive. To
investigate how SSNA1 plays a role in neuron development, we trans-
duced wild-type murine primary hippocampal neurons with lenti-
viral particles encoding GFP-2A-mouse_SSNAI. Overexpression
of SSNAIL led to the promotion of axon outgrowth (Fig. 1a,c),
in agreement with a previous report”. In addition, we found a
striking accumulation of SSNA1 at axon branches (Fig. 1b and
Supplementary Fig. 1), which was also observed at secondary branch
sites that emanate from an already existing axon branch (Fig. 1b,
panel 4, and Supplementary Fig. 1). In agreement with its localiza-
tion, SSNA1 overexpression led to increased and more complex
branching as characterized by the Strahler number (Fig. 1d). Since
SSNALI localizes at the cytosolic compartments where microtubule
are dynamic'>-"7, we hypothesized that clusters of SSNA1 at branch-
ing sites in neurons might facilitate local microtubule nucleation.

SSNA1 induces direct microtubule branching. To assess the influ-
ence of SSNA1 on microtubules, we prepared recombinant SSNA1
(from Chlamydomonas reinhardtii, CrSSNA1, Supplementary
Fig. 2A-C) and tested its interaction using cryo-electron micros-
copy (cryo-EM; Fig. 2a and Supplementary Fig. 2D). CrSSNA1
induced a formation of direct microtubule branches that split
from a single microtubule (Fig. 2a, arrowheads), in contrast to an
attachment of a second microtubule on the microtubule surface.
Branching occurs by splitting the lattice of the microtubule, and
protofilaments of mother microtubules directly continue into the
outer surface of the branched microtubule. The bending angle was
variable (Fig. 2b,c, 47° +15°, and Supplementary Fig. 2D,E), which
suggests a rather flexible junction, in contrast to the more rigid,
70° Arp2/3-mediated actin branching'®". Moreover, microtubules
occasionally formed fork-like structures with several branches or
junctions (Fig. 2b and Supplementary Fig. 2D). This has so far
not been observed in any other system, and further underpins the
uniqueness of SSNA1-mediated microtubule branching.

Cryo-ET shows diverging microtubules with a break in the
microtubule lattice. To further understand the organization of
microtubule branches, we performed cryo-electron tomography
(cryo-ET) on branched microtubules (Fig. 3 and Supplementary
Fig. 2F). Even though SSNAL itself was not detectable due to the
resolution limit of tomographic reconstructions, the microtubule
lattice was clearly visible (Fig. 3a,b) and facilitated a tracing of indi-
vidual protofilaments at the branch (Fig. 3c-e). The tracing showed
that two branching microtubules shared a subset of protofilaments
with their mother microtubule. In addition, we traced newly assem-
bled protofilaments that were not connected to the mother micro-
tubule (Fig. 3d), as the number of protofilaments doubles compared
to the mother microtubule. This shows a discontinuity in the micro-
tubule lattice at the splitting point of the branch.

SSNAL1 self-clusters and nucleates microtubules. To explore the
dynamic behaviour of SSNA1 causing this unique action in micro-
tubules, we tested the interaction of SSNA1 with unpolymerized
tubulin using fluorescence microscopy (Fig. 4a). Considering the
average cellular concentration of SSNA1 of 187nM?¥, we mixed
200nM CrSSNALI and 8uM tubulin in the presence of polyethyl-
ene glycol (PEG)”. Above a concentration of 5% PEG (Fig. 4b),
we observed condensates of CrSSNAI1 clustering with tubulin
(Fig. 4a-c). Interestingly, several microtubules emerged from
these CrSSNA1-tubulin clusters (Fig. 4a,b), reminiscent of aster
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Fig. 1| The effect of SSNA1 overexpression on primary hippocampal
neurons. a, Immunostaining of MAP2 (green) and Tau (red) in control (GFP
overexpression) and SSNA1-wild-type overexpression. b, Immunostaining
of SSNAT1 (red) and BllI-tubulin (green) in neurons overexpressing SSNA1
wild type shows the localization of SSNAT1 at axon branch sites. ¢, Scatter
dot plots of axon length under overexpression of SSNAT. The longest
protrusion from the soma was defined as the axon, and cells with very short
protrusions were also included in the counting, so that underdeveloped
neurons could be assessed as well. The promotion of axon development
occurs only in overexpression of wild-type SSNAT1. Experiments were
performed in triplicates, shown in magenta, green and yellow. Every cell is
represented by a single point: control (n=505 cells), wild type (n=499
cells), pooled from 3 independent experiments, and the overlaid box-
and-whisker plots cover 50% (boxes) and 90% (whiskers) of the entire
population, with median values indicated as lines within the boxes.

The results show statistical significance (P<0.0001) as tested using the
Kruskal-Wallis test, followed by Dunn’s multiple comparison post hoc test.
d, Pie graphs showing the distribution of the number of branches under
overexpression conditions (control (n=496 cells), wild type (n=490 cells)
pooled from 3 independent experiments) and Strahler number (degree

of sub-branch formations on the existing branches; control (n=266

cells), wild type (n=289 cells) pooled from 3 independent experiments).
Distributions of the branches and the Strahler number in SSNAT-expressing
neurons differ significantly from the control (GFP overexpression)
according to »* two-sample test (*=20.7, P<0.01 and 18.6, P < 0.005,
respectively). See Supplementary Table 3 for source data.
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Fig. 2 | Characterization of in vitro-reconstituted microtubule branching.
a, A cryo-EM image of branched microtubules. The arrowheads show
examples of branching points. Microtubules were stabilized with TmM
GMPCPP. b, Snapshots of branching microtubules. The ‘guide rail’

depicts thin lines of density often seen at the split of the branch point.

¢, Distribution of branching angles (47 +15°, n=99 branch points).

These experiments were performed three independent times.

formation seen during microtubule nucleation'?, and thus indi-
cating that CrSSNAI1 nucleates microtubules. This process was
effective at a CrSSNA1 concentration of as little as 50nM (Fig.
4d,e). Nucleation events were confined to the local condensates of
CrSSNA1 and tubulin did not polymerize without CrSSNAL, high-
lighting the effect of the SSNA1 condensates and the requirement
of a high local concentration. The number of growing asters and
microtubules (Fig. 4d,e) correlated well with the concentration
of CrSSNA1. We also observed new microtubules emerging from
already formed microtubules (Supplementary Videos 1 and 2).

SSNA1 induces microtubule nucleation from mother microtu-
bules. To understand and assess SSNA1-mediated nucleation from
template microtubules, we mixed (3 or 30 uM) CrSSNA1 with tubu-
lin in the presence of GTP with GMPCPP-stabilized microtubule
seeds”. Several microtubules were able to grow out from the ends
or the wall of pre-existing microtubules (Fig. 4f,g, Supplementary
Fig. 3A,B and Supplementary Videos 3 and 4), agreeing with the
cryo-EM observation (Fig. 2a). By differentially labelling pre-exist-
ing microtubules (red) and newly polymerized dynamic micro-
tubules (green), we could categorize the branching events into:
‘splitting) in which newly formed microtubules split from the end of
a pre-formed microtubule; ‘end-joining, showing three pre-existing
microtubules connected through newly formed tubulin oligomers;
‘side branching; seen as new microtubules coming out from the side
of pre-existing microtubules; and ‘dynamic branching, in which
newly generated dynamic microtubules form a branch. The ‘side
branching’ is reminiscent of local microtubule nucleation mediated
by augmin and y-tubulin in cell extracts*’. However, in contrast
to the augmin-mediated mechanism, the formation of CrSSNA1-
mediated branching did not require y-tubulin, indicating that
SSNA1 works by a novel mode of action.

SSNA1 forms a fibril-like assembly on the surface of the micro-
tubule with 11-nm periodicity. Although cryo-ET did not visualize
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Fig. 3 | The cryo-ET reconstruction of SSNA1-mediated microtubule
branching. a, A 25-nm slice of a tomographic reconstruction highlighting a
branching point of a microtubule. With this view, individual protofilaments
and tubulin units are visible, but the SSNA1 density is too thin to be
visualized. b, Cross-sections of the branched microtubules in a. ¢, Individual
protofilaments are overlaid with colour represented in the segmentation
ind. d, Tracing of protofilaments in the 3D density map in a. Individual
protofilaments are coloured in rainbow-colour coding. The newly formed
protofilaments from the branched microtubules are coloured in green
(left) and in pink (right). The number of protofilaments in this particular
branched microtubule is counted to be 13 (mother microtubule), 14

(left branched microtubule) and 14 (right, branched microtubule).
Thirteen mother protofilaments are split to 6 to the left and 5 to the

right side of branched microtubules. e, 180°-rotated segmentation of

the branched microtubule.

the decoration of SSNA1 on microtubules, we observed that the
free ends of microtubules are often extended with thin fibrils
(Supplementary Fig. 2D, red arrowheads). These fibrils extend
from splitting microtubules, seemingly to work as a ‘guide rail’ for
the growth of branched microtubules (Fig. 2b; and Supplementary
Fig. 2D, ‘guide rail’). Computational averages of the cryo-EM images
of microtubules allowed the visualization of CrSSNA1 directly
attached to the surface of microtubules, revealing a ladder-like pat-
tern (Fig. 5a, compare to ‘microtubule-only control’) with a peri-
odicity of ~11nm (Fig. 5b). We observed that CrSSNA1 facilitated
preferential assembly of 13-protofilament microtubules similar to
doublecortin? and EBs?. In contrast, 14-protofilament microtubules
are predominantly polymerized in the absence of SSNA1 (Fig. 5¢).

SSNA1 forms a head-to-tail fibril with 11-nm periodicity and
covers the C-terminal tail of microtubules. SSNA1 is a protein
with a relative molecular mass of 14,000 Da predicted to adopt
a tropomyosin-like single parallel coiled-coil configuration®?’
(Supplementary Fig. 3E). Fibril formation has previously been
observed as a result of head-to-tail self-assembly”**. Accordingly,
we observed that CrSSNA1 readily forms short fibrillar appearances
with occasional long fibril formations (Fig. 5g, ‘FL). Furthermore,
the shorter fibrils of CrSSNA1 were converted into longer, orga-
nized bundles of fibrils after ~24h incubation (Supplementary
Fig. 3F). A closer look at these bundles revealed a striped, knob-
like pattern, which leads to the formation of a sheet (Supplementary
Fig. 3F 24h) with a 11-nm periodicity (Supplementary Fig. 3F,
inset), and the inter-fibril distance of 3.5 nm. This pattern is compa-
rable to that observed on the microtubule surface (Fig. 5a), indicat-
ing that the fibrils are covering microtubules along their long axis,
giving a 11-nm spaced ladder-like pattern.
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types (n==895 branches, mean +s.d. pooled from 3 independent experiments). ‘?' shows the bundled microtubules, which are difficult to categorize.

‘X" shows microtubules without branching. Branch-like nucleation can be seen from the locally concentrated SSNA1 condition described in a-e; however
observations of individual microtubules are challenging due to the high local protein concentrations. h, A negative-stain EM image of SSNAT-mediated

branched microtubules in the presence of 200 nM CrSSNAT1 and 7.5% PEG, representative of 3 independent experiments. See Supplementary Table 3
for source data.

To further characterize the interaction between SSNAl and However, it was possible to visualize thin lines of additional densi-
microtubules, we obtained a cryo-EM three-dimensional (3D) ties running parallel to the microtubule surface (Fig. 5e.f), which we
structure of CrSSNA1 in complex with microtubules (Fig. 5d—f interpreted as SSNA1 filaments. The SSNA1 filaments run between
and Supplementary Fig. 4A) with an overall resolution of 6.1A two protofilaments, proximal to the unstructured, highly acidic
(Supplementary Fig. 4B). Due to the symmetry mismatch between carboxy-terminal tails (E-hooks) of tubulin (Fig. 5f labelled ‘C’).
microtubules (4- or 8-nm periodicity) and SSNA1 (11-nm period- Removal of E-hooks resulted in weakening of SSNA1 crosslinking
icity), SSNA1 was averaged out, and the fibril appeared as a ‘cloud’”  with microtubules as determined by EDC (~49% less crosslinked;
of protein density running parallel to the microtubule surface, with ~ Supplementary Fig. 4E). E-hooks create a negative electrostatic
an apparent local resolution of ~11A (Supplementary Fig. 4C). cloud by their periodical arrangement on the microtubule surface?,
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which could attract the SSNA1 fibrils. This could explain why SSNA1
interacts with microtubules despite the symmetry mismatch. It also
suggests that the head-to-tail assembly of SSNAI1 fibrils could guide
protofilament assembly and microtubule polymerization by cover-
ing and neutralizing the E-hooks as shown previously™.

The head-to-tail fibril formation of SSNAL1 is essential for micro-
tubule branching. On the basis of the observation that SSNA1 fibrils
appear to guide the protofilaments of microtubules, we hypothesized
that the microtubule branching activity is mediated by the formation
oflong SSNAL fibrils that curve away and guide the protofilament out
of the lattice (guide rail, Fig. 2b and Supplementary Fig. 2D). To test
this, we created a series of truncated SSNA1 fragments that abolish
fibril formation. On the basis of a PHYRE2 analysis® and previous
reports”’, we found that SSNA1 contains a well-conserved a-helical
region (residues 6-104) followed by an unstructured C-terminal tail
(Supplementary Fig. 3E). A series of amino-terminal truncations
showed that the first 19 residues were not necessary for fibril forma-
tion, as CrSSNA1(20-111) (20-C) formed cable-like bundled fibrils,
which were less ordered compared to full-length protein (CrSSNA1
FL), but displayed an ~11-nm pattern (Fig. 5g,h, Supplementary
Fig. 5A and Supplementary Table 1). In contrast, CrSSNA1(21-C),
a truncation missing one more residue, Glu20, was unable to
form fibrils (Fig. 5g.h, Supplementary Fig. 5A and Supplementary
Table 1). This observation correlates with the ability of
CrSSNA1(20-C), but not CrSSNA1(21-C), to mediate microtubule
branching (Supplementary Fig. 5A and Supplementary Table 1). The
key role of the residue Glu 20 for fibril-formation and microtubule-
branching activity of SSNA1 was further underpinned by point
mutations E20A and E20A/D21A, which drastically reduced micro-
tubule branch formation (Supplementary Fig. 5A and Supplementary
Table 1). These mutants may form fibrils, but with much lower fre-
quency and without a distinct higher-order organization.

In the C-terminal region of CrSSNA1, three distinctive lysine
residues (Lys105, Lys106 and Lys107) mark the beginning of
the unstructured Cterminus. CrSSNAI truncations 1-104 and
1-105 (Fig. 5gh, Supplementary Fig. 5A and Supplementary
Table 1) showed that CrSSNA1(1-104) can no longer form fibril-
lar oligomers, or induce microtubule branching (Fig. 5g.,h), while
CrSSNA1(1-105) was purified as fibrils and showed microtubule
branching activity (Supplementary Fig. 5A) at a similar efficiency to
CrSSNA1-FL. These results indicate that the positive charge of the
lysine residues is essential for the ability of CrSSNA1 to form fibrils.
We confirmed this by generating a triple point mutant, K105A/
K106A/K107A, which indeed abolished fibril formation and micro-
tubule branching (Supplementary Fig. 5A and Supplementary
Table 1) for both the full length and the 1-107 fragment. Altogether,
our mutational analyses indicate that the key interaction for lon-
gitudinal fibril formation is mediated by Glu20 of one unit and
the C-terminal tail (Lys 105-107) of the adjacent interacting unit
(Fig. 5i). To confirm this, we created mutants in which the charges
of residues Glu20/Asp21 and Lys105/Lys106/Lys107 were
swapped. When two of the opposite charges were swapped (E20K/
D21K/K105E/K106E or E20K/D21K/K106E/K107E), both cable-
like formation and microtubule branching activity of SSNA1 were
retained. In contrast, swapping of the two negative residues at the
Nterminus and the three positive residues at the Cterminus (E20K/
D21K/K105E/K106E/K107E), resulting in a change of net charge
from +1 to —1, abolished microtubule branching (Supplementary
Fig. 5B). However, this construct was still able to form SSNAL fibrils
and cable-like structures, indicating that the microtubule branch-
ing activity depended not only on fibril formation of SSNA1, but
also on the presence of an extra negative charge at the unstruc-
tured SSNA1 Cterminus. This was confirmed by the mutant E20A/
D21A/K105A/K106A/K107A, termed 5A, showing a complete loss
of microtubule branching activity (Fig. 5g).
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Microtubule-branching-deficient SSNA1 mutants abolished
the promotion of axon branches. Having gained insights into the
molecular organization of SSNA1 and its effect on microtubule
nucleation and branching, we hypothesized that the promotion of
axon growth and branching observed in neurons overexpressing
wild-type SSNA1 might be altered when microtubule-branching-
deficient SSNAL1 versions are expressed. Our results indeed showed
that, in contrast to the SSNA1 wild type (Figs. 1 and 6a-c), SSNA1
with mutations abolishing microtubule branching in vitro also
failed to promote the growth of axons or axon branches (Fig. 6a—c
and Supplementary Fig. 6A-E) in primary neurons. Notably, a
dominant-negative effect was also observed when the 5A mutant
was overexpressed for the number of total neurite processes
(Fig. 6¢), showing a decreased number of major and minor branches.
This dominant-negative effect was also found when the two nega-
tive residues at the N terminus and the three positive residues at the
Cterminus were swapped (swap-KK/EEE). Notably, swapping only
two opposite charges and leaving the third C-terminal lysine intact
(swap-KK/EE) could still promote axon growth (Supplementary
Fig. 6D,E). Together these findings show that the ability of SSNA1
to induce fibril formation and microtubule branching at the molec-
ular level correlates with its function of mediating axon branching
and development, suggesting the intriguing possibility that it locally
generates branched microtubules at axon branch sites.

Morphological change of microtubule networks in non-neuronal
cells. To test whether the function of SSNAL is conserved in differ-
ent cell types, we used fibroblasts, which are structurally less spe-
cialized than neurons, and tested whether overexpression of SSNA1
has the capacity to change the microtubule organization (Fig. 6e-j).
Super-resolution light microscopy with DNA-PAINT showed that
individual microtubules are well resolved in the control cells with
a wide-ranging network (Fig. 6e-g). In contrast, microtubules
were rather short in SSNA1-overexpressing cells (Fig. 6h-j), sug-
gesting that SSNA1 can promote nucleation, generating more but
shorter microtubules. We also occasionally found microtubules
forming three-way intersections, as if one microtubule emerged
out of another in both control and SSNA1-overexpressing cells
(Fig. 6g,j, arrowheads). These events occurred more often in
SSNA1-overexpressing cells (2.84+1.2 occurrences per 100pm of
microtubule) than control cells (1.040.35 occurrences per 100 um
of microtubule). Although the limited resolution in light micros-
copy prevented us from discerning whether microtubules branched
with a shared lattice or if two microtubules only attached to each
other, the observations were consistent with our in vitro studies by
electron microscopy.

Discussion
During cell polarization, the dynamics and distribution of the
microtubule cytoskeleton is tightly regulated. Although the centro-
some has a major role as a microtubule-organizing centre in less
differentiated cells, the inactivation of centrosomes in neurons does
not affect axon growth, a process strongly dependent on micro-
tubule assembly®. Thus far, the molecular mechanisms regulating
axonal microtubule nucleation, especially in the form of branching,
have remained a mystery. Here, we show that SSNA1 accumulates at
axon branches and promotes axon branching in primary neurons,
and can nucleate microtubules in vitro. Mutations interfering with
SSNAL in vitro nucleation activity also affect the occurrence of axon
branches in neurons. Together, these results suggest that SSNA1
could act as a microtubule nucleator at axon branch sites.
Strikingly, our work revealed that SSNA1 independently medi-
ates microtubule branching by causing protofilaments to splay apart
from the lattice. To our knowledge, no other microtubule-binding
protein shows this activity. When tested, EB3 and ch-TOG, known
regulators of microtubule dynamics, under the same conditions,
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protofilament (pf) numbers of microtubules reconstituted from brain tubulin in the absence (left) and in the presence of SSNAT (right) shifting the
majority from 14- to 13-protofilament microtubules. d, Greyscale slice from the density map of the plus-end-on view of the SSNAT-microtubule 3D
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with SSNAT. The resolution of the microtubule surface (-10 A) is not as high as the core (<8 A) due to the SSNAT1 decoration. f, Tubulin atomic model
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not cause the branching, examples of typical crossing of microtubules (white and beige bars at the scheme within the image), instead of branching, are
shown. Detailed observations are available in Supplementary Fig. 5A. h, A graphical scheme of the SSNA1 constructs used in g. i, A scheme of the SSNA1
self-assembly and microtubule nucleation mediated by SSNA1. While SSNAT oligomers alone can also undergo a slow self-assembly process, the SSNA1
oligomers interact with tubulin dimers to promote their co-polymerization. The polymerized SSNA1 may further act as a guide rail (bottom inset) for
protofilament splitting, resulting in microtubule branch formation. A class average indicating the guide rail mechanism is shown. Other class averages are
available in Supplementary Fig. 2E.
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did not induce branching (Supplementary Fig. 6EG). In addition,
we showed that microtubule branching requires co-polymerization
of SSNA1 with microtubules, as well as specific amino-acid inter-
actions. Taken together, these results indicate that the observed
branching activity is highly specific to SSNAL.

Our work has uncovered a surprising example of how co-
polymerization of a simple coiled-coil protein with tubulin can
induce global remodelling of the microtubule network. Association
of SSNA1 may reinforce longitudinal connections of tubulin
oligomers, facilitate protofilament formation and act as a polym-
erization seed for microtubule formation. Concomitantly, the pref-
erence of SSNA1 for lateral connections may facilitate the lateral
associations between microtubule protofilaments. Polymerized
SSNA1 may precede microtubule protofilaments, guiding proto-
filaments out of the microtubule axis, thus providing a template for
a new microtubule branch (‘guide rail' mechanism). In a cellular
context, however, the situation is more complex as SSNA1 activity
is probably modulated by other factors. Further experiments are
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necessary to test this mode of action of SSNA1 for microtubule
branching in cells.

Our in vitro reconstitutions showed that SSNA1 self-assembles
into clusters together with tubulin at a high local concentration. As
axons are densely packed with cytoskeletal components, this orga-
nization is a plausible prerequisite for the physiological function of
SSNAL1, allowing SSNAL1 to concentrate locally, self-assemble and
become a microtubule nucleation centre at designated locations.
Alternatively, the requirement of a high local concentration of
SSNA1 may be a means to limit the microtubule-remodelling activ-
ity of SSNAL to specific subcellular areas such as axon branches, the
midbody in dividing cells and the base of cilia.

As microtubules are much less dynamic in axons compared
to less polarized cells”**, SSNAl-mediated branching may be
restricted to locally destabilized sites of the microtubule cytoskel-
eton. Interestingly, SSNA1 interacts with spastin, a protein impor-
tant for the initiation of axon branching and thought to increase
the pool of soluble tubulin through microtubule fragmentation’.
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It is tempting to speculate that short, spastin-severed microtubules
(that is, tubulin oligomers) provide the building blocks for SSNA1-
mediated microtubule nucleation and branching. Thus, the syner-
gistic action of spastin and SSNA1 could facilitate the formation
of axonal branch points (Fig. 6d). Further investigation of SSNA1
activity in situ will provide valuable insights into the initiation and
organization of axon branches. In particular, it will be interesting to
explore whether SSNA1-mediated microtubule branching is a direct
driving force for axon branching, or an intermediate state during
early stages of neuronal morphogenesis. Considering the diverse
sites at which SSNA1 is localized in various cell types'”*’, the micro-
tubule-branching mechanism discovered here could have broad
implications for understanding the regulation of various microtu-
bule functions, providing new clues to previously unanswered ques-
tions about cytoskeleton and intracellular transport.
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Methods
Protein preparation and purification. The DNAs of CrSSNA1 and mouse SSNA1
were obtained by gene synthesis (GeneArt, ThermoFisher) and cloned into self-
generated LIC (ligation-independent cloning) vectors. The SSNA1 fragments were
prepared as hexahistidine (His) fusion proteins with a TEV-protease recognition
site. The proteins were expressed in Escherichia coli BL21(DE3) (Merck) by
induction with 0.4 mM IPTG (Carl Roth) overnight at 18 °C. Cells were sonicated
in lysis buffer (50 mM Na-phosphate buffer pH 7.5, 150 mM NaCl, 10% (v/v)
glycerol, 5mM - ptoethanol) suppl d with protease inhibitors (1mM
pepstatin A, 1 mM AEBSF and 1 mM leupeptin) and clarified. The soluble fraction
was purified by Ni-NTA affinity chromatography. The His tag was either removed
by TEV cleavage or left on the protein. Biochemical analysis did not show any
differences with or without the tag. For CrSSNA1(1-104), an additional step
of size-exclusion chromatography (Superdex 200, GE Healthcare) was applied.
Circular dichroism spectra were obtained on a JASCO 715 CD spectrometer
equipped with a Peltier thermostat, at 4°C, 25°C and 37 °C. Tubulin was purified
from porcine brains (The Bayerische Landesanstalt fiir Landwirtschaft) according
to a previously published protocol” or purchased from Cytoskeleton. The
oligomerizations of SSNA1 variants were monitored for 0h (immediately after
purification), 24 h and 48 h.

The DNAs for mouse ch-TOG (amino acids 1-505) and human EB3
(amino acids 1-281) were obtained from the Mammalian Gene Collection
(MGC, Source BioScience LifeSciences). mTOG protein was expressed
in E. coli BL21(DE3)pLysS by induction with 0.5mM IPTG and cells were grown
overnight at 16 °C. Cells were sonicated in lysis buffer (50 mM Tris, pH 8.0,
300 mM NaCl, 10mM imidazole,1 mM dithiothreitol) supplemented with protease
inhibitors (1 mM pepstatin A, 1 mM leupeptin and 1 mM phenylmethylsulfonyl
fluoride (PMSF)) and clarified. The protein was purified using Ni-affinity
chromatography followed by ion exchange chromatography (Hi Trap S, GE
Healthcare) and size-exclusion chromatography (Superdex 200, GE Healthcare).
His tag was removed by 3C protease. EB3 was expressed in E. coli BL21(DE3).
Cells were sonicated in lysis buffer (20 mM Pipes, 1 mM MgCl,, 1 mM EGTA
500 mM NaCl, pH 6.8, 1 mM dithiothreitol) supplemented with protease
inhibitors (1 mM pepstatin A, 1 mM leupeptin and 1 mM PMSF) and clarified.
The protein was purified using Ni-affinity chromatography followed by size-
exclusion chromatography (Superdex 200; GE Healthcare). His tag was removed
by 3C protease.

Electron microscopy of SSNA1. SSNA1 constructs (0.05 mgml™) of different
time points of incubation (0, 24 and 48 h) were applied on manually prepared
carbon-coated grids and stained with 1% (w/v) uranyl acetate. The specimens
were observed using a CM200 (Thermo Fisher Scientific) at 160kV at a nominal
magnification of 50,000%, corresponding to 2.16 A per pixel.

P

Electron microscopy of SSNA1-micr plex and image p ing. For
screening conditions that were also used for light microscopic observations, 8 or
15uM of tubulin was mixed with 0.1 to 30 uM of SSNA1 in BRB80 buffer (80 mM
Pipes-KOH pH 6.8, 1 mM MgCL,, 1 mM EDTA) supplemented with 1 mM GTP or
GMPCPP for 5min, and directly applied on an EM grid for negative staining. The
cluster of the microtubules observed in light microscopic environments was only
partially preserved under the negative stain condition, due to the fixation process
of the sample for negative-stain EM. The centre of the cluster is not visible due to
high electron densities.

For cryo-EM, we used 15pM of tubulin and two to five times excess of SSNA1
to maximize the decoration with the protein. Microtubules were stabilized using
a non-hydrolysable GTP analogue mimicking GTP-bound conditions, GMPCPP.
After 5min, 5l of sample without dilution was applied to glow-discharged grids
with holey carbon (Quantifoil, Cu, R1.2/1.3) and vitrification was carried out
in liquid ethane using a home-made manual plunger. The cryo-EM specimens
were observed on a Tecnai F20 (Thermo Fisher Scientific) at 200kV with a
magnification of 29,000X. Images were taken using a Falcon2 direct detector
(Thermo Fisher Scientific), corresponding to 3.46 A per pixel with a defocus
of about —2.5um. The total 98 images with the dose of 50 electrons per square
angstrom were used for image analysis.

For counting the numbers of the protofilaments of the microtubules, we
referred to a well-known specific interference pattern (moiré pattern) of the
microtubules* observed under cryo-EM.

For the measurement of the branching angles, we used 99 branched
microtubules. Using FIJI software, two-connector segments were drawn with each
segment approximately 50 nm long, placing the junction of the segments at the
centre of the branching points. Then the two segments were aligned along the
direction of the two branched microtubules. Examples of branches with various
angles are shown in Supplementary Fig. 2D.

For the initial analysis visualizing the 11-nm periodicity of SSNA1 on the
microtubule surface, a data set acquired on the F20 (described above) was
used. The EMAN2" e2helixboxer scheme was used to extract the segments of
microtubules. The box size was set to 256 pixels corresponding to 886 A with 90%
overlap and 6,160 segments were extracted in total. For classification and averaging
of the images, RELION2" software was used.
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Data sets were collected using a Titan Arctica microscope (Thermo Fisher
Scientific) working at 200 kV and equipped with a Falcon3 direct detector
(Thermo Fisher Scientific), at a magnification of 92,000, corresponding to 1.6 A
per pixel, and a Titan Krios microscope (Thermo Fisher Scientific) working at 300
kV and equipped with a K2 Summit direct electron detector, and controlled with
SerialEM software, at a magnification of 105,000%, corresponding to 1.34 A per
pixel. The final reconstruction included in this report was carried out using the
data set taken with the Titan Krios. For the data set that was included in the final
reconstruction, 762 images were collected with defocus varying from —1.5um
to —3.5um. The detector was operated in counting mode with a dose rate of 10.1
electrons per pixels per second. A total exposure time of 6s, corresponding to an
accumulative dose of 34.08 electrons per square angstrém was fractionated into
24 video frames with 0.25s exposure time and a dose of 1.42 electrons per square
angstrom for each frame. The video frames were aligned, and averaged using the
UCSF Motioncorr2 program®.

For the 2D classification of branched microtubules, RELION2 was used.

Two hundred and twenty-six branched microtubules not overlapping with other
microtubules were selected from the data set recorded with the Titan Krios and
boxed out with a box size of 1,000 pixels, corresponding to 1,340 A. The branch
angles were variable, causing structural heterogeneity, limiting the resolution

of averages.

For image analysis leading to the 3D reconstruction of the microtubule-SSNA1
complex, quality, defocus and astigmatism of each micrograph were assessed
using CTFFIND4*. Out of 762 images, 478 images containing microtubules
were selected for further processing. A total of 1,774 selected microtubules
were segmented with a box size of 480 A with 90% of overlap. As microtubules
with 13 protofilaments were the majority, we chose to process 13-protofilament
microtubules further. The 13-protofilament microtubules contain a seam that
breaks the helical continuity of tubulm dimers, which is a building block. To
circumvent this problem, a designed package described earlier” was
used in combmauon with the method described previously*'*. Briefly, multi-
reference alignment was performed using 20 A low-pass-filtered, 2D projections of
a microtubule with 13 protofil as a reference. The package uses a reference
that was computationally synthesized using the atomic structure of tubulin
decorated by kinesin. The alignment revealed the polarity and the position of the
seam by following the segmented boxes that position along a single microtubule.
After the determination of the seam, re-segmentation of the microtubules from
the micrograph was performed using the alignment information and with the
box size of 600 A and every 80 A as an interval. The FREALIGN" package was
implemented in the package for refinement with options of helical analysis. For
this, the known helical parameter of a microtubule with 13 protofilaments was
used (helical_rise: —=9.37308 A, helical_twist: 27.692 degree, helical_subunit: 13).
Afterwards, the method in refs *** was implemented for refinement as this method
follows the consistency of patterns within individual microtubules, independent of
the kinesin-decorated pattern, as a reference of alignment. We however observed
that the SSNA1 decoration on the microtubules affected the accuracy of the
particle alignment as well as the seam detection as indicated in the local resolution
estimation shown in Supplementary Fig. 4. While the reconstruction of the
microtubules could be further improved by a more laborious strategy, SSNA1 on
the contrary cannot be better resolved because of the existing symmetry mismatch
with the microtubules. The resulting reconstruction is nevertheless informative,
as it allows us to visualize a long SSNAL fibril attached along a protofilament of
microtubules. The global resolution was determined to be 6.1 A by calculating
the Fourier shell correlation of two independent reconstructions. However, we
note that the alpha and beta tubulins are not sufficiently separated and the higher
resolutions are only effective in the core of tubulin. The reconstruction was
filtered based on local resolution estimation by the ‘blocres’ scheme* with a scan
box size of 50 pixels.

Cryo-ET of SSNA1-microtubule complex and image processing. Ten-nanometre
BSA-coated gold (Aurion) was used as a fiducial marker. A 4pl volume of sample
was mixed with 1 pl fiducial marker and then applied to glow-discharged grids
(Quantifoil, Cu, R2/2). Plunge freezing immediately followed using Vitrobot
(Thermo-Scientific). Tomographic tilt series were collected on a Titan Krios
(Thermo-Scientific) operated at an acceleration voltage of 300kV, equipped
with a Gatan K2 Summit direct electron detector, with magnification of 64,000
corresponding to 2.23 A per pixel. Images were collected in a sequential manner,
starting at 0° and increasing to+59° with 1° increments. After acquiring +59°,
the stage was returned to 0° and the tilt series was collected until —59° with 1°
increments as well. Each tilt series was collected with the defocus value set between
3 and 7 um. Images were acquired as videos in counting mode using a dose rate of
4.7 electrons per pixels per second. The total accumulative dose of the tilt series
was 112.46 electrons per square angstrom. The video frames were aligned using the
UCSF Motioncorr2 program.

Tomogram reconstruction was performed using the IMOD package®. Tilt
series were aligned using fiducial gold markers and further binned by a factor of
4 (final pixel size of 8.92 A per pixel). Tomograms were reconstructed by back
projection and a simultaneous iterative reconstruction technique with seven
iterations in IMOD.
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Subtilisin treatment of microtubules and crosslinking. Taxol-stabilized
microtubules (20 uM) were mixed with 7.4 uM subtilisin (Sigma Aldrich)

and incubated for 0-60 min at 37°C. The reaction was stopped by adding

2.5mM PMSE In 10 min, subtilisin completes the cleavage of p-tubulin

E-hooks and the cleavage of a-tubulin E-hooks follows. For the crosslinking

assay, 5 UM microtubules were mixed with 25puM of SSNAL1, and 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Fisher) was added
to a final concentration of 5mM. Samples were incubated at room temperature for
1h. The densities of SDS-PAGE were measured using Fiji.

Hul 1.

Light microscopy of in vitro SSNA1-mediated micr Flow
cells were assembled with cover glass and passivated coverslips as described
before™. The use of the GODCAT oxygen scavenging system, common for
microtubule growth observation, blocked the effects of CrSSNA1 on microtubule
polymerization in our assays. Therefore, instead we used the PCA/PCD/

Trolox oxygen scavenging system*', which contains 10 nM protocatechuate
3,4-dioxygenase from the Pseudomonas species, 2.5mM 3,4-dihydroxybenzoic acid
‘PCA’ and 1 mM Trolox (Sigma). Total internal reflection fluorescence microscopy
was performed on a DeltaVision Elite imaging system (GE Healthcare). For the
formation of ‘asters, the conditions used were: 8 uM tubulin (20% HiLyte488
Tubulin, Cytoskeleton), 50-200 nM CrSSNA1, 0-10 % PEG and 2mM GTP.
Further experiments containing PEG were performed in the presence of 7.5% PEG.
For the detection of the localization of CrSSNA1, after 5min of the incubation

of the mixture of the samples, an anti-SSNA1 antibody was added, and then an
anti-rabbit antibody labelled with Alexa Fluor 568 (Life Technology) was added
for the visualization of the antibody. We observed that PEG causes formations

of concentrate of SSNA1, which is detectable with>4% of PEG, and can mediate
microtubule formation with >5% PEG, in good agreement with other proteins
previously reported to nucleate microtubules”’. With any of the above-mentioned
conditions, it is confirmed that spontaneous formations of microtubules do not
occur without SSNAL. As little as 50 nM CrSSNA1 was effective to mediate a
microtubule formation in the presence of 7.5% PEG.

To mimic the nucleation event, seeds were used as a template. The seeds were
formed by incubating 30 uM of tubulin with 15% of atto565-labelled tubulin in
the presence of 0.5mM GMPCPP at 37°C for 30 min and then centrifuged at
15,800g for 8 min to remove excess GMPCPP. Pellets were dissolved in BRB80
buffer. Seeds (1 uM) were mixed with 15uM tubulin containing 20% HiLyte488
tubulin, 2mM GTP and 3-30uM CrSSNA1, and then the microtubule growth
was i diately observed. Snapshots were taken after 30 min of incubation.
Videos were made by acquiring one frame every 15-20s for 15-20 min. All
experiments were performed at least three times independently. We observed
branch formations both from templated GMPCPP-stabilized microtubules
as well as dynamic microtubules. At 3 uM, branch-like microtubules started
appearing (20%, 115 out of 559 microtubules) and at 30 uM, 50% (448 out of 895
microtubules) had branch-like protrusions of microtubules. To categorize the
types of branch, the snapshots of microtubules in the presence of 30 uM SSNA1
were used, and all of the microtubules (n==895) were selected out of 89 snapshots
from 3 independent experiments (n=47, 21, 21) and categorized into: ‘splitting’'—
dynamic microtubules with GTP are growing out from the end of the preformed
microtubules; ‘end joining’—two pre-existing microtubules are annealed through
dynamic tubulin oligomers; ‘side branching’—dynamic microtubules are growing
out of the wall of the pre-existing microtubules; ‘dynamic branching'—newly
formed dynamic microtubules branch out; ‘indistinguishable’; and ‘no branch’—
microtubules without branching.

Mouse hippocampal primary neuron cultures. Animal care and use for this
study were performed in accordance with the recommendations of the European
Community (2010/63/UE). Experimental procedures were specifically approved
by the ethics committee of the Institut Curie CEEA-IC no. 118 (authorization no.
04395.03 given by the National Authority) in compliance with the international
guidelines. The study is compliant with all relevant ethical regulations regarding
animal research.

Mouse hippocampal neurons were cultured as described previously™.
Briefly, wild-type dams at 17.5 days of pregnancy were euthanized using cervical
dislocation, the embryos were decapitated and their hippocampi were dissected.
Hippocampi were digested with 0.25% trypsin-EDTA (ThermoFisher, 15090046)
for 20 min at 37°C, followed by mechanical dissociation with glass pipettes.
Dissociated neurons were then plated in plating medium (MEM supplemented
with 10% FBS and 0.6% w/v glucose (Sigma G-8769)) on coverslips coated
with poly-p-lysine (no. 354210, Corning). Four hours after plating, media were
replaced with 1 basal media containing 1% glutamate, 2% B27 and with/
without lentivirus.

Overexpression of SSNA1 in cultured mouse hippocampal neurons.

Mouse SSNA1(FL), SSNA1(1-104), SSNA1(21-119) (corresponding to 21-C),
SSNA1(E20A/E21A/K105A/K112A/K117A) (corresponding to 5A), SSNA1
swap-KK/EE (E20K/E21K/K105E/K112E) and swap-KK/EEE (E20K/E21K/
K105E/K112E/K117E) were cloned into modified lentiviral vector pTRIP using a
one-step and ligation-independent cloning method. The pTRIP vector

q

contains a 2A peptide sequence between the EGFP and SSNA1 sequence so that
the expression of protein constructs can be ensured with the expression of GFP
signals without tagging. Lentiviral particles for the mouse SSNA1 constructs were
produced as described previously™. Briefly, lentiviral vectors along with viral
packaging vectors (psPAX2 and pCMV-VSV-G) were co-transfected in Lenti-X-
293T cells using TransIT-293 transfection reagent (Mirus Bio LLC). The virus-
containing medium was filtered and stored at —80°C. The amount of virus to be
used for experiments was determined by adding different volumes of virus to the
neurons. Mouse hippocampal neurons were cultured as described in ref.*>. On
DIVO0 (days in vitro 0), 4h after plating, neurons were transduced with lentiviruses
encoding different SSNA1 constructs. On DIV3, neurons were fixed as described
in ref. ™,

I fl lyses of primary neuron. Primary neurons fixed on
DIV3 were stained with anti-MAP2 and Taul antibodies. Cells were then incubated
with anti-mouse Alexa Fluor 647 and anti-rabbit Alexa Fluor 568. Nuclei were
stained with DAPI (0.02 ug ml~', ThermoFisher Scientific). For immunostaining
of SSNAL, anti-SSNA1 and anti-BIII tubulin were used. Antibody information

is provided in Supplementary Table 2. Cells were mounted using ProLong Gold
anti-fade (ThermoFisher Scientific). Cells were imaged on a Zeiss Axio Imager.M2
with 20X or 40X objectives. Acquired images were analysed using FIJI*". Cells with
very short axons were included in the analysis so that underdeveloped neurons
could be assessed as well. Note for the data set overexpressing swap-KK/EE and
swap-KK/EEE, primary neurons were prepared at a different time, causing the
change in general growth profiles of axons. Control (GFP transfected) was used

as a standard for comparison of promotion or reduction of axon development

of different mutants. Axons, defined as the longest protrusion from the soma,
were selected using the Simple Neurite Tracer plugin™. The collateral branches
longer than 15um were defined as major branches. The total number of collateral
branches and the total length of all the branches for each axon was determined by
tracing of the neuron morphology. In each image, the position of the cell bodies
was determined by segmentation of the nuclei: after applying a Gaussian filter

and subtracting the background, the image was thresholded using Otsu’s method.
In the overexpression experiments, the neurons were screened for transduction
efficiency, as measured by EGFP expression. The branch network was obtained

by segmenting and combining the intensity in the Taul and MAP2 fluorescence
images: for each channel, the neurites were highlighted by mapping the curvature
of the image (Compute Curvature plugin) and thresholding this quantity using
Otsu’s method. The resulting binary mask was then skeletonized to outline all

of the neurites detected. By overlapping the traced axons with this image, only

the neurites branching from the axons were kept and measured. The branching
complexity of each neuron was summarized with the Strahler number™** (Strahler
Analysis plugin), using the location of its corresponding cell body to mark the root
branch, which is the start point of the axon.

Immunostaining for DNA-PAINT. DNA-labelled antibodies were prepared

as previously reported™. In brief, 300 ul of 1 mgml~' secondary donkey anti-rat
antibody (Jackson ImmunoResearch, 711-005-152) was reacted with 10X mole
excess maleimide-PEG2-! idyl ester linker (Sigma-Aldrich, 746223),
and then 10X mole excess of DNA was added to the antibody-crosslinker. Final
usage concentration was 10pugml.

Mouse embryonic fibroblast cells were transfected with pTRIP_2A_EGFP
vector using Lipofectamine 2000 (Thermo Fisher Scientific). Cells were fixed and
stained as described previously™, and then were incubated at 4°C overnight with
primary rat a-tubulin (YL1/2) antibody. Antibody information is provided in
Supplementary Table 2. DNA-labelled secondary antibody (10 pg ml™') was added
and incubated for 1h. Samples were then incubated for 5min with 90-nm gold
particles (Cytodiagnostics, G-90-100) at a 1:10 ratio in PBS, and then residual
gold was washed away. Cells were kept at 4°C until they were used for imaging
within 48 h.

DNA-PAINT. Fluorescence imaging was carried out on an inverted Nikon Eclipse
Ti microscope (Nikon Instruments) with the Perfect Focus System, applying an
objective-type total internal reflection fluorescence (TIRF) configuration with an
oil-immersion objective (Apo SR TIRF 100X, NA 1.49, oil). Two lasers were used
for excitation: 561 nm (200 mW, Coherent Sapphire) or 488 nm (200 mW, Toptica
iBeam smart). The laser beam was passed through a cleanup filter (ZET488/10x
or ZET561/10%, Chroma Technology) and coupled into the microscope objective
using a beamsplitter (ZT488rdc or ZT561rdc, Chroma Technology). Fluorescent
light was spectrally filtered with two emission filters (ET525/50 m and ET500lp
for 488 nm excitation and ET600/50 and ET575lp for 561 nm excitation, Chroma
Technology) and imaged on a sCMOS camera (Andor Zyla 4.2) without further
magnification, resulting in an effective pixel size of 130 nm after 2 X2 binning.
The camera readout sensitivity was set to 16-bit, and the readout bandwidth was
set to 200 MHz.

Transfected cells were screened using 488 nm laser excitation at 0.01kWcem™,
The excitation was switched to 561 nm, the focal plane and TIRF angle were
readjusted and imaging was subsequently performed using ~1.5kWcm™ 561 nm
laser excitation. The imager strand concentration varied dependent on the
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measurement from 2nM to 5nM Cy3b-P1 and was adjusted to minimize double-
binding events. Imaging was performed in 1 X PCA (Sigma-Aldrich, 37580-25G-
F)/1x PCD (Sigma-Aldrich, P8279-25UN)/1 X Trolox (Sigma-Aldrich, 238813-1G)
in Buffer C (PBS + 500 mM NaCl) and imaged for 20,000-40,000 frames at 200 ms
exposure time. 3D imaging was performed using a cylindrical lens in the detection
path as previously reported®.

Super-resolution data analysis. Raw data videos were reconstructed with the
Picasso software™. Drift correction was performed with a redundant cross-
correlation and/or gold particles as fiducials. Using Picasso, the localization
information was converted to an image volume with isotropic pixel sampling of
10nm. The volumes were denoised by applying a Gaussian filter with a standard
deviation of 30 nm. The topology of the microtubules was derived using stretching
open active contour modelling, as implemented in the SOAX software®’. Three
independent SSNA1-o pressing fibroblasts and control cells were assessed
each, containing the total tube lengths (that is, microtubule lengths) of 7,700 um,
8,500 um and 7,700 um for control cells and 5,700 um, 7,900 um and 1,900 um

for SSNA1-overexpressing cells. In each cell, the occurrences of the three-way
intersections were counted to be 0.96, 0.78 and 1.2 per 100 um for control cells and
1.6, 3.2 and 4.2 per 100 um for SSNA1-o0 pressing cells. As the expression level
of SSNA 1 varies between individual cells, the transfected cells were selected on the
basis of the signal of GFP, which was co-expressed with SSNA1. Three independent
cells containing the strongest signals out of >500 cells have been selected.

Statistics and reproducibility. All microtubule nucleation assays and TIRF-based
assays were performed independently at least three times unless otherwise stated.
Similar results were observed in all of the replicates performed. Primary neuron
preparation was performed from three independent mice.

The y* two-sample test was performed to determine the significance of
differences between two data sets. The Kruskal-Wallis test, followed by Dunn’s
multiple comparison post-hoc test, was performed to test the significance across
multiple independent samples. Reproducibility was confirmed.

Reporting Summary. Further information on experimental design is available in
the Nature R h Reporting § y linked to this article.

Code availability. Morphology analysis of the neurons (total number of collateral
branches and total length of all the branches for each axon) was performed using
Fiji, with the help of scripts written ad hoc for the task. All scripts are available
from the corresponding author upon request.

Data availability

The cryo-EM structure of the SSNA1-microtubule is available through EMDB

with the accession code EMD-4188. The additional tomography images are available
in Figshare (https://figshare.com/articles/Microtubule_branch_png/6809795). Source
data for Figs. 1,4, 6 and Supplementary Fig. 6 have been provided as Supplementary
Table 3. Other data supporting the findings of this study such as the cryo-tomography
data are available from the corresponding author on reasonable request.
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Supplementary Figure 1

Gallery of primary neurons (DIV3) showing the localization of SSNA1 (red) at the axon branching sites. B3-tubulin is shown in green.
These images are representing three independent experiments.
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(A) Purified CrSSNA1 FL observed under negative stain EM, showing no aggregation. Fibril formation can also occur concomitantly,
which is shown in Fig. S5A. (B) SDS-PAGE of purified protein fragments reported in the study. (C) Circular dichroism spectra (Mean
residue ellipticity (MRE: () of the purified CrSSNA1 FL at different temperatures, showing well folded alpha-helical configurations. (D)
Snapshots of microtubule branching during nucleation observed by cryo-EM in addition to the images shown in Fig. 2B. In addition to
typically observed split of microtubules (“split’, see Fig. 2B), widely or narrowly opened split (“split-wide” and “split-narrow”),
microtubules branched into 3 splits (“fork-like”) or a microtubule splitting both ways was observed. Red arrowheads indicate the split
protofilaments or the cloud of molecules that are joining to the polymerizing microtubules. (E) Representative 2D class averages of
microtubule branches (n = 226 branches) showing wide-range of branching formation. Due to the flexible junction points, 2D averages
do not resolve details. (F) Gallery of cryo-electron tomographic slices of microtubule branches. At the branching points, the breakage of
the protofilament lattice can be observed. These images represent 15 cryo-tomograms.
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Supplementary Figure 3

(A) Dynamic microtubules (green) on microtubule seeds (red) in the presence of high concentration of SSNA1 (3 or 30 uM) without
molecular crowding agent, to achieve globally concentrated conditions. At 3 uM, branch-like microtubules started appearing (20%, 115
out of 559 microtubules observed) and at 30 pM, 50% (448 out of 895 microtubules) had branch-like protrusion of microtubules. (B)
Snapshots of microtubules showing ‘branch-like’ formations. Branches were categorized as ‘splitting’, ‘end-joining’, ‘side-branching’ or
‘dynamic-branching’. (C) Negative-stain EM snapshots of branched microtubules with conditions tested in a fluorescence microscopy-
based dynamic assay, showing branching happens under various conditions. (D) Snapshot of branched microtubules protruding out of
a nucleation center in the presence of GMPCPP, used for cryo-EM ultrastructure observation. (E) The sequence based alignment of the
SSNA1 proteins. Secondary structure elements, based on the prediction from PHYREZ2 are depicted below the sequences with red bars
for a-helices. Coiled-coil prediction from the Marcoil server is shown above the sequences. The charged amino acids are colored in
blue for the positive, and red for the negative charge. The colors or grey-scale (for uncharged amino acids) are intensified based on the
degree of conservation of the amino acids. The green box highlights residues E20/E(D)21, and the red box shows the unstructured tail
region, which are both essential for microtubule branching. (F) A snapshot of SSNA1-FL fibrils forming sheet-like structure after 8 hours
and 24 hours of incubation. The red arrows show the direction of a fibril. Fibrils laterally assemble together making an ordered sheet.
This allows us to assess the basic arrangement of individual fibrils, showing 11-nm of repeat within a fibril as indicated in power
spectrum of an average of fibril sheets. These images are representing three independent experiments.
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Supplementary Figure 4

(A) Snapshots showing ‘cluster’ formation embedded in vitreous ice for cryo-EM observation. The centers of microtubule nucleation
clusters have high densities of microtubules. (B) Fourier Shell Correlation (FSC) of the 3D reconstruction of the SSNA1-microtubule
complex. The global resolution of the 3D reconstruction is 6.1 A according to the FSC=0.143 criteria, though it is only effective for the
core of tubulin according to the local resolution mapping shown in D. (C and D) Local resolution representation of the 3D reconstruction
according to the resolution-color code on the right color bar. (C) with a threshold that includes the SSNA1 decoration and (D) with the
threshold that allows the visualization of the secondary structure elements in the tubulin core. While the tubulin core part shows a
resolution ~6 A, the decorated SSNA1 fibril is not resolved due to the symmetry mismatch between microtubules and SSNA1. The
surface of the microtubules is not resolved either, presumably due to the coverage of SSNA1 knob-like pattern with 11 nm periodicity,
blurring surrounding densities. Note the 11-nm knob-like pattern is averaged out due to the symmetry mismatch to the microtubule
symmetry. (E) Chemical crosslinking of microtubules in the absence (top) and presence (bottom) of SSNA1. Subtilisin proteolyzes
tubulin E-hooks, and subsequent crosslinking shows the loss of SSNA1-tubulin binding.
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Supplementary Figure 5

(A) Gallery of electron micrographs of various CrSSNA1 truncation series tested for microtubule nucleation and branching. From left,
observation of the purified protein at 0 h incubation (i.e. immediately after purification), 24h incubation at RT, an overview after the
addition of tubulin resulting in co-polymerized microtubules, and a magnified view of the copolymerized microtubules. Microtubule
branching is shown with FL, 20-C and 1-105, while other protein fragments do not facilitate branching. For the proteins that do not
cause the branching, examples of typical crossing of microtubules (red and blue bars at the scheme at the right column), instead of
branching are shown. (B) Gallery of electron micrographs of various CrSSNA1 swap mutants. Left — all the mutants form cable-like
fibrils. Right - branch formation is not induced with the E20K/D21K/K105E/K106E/K107E mutant. These images are representing three
independent experiments.
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Supplementary Figure 6

(A) Unmerged images of primary neurons (DIV3) overexpressing various SSNA1 variants shown in Fig. 6. The axons are labeled in red
by Tau1 antibody (first row, red), while the dendrites are marked with the MAP2 antibody (second row, green). The expression of the
SSNA1 proteins was confirmed by concomitant GFP expression (third row, cyan). In the merged view of the SSNA1 WT, axon is guided
with a dotted line. (B-E) Neuron morphology analysis of various overexpression conditions B) Distribution of neurons based on total
branch length/axon length and pie graphs showing the distribution of the number of processes (major branches plus minor protrusions
along axon). Sample size: Control (n=266 cells), wild type (n=289 cells), 1-104 (n=537 cells), 21-C (n=274 cells), 5A (n=358 cells)
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pooled from 3 independent experiments and (C) Pie graphs showing the distribution of the total number of processes. Sample size:
Control (n=266 cells), wild type (n=289 cells), 1-104 (n=537 cells), 21-C (n=274 cells), 5A (n=358 cells) pooled from 3 independent
experiments. In (B) and (C), statistics of 5A show significant difference (x2 = 23.0, p < 0.001 and 36.3, p < 0.001 respectively)
compared to control, indicating a negative effect of the 5A mutant overexpression to neurons. In (C), wild type overexpressed neurons
show the significant difference (x2 = 12.83, p < 0.01). (D) Scatter dot plots of axon length under over-expression of various SSNA1
swap mutants. The promotion of axon development occurs in over-expression of swap-KK/EE, while slight dominant negative effect
(shortening of axon) was observed in over-expression of swap-KK/EEE. Every cell is represented by a single point: Control (n=1348
cells), swap-KK/EE (n=789 cells), swap-KK/EEE (n=1129 cells) and the overlaid box-and-whisker plots cover 50% (boxes) and 90%
(whiskers) of the entire population, with median values indicated as lines within the boxes. (E) Pie graphs showing the distribution of the
number of branches. Distributions of the branches in swap-mutants expressed neurons differ significantly from control (GFP over-
expression) according to xztwo-sample test (x2= 14.4, p < 0.005 and 29.1, p < 0.000005, respectively). Sample size: Control (n=1348
cells), swap-KK/EE (n=789 cells), swap-KK/EEE (n=1127 cells). (F) Purification of chTOG and EB3. (G) Mixtures of tubulin with chTOG
(upper) and EB3 (lower) were treated in the same way as SSNA1-tubulin mixture to test the induction of microtubule branches. No
microtubule branching was observed in the tested conditions.

Supplementary Tables

Table 1: Series of truncations and mutations created and their microtubule branching activities
Table 2: Information of antibodies used in Immunoflourescence and DNA Paint experiments

Table 3: Statistics Source Data

Supplementary Videos

Supplementary video 1: Aster-like microtubule formation in the presence of SSNA1
TIRF microscopy showing aster-like microtubule formation in the presence of 200 nM SSNA1, 8 uM tubulin, 2 mM GTP and 7.5 % (w/v)

PEG. The movie was recorded at 22 °C for 15 min, 20 s each frame. The movie is played at 20 fps. Microtubules propagate out from
the tubulin concentrate, which serves as nucleation center.

Supplementary video 2: Nucleation of microtubules from the side of a microtubule with 100 nM SSNA1
TIRF microscopy showing nucleation of microtubules from the side of a microtubule (pointed by the arrow) in the presence of 100 nM

CrSSNA1, 8 puM tubulin, 2 mM GTP and 7.5% (w/v) PEG. The movie was recorded at 22 °C for 15 min, 20 s each frame. The movie is
played at 20 fps.

Supplementary video 3: Nucleation of microtubules from the side of a microtubule with 30 uM SSNA1
TIRF microscopy showing nucleation of microtubules from the side of a microtubule (pointed by the arrow) in the presence of 30 pM

CrSSNA1 15 pM tubulin, 2 mM GTP and 7.5% (w/v) PEG. The movie was recorded at 22 °C for 15 min, 15 s each frame. The movie is
played at 20 fps.

Supplementary video 4: Nucleation of microtubules from the end of the microtubule seed
TIRF microscopy showing nucleation of microtubules (green) from the end of the red microtubule seed (pointed by the arrow) in the

presence of 30 uM CrSSNA1, 15 pM tubulin, 2 mM GTP. The seed (red) was incubated with tubulin (green) and CrSSNA1 and the
movie was recorded at 22 °C for 15 min, 15 s each frame. The movie is played at 20 fps.
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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, | was able to contribute to a study about amphiphysin/BIN1 and how the self-
assembly 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 HO 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 |
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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: Amphiphysin2/BIN1 is a crescent-shaped N-BAR protein playing a key role in forming deeply
i invaginated tubes in muscle T-tubules. Amphiphysin2/BINa structurally stabilizes tubular formations
i in contrast to other N-BAR proteins involved in dynamic membrane scission processes; however, the
i molecular mechanism of the stabilizing effect is poorly understood. Using cryo-EM, we investigated
i the assembly of the amphiphysin/BIN1 on a membrane tube. We found that the N-BAR domains
i self-assemble on the membrane surface in a highly cooperative manner. Our biochemical assays
i and 3D reconstructions indicate that the N-terminal amphipathic helix Ho plays an important role
© in the initiation of the tube assembly and further in organizing BAR-mediated polymerization by
: locking adjacent N-BAR domains. Mutants that lack Ho or the tip portion, which is also involved in
! interactions of the neighboring BAR unit, lead to a disruption of the polymer organization, even
: though tubulation can still be observed. The regulatory region of amphiphysin/BIN1 including an SH3
i domain does not have any apparent involvement in the polymer lattice. Our study indicates that the
{ Ho helix and the BAR tip are necessary for efficient and organized self-assembly of amphiphysin/N-
: BAR.

i Lipid bilayer membranes are essential components of a cell for the separation from the surrounding envi-
¢ ronment and for intracellular compartmentalization. Particular importance of the cellular membranes
i lies on their dynamic and flexible morphology, which is used for shaping diverse cellular components.
: This feature is essential for cellular trafficking such as vesicular transport or endocytosis. Specific mem-
. brane shapes are formed from flat surfaces by a coordinated deformation and remodeling'.

: For shaping membranes several regulator proteins are involved*®. An important example of such
i membrane curving proteins is the BAR (Bin/Amphiphysin/Rvs) domain superfamily*-. The highly con-
. served BAR domains form variably shaped dimers, which are used as a mold to shape membranes. The
i BAR domains recognize membrane curvatures via electrostatic interactions between the positive charges
: on its curved surface and the negative charges of the membrane headgroups. This causes a membrane
: to bend according to the intrinsic curvature of the BAR dimers - a mechanism called “scaffolding”-*.
. A sub-class of the BAR superfamiliy, N-BAR proteins contain an N-terminal amphipathic helix termed
i HO, presumably located at the edge of the concave surface of a crescent-shaped BAR dimer. Previously,
. in vitro biophysical experiments showed that the HO helices are only structured in the presence of lipids
: and the HO helices are embedded on one leaflet of the membrane surface with its amphipathic feature'®*?,
: leading to the distortion of the membrane - a mechanism called “wedging”*"”. The crescent-shaped
i structure of N-BAR proteins has been well characterized by X-ray crystallography*’, cryo-EM 3D recon-
: structions of another N-BAR protein endophilin'®!® and computational simulations®*?!. These studies
i revealed that BAR proteins are polymerizing in a helical manner (lattice of spiraling rows) around the
: membrane tube, which is held together by BAR dimer-dimer interactions, however, the interaction with
i membranes including HO is not well understood.

Cellular and Membrane Trafficking, Max Planck Institute of Biochemistry, Am Klopferspitz 18, D-82152 Martinsried,
i Germany. Correspondence and requests for materials should be addressed to N.M. (email: mizuno@biochem.
‘' mpg.de)
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Amphiphysin is an N-BAR protein, involved in clathrin-mediated endocytosis (CME)?. It is thought
to contribute to the dynamic curvature formation at the neck of budding vesicles during endocyto-
sis by coordinating with other curvature forming proteins like clathrin, endophilin and dynamin®*?.,
While amphiphysin in CME is involved in the dynamic membrane deforming process, an isoform of
amphiphysin, amphiphysin2/BIN1 is found as a component involved in the structural organization of
muscle T-tubules*?. T-tubules are deformed plasma membranes of muscle sarcolemma giving a plat-
form for the excitation-contraction coupling machinery?”. In Drosophila, amphiphysin is only impli-
cated in T-tubule formation?®?, and defects of amphiphysin show a phenotype of viable, flightless flies
with a major disorganization of T-tubules®. Myoblastic C2C12 cell analysis showed the induction of
T-tubule-like structures upon amphiphysin/BIN1 expression?. Together with the finding that vesicles
are remodeled into a tubular shape in the presence of amphiphysin/BIN1 in vitro'®* and that the pro-
tein possesses a membrane curving BAR domain'’, amphiphysin/BIN1 is thought to be responsible for
tubulogenesis of T-tubules.

Amphiphysin/BIN1 consists of a BAR domain followed by a region with unknown structure and a
SH3 (Src Homology 3) domain. The SH3 domain is thought to recruit the downstream interaction part-
ner dynamin. Mutations of the human amphiphysin/BIN1, K35N located in HO, D151IN, R154Q in the
BAR domains and Q434X and K436X in the SH3 domain lead to a neuromuscular disorder called cen-
tronuclear myopathy (CNM)>*“* with various degrees of muscle weakness. CNM patients show a defect
in the organization of the T-tubules, highlighting the importance of the formation of ordered T-tubules.
In vitro, amphiphysin/BIN1 is able to transform liposome vesicles into narrow tubules'®'® like other BAR
domain proteins'®'***-¥_ However, until now it is still not understood what the structural organization
of amphiphysin/BIN1 is, how it remodels membranes and what its implication in T-tubules formation is.

In this work, we present the structural basis of the amphiphysin/BIN1 membrane remodeling
activity using in vitro reconstitution and cryo-EM. To assess the effect on tube formation, a series of
Drosophila amphiphysin/BIN1 truncations were produced and their membrane interactions were tested.
Amphiphysin/BIN1 self-assembles on membrane surfaces in a cooperative manner to remodel a ves-
icle to a tube. The N-terminal HO helix is not necessary for the membrane remodeling activity but it
is required for fast and rigid tube formation. The regulatory domains were not incorporated into the
tube but protruding outwards. The cryo-EM 3D reconstructions of amphiphysin/BIN1 tubes revealed a
unique assembly of amphiphysin/BIN1 BAR domains wrapping around the membrane to form a mem-
brane tube. Amphiphysin/BINT1 is tightly packed with its one tip immersed into the lipid bilayer, while
the other tip protrudes out from the tube. A rod-like density connecting adjacent BARSs, likely the HO
helix, stabilizes the BAR dimer-dimer interactions. The size of the tube, which is determined by the
arrangement of the BAR domains was not as variable as for the case of other N-BAR mediated tubes'®
but local fluctuations were detected in which the rod-like density is no longer connecting the BAR units.
Altogether, our analysis shows HO is the key to efficiently arrange BAR dimers for an organized polym-
erization on a membrane surface.

Results

Ho helix facilitates efficient tube formation. Amphiphysin/BIN1 has been shown to remodel ves-
icles into tubes'®'**, resembling the formation of T-tubules in muscle cells®. To explore the roles of
the HO helix, the BAR domain and the regulatory regions of amphiphysin/BIN1 in the context of their
membrane interactions, we created amphiphysin/BIN1 fragments including full length amphiphysin/
BIN1 (FL, residues 1-602), full length amphiphysin/BIN1 without the HO helix (deltaHO0, 27-602), only
N-BAR domain (N-BAR, 1-244) and N-BAR domain without HO (N-BAR-deltaHO0, 31-244 or 27-247)
and followed membrane-remodeling by monitoring light-scattering at 400 nm (Fig. S1A). In all cases, an
increase in scattering was observed as proteins and liposomes were mixed. This increase corresponded
to the tube formation judging from the corresponding negative stain EM observation (Fig. S1B, S1C,
Fig. 1A-C). While the N-BAR liposome mixture showed an immediate increase in scattering, the degree
of scattering increase was lower in the presence of amphiphysin/BIN1 lacking HO (deltaHO, N-BAR-
deltaHO) (Fig. S1A, green and blue) or FL (Fig. S1A, orange). Moreover, a gradual decrease of the scat-
tering signal was observed for N-BAR and FL (Fig. S1A, red and orange), while the scattering stayed
constant for the case of deltaHO and N-BAR-deltaHO (Fig. S1A, green and blue). Negative-stain EM
images of the mixture after 30 min of incubation showed that stable tubes are still retained when BAR
fragments are added to liposomes (Fig. S1C, “+N-BAR-deltaH0”), while many of the tubes turned into
small vesicles (~300A in size) in the presence of the proteins containing HO helices (N-BAR) (Fig. S1C,
“+N-BAR, red arrowhead). Occasionally we observed vesicles squeezed out from a tube (Fig. S1C,
“+N-BAR, 30min). By comparing these observations, the effects of HO are pinpointed 1) to promote
the initiation of membrane remodeling and 2) to finally squeeze the remodeled tubes into vesicles, pre-
sumably by a strong wedging effect.

Ho helix is necessary for the organization of the BAR assembly on a tube. To further assess
the arrangement of the amphiphysin/BIN1 tube, remodeled tubes with amphiphysin/BIN1-FL, N-BAR
and N-BAR-deltaHO were observed using cryo-EM (Fig. 1D-1I). The majority of the tubes showed diam-
eters of around 300 A (Fig. 1J-L). Interestingly, when the N-BAR-deltaHO is added, ~45% of tubes had
a thicker morphology with a width of 650-850A (Fig. 1K). In these thick tubes, we did not identify

SCIENTIFIC REPORTS | 5:15452 | DOI: 10.1038/srep15452 2
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Figure 1. (A-C) Negative-stain EM images of tubes mediated by N-BAR (A), N-BAR-deltaHO (B) and

FL amphiphysin/BIN1(C). (D-F) Cryo-EM images of tubes mediated by N-BAR (D), N-BAR-deltaHO (E)
and FL (F). (G-I) Zoom-in views of N-BAR tubes (G), a thin N-BAR-deltaHO tube (H, left) and a thick
N-BAR-deltaHO tube (H, right), and FL tubes (I). Markers show the definitions of the width at the outer
membrane leaflet. In (I), needle-like densities around tubes are shown (arrowhead). (J-L) Histograms of the
distributions of the width of the tubes mediated by N-BAR (J), N-BAR-deltaHO (K) and FL (L).

any distinctive patterns (Fig. 1H, right) compared to the tubes with ~300A width (Fig. 1H, left). The
2D averages of the remodeled tubes generally exhibited striped patterns (Fig. 2), indicating proteins are
making organized assemblies to some extent on a membrane surface. Particularly the 2D averages of the
N-BAR-mediated tubes showed an interwoven pattern (Fig. 2, N-BAR “Averages”), which is an interfer-
ing moiré pattern of the overlapping the near and the far sides of the protein-coated tube as the cryo-EM
image is a projection of a 3D object. The representative power spectrum revealed a typical diagonal pat-
tern of periodical signals, indicative of a helical assembly of BAR proteins (Fig. 2, N-BAR, “PS”), agreeing
with the assembly of other BAR protein-induced tubes'®'**>*. The spacings of the protein assemblies
derived from major layer lines are 44 and 55A (Fig. 2, N-BAR “PS”).

N-BAR-deltaHO mediated tubes have patterns of BAR domains somewhat periodically arranged.
However, the spacing was detected to be ~36A according to the power spectrum (Fig. 2, N-BAR-deltaHo,
“PS”), in contrast to 44 or 55A of spacing observed for N-BARs. In addition we did not observe the
interwoven pattern revealed from the N-BAR mediated tube. This indicates that the assembly of the

SCIENTIFIC REPORTS | 5:15452 | DOI: 10.1038/srep15452 3
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Figure 2. Left: Five representative 2D averages of tubes remodeled by N-BAR (first row), N-BAR-
deltaHO (second row), N-BAR-deltaHO tubes with thicker size (third row), and FL (fourth row). For

the N-BAR averages (first row, left to right), 1365, 1392, 1173, 692 and 1372 particles were used. The class
averages of N-BAR-deltaHO (second row, left to right) contain 234, 312, 165, 185 and 132 particles and

159, 403, 118, 282 and 447 particles for the thick class averages (third row, left to right). For FL (forth row,
left to right) 398, 293, 284, 459 and 466 particles were used. Right: Power spectra of the most left 2D class
averages. The 2D averages of N-BAR and FL reveal the organized protein assembly and the corresponding
power spectra show periodical signal pattern of 44 and 55 A corresponding to striped patterns within the
tubes. N-BAR-deltaHO reveals a spacing of ~36 A and no interwoven pattern, indicating the protein assembly
being not as rigid as in N-BAR mediated tubes and the change of the protein assembly.

N-BAR-deltaHO is arranged enough to give a periodical pattern but it is not as rigid as the assembly of
N-BAR. The change of the spacing indicates the HO helix determines the arrangements of BAR assembly.

Together with the observation of tubular formation in a temporal manner, the role of amphiphysin
HO is likely to trigger the initial arrangement of the amphiphysin/BIN1, and to finally arrange an organ-
ized self-assembly of the BAR-units. However, HO is not necessary for the amphiphysin/BIN1 mediated
membrane tubulation itself.

Regulatory domain is protruding out of the tube. It has been suggested that the ~8kDa dynamin
binding SH3 domain of the N-BAR protein endophilin is incorporated in the tube packing'®. In the
case of Drosophila amphiphysin/BIN1, the regulatory domain consists of 350 a.a., including a stretch
of unknown function and a dynamin-binding SH3 domain. To assess the involvement of the regulatory
domain of amphiphysin/BIN1 in the membrane remodeling activity, cryo-EM images of FL were eval-
uated. The cryo-EM images of the FL-induced tubes showed a similar tube formation as N-BAR with
comparable width distributions (Fig. 1L). In addition, we observed needle-like densities protruding from
the tubes (Fig. 1EI, arrowhead). The 2D classification revealed an average with an interwoven lattice
pattern (Fig. 2, FL “Averages”), although the average is not as defined as for the case of N-BAR, likely
due to the overlap coverage of needle-like densities on the tubes. The power spectrum of the FL average
showed the essential two periodical signals shown in the N-BAR 2D average (layer line, 44 and 55A1),
indicative of the same arrangement between FL and N-BAR mediated tubes. These observations indicate
that the needle-like extra density is likely the regulatory domain and it is not incorporated in the tube
lattice. It is rather likely that the N-BAR domain solely governs the tube formation.

Based on these morphological assessments, we have chosen to use the N-BAR protein fragment that
contains BAR domains plus the N-terminal amphipathic helix (H0) as a minimal functional domain for
observing further molecular interactions of amphiphysin/BIN1 in membrane remodeling.
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Figure 3. (A) Negative-stain EM observation of the N-BAR mediated tubes. 20 LM of N-BAR was added
to 720 uM 200 nm-extruded liposome and after 10 min incubation, embedded on a grid without dilution.
(B) 0.2p.M of N-BAR was added to the same liposome as (A). Most of the vesicles remained intact with
this condition. v- examples of intact vesicles t: examples of tubes. (C) Histogram of the distribution of the
lengths of the tubes shown in (A). (D) Histogram of the distribution of the lengths of the tubes shown in

(B).

N-BAR makes a cooperative assembly on the membrane surface. In order to understand the
effective protein concentration of amphiphysin/BIN1 for membrane remodeling, we tested the degree
of tube formation as a function of protein concentration. Fluorescence light microscopy (Fig. S2A) as
well as light-scattering measurements (Fig. S2B) showed that the critical concentration necessary for
membrane remodeling in the presence of 720puM liposomes is ~0.4pM for the HO containing protein
fragments N-BAR and FL (Fig. S2B), while N-BAR-deltaHO (Fig. S2) showed a critical concentration of
~1.6 .M. This indicates that HO is needed for the efficient interaction of amphiphysin with membranes.

Further, negative-stain EM observations showed that most of the vesicles were remodeled into uni-
form tubes when 20 .M N-BAR was added to 720 .M 200 nm-extruded liposomes (Fig. 3A, t: an example
of tube, v- an example of intact vesicle), and this condition was used for the cryo-EM based structural
analysis (see below). As the protein concentration was lowered, a lesser degree of tubulation was observed
and at around the critical concentration of 0.2 LM, vesicles are mostly intact with sparsely observed tubes
(Fig. 3B). Strikingly, the tubes under these two conditions both have ~400nm in length (see distributions
of lengths, Fig. 3C,D). This means N-BAR assembly takes place in a cooperative fashion and suggests that
the N-BAR has an ability of self-assembling on a lipid-membrane surface. If the protein assembly hap-
pens in a non-cooperative way, a larger number of shorter tube lengths or mild deformations of vesicles
would be expected in the presence of the low concentration (0.2pM) of N-BAR.

N-BAR tubes show a packed assembly. Cryo-EM images of the amphiphysin/BIN1 N-BAR-coated
tubes revealed a relatively uniform morphology of the amphiphysin/BIN1 assembly. Image analysis and
classification yielded tubes with several distinctive widths ranging between 250-360 A (Fig. 2, N-BAR,
“Averages”, Fig. $3). Although the selected class averages showed distinctive features, we noted that the
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tubes were often bend, or the width of the tubes was not rigidly defined (Fig. 1D,G), which is in contrast
to helical polymers of the cytoskeleton, yielding a robust structural analysis such as microtubules® and
actin®,

Nevertheless, to gain insight into the density of the N-BAR on the membrane tube, mass-per-length
(MPL) analysis was performed using scanning transmission electron microscopy (STEM) (Fig. S4). The
analysis of relatively straight tubes showed an average MPL of 28+ 3kDa/A. The distribution of the
MPL profile is wider compared to the rigidly organized TMV control (13 < 0.7kDa/A), reflecting that
the tubes are not as uniformly packed. Considering that the measured density is a sum of lipids and pro-
teins, we estimated the contribution of the protein mass as follows. Lipid density is generally estimated
as ~50 A/lipid*, therefore it can be estimated that ~18 lipids locate on a 300 A-width tube per A. This
corresponds to ~14kDa of mass. Therefore we estimated that the contribution of the mass of protein is
~14kDa/A. This led to the density estimation of one 56 kDa amphiphysin/BIN1 dimer to occupy 4 A of
axial space (along the tube axis), which agrees well with our 3D reconstruction (see below).

3D reconstruction shows a packed arrangement of N-BAR domains. To see the N-BAR assem-
bly on a tube, we chose 5 classes with distinctive features for further image analysis (Fig. 2, first row
and S5, column “Averages”). The 3D reconstructions of particles from these classes revealed protomers
of N-BAR dimers wrapping around the tubulated liposomes (Fig. 4A,B, Fig. S6). Reflecting its observed
flexibility in packing, the resolution of the reconstruction appeared limited to a medium range resolu-
tion of ~11 A (Fig. S5, column “FSC” and methods). The arrangement of the protomers showed a tightly
packed organization of the BAR assembly. The helical rise was ~ 3.8 A (see methods), well agreeing with
4 A/BAR unit from the STEM measurement and corresponding to a translation of the BAR protomer of
a 1-start helix towards the axis of the tube. The line-scan of the reprojection of the 3D reconstruction
across the tube axis showed three peaks from the center of the tubes, corresponding to the inner leaflet,
outer leaflet of the lipid bilayers and the attached protein density (Fig. S5, column “model radius”). The
distance between inner and outer leaflets of the tube bilayer was measured to be ~33 A.

The area occupied by one N-BAR unit (i.e. dimer) is 3000-4000 A2, varying depending on the diame-
ter of the tubes, while the concave surface area of amphiphysin is calculated to be ~10,000 A2 This is in
contrast to ~18,000 A2 calculated from the loosely packed version of endophilin BAR protein-remodeled
tube'®. The tightly packed arrangement is achieved by one tip of the BAR unit hidden underneath the
membrane surface (Fig. 4C, tip1), while the other tip protrudes out from the surface of the tube (Fig. 4C,
tip2). Due to this tight packing of the BAR units, the tip-to-tip arrangement observed for endophilin’®
or the CIP4 F-BAR domain® was not seen in the case of amphiphysin/BIN1. Rather, the interaction
between neighboring BAR units was detected between the central portion of one BAR unit and a pro-
truding tip of the neighboring BAR unit (Fig. 4C, marked as *). The BAR domain is attached on the outer
membrane leaflet (Fig. 4B,D, Fig. S5, column “model radius”). The tip of the BAR domain protruding out
from the surface of the membrane was responsible for the jaggy features on the side of the tubes seen
in 2D averages (Fig. S5, column “Averages”) and in the re-projection of the 3D reconstruction (Fig. S5,
column “Reprojections”).

We detected several classes of tubes with various diameters (Fig. S5, column “model radius”, Fig.
$6). The major class with the most distinctive features (1948 segments) has a diameter of 280A (Fig. 4).
There was one class with a wider diameter (312 A), identified discretely (Fig. S6A). In this class, a slightly
less tight packing of the BAR units was revealed. In contrast, we detected populations of tubes whose
diameters were smaller (240-260 A), but appeared transiently fluctuating (Fig. S5, third to fifth row, and
Fig. S6B-S6D).

Fitting of an atomic N-BAR model shows that multiple interfaces of the BAR domain can
be involved in the tube assembly. The fitting of the crystal structure (PDB code luru) to the 3D
reconstructions revealed the molecular organization of the BAR domains necessary to achieve the lattice
packing of amphiphysin/BIN1-mediated tubes. The amphiphysin/BIN1 dimer consists of three alpha
helices forming an anti-parallel coiled-coil in each monomer, resulting in a six-helix bundle (Fig. 5A).

The molecular fitting of the atomic model to the reconstruction from the major class with 280 A
diameter (Fig. 5B) showed that almost one fourth of the BAR dimer unit had a direct connection to
the membrane surface (Fig. 5B, boxed area). This area includes approximately residues 130-190 in helix
2 and helix 3 (Fig. 5A,C) and a loop connecting these two helices. In particular, the tip area appeared
immersed and surrounded by lipids possibly up to 9 A in depth (Fig. 5C). This observation was in agree-
ment with the recent EPR results showing residues 144, 147 and 151 to be deeply immersed into the
acyl chain region of the lipids'>. The tip region of the atomic model did not precisely fit to the tested EM
map (Fig. 5D). This observation was consistent among all calculated reconstructions of various classes.
This suggests that there could be a local geometrical rearrangement or fluctuation of the tip region upon
membrane interaction and the lattice formation.

The inter-dimer connections between neighboring BAR units are visible (Figs 4C * and 5D, guided
with pink bars). These densities are not occupied by the amphiphysin/BIN1 crystal structure. This is
likely the HO helix, which is not included in the crystal structure due to its unstructured nature without
membrane. This connection is made around the junction between H1 and H2 (around residues 78-98) of
a monomer and/or H1 (around residues 50-62) of the paired monomer within the dimer unit (Fig. 5E).
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Figure 4. (A) 3D reconstruction of an amphiphysin/BIN1-mediated tube with a diameter of 280 A. The
density corresponding to the protein is colored in blue and the lipid corresponding parts are colored in in
yellow. (B) The central portion of the 3D reconstruction is shown in (A). Inner leaflet (diameter of 182A)
and outer leaflet (diameter of 248 A) are colored in yellow. (C) Zoom in view of A. “*” indicates a rod-like
density connecting adjacent BAR domains. The red arrowhead indicates an additional density connecting the
adjacent BAR domains. “Tip1” shows a tip density hidden under the membrane. “Tip2” shows the second
tip of the BAR unit. (D) End-on view of (A).
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Figure 5. (A) Atomic model (PDB code 1URU) of Drosophila amphiphysin (top). The crescent BAR unit
is achieved by dimerization (unit 1 and unit 2, bottom). The amphipathic HO helix is not visualized, as

it is unstructured in the crystallization condition. (B) Fitting of the atomic model shown in (A) to the
amphiphysin mediated tube of 280 A -diameter. The black box highlights the tip portion not visualized

by the reconstruction. (C) The density of a section of the 3D reconstruction (left) in comparison to the
densities of the amphiphysin atomic model fitted and symmetrized according to the arrangement calculated
from the 3D reconstruction. Inner/outer: headgroup density of the inner or outer leaflet. One tip of the BAR
is immersed into the acyl chain region according to the rigid body fitting. This part of the reconstruction
was not resolved due to the surrounding lipids (boxed in (B)). (D) (Top) The rod-like density connecting
the BAR units are marked with a pink bar. (Bottom) A cropped representation of (top) without the pink
marker. (E) Representation of the atomic models showing the arrangement of the neighboring BAR units.

The second HO helix in the BAR dimer unit was not resolved. The immersion of the tip density into the
membrane portion has hampered the visualization of the HO helix, although there is a small connection
appearing to be a candidate (Fig. 4C, marked with red arrowhead).

The reconstruction with a wider diameter (3124, Fig. S6A) showed that the BAR domain was
a.rranied slightly differently. The area occupied by one BAR unit increased to 3700 A% compared to
3300 A2 in the class shown in Fig. 4. The interaction points are shifted by ~25A away from each other
(Fig. S6A) compared to the reconstruction of 280A in diameter (Figs 4 and 5). In contrast, with nar-
rower tubes, the crescent shaped BAR protein appeared to rotate along its long axis (Fig. S6, B-D). The
dimer-dimer interaction surfaces were changed by the rotation of the BAR rather than a translation.
We did not observe any obvious additional connections between adjacent BAR units in either of these
reconstructions.
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BAR tip is not necessary for tubulation but required for organized arrangement for the
N-BAR lattice formation. All of the reconstructions showed that one tip of the BAR unit was pro-
truding out from the tube, while the other tip was immersed into the membrane. To test the effect of
the tips of the BAR units in tubulation, we made a mutant that lacks the tip portion (residues 147-
176) (N-BAR-delta-tip) and an obligated amphiphysin/BIN1 N-BAR fusion heterodimer that contains
an intact N-BAR domain of amphiphysin/BIN-1 and an N-BAR domain that lacks the tip portion
(N-BAR-N-BAR-delta-tip) and assessed its membrane-remodeling ability. Interestingly, we observed
that these protein fragments were also able to remodel a membrane surface to a tube (Fig. S7). The
critical concentration of the N-BAR-delta-tip was measured to be 0.7 .M, slightly higher than the case
for N-BAR (0.4puM). The N-BAR-N-BAR-delta-tip showed a critical concentration of 0.2 .M, the lowest
compared to all tested protein fragments. However, we observed a sporadic population of bundling of the
tubes, possibly due to a re-arrangement of some of the BAR domains and the formation of inter-dimer,
i.e. inter-tube crosslinks. This inter-dimer formation may increase the local protein concentration, thus,
leading to a decrease in the critical concentration.

The negative-stain EM showed that these tubes are similar in size to the tubes mediated by wild-type
fragments, but the internal order of the tubes was completely lost. This suggests that both tips are nec-
essary for the organized membrane remodeling but not required for the membrane curving activity.

Discussion

Tight packing of amphiphysin/BIN1-mediated tube assembly and the structural scaffolding
function. The 3D reconstructions of amphiphysin/BIN1-mediated tubes showed an intriguing dif-
ference from tubular formations facilitated by other BAR protein assemblies'®!**. Particularly, endo-
philin and amphiphysin/BIN1 have very similar crystal structures'®'"*>* but we showed considerable
differences in the packing in the presence of membranes. We showed that amphiphysin/BIN1-mediated
tubes have a significantly higher degree of rigidity. This may be due to differences in the packing of the
BAR units. The protein packing is much tighter in amphiphysin/BIN1 compared to endophilin-mediated
tubes'®'? and the neighboring BAR units of amphiphysin/BIN1 are well connected with each other. This
may reflect the physiological role of amphiphysin/BIN1’s function in giving a stable structure in muscle
T-tubules, while endophilin is rather involved in a dynamic membrane curving process during endocy-
tosis. The membrane squeezing process occurs through the inter-dimer connection. We have previously
proposed a sliding mechanism for the case of endophilin, i.e. the interaction of the inter-dimer surface
may not be based on specific electrostatic interactions but rather on shallow electrostatic surface poten-
tials and therefore a continuous change of curvature is achieved (Fig. 6A, top). With amphiphysin/BIN1,
we detected a population of a few tubes with relatively distinctive sizes, and the most rigidly arranged
tube revealed a density linking a perpendicular connection between parallel arranged neighboring BAR
domains. This connecting density is likely presenting the HO helix, as this rod-like density is located
proximal to the N-terminus of the BAR domain. Further, we did not detect such a rod-like density in
the narrower tubes where BAR units appeared to be rotated along its long axis and which showed fluc-
tuations in tube size. It appears that amphiphysin/BIN1 locks the interactions between the neighboring
BAR domains in a discrete fashion and this locking is reinforced by HO (Fig. 6A, bottom). When the
interactions of HO are lost and the fluctuation of the protein goes beyond a certain balance, the squeez-
ing force may pinch off the tube to create small vesicles. The local fluctuation in the packing hampers a
high-resolution structural analysis and it may be an intrinsic property of BAR protein-based assemblies
on a flexible membrane platform.

Role of amphiphysin/BINz in T-tubule biogenesis. During the T-tubule development, it is thought
that amphiphysin/BIN1 is responsible for the remodeling of the membrane into a tube?. Caveolin 3 is
proposed to be involved in the early stage of T-tubule biogenesis** by forming caveolae at the plasma
membrane and amphiphysin/BIN1 invaginates the plasma membrane deeper. Although co-localization
of caveolin 3 and amphiphysin/BIN1 is observed?, no direct interaction between both proteins has been
reported so far and the recruitment process of amphiphysin/BIN1 is unclear. On the other hand, it is
reported that amphiphysin/BIN1 preferably binds to PtdlIns(4,5)P2 through its BAR domain and clusters
it. Subsequently, amphiphysin/BIN1 recruits the downstream player dynamin with its SH3 domain®.
Therefore, it seems that PtdIns(4,5)P2 is key for the recruitment of all involved players. From this point
of view, it is plausible that the local concentration of PtdIns(4,5)P2 may already take place during the cav-
eolae formation for the efficient recruitment of amphiphysin/BIN1. The cooperative assembly of amphi-
physin/BIN1 on a membrane surface may also play an important role for triggering the local clustering
of necessary components and enrichment of PtdIns(4,5)P2. The biochemical and structural studies of
these molecular interactions are important topics of further research.

Influence of the CNM causing mutation to the BAR-assembly. The mutations that cause the
disease CNM are located at HO (K35N, corresponding to K30 in Drosophila amphiphysin/BIN1), D151N
(corresponding to D146) and R154Q (corresponding to R149) at the tip of the crescent BAR unit. This
is consistent with our results that HO and the tip areas are critical for the organized protein assembly.
It also agrees well with previous in vitro studies'>. Particularly, a recent report by Isas et al'* showed
biophysically that the tip of the BAR unit including D151 is deeply immerged into the membrane, up to
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Figure 6. (A) A model how different BAR proteins are achieving membrane remodeling. (Top): Sliding
mechanism, showing that neighboring BAR units have weak interactions with each other so that they may
slide against each other to achieve a continuously changing curvature. This example is shown in endophilin-
mediated tube formations'®. (Bottom): Locking mechanism, showing that the BAR units have a preferred
rigid formation with a help of HO, however, the BAR units can rotate along their long axis, therefore losing
the connection point via the HO helix and resulting in a variation of the diameter, i.e. curvature. When the
balance of the tube arrangement is too disturbed, N-BAR proteins may even squeeze the tubes to produce
small vesicles. (B) A model of the cooperative assembly of the N-BAR proteins depicting the wedging effect
of the amphipathic HO helix and the BAR scaffold. In this model, a change of the local curvature of the
membrane caused by the landing of the first N-BAR unit is the driving force of the N-BAR cooperative
assembly.

a hydrophobic lipid acyl chain region and the authors discussed the importance of this observation in the
context of tubulation. This finding agrees well with our direct observation that the tip of one BAR unit
is inserted in the lipid bilayer, although the other tip appears to be protruding out from the membrane
surface. Interestingly, we noted that the deletion mutant that misses significant parts of the tip is still able
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to remodel membranes. The negative-stain EM imaging of the resulting tubes did not reveal any repre-
sentative pattern as seen in the N-BAR remodeled tubes, suggesting a lack of arranged organization of
the BAR domains (Fig. S7). This was also true for the fusion protein fragments that have one tip missing.
Likely, one tip of a crescent BAR domain is beneficial for membrane tubulation by directly interacting
with lipids, while the other tip is important for the lattice formation and stabilization by interacting with
the adjacent unit (Fig. 5). We observed a similar effect with the BAR fragment missing HO. Without HO,
the organization of the BAR domain is partially lost likely by missing the density that connects adjacent
BAR units (Fig. 5D, pink bar), even resulting in the shrinkage of the packing indicated by the power
spectrum (Fig. 2). The defects of the tip mutation or deletion are subtle in terms of tubulation activity but
they are disrupting the ultrastructure of the amphiphysin/BIN1 self-assembly, which likely connects to
the disorganization of the T-tubules. We note that we have employed a specific lipid composition to facil-
itate structural analysis'®, but differences may be more pronounced under physiological lipid conditions.

Role of the Ho helix for the initiation of membrane remodeling. In our study, we hinted the
role of the wedging by the HO amphipathic helix and the scaffolding by the BAR crescent-like structure.
For membrane remodeling itself to take place, HO is not necessary. However, HO is required to achieve
an efficient and regular arrayed assembly of the BAR polymers. From these observations, we surmise that
the amphipathic helices may be necessary for the initiation of curvature induction and the arrangement
of BAR dimers in an organized fashion - poised to polymerize (Fig. 6B). The initial membrane induction
from a flat to a curved membrane surface may occur through its wedging function of HO (Fig. 6B, stepl
and 2). When the membrane curvature fits to the crescent shape of the BAR domain, the BAR scaffold
may efficiently attach and fix the membrane curvature. This process is more effective at the proximal
vicinity to a membrane surface where the first BAR domain has already landed and pre-fixed the local
membrane curvature (Fig. 6B, step3). The proteins may start arranging guided by this given membrane
curvature and the final stabilization of the protein polymer may be held through the HO connections
(Fig. 6B, step4). This notion agrees with the previous observation that the local concentration of amph-
iphysin correlates with the curvature of membranes given. Without HO, the initial protein binding to
the membrane may be achieved by simply sensing the membrane curvature that is stochastically fluc-
tuating. Hence, this process may be too slow for physiological requirements. On the other hand, the tip
portion of the BAR may not be as important in terms of initial curvature formation as HO, as the critical
concentration necessary for membrane remodeling for the N-BAR-delta-tip (0.7 M) did not increase as
much as the case for the N-BAR-deltaHO fragments (1.6 uM).

Methods

Cloning and protein expression. The amphiphysin/BIN1 gene was obtained from the Drosophila
cDNA library, the Berkeley Drosophila Genome Project (BDGP) Gold cDNA Collection (Drosophila
Genomic Resource Center). The gene was amplified by PCR and cloned into self-generated pEC series
vectors designed for Ligase Independent Cloning®. Recombinant amphiphysin/BIN1 N-BAR (aa 1-244
or aa 1-247), N-BAR-deltaHO (aa 27-247 or 31-244), deltaHO (aa 27-602 or 31-602) and FL (1-602)
were cloned as 3C-protease cleavable hexahistidine (His) or SenP2-protease cleavable sumo-hexahisti-
dine fusion proteins. For N-BAR-delta-tip protein fragments, residues 147-176, corresponding to the tip
part of the BAR were deleted and the residue 146 and 176 were connected by (GS)5 linker by PCR. The
N-BAR-single-tip-fusion dimer (N-BAR-N-BAR-delta-tip) was constructed by amplifying N-BAR and
N-BAR-delta-tip with a (GS)7 or (GS)8 linker by PCR, respectively, and fusing them by ligation-inde-
pendent cloning. In brief, T4 polymerase was used to generate complementary overhangs on both inserts
that could be readily annealed with each other and the target vector. The fusion proteins were expressed
in E.coli BL21 gold using auto-induction ZY media* supplemented with appropriate antibiotics. The
bacterial cultures were grown at 37°C until they reach an optical density of around 2. Afterwards the
temperature was reduced to 18°C and proteins were expressed over night. The cells were harvested by
centrifugation (8000 X g, 10min) and stored at —80°C until further usage.

Protein purification. The harvested cells of recombinant amphiphysin/BIN1 fragments were lysed in
20mM Hepes, pH 7.4, 500mM NaCl, 1mM DTT supplemented with 1 mM Pepstatin A, 1 mM AEBSF
and 1 mM leupeptin. The soluble fraction was loaded on a His-Trap column (GE Healthcare). The column
was washed with 20 mM Hepes pH 7.4, 500 mM NaCl, 250mM imidazole, 30 mM imidazole, 1 mM DTT.
The protein was eluted with 20mM Hepes pH 7.4, 300mM NaCl and 1mM DTT. The sumo-His-tag
was cleaved by SenP2-protease over night at 4°C. Afterwards for N-BAR and N-BAR-deltaHO,
N-BAR-delta-tip, and N-BAR-N-BAR-delta-tip, a cation exchange chromatography and for deltaH0 and
FL an anion exchange chromatography was carried out (gradient of Buffer A: 20 mM Hepes ph 7.4, 1 mM
DTT and Buffer A2: 20mM Hepes pH 7.4, 2M NaCl, 1 mM DTT). For further protein purification, size
exclusion chromatography (SEC) was followed using a Superdex 200 16/60 column (GE Healthcare) with
20mM Hepes pH 7.4, 500mM NaCl, 1mM EDTA and 1mM DTT. The purified proteins were stored at
—80°C until further usage.

Liposome preparation and in vitro tubulation assay. The following synthetic lipids were used:
POPG, POPE and POPC (Avanti Polar lipids). Additionally a bovine brain extract, Folch Fraction I (Sigma
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Aldrich) was used. For tubulation experiments large uni-lamellar vesicles (LUVs) or multi-lamellar ves-
icles (MLVs) were prepared. The dried lipid film, containing 2POPG:1POPE (w/w) was hydrated with
buffer (20 mM Hepes pH 7.4) to achieve MLVs. LUV's were obtained by extrusion with a filter membrane
(200nm) (Avanti Polar lipids). The lipid condition was determined based on the screenings done by Isas
et al.’. All prepared lipids were either immediately used or stored at 4°C for 2-3 days.

For the tubulation kinetics experiments various amphiphysin/BIN1 fragments (20 uM, 15puM or 6 uM
of N-BAR and N-BAR-deltaHO or 6puM of FL and deltaHO0) were incubated with 180 .M of liposomes.
The tubulation was measured by absorbance spectrometry at 400 nm and by negative-stain EM. For tubu-
lation assays the absorbance was followed for 120 min. Additionally, aliquots of different proteins were
taken at several time points up to 45min and samples were assessed with negative-stain EM.

Tube length, diameter and critical tubulation concentration determination. 20 or 0.2pM
of N-BAR was added to 720pM 200 nm-extruded LUVs and after 10 min incubation, embedded on a
grid without dilution and stained with 1% (w/v) uranyl-acetate staining dye and screened by CM200
(FEI) operating at 160kV. The images were recorded by CCD camera with the nominal magnification
of 50,000x corresponding to 2.16 A/pixel.. The N-BAR tube length was determined from negative-stain
EM images with the “filament” option in bshow (bsoft package)®. Afterwards the measured values
were evaluated by a histogram. The tube diameter was determined and calculated by plotting the class
averages from cryo-EM dataset or from the reconstruction reprojections. The distributions of the tube
diameters were analyzed by histogram. This was done for N-BAR, N-BAR-deltaHO0 and FL. The critical
tubulation concentration was determined by fluorescence light microscopy and light scattering meas-
urement. For the fluorescence light microscopy 1% Atto488-DOPE was added to the liposomes (w/w
2POPG:1POPE) and after the preparation 720 pM of liposomes were used with various dilutions (6, 0.6,
0.06, 0.006 M) of N-BAR, N-BAR-deltaHO, FL, N-BAR-delta-tip, N-BAR-N-BAR-delta-tip for observ-
ing the degree of tubulation. For the image recording a GE Deltavision Elite with a 60x/oil or 100x/0il
objective and excitation 475 nm/emission 525nm bandpass filter was used. Light scattering was measured
to quantify the critical tubulation concentration. Various concentrations of of N-BAR, N-BAR-deltaHO0,
FL, N-BAR-delta-tip, N-BAR-N-BAR-delta-tip were mixed with 720pM 2POPG:1POPE (w/w) and the
absorbance change was observed. Due to the saturation of the signals at 400 nm, the measurements were
performed at 490 nm wavelength.

STEM measurement. The N-BAR induced tubes were prepared in 20mM Hepes, pH 7.4. For the
STEM dark-field imaging, the samples were prepared in the standard procedure of the Brookhaven STEM
facility. On the glow discharged carbon grids 3-5pl of freshly mixed 20pM of N-BAR and 720pM of
liposomes was added and incubated for 1 min. Then the specimen was washed for few times and after-
wards plunged into liquid nitrogen for fast freezing. The grid was freeze-dried overnight and transferred
under vacuum into the STEM. For the data analysis dark-field digital micrographs with a pixel size of 1
to 2nm/pixel were used and analyzed by PCMass32 (available from the Brookhaven STEM resource, ftp.
stem.bnl.gov). As an internal mass per length reference tobacco mosaic virus (TMV) (13.1kDa/A) was
included in all samples. The N-BAR or TMV were boxed according to their size and through this the
mass per length was measured. A histogram was plotted from these data.

EM grid preparation and image acquisition for negative stain and cryo-EM. EM observations
were performed either with 20pM proteins and 720pM liposome, or 5pM proteins and 180puM lipos-
ome (4 times dilution). The negative staining samples were stained with 1% (w/v) uranyl-acetate staining
dye and screened by CM200 (FEI) operating at 160kV. The images were recorded by CCD camera with
the nominal magnification of 50,000 corresponding to 2.16 A/pixel.

The cryo-EM samples were applied to glow-discharged Quantifoil grids (Cu, R 2/1), incubated for
10s, then manually blotted for 10s with filter paper (Whatman No. 1) and vitrified with ethane by a
manual plunger. The cryo-EM specimens were observed using a Tecnai F20 microscope (FEI) operating
at 120kV and 200kV with a magnification of either 62,000% or 80,000, resulting in a pixel size of
1.78 A/pixel and 1.34 A/pixel, respectively, and recorded with a CCD camera (FEI, Eagle) by using Serial
EM software. The defocus range was 1-3pm. Additionally, cryo-EM data sets were also taken with a
Polara G2 F30 microscope (FEI) operating at 300kV with a magnification of 62,000x and recorded
with a Gatan K2 summit direct detector (3838 x 3710 pixel) and a GIF 2000 energy filter, corresponding
to 1.82 A/pixel using Serial EM software. In every grid hole only one position was imaged with a total
exposure of 5s and a frame time of 0.1s. For the image processing frame 10 to 40 was used with a total
electron dose of 30 electrons per A2 The defocus range for of the data sets was 0.5-3.2pum.

Image processing of cryo-EM data set. For the image processing the frames were aligned and the
drifting of frames was corrected. The tubes were segmented by helixboxer of EMAN25!. 26754 segments
were extracted with a box size of 300 pixels with an overlap of 90%. The defocus and astigmatism were
determined by ctffind3%? and afterwards the contrast transfer function was corrected by phase flipping
by betf from BSOFT software package™. All segments were 2D classified by Relion®. During this process
19423 segments were discarded due to bad quality. The result of the final round of the 2D classification
is shown in Fig. S3.
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We chose 5 classes for further assessment. These 5 classes have diameters of 280, 312, 262, 250, 242 A
and 1948, 1392, 692, 1173, 1372 segments respectively.

The reconstructions using particles from individual classes were performed by IHRSR* implemented
into SPIDER software package®. As an initial model, a Gaussian noise filled cylinder with the same diam-
eter as the test data was used. The first rounds of the reconstruction were performed using 2x binned
images with an azimuthal increment of 4 degree, without the search for out-of-plane tilt, to accelerate the
process. During the refinement, the azimuthal increment was set to 1 degree with an out-of-plane tilt of
1 degree increment up to +/- 10 degree, thus the references of 7200 reprjection images were created for
projection matching. “hsearch” in IHRSR software package® was used to find a local conversing point,
but this option was not used for initially determining the helical parameter. Instead, the initial helical
parameters of individual class were calculated from the 2D class average and the corresponding Fourier
Transform. Considering some heterogeneity, we calculated several possibilities and assessed the resulting
3D reconstruction by comparing the reprojections and the class averages and their power spectra. After
the processing, the final helical parameters converged to a rise per subunit of 3.81 A, an azimuthal rota-
tion of 55.92° for the class shown in Fig. 4 and Fig. S5, first row. The other classes showed similar helical
parameters (Az, Aphi) as 3.83 A, 55.96° (Fig. S5, second row, Fig. S6A), 3.84 A, 56.01° (Fig. S5, third row,
Fig. S6B), 3.82 A, 55.93° (Fig. S5, fourth row, Fig. S6C) and 3.85 A, 55.99° (Fig. S5, fifth row, Fig. S6D).

The resolution of all reconstructions was determined by the Fourier shell correlation (FSC) of the
half data sets at the cut off 0.5. To calculate the resolution, we performed a few cycle of the IHRSR
reconstructions to assure the independence of the reconstructions. The resolutions were calculated to be
10.3, 11.2, 10.9, 10.9, 12.1.

Fitting of the amphiphysin BAR crystal structure. The known crystal structure of
Drosophila-amphiphysin BAR (PDB code 1URU) was manually fit into the reconstructed density of a
BAR dimer. In order to perform amplitude correction of the 3D reconstructions, the fitted BAR dimer
atomic model was converted to a density map using Chimera software and the helical symmetry of the
reconstruction was imposed by bhelix (bsoft package). This helically symmetrized BAR map was used
as a reference for the amplitude correction of the reconstruction. Bampweigh (bsoft package) was used
for the amplitude correction. The final maps were low-pass filtered to 11-12A. BAR dimer interactions
were analyzed using the program Chimera.
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Supplementary Figure Legends

Figure S1

Tubulation of various amphiphysin fragments with vesicles observed by
absorbance measurement and negative staining. (A) Absorbance measurement
at 400 nm of 180 uM vesicles mixed with 5uM N-BAR, FL, N-BAR-deltaHO and
deltaHO. The increase in the absorbance at 400 nm corresponds to tube
formation. The negative control shows the absorbance of vesicles without any
protein. (B and C) Negative stain EM observation of (B) vesicles and (C) tube
formations of NBAR-deltaHO (left) and N-BAR (right). The tubes are observed
immediately after mixing (22 sec) and at various time points (2 min, 10 min, 30
min and 45 min) up to 45 min. After ~30 min of incubation, N-BAR-mediated

tubes visibly transform into small vesicles (right, bottom, red arrow heads).
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Supplementary Fig. S1
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Figure S2

(A) Tubulation observed by fluorescence light microscopy. Various protein
dilutions (6 uM, 0.6 pM, 0.06 pM, 0.006 pM) of N-BAR, N-BAR-deltaHO and FL
were incubated with 720 uM of fluorescently labeled vesicles. N-BAR and FL
show distinct tubulation up to a concentration of 0.6 pM. In contrast N-BAR-
deltaHO mediated tabulation is only observed with 6 pM of protein. The degree
of tubulation is described as ++ > + > +/- (tubulation very sparsely happening) >
- (no tubulation). v: examples of vesicles and t: examples of tubes. (B) The light
scattering of the mixture of 720 uM vesicles and various concentrations of N-BAR
(left), N-BAR-deltaHO (middle) and FL (right). The graphs show the critical
concentrations where no tubulation occurs anymore (guided with flat lines) of

0.4 uM (N-BAR and FL) and 1.6 M (N-BAR-deltaHO0).
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Supplementary Fig. S2
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Figure S3

2D averages of N-BAR mediated tubes. After CTF correction (phase-flipping) of
the collected micrographs, the N-BAR mediated tubes were boxed into 26754
segments (300x300 pixel, corresponding to 546 x 546 A). The segmented tubes
were classified with reference free classification scheme provided by Relion
software. To achieve 2D averages with better features, bad segments were
removed by several classification iterations. After removal of bad segments
around 19423 boxed segments were used to obtain 50 final 2D class averages.
The particles in the classes with the most distinctive features were used for

further data analyses and 3D reconstructions as shown in Figure S5.
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Supplementary Fig. S3

N-BAR tube class averages
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Figure S4

(A) STEM image of N-BAR tubes and TMV internal control. Boxes show examples
of the MPL (mass per length) measurements (pink: N-BAR, blue: TMV). 20 uM of
N-BAR were mixed with 720 uM of vesicles directly before the STEM sample
preparation and measurement. (B) The distribution of N-BAR shows a MPL of
28+3 kDa/A (N=148), while TMV shows 13+0.7 kDa/A (N=66). The MPL was

measured as described in Methods.
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Supplementary Fig. S4
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Figure S5

Quality control information of five selected classes of N-BAR mediated tubes.
First column: Class averages. Second column: averaged power spectra of
classified images (left) and the reprojections of the 3D reconstructions (right).
Third column: Reprojections of 3D reconstructions. Fourth column: Density
profile of the reprojection of the 3D reconstruction, revealing the tube radius.
The profiles show three peaks from the tube center: inner leaflet, outer leaflet
and the attached BAR protein densities. Fifth column: Fourier Shell Correlation
profile. The resolutions were calculated to be 10.3,11.2, 10.9, 10.9, 12.1 A (top to
bottom) at the FSC=0.5 cutoff criterion.
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Supplementary Fig. S5
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Figure S6

3D reconstructions of tubes with various sizes showing different arrangements
of the BAR lattice packings. (A) The wider tube r = 156 A reveals a slightly less
tight BAR unit packing. The narrower tubes with (B) r= 131 4, (C) r = 125 A and
(D) r = 121 A show that the BAR units were rotated along the crescent dimer
axis. For the fitting the amphiphysin BAR crystal structure (PDB: 1URU) was

used.
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Supplementary Fig. S6
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Figure S7

Membrane tubulation occurring by N-BAR-N-BAR-delta-tip heterodimer (left)
and N-BAR-delta-tip homodimer (right). Tubulation of 720 pM fluorescently
labeled vesicles mediated by 6 uM of the proteins observed by fluorescence light
microscopy (top) and corresponding negative-stain EM observations (middle). v:
examples of vesicles and t: examples of tubes. Bottom: Critical concentration
measurements. Both protein fragments show tubulation of vesicles. The critical
concentrations where no tubulation is happening anymore (guided with flat
lines) were 0.2 uM for N-BAR-N-BAR-delta-tip and 0.7 pM for N-BAR-delta-tip.
The measurement was done with the same mixture as in the fluorescence

microscopy without labeled lipid.
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Supplementary Fig. S7
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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.
SSNAL1 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 self-
assembly 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 y-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 co-
polymerization 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
G

microtubule axis which then provides the template for a new microtubule branch (“guide-rai

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.

106



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 o and 8 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 af-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) y-TURC
complex and microtubule nucleation from y-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
PHYRE?2 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.

APC
ASPM
APC

BAR
CAMSAP
ccp

DRG

EM
ENA/VASP
EB

GTP
GMPCPP
MTBPs
MCAF
MTOCs
MCAK
MIPs
+TIPs
PTMs
PRC1

Pf

SH3
TPX2
TTL

TTLL
TAT
TURC

Abbreviation

Cancer associated protein

Abnormal spindle-like microcephaly-associated protein
Adenomatous polyposis coil
Bin/Amphiphysin/Rvs

Calmodulin-regulated spectrin-associated protein
Carboxypeptidases

Dorsal root ganglion neuron

Electron microscopy
Enable/vasodilator-stimulated phosphoprotein
End binding protein
Guanosine-5'-triphosphate
Guanosine-5'-[(B,y)-methyleno]triphosphate
Microtubule binding proteins
Microtubule-actin crosslinking factor
Microtubule-Organizing Centers

Mitotic centromere associated kinesin
Microtubule inner proteins

Plus-end tracking proteins

Post-translational modifications

Protein regulator of cytokinesis 1
Protofilaments

Src Homology 3

Targeting protein for Xklp2

Tubulin tyrosine Ligase

TTL-like family

Tubulin acetyltransferase

Tubulin ring complex
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