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NepiAnyn

O Kwvnolveg eival “HoplakéG UNXAVES”, OL OTIOLEG KIVOUVTOL KOTA UAKOG TWV
ULKPOOWANVIOKWY KL OCUMPUETEXOUV Ot Uetadopd Sladpopwv CUOTATIKWV
(mpwteiveg, opyavidla, xpwuoowpata) HEca OTO KUTTAPO. EKTOC amo tn uetadopd
OUOTOTLKWY, OPLOUEVEG ATO QUTEC UImopolV va puBuilouv kot T SUVAULKA TwV
HIKpoOWANViokwv. H  avamtuén  UIKPOOWANVIOKWV  €uvoeital  mapouciq
OUYKEKPLUEVWY KLVNOWVWV, WOTOO00 €lval OTIAVIEG OL TEPUTTWOEL OTLG OTOLEG N
avamntuén autny odeiletat otn petadopd SLUEPWV TOUUTIOUALVNG OTO AVATITUCGCOUEVO
AKPO. TN OUYKEKPLUEVN HEAETN TtapouataleTal OTL n kwnoivn Kip2 tou S. cerevisiae
TIPOAYEL TNV AVATTUEN ULKPOOWANVIOKWY HECW pLaG TEPLoXNG oTo N-TEAIKO AKPO, N
omola 6¢ SlabEtel Seutepotayn Soun Kal ponyeiltaL TNG EMKpATeLag tng ATPAonG.
Otav autr n neploxn adatpeital, N avantuén Twv LIKPoowANViokwv mapepmodiletal.
EruutAéov, mpokatapktika dedopéva Seiyvouv OTL n meploxn auth eival oe Béon va
TPpoodEaoel KaL va PeTadEpeL eEAeUBepa SLep TOUUTOUALVNG. Ta amoteAéopaTa QUTA
umodelkvuouv OtL n Kip2 mpodyel tnv avamtuén Twv UIKPOOWANVIOKWV HECW
HETADOPAC SLUEPWV TOUUTIOUALVNG OTO (+) AKPO TwV HKpoowAnviokwv. N'vwpilovtag
OTL I OUYKEKPLUEVN TIPWTEIVN CUUUETEXEL OTNV OPYAVWON TNG UITWTLKAG ATPAKTOU
otov S. cerevisiae, To. anoteAéopata autd mBavo va amokaAuouv Eva Kavouplo

HUNXOVLOUO YLOL L0 ULTWTLKI Kvnoivn.




Abstract

Kinesins are molecular motors that facilitate transport of different
components (proteins, organelles, chromosomes) across the cell, using microtubules
as tracks. Apart from their role in cargo transportation, some kinesins also regulate
microtubule dynamics. Microtubule growth can be favoured in presence of specific
kinesins, but examples of kinesins promoting microtubule growth by transferring
tubulin dimers to the growing end are very rare. Here, we report that the S. cerevisiae
kinesin Kip2 promotes microtubule growth by an unstructured, N-terminus region,
preceding the motor domain. When this region is removed, microtubule growth is
impaired. Moreover, preliminary data show that this unstructured region can bind and
transport free tubulin dimers. These results, combined, imply that Kip2 promotes
microtubule growth by transportation of tubulin dimers to the plus end of growing
microtubules. Since Kip2 participates in spindle organization of S. cerevisiae, these

results may uncover a mechanism unprecedented for a mitotic kinesin.




Introduction

Cytoskeleton - brief reference at its constituents and functions

Cytoskeleton is defined as “a system of filaments or fibres that it is present in
the cytoplasm of eukaryotic cells” (Britannica, 2021). Until recently, it was thought
that the cytoskeleton was composed of three components, actin filaments,
microtubules and intermediate filaments, as shown in Figure 1 (Pollard et al., 2017).
However, recent studies point out the existence of a fourth cytoskeletal component,
the septins (Figure 2) (Mostowy & Cossart, 2012). Each cytoskeletal component is a
polymer made of its distinct structural elements. For example, actin filaments occur
from polymerization of globular actin (G-actin), as shown in Figure 3, and microtubules
from polymerization of (mainly) aB-tubulin heterodimers (Pollard et al., 2017). These
polymers can depolymerize back to their structural elements. Cells take advantage of
this property and dynamically control polymerization, depolymerization and stability

of each cytoskeletal component, based on their needs (Lodish et al., 2016).
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Figure 1. Top; Cartoons depicting the structure of the 3 cytoskeletal components. Bottom; Localization
of each cytoskeletal component in cultured cells, using immunofluorescence microscopy. Actin
filaments are shown in red, microtubules in green and intermediate filaments in blue. Figure adopted
from Lodish et al. (2016).
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Figure 2. Assembly of septin cytoskeleton. Different septin proteins (top) interact with each other and
assemble a heterohexameric complex (middle). That complex is the structural unit, which then
polymerizes into filaments, bundled filaments or rings (middle and bottom). Figure adopted from
Mostowy & Cossart (2012).
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Figure 3. Assembly of actin filaments. G-actin; globular actin, F-actin; filamentous actin. Figure adopted
from Lodish et al. (2016).

The cytoskeleton plays a pivotal role at cellular as well as at organismal level.
It helps cells withstand and transmit mechanical forces, regulates cell shape, and
participates in cell movements. Moreover, it has a major role in cell division, in
intracellular cargo transport (for example mRNAs) and in distribution of various
intercellular components (Pollard et al., 2017). Lastly, the cytoskeleton has been
observed to create subcellular scaffolds as well as diffusion barriers (Mostowy &
Cossart, 2012). As microtubules are the cytoskeletal component of interest in the

current study, their structural elements will be further analyzed.

Tubulins, the structural elements of microtubules

Tubulin family evolution

Tubulins are globular proteins of approximately 50kDa. They are present in all
studied eukaryotic organisms, whereas a structurally similar protein, named FtsZ, is
present in prokaryotes and participates in procaryotic division (McKean et al., 2001;

Pollard et al., 2017).

Tubulins form a protein family classified into 7 subfamilies; a-, B-, y- 6-, €-, {-
and n-tubulins (McKean et al., 2001; Findeisen et al., 2014; Pollard et al., 2017). Amino
acid sequence between subfamilies is well conserved, except from the C-terminus E-

hook, which is highly divergent (see Tubulin Post Translational Modifications (PTMs)




for E-hook) (Findeisen et al., 2014). Tubulin proteins seem to be very old: an analysis
of 3524 tubulins across 504 species, suggests that ancestors of all the 7 subfamilies
were already present in the last common ancestor of eukaryotes (Findeisen et al.,
2014). a-, B- and y-tubulins have been identified in all eukaryotic organisms studied
so far and are thought to be the minimal proteins required for microtubules assembly
(McKean et al., 2001; Findeisen et al., 2014). 6-, €-, - and n-tubulins are present only
in some eukaryotes. They are localized to centrioles and basal bodies, and their
presence is thought to be correlated with these structures (McKean et al., 2001;

Pollard et al., 2017).

Adding to tubulin diversity, genes encoding a-, B- and y-tubulin have
undergone duplication events, creating multiple variants or isotypes. For example,
humans have at least eight a-tubulins and nine B-tubulins, while S.cerevisiae has two
a-tubulins and one B-tubulin (Nsamba et al., 2021). In some cases, different isotypes
participate in specific functions (McKean et al., 2001; Nsamba et al., 2021). In contrast,

6-, €-, - and n-tubulins have not undergone duplication events (Findeisen et al., 2014).

Tubulin structure

Microtubule assembly depends mainly a lot on tubulin structure. Figure 4
shows a- and pB-tubulin monomers interacting and forming an apf-tubulin
heterodimer. a- and B-tubulin monomers are almost identical in three-dimensional
structure. Each monomer is composed of two B-sheets cores (B1-B6 and B7-B10),
surrounded by a-helices. The loop connecting the a-helices H11 and H12 is crucial for
interaction of one monomer with the next one along the protofilament (see Figure 20

for the helices and Microtubule structure for protofilament). Figure 5 shows that each

monomer structure can be divided into three domains, namely the N-terminus
domain, which has a nucleotide binding site for GTP (guanosine triphosphate) or GDP
(guanosine diphosphate), an intermediate domain and a C-terminus domain. The

latter is responsible for interactions with other proteins (Nogales et al., 1998).

Tubulins exist in cells in form of dimers. The structure of the tubulin dimer

(Figures 4, 6) renders the nucleotide binding site of a-tubulin inaccessible for




nucleotide exchange and hydrolysis. Thus, a-tubulin is always bound to GTP. The
nucleotide binding site of a-tubulin is named N-site (nonexchangeable site). The
corresponding site at B-tubulin is named E-site (exchangeable site), as it is capable of
switching between GDP and GTP when tubulin dimers are free in the cytoplasm

(Figure 6) (Nogales, 2015).

a-tubulin

B-tubulin

Figure 4. Pig brain af-tubulin dimer. a-tubulin is bound to GTP and B-tubulin to GDP and taxotere (a
microtubule stabilizing drug). a-helices are in red, B-sheets in blue. GTP; guanosine triphosphate, GDP;
guanosine diphosphate, TAX; taxotere. Modified figure from Nogales et al. (1998).
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Figure 6. Nucleotide exchange (GDP to GTP) at aB-tubulin dimer. Nucleotide exchange occurs only at
E-site of B-tubulin. GTP in orange, GDP in light purple, a-tubulin in green, B-tubulin in blue. Figure

adopted from Alushin et al. (2014).
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Tubulin dimer conformation

From now on, the terms “GTP-tubulin” and “GDP-tubulin” will refer to the
nucleotide state of B-tubulin in an ap-tubulin heterodimer. a-tubulin is supposed to
be always at the GTP state.

Scientists have been trying to determine the tubulin dimer structure since the
late 90s. A relatively recent review sums up these tries (Brouhard & Rice, 2014).
Briefly, initial cryo-EM microscopy experiments pointed out that free GTP-tubulin
adopts a “straight” conformation (as in Figure 6) whereas free GDP-tubulin a “curved”
conformation. However, subsequent structural and biochemical experiments
guestioned that hypothesis and today it is believed that free GTP-tubulin has also a
“curved” conformation (“curved” conformation in the free GTP-tubulin is defined as a
12° rotation between a-, B-tubulins) (Brouhard & Rice, 2014). “Straight” conformation
is adopted upon tubulin dimer addition to a microtubule (Figure 7, see also

Microtubule assembly for curved-to-straight conformation transition). Experiments

with proteins known to bind free GDP-tubulin showed that they can also bind free
GTP-tubulin with the same affinity (Brouhard & Rice, 2014). Moreover, a structural
study showed that free GTPyS y-tubulin (GTPyS is a non-hydrolyzable or slowly
hydrolysable GTP analog) has identical curvature with free GDP y-tubulin (Rice et al.,
2008). These studies suggest that free GDP-tubulin and free GTP-tubulin may have the

same curvature angle.

—"T5 {in/out)

03

Cur.'u'ed Cu;\fed 5tra.ight
| GDP-tubulin GTP-tubulin | | GDP—tubulinl
Sl}lubleltubulin Micruil:ubule
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Figure 7. Free GDP- and GTP-tubulin in the cytoplasm are in “curved” conformation. Upon addition to
a microtubule, tubulin dimer adopts the “straight” conformation. GTP a-tubulin is in dark blue, GTP B-
tubulin is in purple and GDP B-tubulin is in light blue. Modified figure from Akhmanova & Steinmetz
(2015).

Microtubules, a dynamic polymer

Microtubule structure

Microtubule structure and dynamicity are of particular interest for the current
study. Microtubules are hollow, cylindrical structures, with a diameter of 25nm (Figure
1) and length varying from less than 1um to more than 100um (Goodson & Jonasson,
2018). Only GTP-tubulin can polymerize and give rise to microtubules (Nogales, 2015).
All GTP-tubulin molecules incorporated to a microtubule have a specific orientation.
Every B-tubulin of an aB-heterodimer interacts always with the a-tubulin from the
next heterodimer (on the longitudinal axis of the microtubule). That makes
microtubules having a polarity. One end has free B-tubulin, grows fast and is called
“plus end”. The other end has free a-tubulin, grows very slow and is called “minus

end” (Figure 8) (See Dynamic instability of microtubule for a comparison between the

two speeds) (Cleary & Hancock, 2021).

Figure 8 shows that a tubulin dimer incorporated to a microtubule lattice
interacts with other tubulin dimers and develops two types of interactions. First, it
interacts with tubulin dimers from the same protofilament (which are ahead and
behind of it). These interactions are called longitudinal. Second, it interacts with
tubulin dimers from neighbouring protofilaments (which are on the left and on the
right of it). These interactions are called lateral (Cleary & Hancock, 2021). It has been
found that longitudinal interactions are stronger than lateral ones (Sept et al., 2003;

Zhang et al., 2015).

A linear row of tubulin dimers is called protofilament (Figure 9). Often,
microtubules are formed mainly by 13 laterally attached protofilaments (Goodson &
Jonasson, 2018). However, the number of protofilaments can vary and microtubules
made of 11, 15 or 16 can be also found in cells of different or even in the same species

(Pollard et al., 2017).
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Protofilaments attach laterally to create a microtubule. The point at which the
“first” and the “last” protofilaments of a microtubule laterally attach is called seam
(Figure 9). Generally, a-tubulins from one protofilament will interact with a-tubulins
from neighbouring protofilaments. The same applies to B-tubulins. This type of
interactions creates a B-lattice, where the position of every protofilament is slightly
shifted relative to its neighbouring protofilaments (Figure 9). The impact of this shift
is visible at the seam. At a 13-protofilament microtubule, shift results in 1.5-dimer
translocation between the two protofilaments forming the seam (Figure 10).
Therefore, at the seam a-tubulin interacts with B-tubulin creating an A-lattice (Figures
9, 10). The seam at 13-protofilament microtubules is considered to be a vulnerable
spot (Katsuki et al., 2014). The shift between adjacent protofilaments at 15- or 16-
protofilament microtubules results in 2-dimer translocation at the seam, making it
indiscernable; these microtubules consist only of B-lattice (Figure 10) (Goodson &

Jonasson, 2018).

Microtubule assembly

Because microtubules are hollow, cylindrical structures, one can think two
models for their polymerization. One at which GTP-tubulin is added laterally, resulting
in a helical polymerization and one at which GTP-tubulin is added longitudinally,
resulting in a protofilament-based polymerization. Based on the observation that
longitudinal interactions are stronger than laterals, it is believed that microtubules
grow in a protofilament-based manner (Goodson & Jonasson, 2018). Free GTP-tubulin
is incorporated to the plus end of a microtubule. The longitudinal interactions that
take place during this incorporation are presented in Figure 8. The main outcome of
these interactions is that the catalytically active residue E254 in the a-tubulin of the
new tubulin dimer is placed near the B-tubulin E-site of the lattice-bound tubulin
dimer, enabling GTP hydrolysis at this site (Figure 8, “Longitudinal interface”
thumbnail) (Nogales et al., 1998; Cleary & Hancock, 2021). Moreover, the addition of
the new dimer renders the E-site of the lattice-bound tubulin dimer inaccessible for
nucleotide exchange. So, GDP cannot be exchanged for GTP (Nogales et al., 1998;
Nogales, 2015).

14
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Figure 8. Cartoon depicting a growing microtubule (left). a-tubulin is in purple, B-tubulin is in green.
Blue arrows indicate tubulin incorporation to the microtubule and red arrows dissociation from the
microtubule. Thumbnails (right) showing the type of interactions between tubulin dimers. Modified
figure from Cleary & Hancock (2021).
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Figure 10. Impact of protofilaments shift at the seam of different microtubules. Seam at 15-
protofilament microtubule is not discernable. Modified figure from Goodson & Jonasson (2018).

However, longitudinal interactions alone cannot promote microtubule
formation. There are two problemes; first, to create the cylindrical, hollow structure of

microtubules, protofilaments need to interact with each other. Second, tubulins

16



making up the protofilaments are in the curved conformation: to create a
microtubule, they must be straightened (Figure 7). Lateral interactions solve both
problems (Figure 8, “Lateral interface” thumbnail).

During the curved-to-straight transition of tubulins, there are two opposing
forces. One is the intrinsic tendency of GTP-tubulin to be curved and the second are
the lateral interactions, which force GTP-tubulin to be straightened (Brouhard & Rice,
2018). In a recent review (Brouhard & Rice, 2018), authors proposed a model for the
plus end structure of growing microtubules as well as for the curved-to-straight
transition (Figure 11). According to this model, a part of a microtubule that is 2 tubulin
dimers wide, is half straightened. When a part is 6 tubulin dimers wide, it is completely

straight, whereas parts 3 to 5 tubulin dimers wide are progressively straighter.

Figure 11. Model of the microtubule plus end. Microtubule end is tapered, “ragged” and presents
variable curvature. Protofilaments are straightened up as lateral interactions increase. For more
information see Brouhard & Rice (2018). Figure adopted from Brouhard & Rice (2018).
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Dynamic instability of microtubule

As mentioned at the beginning, microtubules can polymerize as well as
depolymerize. Polymerization rate depends on tubulin concentration. For example, in
vitro, at 10uM of tubulin, polymerization rates of plus and minus ends are ~1.5
um/min and ~0.5 um/min respectively. Depolymerization rate is independent of
tubulin concentration; plus end depolymerizes at a rate of ~27 um/min, whereas
minus end at ~34 um/min in vitro (Walker et al., 1988). So, disassembly of a
microtubule is much faster than its assembly. When microtubules grow in presence of
GTP-tubulin only, they can polymerize and depolymerize stochastically (Figure 12).
The polymerization -> depolymerization transition is known as catastrophe. The exact
opposite transition is known as rescue (Figure 13). The ability of microtubules to
undergo consecutive cycles of growth and disassembly can be summed up in the term
dynamic instability, described for first time by Mitchison & Kirschner (Mitchison &
Kirschner, 1984). Plotting microtubule lengths according to time generates a

kymograph diagram used to visualize microtubule dynamics as in Figure 13.

MT length

Time

Minus GMPCPFP Plus
end seed end

Figure 12. Kymograph (length/time plot derived from a movie, with length at x axis and time at y axis)
of a microtubule undergoing dynamic instability in vitro. Note that both ends of microtubule grow, but
plus end is more dynamic. Green represents Alexa488-labeled tubulin, and red represents tetra-
rhodamine-labeled tubulin GMPCPP- (a slowly hydrolysable GTP analog) stabilized microtubule seeds.
Modified figure from Goodson & Jonasson (2018).
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Figure 13. Left; Dynamic instability of a microtubule in presence of GTP-tubulin only. As diagram shows,
a microtubule switches stochastically from growth to disassembly. Right; Growing microtubule with the
GTP cap (left) and depolymerizing microtubule with the characteristic peeling of protofilaments (right).
At the center an intermediate situation is presented. GTP-tubulin in blue-green and GDP-tubulin in red-
yellow. Modified figure from Pollard et al. (2017).

Microtubule disassembly

GTP cap is crucial for microtubule stability

A catastrophe seems to be the result of GTP cap loss (Pollard et al., 2017). GTP
cap occurs at the end of a growing microtubule, due to a delay in hydrolysis of GTP. It
consists of GTP-tubulin and plays crucial role in the stability of the growing
microtubule. When GTP-tubulin is not added, GTP is hydrolyzed to GDP and GTP cap
is lost. This renders the microtubule unstable and promotes its catastrophe (see
below) (Brouhard & Rice, 2018; Carlier, 1982; Erickson & O’Brien, 1992; Howard &
Hyman, 2009; Mitchison & Kirschner, 1984).

How is GTP hydrolyzed, when this procedure requires addition of new tubulin

dimers (see Microtubule assembly)? B-tubulin alone, without the aid of E254 from a-

tubulin, can still hydrolyze GTP, but in a much slower rate (about 250 times slower)
(Pollard et al., 2017). So, eventually, the GTP cap can be lost.
The size of GTP cap has been measured, but it is doubted if results reflect the

reality (Akhmanova & Steinmetz, 2015; Roostalu et al., 2020). In a cleverly designed
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series of experiments, Roostalu et al. (2020) showed that, at least in vitro, GTP cap size

is less than 2um.

GTP hydrolysis induces microtubule disassembly

Presence of GDP-tubulin is necessary for a catastrophe to happen, since
microtubules growing in the presence of GMPCPP (Guanosine-5'-[(a,)-methylene]-
triphosphate, a slowly hydrolysable GTP analog) undergo catastrophe events less
frequently (Hyman et al., 1992; Nogales et al., 2015). Goodson & Jonasson on their
review (Goodson & Jonasson, 2018) made the exciting comment that, contrary to

common sense, “energy of GTP is used to destroy the microtubule, not to build it”.

A depolymerizing microtubule has a characteristic structure

How do microtubules depolymerize when the GTP cap is lost? Tubulin dimers
in the lattice are in a straight conformation. However, because this is not their
preferred conformation, tubulin dimers end up with “strain energy” (Brouhard & Rice,
2018). Moreover, because of GTP hydrolysis, they are compacted around 3 A, due to
rearrangements in a-tubulin and E-site of B-tubulin (Figure 14). Compaction leads to
weakened lateral interactions, whereas longitudinal interactions are getting stronger
(Alushin et al., 2014). Upon loss of the GTP cap, GDP-tubulin starts to adopt its
favourable conformation (the curved one, due to weakened lateral interactions). That
results in loss of lateral interactions between GDP-tubulins and creation of
protofilaments that peel away (Figures 13, 15) (Cleary & Hancock, 2021). This
structure is named “ram’s horns” (Mandelkow et al., 1991). Interestingly,
microtubules that peel away can apply pulling forces, which can move whole

chromosomes during cell division (Koshland et al., 1988; Pollard et al., 2017).

Finally, it is not known whether compaction of GDP-tubulin is a common
feature of all microtubules. Mammalian microtubules display compaction of GDP-
tubulin (Alushin et al., 2014; Zhang et al., 2015), whereas yeast microtubules do not
(Holy et al., 1997; Howes et al., 2017).
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Figure 14. Cartoon representing tubulin compaction upon GTP hydrolysis.

rearrangements in a-tubulin and E-site of B

from Alushin et al. (2014).

tubulin, lead to tubulin dimer compaction. Modified figure

Figure 15. Cryo-EM of depolymerizing microtubules. Peeling of protofilaments, creating the so-called

“ram’s horns”, can be observed. Modified figure from Mandelkow et al. (1991).

21



Nucleation of a microtubule

Nucleation of microtubules occurs either from spontaneous nucleation of af-
tubulin heterodimers (Figure 16) or from specialized structures (Cleary & Hancock,
2021). The latter ones are called Microtubule Organizing Centers (MTOCs) (Pollard et
al., 2017). Spontaneous nucleation will not be further analyzed, because it is not the
theme of the current thesis. Note, however, that this process is not well understood
and recently was questioned (Rice et al., 2021). MTOCs will be described very briefly,

because they connect in a way with the theme of this study.
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Figure 16. Microtubule spontaneous nucleation model. Size of arrows indicates the possibility of the
reaction to happen, ny; number of reaction steps. Modified figure from Roostalu & Surrey (2017).

There are three types of MTOCs, centrosomes, spindle pole bodies (SPB) and
basal bodies. Centrosomes are the MTOCs in most animal cells. They are
membraneless and can exist free in the cytoplasm. Microtubules emanating from
centrosomes participate in cytoplasm organization during the cell cycle. During
mitosis, they have the vital roles of organizing the mitotic spindle and segregating the
chromosomes correctly. During cytokinesis, they orchestrate the contractile ring
formation. Centrosomes consist of two cylindrical structures, named centrioles, which
are surrounded by pericentriolar material, a protein mixture (Figure 17). y-tubulin is

the most important protein of pericentriolar material, since it forms y-tubulin ring
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complexes (y-TuRCs), the structure from which microtubules emanate. y-TuRC
consists of 14 y-tubulins attached to accessory proteins, forming a characteristic
structure of “a dislocated ring similar to a left-handed lock washer” according to
Pollard et al. (2017) (Figure 18). It promotes the assembly of microtubules with 13

protofilaments and caps the minus end of microtubules (Pollard et al., 2017).

C. Centrosome organization
Distal appendage

Subdistal appendage

Mother & ninein, centriolin

* Pericentriolar material (PCM)
~ y-tubulin ring complexes

. pericentrin, GMAP210
-~ microtubule nucleation

Linkers: C-NAP1, rootletin,
kinase Nek2, protein |
phosphotase PP1

Daughter
centriole

Figure 17. Centrosome structure. Centrioles are depicted as red cylindrical structures, surrounded by
pericentriolar material (grey mesh). y-TuRC is localized to pericentriolar material. Modified figure from
Pollard et al. (2017).
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A. y-tubulin ring complex

Other subunits \ N
of v+ TURC

Figure 18. y-tubulin ring complex (y-TuRC) structure from the top (left figure) and from the side (right
figure). y-tubulin is in green, other y-TuRC subunits in blue and grey, a-tubulin in orange and B-tubulin
in red. Modified figure from Pollard et al. (2017).

SPBs are the centrosome counterparts on fungi. Although involved in basically
the same processes, their structure is quite different from centrosomes (Figure 19).
More specifically, they lack centrioles and adopt a 3-layered plaque structure.
Moreover, although y-tubulin is present, protein composition seems to be different
from that of centrosomes. Additionally, contrast to centrosomes that are free in the
cytoplasm, SPBs are embedded in the nuclear envelope for the majority of the cell
cycle. In S. cerevisiae, the SPB is embedded to the nuclear envelope during the entire
cell cycle (Pollard et al., 2017).

Basal bodies are centriole-dependent structures that promote the assembly of
cilia and flagella. These structures are important for cell movement (e.g., the flagella

on the sperm cells) and for environment sensing (primary cilia) (Pollard et al., 2017).
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Figure 19. SPB structure. Note that SPB consists of 3 layers of plaques (outer, central, inner).
Microtubules are in red. Modified figure from Pollard et al. (2017).

Tubulin Post Translational Modifications (PTMs)

The C-terminus of tubulins is quite acidic, due to the presence of many
glutamic acid (E) residues (Figure 5). For that reason, it is called E-hook (Goodson &
Jonasson, 2018). Electron crystallography experiments (Nogales et al., 1998) showed
that the C-terminus of aB-tubulin resides to the outer surface of the microtubule
(Figure 20). Moreover, it participates in interactions between microtubules and
Microtubule Binding Proteins (MTBPs) (Goodson & Jonasson, 2018; Hawkins et al.,
2010; Magiera & Janke, 2014; Nogales et al., 1998). C-terminus has been found to be
a target for PTMs, which in turn have been found to affect the binding of MTBPs
(Magiera & Janke, 2014). This study focuses on the effect of a kinesin (a MTBP) on S.

cerevisiae microtubule dynamics. Since microtubules in S. cerevisiae do not present
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any PTMs (Janke, 2014), PTMs of tubulin will not be further analyzed. For more
information about this topic, see Magiera & Janke (2014) and Janke (2014).

Outside

a-tubulin

B-tubulin

Figure 20. Orientation of pig brain aB-tubulin dimer in the microtubule lattice. “Inside” corresponds to
the lumen of the microtubule and “Outside” to the cytoplasm. As picture shows, the C-terminus of
tubulins (H11 - H12) faces the cytoplasm. a-tubulin is bound to GTP and B-tubulin to GDP and taxotere
(a microtubule stabilizing drug). a-helices are in red, B-sheets in blue. Colour code and numbering are
same as in Figures 4, 5. TAX; taxotere. Modified figure from Nogales et al. (1998).

Microtubule Binding Proteins (MTBPs)

Cells can regulate the dynamicity of microtubules according to their needs by
MTBPs (Goodson & Jonasson, 2018). MTBPs can be categorized either by their activity
or by their localization (Goodson & Jonasson, 2018). Here, two categories of MTBPs,
relevant to the purpose of this study (stabilizers and destabilizers), will be briefly

analyzed. For more information, see Goodson & Jonasson (2018).

“Stabilizers” describe the proteins that enhance polymerization and/or

weaken depolymerization of microtubules (Goodson & Jonasson, 2018). An example
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of a microtubule polymerase is the protein XMAP215, which attaches to microtubule
plus end and promotes microtubule growth by adding tubulin dimers (Brouhard et al.,
2008). A subset of kinesins (a molecular motor) has also been found to act as

stabilizers by inducing microtubule growth (see Kinesin-2, -5).

“Destabilizers” can be sorted into three main categories, “sequestering
proteins”, “tip destabilizers” and “microtubule severing proteins” (Goodson &
Jonasson, 2018). Proteins from the first category bind to free tubulin dimers and
impair their incorporation to microtubules (Goodson & Jonasson, 2018). Proteins that
specifically affect the tip of a microtubule fall into the second category;
depolymerizing kinesins (see Kinesin-8, -13) are the best studied proteins of this group
(Goodson & Jonasson, 2018). Microtubule severing proteins describe the set of
proteins that destabilize microtubules by shredding them (Goodson & Jonasson,

2018).

Molecular motors - Kinesin

Molecular motors are a subset of MTBPs that attach to microtubules and move
onto them. There are two types of molecular motors: kinesins and dyneins. Common
feature of both is the ATP-dependent movement; they use the hydrolysis of ATP to
move (Pollard et al., 2017; Schliwa & Woehlke, 2003). As this study focuses on the
effect of the kinesin Kip2 on S. cerevisiae microtubule dynamics, kinesins will be

introduced here in more detail.

Kinesins are motors that can move towards the plus or the minus end of

microtubules [see Kinesin Superfamily Proteins (KIFs)]. As Figure 21 shows, kinesins

have generally 4 domains. A head domain, bearing the ATP binding site and motor
activity, a coiled-coil that plays role in dimerization, a neck which connects the head
and the coiled-coil and a tail, where various cargoes are attached. Functional kinesin
molecules occur from homodimerization of monomers. However, there are

exceptions [see Kinesin Superfamily Proteins (KIFs)]. Kinesins are responsible for

intraflagellar transport (Taschner & Lorentzen, 2016) and transport of organelles (e.g.,

mitochondria, lysosomes, synaptic vesicles in neuronal cells) (Pollard et al., 2017).
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They also play a crucial role during the mitosis, by transferring chromosomes and
regulating mitotic spindle dynamics (Pollard et al., 2017). Lastly, they have been
implicated into normal embryo development, and they are crucial for nervous system

function (Hirokawa et al., 2009a; Konjikusic et al., 2021).

Head

[100-P810D

Tail

Figure 21. Cartoon depicting the domains (left) and the structure of kinesin-1. Light chains are
responsible for attaching cargoes to the kinesin. Modified figure from Pollard et al. (2017).

How do kinesins move on microtubules?

There are two ways by which kinesins move on microtubules, by “walking” on
them and by diffusing along them. Generally, they “walk”. Kinesins belonging to the
kinesin-3, and -5 families can also diffuse, whereas members of kinesin-13 can only

diffuse [see Kinesin Superfamily Proteins (KIFs)] (Hirokawa et al., 2009b).

So, it is believed that kinesins move on microtubules by a conserved

mechanism. The best studied model on how a kinesin moves comes from KIF1A, a
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monomeric kinesin-3 protein. KIF1A, being a monomer, moves on microtubules by
diffusion. Here, a brief description of the diffusion-based as well as the “hand-over-
hand” model will be given. The latter explains how kinesins “walk” on microtubules by
using information encoded in the microtubule structure (Hirokawa et al., 2009b).
Diffusion-based movement model is described in detail at Hirokawa et al. (2009b) and

Nitta & Hirokawa (2013).

Figure 22 sums up the diffusion-based model for KIF1A and proposes how
“hand-over-hand” model on KIF5, a kinesin-1 protein, works. On the diffusion-based
model, after ATP hydrolysis weak interactions between K-loop (a KIF1A region) and E-
hook restrict KIF1A to 1D diffusion. Interactions between the microtubule binding
domain of the kinesin and the top of the tubulins enhance this 1D diffusion and might
promote the biased movement towards plus end (not shown in the figure). When ADP
is exchanged for ATP, KIF1A binds strongly to microtubules (Hirokawa et al., 2009b;
Nitta & Hirokawa, 2013).

The “hand-over-hand” applies to dimeric kinesins (so it refers to the majority
of the kinesins, see below). There are two heads, the leading and the trailing. When
ATP binds to the empty leading head, it is hydrolyzed (ADP + Pi state; Pi: inorganic
phosphate). Hydrolysis causes a conformational change that pulls the trailing head
forward. This movement is known as “power stroke”. The new leading head finds the
next binding site by diffusional search. Binding to microtubule leads to the dissociation
of ADP from the new leading head. Pi is removed from the new trailing head (ADP
state) and the trailing head detaches from the microtubule. The cycle is repeated.
(Hirokawa et al., 2009b; Pollard et al., 2017). After each cycle, kinesin has moved 8nm
forward (Pollard et al., 2017). “Hand-over-hand” model explains how kinesins “walk”
on microtubules. From now on, instead of saying that a kinesin “walks”, the term

“processive kinesin”, will be used. This term is used extensively across bibliography.
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Figure 22. Top; “Hand-over-hand” model for KIF5. Bottom; Diffusion-based model for KIF1A. Modified
figure from Hirokawa et al. (2009b).

Kinesin Superfamily Proteins (KIFs)

With latest data, Kinesins Superfamily Proteins (KIFs) consist of 15 different
families. In Figure 23, all these families are presented (Miki et al., 2005; Miki &
Hirokawa, 2013). Kinesins belonging to Kinesin-1 till Kinesin-12 families have the
motor domain at the N-terminus and move towards the plus end of microtubules
(Figures 21, 24). Members of the Kinesin-14 family have the motor domain at the C-
terminus and move towards the minus end of microtubules, whereas Kinesin-13
family members have the motor domain in the middle of the protein (Figures 24) (Miki
& Hirokawa, 2013). There have been done many tries to classify each kinesin to the
right family (Kim & Endow, 2000; Lawrence et al., 2004; Miki et al., 2001; Miki et al.,
2005;). The classification presented in Figure 23 is based on a phylogenetic tree
created by alignment of motor domains from 623 kinesins and has been adopted as
the foundation for kinesin classification (Miki et al., 2005; Miki & Hirokawa, 2013).
Classification of Kip2 seems not to be robust: in some studies, it is classified to Kinesin-
7 family (Lawrence et al., 2004; Miki et al., 2001; Miki et al., 2005;), while in other is

classified closer to Kip3 (Kinesin-8 superfamily) (Kim & Endow, 2000).
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Below, a brief description of kinesin families known to affect microtubule

dynamics will be done. For more information about kinesin families see Miki &

Hirokawa (2013).

Family
Kinesin-1

Kinesin-2
Kinesin-3
Kinesin-4
Kinesin-5
Kinesin-6
Kinesin-7
Kinesin-&
Kinesin-9
Kinesin-10
Kinesin-11
Kinesin-12
Kinesin-13
Kinesin-14A

Kinesin-14B

Founding
memberis)
LpKHC
DmKHC

MmEKIF3A
SoPuKRPE5/95

Celncl(d
MmKIF1B

MmEIF4A

AnBimC
SchPoCut?
CegCHO1

ScKip2
HsCENP-E
DmKLP6TA

CrELP1
DmMod

ScSmyl
XIXklp2

MmKIF2A
CeMCAK

ScKAR3
DmNCD

AtKCBP

Representative members
KIF5B. KHC, NKin, KLP1,
KinA, DdKS

KIF3A/3B. KIF 17, Krp85/95,
Osm3, Flal

KIF 1A, KIF1B, KIF13A, KIF16B,
UNC104

KIF4A, KIF21 A/B, chromokinesin

KIF11, Eg5, BimC, CINg,
KIP1, Cut7

KIF20, KIF23, Rab6Kinesin, CHO1,
MEKLP1, Zend, MPPI

KIF10, CENP-E, CMET, CANA,
KIP2
KIF18A/18B KIF19A, KLPGTA,
KIP3

KIF6, KIF9, KRP3, CrKLP!
KIF22, KID, Nod

KIF26A, KIF26B, VABS, SMY 1

KIF12, KIF15, HKLP2, KLP54D,
Xklp2, PAKRPd

KIF2A, MCAK, XKCM1, PfKinl

KIFC1, CHO2, Ned, Karl, KatA

KIFC2, KIFC3, KatD, KCBP, KIF25

Reported function/structural
features

Vesicle transport, conventional

Vesicle-intraflagellar transport/

heterotrimeric

Organelle transport/monomeric

Organelle transport,
chromosome movement

Spindle formation/
homotetrameric, bipolar
Cytokinesis, spindle polarity

Kinetochore microtubule
capture

Muclear migration,
mitochondrial transport
Unclear

Chromosome segregation/
Helix-hairpin-Helix DNA-
binding motif

Signal transduction/divergent
catalytic core

Organelle transport/
homologous tail

Microtubule depolymerizing/
central motor

Chromosome segregation,C-
terminal motor

Organelle transport/C-terminal
motor

Member no.®
31117443

4331000

BH/2/0/1

542131

11174

52010001

12000142

3201200

200/0/0

110710

21717270

21 0/6/0

4/3/2/111

1147401

307160

Figure 23. All the 15 kinesin families. Classification of a kinesin into a family is based on a phylogenetic
tree created by alignment of motor domains from 623 kinesins. Modified figure from Miki & Hirokawa

(2013).
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Kinesin structures
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Figure 24. Cartoons depicting the domains and the structure of kinesins from different families. Kinesin-
1 to Kinesin-12 families have the motor domain at the N-terminus. Members of the Kinesin-14 family
have the motor domain at the C-terminus and kinesin-13 members have the motor domain in the
middle of the protein. Kinesin families 8 to 12 are not presented but, generally, they have the same
structure as kinesins from families 1 to 7. See Miki et al. (2005) for more information. Modified figure
from Pollard et al. (2017).

Kinesin-2

Members of this family can homodimerize, heterodimerize (Miki & Hirokawa,
2013) or even heterotrimerize (Pollard et al., 2017; Taschner & Lorentzen, 2016). They
participate in organelle as well as in intraflagellar transport (Miki & Hirokawa, 2013).
In Chlamydomonas reinhardtii and Caenorhabditis elegans, two organisms used for
intraflagellar transport studies, it has been proved that kinesins of this family can
promote flagellar microtubules growth. They do so, by transporting tubulin dimers
into flagella/cilia. However, they do not directly interact with tubulin: instead, tubulin
dimers are attached to a complex of proteins, which in turn attaches to the kinesin

(Taschner & Lorentzen, 2016).




Kinesin-5

Kinesins falling into this family form homotetramers (Figure 24) that
participate in cell division. Their most known feature is the bundling of interpolar
microtubules present at the mitotic spindle (Figure 25) (Miki & Hirokawa, 2013;
Pollard et al., 2017). Interpolar microtubules have antiparallel polarity so, during
anaphase, the plus end directed movement of the kinesin leads to the elongation of
the spindle (Pollard et al., 2017). Except from being processive, kinesins of this family

are also capable of diffusing along microtubules (Kapitein et al., 2008).

A major discovery was that kinesin-5 is a microtubule polymerase. It exerts its
polymerizing activity by accumulating to the plus end of microtubules. There, it
stabilizes the newly incorporated tubulin dimers and prevents their dissociation from
the plus end (Figure 26) (Chen and Hancock, 2015). Interestingly, Cin8, the kinesin-5
homolog in S.cerevisiae, has ionic strength-dependent directionality in vitro (Gerson-

Gurwitz et al., 2011).

Kinesin-5 (bipolar)

» L
J.\'

Figure 25. Kinesin-5 forms homotetramers that bundle antiparallel microtubules. Its plus end directed
movement leads microtubules to move away from one another. Modified figure from Lodish et al.
(2016).
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Figure 26. Kinesin-5 accumulates to the plus end of microtubules. There, it promotes microtubule
elongation by stabilizing the newly incorporated tubulin dimers and preventing their dissociation from
the plus end. Modified figure from Chen & Hancock (2015).

Kinesin-8

Proteins making up this family promote microtubule disassembly. Like most of
the kinesins, they move processively towards the plus end of microtubules. There,
they depolymerize microtubules by a not well-established mechanism. On the one
hand, human Kif18A is believed to block microtubule dynamicity and maybe promote
the curved conformation of the tubulin, like kinesin-13s (see below) (Figure 27). On

the other hand, the yeast homolog of kinesin-8, Kip3 actively removes tubulin dimers
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from the plus end. However, Kip3 depolymerizing activity seems to depend on arrival

of “trains” of Kip3 (Figure 27) (Walczak et al., 2013).

Kinesin-13

Kinesins belonging to this family possess the head domain in the middle of the
molecule (Figure 24) (Miki & Hirokawa, 2013). This family consists of non-processive
kinesins. They diffuse along microtubules and attach to ends with higher affinity than
the lattice. Unlike kinesin-8 family members, these kinesins can bind to both ends
(Figure 27). There, they promote microtubule disassembly in an ATP-dependent
manner. They attach to the ends and favour the curved conformation of the tubulin
(Figures 7, 27). Then, with the aid of ATP hydrolysis, they remove one tubulin dimer
at a time (Howard & Hyman, 2007).

Kinesin-13 family members participate into cell division. Probably, the most
known feature is during anaphase, where MCAK (mitotic centromere-associated
kinesin), a kinesin-13, simultaneously depolymerizes the plus end of kinetochore

microtubules and drags chromosomes to the poles of the spindle (Maney et al., 1998).
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Figure 27. Models for microtubule depolymerizing activity of kinesins-8 and -13. Top; Kinesin-13s
diffuses along microtubule lattice and attaches to microtubule ends. There in an ATP-dependent
process, it induces the curved conformation of tubulin and removes one tubulin dimer at a time.
Bottom; Kinesin-8s move towards the plus end of microtubules. There, they depolymerize microtubules
by a not well-established mechanism. Kif18A seems to block microtubule dynamicity and maybe
promote the curved conformation of the tubulin, whereas Kip3 actively removes tubulin dimers from
the plus end. Its activity seems to depend on arrival of “trains” of Kip3. Tubulin dimers are in red-yellow.
Modified figure from Walczak et al. (2013).

In vitro reconstitution experiments

The aim of cellular biology is to decipher the mechanisms underlying various
cellular procedures. Even though in vivo studies are a straightforward approach to
that, they are not always informative. Cells are very complex structures with
thousands of proteins interacting with each other, making the study of a particular
mechanism challenging. A solution to that are the in vitro studies. In these, cellular
extracts or purified proteins are isolated, to be studied out of the complex
environment of the cell. In vitro studies can further support procedures observed into
live cells and uncover new functions of cellular constituents, not observed into the
complex environment of the cell. Additionally, due to their simplicity, they allow for
modelling of mechanisms (Liu & Fletcher, 2009). The challenge with in vitro studies is

to find the optimal conditions for the system to work as inside the cell.

In vitro reconstitution experiments have shed light on major biological
processes. They led the way on what are the minimum elements required for DNA
replication. In the field of cytoskeleton, they showed how muscles contract, that a
mitotic spindle can be reconstituted without the presence of centrosomes or
kinetochores and that cytoskeletal elements in prokaryotes play a more important
role in cellular functions than previously thought. Finally, they have been utilized in
experiments for interactions taking place on the plasma membrane, such as the
immunological synapse (Liu & Fletcher, 2009). These and other in vitro reconstitution

experiments are analyzed further in Liu & Fletcher, (2009).
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Total Internal Reflection Microscopy (TIRF)

To carry out the experiments in this study, TIRF microscopy was used. The basic
principles of it are mentioned below. Fluorescence microscopy is a type of light
microscopy that uses fluorescent molecules (named fluorophores) “tagged” to a
molecule of interest. Photons of a specific wavelength, produced by a light source,
excite the fluorophores. After a few nanoseconds, fluorophores emit photons that
have longer wavelengths (less energy) than the excitation photons (Lichtman &
Conchello, 2005). Here, a brief reference to the physical basis of fluorescence
microscopy and TIRF microscopy will be done. In Figure 28, a simplified fluorescent
microscope is presented. As it is depicted, in “classical” fluorescence microscopy the
excitation beam (in green) passes through the objective lens and the sample (Figures
28 bottom left, 29). The excited fluorophores emit photons (in red), which are
collected by the objective and sent to the eye or detector (Lichtman & Conchello,
2005). There are many drawbacks of this setup. First, because the whole sample is
excited, signal/noise ratio is not good. Moreover, when imaging live cells for long time,
excitation photons can cause phototoxicity to cells (Martin-Fernandez et al., 2013;

Mattheyses et al., 2010).
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Figure 28. Light path in a simple fluorescence microscope. Excitation light (in green) emitted from a
source (arc lamp in this case) is driven to the sample (bottom left) through the objective. Fluorophores
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absorb the excitation photons and after a few nanoseconds emit photons of different (longer)
wavelength (in red). Emitted light is collected from the objective and sent to the detector or the eye.
Modified figure from Lichtman & Conchello (2005).

Sample m,

Cover slip s

Figure 29. Cartoon showing that in “classical” fluorescence microscopy excitation beam (in light blue)
passes through the sample (cell) and excites all the fluorophores (green). Modified figure from
Mattheyses et al. (2010).

To understand the principle of TIRF microscopy, one must know Snell’s law.
Think of a ray of light propagating into a medium (glass) with refractive index n1. Glass
contacts with a second medium (air), having a refractive index n,, where ni>n; (Figure
30). When the ray of light hits the interface between glass and air (incident ray) at an
angle 0,, part of it is reflected to the glass (reflected ray) whereas another part of it is
refracted (refracted ray), while it starts to propagate in the air, with an angle 6,. Snell’s
law is an equation connecting the two angles and the refractive indices of the two

media (Figure 30) (Keiser, 2016).

In cases like the above, when light goes from an optically denser media (glass)
to an optically less dense media (air), there is a critical angle of incidence (named Bcit)
at which the refracted rays do not propagate to the air anymore but are parallel to the
interface between the two media (Figure 31, left). Rays of light with an incident angle
greater than Bt do not propagate to air and are exclusively reflected into the glass.
This physical phenomenon is called Total Internal Reflection (Figure 31, right) (Keiser,

2016).
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Figure 30. A ray of light can be reflected and refracted when going from an optically denser media to
an optically less dense media. Modified figure from Keiser (2016).
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Figure 31. When the incident angle is greater than O, total internal reflection occurs (right figure).
Modified figure from Keiser (2016).

Martin-Fernandez et al. (2013) state that “light is energy emitted by charged
particles and manifests itself, as it travels through space, in the form of particles

(photons) and electromagnetic waves”. In Total Internal Reflection, even though the
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rays of light are totally internally reflected, energy is transferred to the second media
(air in the case above), creating an “evanescent” wave. The intensity of this wave is
maximum at the interface between the two media and decays exponentially with
distance from this interface. The distance at which “evanescent” wave can reach,
depends mainly on the incident angle, the wavelength of the light and the refractive
indices of two media. Typical values are 60-100nm, whereas it does not exceed 200nm
(Martin-Fernandez et al.,, 2013; Mattheyses et al., 2010). For the mathematical
approach to this phenomenon, see Martin-Fernandez et al. (2013).

TIRF microscopy uses exactly this property (Figure 32). Excitation beam hits the
coverslip - sample interface at an angle greater than B¢t [dashed line, note that
refractive index of coverslip (nz) must be greater than the refractive index of the
sample (n1)]. Because the coverslip is optically denser than the sample, total internal
reflection happens. However, as mentioned above, an “evanescent” wave is created.
The intensity of this wave decays exponentially with distance. That means that
fluorophores (small circles) that are closer to the coverslip - sample interface will be
excited strongly than those being further. Moreover, because penetration depth does
not exceed 200nm, fluorophores beyond that distance will not be excited (green vs
grey fluorophores). That gives TIRF microscopy an extremely good singal/noise ratio
(Figure 33). Additionally, when imaging live cells, this technique reduces phototoxic
effects as only a small portion of the cell is exposed to excitation beam (Mattheyses

et al.,, 2010).
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Figure 32. Cartoon showing the principle of TIRF microscopy. Excitation beam (in light blue) hits the
coverslip - sample interface at an angle greater than Bt (dashed line) and total internal reflection
occurs. “Evanescent” wave is created and only fluorophores proximal to the coverslip - sample interface
are excited (green). Modified figure from Mattheyses et al. (2010).

A Epifluorescence

C Epifluorescence _

Figure 33. Differences between Epifluorescence and TIRF microscopy. Top row panels; Actin (LifeAct-
GFP) in a migrating cell. Bottom row panels; Clathrin (clathrin light chain—GFP) in cell. Modified figure
from Mattheyses et al. (2010).
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There are two approaches for a TIRF microscope setup, the prism- and the
objective-based (Figure 34). In the prism-based approach (Figure 34, left), a prism is
placed above the coverslip. Some advantages of this setup are the cost and that it
allows a wide range of incident angles; very big incident angles can be achieved,
reducing the “evanescent” wave depth and resulting in better signal/noise ratio.
Moreover, unwanted photons are not collected by the objective. However, because
excitation and emission happen on the opposite site of the objective lens, focus
through the specimen is necessary. That makes this setup unsuitable for thick samples.
Additionally, calibration may be required each time a new sample is added, making

this setup time-consuming (Martin-Fernandez et al., 2013; Mattheyses et al., 2010).

In the objective-based approach (Figure 34, right), the excitation beam passes
through the objective lens, as in a typical fluorescence microscope. However, because
the light beam needs to hit the sample in an angle and not pass through it (compare
Figures 29, 32, 34), light is focused on back focal plane of the objective; that allows
light to hit the sample in an angle. A major advantage of this approach is the ease of
access to the sample; one can intervene or change his samples without having to
remove a prism first. However, unwanted photons are collected by the objective,
making the use of special filters necessary (Martin-Fernandez et al., 2013; Mattheyses

et al.,, 2010).

In the second approach, there are some more things to take into consideration.
One is the NA (numerical aperture; describes the light gathering power of the lens) of
the lens. Objectives with NA>nsample are required (nsample is the refractive index of the
sample). Moreover, because the objectives are immersed into media (oil), the lens,
the oil and the coverslip must have the same refractive index (Martin-Fernandez et
al., 2013; Mattheyses et al., 2010). This will allow excitation light to propagate till it
hits the coverslip - sample interface, without changes in its direction. In this study, the

objective-based approach for TIRF microscopy was used.
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Figure 34. Prism-based (left) and objective-based (right) approach for TIRF microscope setup. Modified
figure from Martin-Fernandez et al. (2013).

TIRF microscopy has been used in to study dynamic procedures such as
endocytosis, exocytosis, cell-substrate adhesion, intracellular signaling, single
molecule tracking and the dynamics of the cytoskeleton (Martin-Fernandez et al.,

2013; Mattheyses et al., 2010).

Spindle positioning in S. cerevisiae

Before presenting the already published data about Kip2 and its effect on
microtubule dynamics, a mention to its cellular functions is necessary. S. cerevisiae is
a model organism in cellular biology. It is the one at which the cell cycle was first
studied (Hartwell, 1974). S. cerevisiae has three discernible characteristics about its
division. First, it undergoes closed mitosis, meaning that the nucleus does not break
apart, as in higher eukaryotes (Figure 35) (Boettcher & Barral, 2013; Giittinger et al.,
2009). Second, it duplicates through asymmetric division. In brief, a bud starts growing
from the mother cell. As the cell cycle proceeds, this bud is getting bigger. Finally, it is
separated from the mother cell (Figure 36) (Hartwell, 1974). Third, whereas in other
organisms cell division is done in the plane of mitotic spindle, in S. cerevisiae it is the
spindle that must be oriented towards the mother-bud axis (Figures 36, 37) (McNally,
2013).
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Figure 35. Differences between open and closed mitosis. The egg-like structures on the bottom as well
as the structure on top right represent the nucleus of a eukaryotic cell. Left; during open mitosis,
nuclear envelope (double-layered membrane surrounding the nucleus) breaks apart. The DNA or
chromatin (dark blue in the figure) is exposed to the cytoplasm and mitosis proceeds at it. Right; during
closed mitosis, nuclear envelope does not break apart and mitosis takes places into the nucleus of the
cell. Modified figure from Guttinger et al. (2009).
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NM

Figure 36. S. cerevisiae cell cycle scheme. The cell is represented by the oval shape. The small circle
inside the cell represents the nucleus. The rectangular structure embedded into the nucleus represents
the SPB (Spindle Pole Body; MTOC of S. cerevisiae, see above). Parallel lines represent microtubules of
the spindle. BE; bud emergence, NM; nuclear migration, SE; spindle elongation, CK; cytokinesis, CS; cell
separation. Abbreviations that are more relevant to the aim of this section are mentioned. For full
explanation, see Hartwell (1974). Modified figure from Hartwell (1974).

The correct spindle positioning and the subsequent chromosome segregation
is achieved through two partially redundant pathways, named the Kar9 and the dynein
pathway (Figure 37). Briefly, Kar9 is transported to the plus end of astral microtubules
and there, through interaction with Myo2, crosslinks astral microtubules with actin
filaments. Myo2 is a myosin (molecular motor that moves along actin filaments),
which transports the whole nucleus (and thereby the spindle) at the bud neck and

places the spindle in parallel to the mother-bud axis (Figure 37) (McNally, 2013).

A little bit later, dynein is transported through astral microtubules to cortical

sites of the bud. There, during anaphase, dynein moves along astral microtubules. Its

45



minus end movement pulls half of the spindle to the bud, leading to delivery of half of

the genetic information into the bud (Figure 37) (McNally, 2013).
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Figure 37. The spindle positioning mechanism in S. cerevisiae. Early pathway corresponds to the Kar9
pathway and late pathway to the dynein pathway. Big red dots correspond to the SPBs. Straight black
lines connecting the SPBs correspond to spindle microtubules. The two curved black lines connecting
the SPBs correspond to the nuclear envelope. The straight black lines protruding to the cytoplasm
correspond to the astral microtubules. Modified figure from McNally (2013).
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Cellular functions of Kip2

Kip2 participates in the spindle positioning mechanism by transporting dynein
(McNally, 2013) (Figure 37) and Kar9 (Drechsler et al., 2015; Maekawa et al., 2003;
Miller et al., 1998) to the plus end of astral microtubules. Moreover, its presence is
restricted only to astral microtubules (Figure 38) (Carvalho et al., 2004; Chen et al.,

unpublished data; Miller et al., 1998).

Kip2-3YFP/CFP-Tub1

Figure 38. Localization of Kip2 in S. cerevisiae. Left figure; first row panels show GFP-Kip2 signal (left
panel) and DAPI stained DNA (right panel) at a metaphase cell. Second row panels show Kip2 signal (left
panel) and DAPI stained DNA (right panel) at an anaphase cell. Modified figure from Miller et al. (1998).
Right figure; Kip2-3YFP (red) localizes to the plus ends of astral microtubules, labeled with CFP-Tub1
(green). Spindle microtubules appear as a straight line, whereas astral microtubules appear as short
extensions at one or both ends of the spindle. Modified figure from Carvalho et al. (2004). Compare
with Figure 37, to see that Kip2 indeed localizes to astral microtubules.

Experiments in cells lacking the Kip2 gene pointed out two results. The first
was that Kip2 is not the only protein responsible for proper localization of Kar9 and
dynein. That’s because, cells lacking Kip2 were able to grow as normal cells, although
they were a little bit more prone to nuclear migration defects. (Miller et al., 1998). The
second was that cells lacking Kip2, did not have astral microtubules or if they had, they

were very short (Figure 39) (Chen et al., unpublished data; Miller et al., 1998). So, it
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was proposed that Kip2 has a microtubule stabilizing or assembling effect (Miller et

al., 1998).

Figure 39. Kip2 deletion leads to absence or presence of very short astral microtubules. Left figure;
microtubule morphology of wild type cells. Right figure; microtubule morphology of kip2A cells. Spindle
microtubules appear as a straight line, whereas astral microtubules appear as short extensions at one
or both ends of the spindle. Cells were stained with anti-tubulin YOL1/34 antibody. Modified figures
from Miller et al. (1998).

Kip2 and microtubule growth

The question was clear; how does Kip2 stabilize microtubules? Some years
later, researchers studying Kip2 and Bik1 (a microtubule plus end binding protein),
showed that overexpression of Kip2 in wild type cells, led to over-elongated astral
microtubules (Figure 40). Subsequently, they did the same experiment in cells lacking
Bik1l (bik1A cells). In these conditions, cells were lacking over-elongated astral
microtubules. So, the study concluded that Kip2 regulates microtubule dynamics by
transferring Bik1 to the plus ends. There, Bik1 stabilizes and promotes microtubule

growth (Figure 40) (Carvalho et al., 2004).
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bik1A

Figure 40. Effect of Kip2 normal levels and Kip2 overexpression in wild type cells and cells lacking Bik1
(bik14). The signal comes from GFP-Tub1 (a-tubulin). Spindle microtubules appear as a straight line,
whereas astral microtubules appear as short extensions at one or both ends of the spindle. In Kip2
induced, wild type cells, the very long and curved microtubules observed, are astral microtubules.
Modified figure from Carvalho et al. (2004).

However, an important experiment was missing. Bik1l can also accumulate to
the plus end of microtubules by Kip2-independent mechanisms. In kip2A cells, Bik1l
fluorescence can still be observed at the plus ends of microtubules, even though in
lower levels (Carvalho et al., 2004, Caudron et al., 2008). The missing experiment was
observing the length of astral microtubules in kip2A cells, that overexpress Bik1. This,
based on the proposed mechanism, would have a phenotype similar to overexpression

of Kip2 in wild type cells (Figure 40).

A paper published in 2015 (Hibbel et al., 2015) studied in vitro the properties
of Kip2. When researchers added Kip2, free tubulin and GMPCPP-stabilized
microtubule seeds, they observed that Kip2 could promote microtubule growth,

reduce the catastrophe frequency and act as nucleation factor (Figures 41, 42). The
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first two features were concentration-dependent and did not require any other

protein (Hibbel et al., 2015).

The study concluded that, at least in vitro, “Kip2 is a microtubule polymerase
and an anti-catastrophe factor”. As for how it promotes microtubule growth,
researchers came up with two models. In the first one, Kip2 transports free tubulin
dimers to the plus end of microtubules. This results to local increase of tubulin
concentration at the plus end, leading to microtubule growth. In the second, Kip2
accumulates to the plus end of microtubules. There, it actively incorporates free

tubulin dimers and promotes growth (Hibbel et al., 2015).

Control 40 nM Kip2
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Figure 41. Left; cartoon of the experiment: free tubulin in green, GMPCPP-stabilized microtubule seeds
in red, Kip2 in purple. Stabilized microtubule seeds are attached to the coverslip with antibodies (blue).
Center; TIRF microscopy images of dynamic microtubules grown from stabilized seeds without and with
40 nM Kip2. Right; Kymograph (length/time plot derived from a movie, with length at x axis and time
aty axis) of a microtubule in presence and in absence of Kip2. Modified figures from Hibbel et al. (2015).
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Figure 42. Previous page; Kip2 acts as a nucleation factor. Microtubule growth rate as a function of
tubulin concentration in ATP, without Kip2 (red) and with 40 nM Kip2 (black). In absence of Kip2,
microtubules grow when tubulin concentration is 10uM, whereas in presence of Kip2 microtubule
growth is observed with 4uM of tubulin. Current page; Left; Microtubule growth rate plotted against
Kip2 concentration. Right; Catastrophe frequency plotted against Kip2 concentration. Modified figures
from Hibbel et al. (2015).

In a recently submitted paper (Chen et al., unpublished data), researchers
found that Kip2 can promote microtubule growth through a positively charged area
or “patch” (named P1), which is found near the motor domain. Mutation of P1 region
(K294A, R296A) led to short astral microtubules in vivo. Moreover, in vitro
experiments with Kip2P1 mutant, free tubulin and GMPCPP-stabilized microtubule
seeds [same experiment as in Hibbel et al. (2015)], showed that the mutant could not

promote microtubule growth as wild type Kip2 (Chen et al., unpublished data).

Based on these results, researchers proposed that Kip2 accumulates to the
plus end of microtubules and promotes microtubule growth, by incorporating free

tubulin dimers, through its patch 1 region (Chen et al., unpublished data).

Preliminary experiments in the lab

In our lab, preliminary experiments have shown that Kip2 is able to transfer
tubulin to the plus end of microtubules. More specifically, when Kip2, free GDP-
tubulin dimers and GMPCPP-stabilized microtubules are mixed (Figure 43), a result

like in Figure 44 is observed. Kip2 (in red) processively moves along stabilized
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microtubule and accumulates to the plus end. However, the same is true for free GDP-
tubulin dimers (in green). They move onto microtubules (green diagonal lines, which
seem to overlap with the corresponding of Kip2) and accumulate over time to the plus
end (green signal at the plus end is getting brighter). GDP-tubulin was selected

because it cannot be incorporated to the microtubule lattice.
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Figure 43. Stabilized microtubules were mixed with GTP-tubulin and Kip2 and observed using TIRF
microscopy. Created with BioRender.com
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Stabilized microtubule Kip2 GDP-tubulin Merged

Figure 44. Kymograph (length/time plot derived from a movie, with length at x axis and time at y axis)
from the experiment presented in Figure 49. GMPCPP-stabilized microtubule in blue, Kip2 in red, free
GDP-tubulin in green. White dotted line marks the plus end of the microtubule. Preliminary
experiments in the lab.

The Kip2 structure has not been determined experimentally yet, but a
prediction of it is available on AlphaFold (access number in UniProt: P28743, Figure
45). Motor domain and a-helices (which seem to promote dimerization by formation
of coiled coils) can be seen. Studying the structure further, one can observe something
unusual for the majority of kinesins: Kip2 has its motor domain on the N-terminus, but
before the this, a sequence of 97 amino acids precedes. Moreover, this area is
predicted to be unstructured (Figure 45), it has a lot of positively charged or polar
amino acids (Figure 46) and its pl (isoelectric point; the pH at which this polypetide is
neutrally charged) is around 12 (calculated using the “Compute pl/Mw” tool from
Expasy). This data predicts that, in the S. cerevisiae cytoplasm, the 1-97 amino acids

of Kip2 is unstructured and positively charged.
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Figure 45. Structure of Kip2 protein. N- and C-terminus and some important residues (see below) are
indicated. Kip2 is coloured based on the confidence of each domain. The N-terminus residues preceding
the motor domain (1-97) are predicted to have very low confidence, meaning that this area may be
unstructured.
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Figure 46. Structure of Kip2 residues 1-97. Positively charged residues (Lysine, Arginine, Histidine) are
coloured in green, whereas in blue are Asparagine and Gluatamine. Figure obtained from RasMol.

We therefore wondered if these 97 amino acids could interact with the
negatively charged tubulin dimers. For that reason, Kip2A70, a mutant lacking the first
70 amino acids of N-terminus, was created (Figures 45, 46). In vitro experiments
showed that removal of these residues, heavily impaired microtubule growth (Figure
47). Moreover, Kip2A70 mutant could not transfer GDP-tubulin to the plus end of
microtubules, although it could reach the plus end (Figure 48, compare it with Figure
44; experimental procedure as for Kip2, Figure 43). We thus hypothesize that the

unstructured N-terminus area of Kip2, is capable of transferring free tubulin dimers.

Control

WT-A70

Figure 47. Kymograph of a microtubule growth in presence of Kip2 or Kip2A70. Free tubulin in green,
GMPCPP-stabilized microtubule seed in blue, Kip2 in red. Preliminary experiments in the lab.
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Stabilized microtubule Kip2A70 GDP-tubulin Merged

Figure 48. Kymograph of Kip2A70 and GDP-tubulin movements onto GMPCPP-stabilized microtubule.
Although KipA70 moves processively to the plus end, same thing does not apply to GDP-tubulin.
GMPCPP-stabilized microtubule in blue, Kip2 in red, free GDP-tubulin in green. White dotted line marks
the plus end of the microtubule. Preliminary experiments in the lab.
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Aim and importance of the study

The aim of this study is to provide, through in vitro experiments, data on the
microtubule elongation activity of Kip2. We hypothesize that Kip2 attaches to
microtubules through its motor domains, whereas its N-terminus unstructured areas
bind to free tubulin dimers. Its processive movement along the microtubules, leads to
transfer and accumulation of free tubulin dimers to the plus end. This results in a
locally increased tubulin concentration, that promotes microtubule growth (Figure
49). There are very few kinesins known to transfer free tubulin dimers. Even the few
examples that do so, do not interact directly with tubulin dimers, see Kinesin-2).

Therefore, this mechanism is so far unprecedented for a kinesin.

minus end plus end

Figure 49. Cartoon depicting our hypothesis for microtubule elongation activity of Kip2. Tubulin dimers
are in dark green-light green. Arrows indicate the plus end directed movement of Kip2. Created with
BioRender.com
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Experimental procedures

Construction of Kip2 expression vectors

Rationale of using two types of vectors

Full-length kinesins are often large and complex proteins that cannot be
properly folded into bacteria. In the lab, there have been tries to produce full-length
Kip2 (aa 1-706) in bacteria, but without success. It is believed that the a-helices of the
C-terminus (Figure 45) cannot be properly folded; these helices are thought to form
coiled coils and promote dimerization. So, production is restricted to eukaryotic cells,
like SF9, an insect cell line. The main difficulties with protein production in that system
are the difficult manipulations required and its duration; it takes at least four weeks
to produce and isolate the desirable protein (Bac-to-Bac Baculovirus Expression
System, Thermo Scientific, 10359016). On the other hand, in a recent study (Chen et
al., unpublished data) it has been proven that the truncated version of Kip2 (aa 1-560,
Figure 45), lacking part of the coiled coils (but still able to dimerize), can processively
move along microtubules. The interest of this truncated version of Kip2 is that it can

be successfully produced into bacteria.

In this study, vectors for fourteen different versions of Kip2 have been made:
seven for bacterial and seven for insect cell expression (Figure 50 - 53). For each Kip2
version produced in bacteria, there is its counterpart for insect cell production. The
vector chosen for bacterial production is the pET16 plasmid. In this, protein
production is under the control of T7 promoter, allowing high transcription levels,
whereas presence of lac operator allows inducible expression. Truncated Kip2 protein
versions inserted into this vector bear two tags that can be exploited for purification.
One is the 6xHis-tag, present at the C-terminus of the protein, whereas the other is
the MBP (Maltose Binding Protein), present at the N-terminus of the protein (Figure
53). MBP, apart from acting as a purification tag, was added to increase the solubility
of truncated protein (in case it was insoluble) (Rosano & Ceccarelli, 2014). Moreover,
a PreScission site was added between MBP and Kip2 gene, in case the former impaired

the N-terminus function (Figure 53). Figures 50 - 52 show the seven different versions
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of truncated Kip2. These are MBP-Kip2-His (without any fluorescent protein
conjugated to it), MBP-Kip2-mCherry-His, MBP-Kip2A70-mCherry-His, MBP-Kip2A100-
mCherry-His, MBP-Kip2P1-mCherry-His, MBP-Kip2P1A70-mCherry-His and MBP-
Kip2P1A100-mCherry-His. “His” stands for the 6xHis-tag, Kip2A100 is a mutant at
which the 100 first amino acids from the N-terminus have been removed (like in the
Kip2A70 mutant) and Kip2P1 is the mutant at P1 region mentioned earlier. Finally, the

last two (Kip2P1A70 and Kip2P1A100) are a combination between the two mutants.

The exact same versions were constructed for insect cell production (Figure 50
- 53) with four exceptions. First, Kip2 protein is full-length, second, the MBP tag is
absent, third, the vector is pFastBacl and fourth, PreScission site has been moved

between Kip2 gene and the His tag.

S RTINS

MBP-Kip2 MBP-Kip2-mCherry MBP-Kip2A70-mCherry
Kip2 Kip2-mCherry Kip2A70-mCherry
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Figure 50. Cartoons of the different Kip2 proteins. Top; Kip2 versions for bacterial expression, bottom;
Kip2 versions for insect cell expression. 6xHis-tag at the C-terminus of the proteins is not shown.
Created with BioRender.com

- TEES S

MBP-Kip2A100-mCherry MBP-Kip2P1-mCherry MBP-Kip2P1A70-mCherry
Kip2A100-mCherry Kip2P1-mCherry Kip2P1A70-mCherry

Figure 51. Cartoons of the different Kip2 proteins. Top; Kip2 versions for bacterial expression, bottom;
Kip2 versions for insect cell expression.6xHis-tag at the C-terminus of the proteins is not shown. Small
orange circles represent the P1 mutation (K294A, R296A). Created with BioRender.com
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MBP-Kip2P1A100-mCherry Kip2P1A100-mCherry

Figure 52. Cartoons of the fourteen different proteins. Left; Kip2 version for bacterial expression, right;
Kip2 versions for insect cell expression. 6xHis-tag at the C-terminus of the proteins is not shown. Small
orange circles represent the P1 mutation (K294A, R296A). Created with BioRender.com
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Figure 53. Cartoons of the vectors constructed for bacterial (MBP-Kip2-mCherry-His, left) and insect
cell (pFastBac-Kip2-mCherry-His, right) production. Vectors constructed for the rest Kip2 versions have
exactly the same structure. “His tag” stands for the 6xHis-tag. Only the genomic loci of interest are
presented. Black arrow indicates the direction of transcription / translation. Created with
BioRender.com
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Protocols used

At PCR reactions, Q5 High-Fidelity DNA Polymerase (NEB, M0491) was used
and the company protocol presented in Table 1, 2 was followed. Table 3 shows the

collection of primers used in this study (primers were obtained from Sigma).

Components 20ul reaction

4l
10 mM dNTPs 0.4 pl
10 uM Forward Primer 1l
10 uM Reverse Primer 1ul
Template DNA variable
Q5 High-Fidelity DNA Polymerase 0.2 pl
ddH,0 up to 20 pl

Table 1. PCR reaction volumes, according to the NEB protocol

Step Temperature (°C) Time

Initial Denaturation 98 30s
98 5-10s
30 Cycles 65 10-30s
72 20-30s/kb
Final Extension 72 2’
Hold 4-10

Table 2. Thermocycler settings, according to the NEB protocol
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Primer name

mCherry_Notl_f

Sequence

5'-aataGCGGCCGCgggagtgagcaagggcgaggagga-3'

Utility

mCherry gene amplification

mCherry_Rev_Xhol

5'-ggcCTCGAGcttgtacagctcgtccatge-3'

mCherry gene amplification

Kip2 gene amplification for insertion into

Kip2FLFoSacl 5'-aacgcGAGCTCatgattcaaaaaatgagcccaagct-3'
pFastBac
combination with forward primers for
Kip2F1RevNot! 5'-aaggaaaaaaGCGGCCGCtttatcgttatccacgacaggg-3' different Kip2 versions amplification and
insertion into pFastBac

Kip2A70 mutant amplification for insertion

Kip2D70FoSacl 5'-aacgcGAGCTCatgtccgatcccttecttcaccca-3' .
into pFastBac

Kip2A100 mutant amplification for insertion

Kip2D100FoSacl 5'-aacgcGAGCTCatggggtcaatcactgtgaccatc-3'

into pFastBac

5"kip2 BamH|

5'-gagGGATCCatgattcaaaaaatgagc-3'

Kip2 gene amplification for insertion into

pET

kip2 561 NotlIr

5'-aaaGCGGCCGCattgccggtggctttaatgtc-3'

combination with forward primers for
different Kip2 versions amplification and

insertion into pET

Kip2A70 mutant amplification for insertion

dBamHI 70 kip2f 5'-aaaGGATCCatccgatcccttccttcacccag-3 i [ 2T
Kip2A100 mutant amplification for insertion

Kip2D100FoBamHI 5'-aaaGGATCCgatggggtcaatcactgtgaccatc-3' into pET
Q5SDM 7/23/19 F 5'-cgcagatgactctcagtatggg-3' Kip2 P1 region mutagenesis (K294A, R296A)
Q5SDM 7/23/19 R 5'-atcgctaattctacgcccaatec-3' Kip2 P1 region mutagenesis (K294A, R296A)

Table 3. Collection of primers used in this study. Capital letter indicate the sites recognized by

restriction enzymes

Digestion reactions were done at 37°C, for 1h. All restriction enzymes used

were purchased from NEB. Two types of digestions were carried out. Table 4 shows

the volumes of components when digestion products were to be extracted from

gel, purified and used for ligation reaction. Table 5 shows the volumes of

components when digestion products were only to be observed under UV light (e.g.,

verification of the desirable plasmid). The only difference between the two types of
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digestions is the amount of DNA used: when digested DNA was to be isolated a
greater amount of it was added, due to loss during the extraction and purification

from agarose gel.

Components 20ul reaction

CutSmart Buffer (NEB, B7204S) 2 pl
Enzyme 0.6 ul for each enzyme used
ddH,0 up to 20 pl

Table 4. Digestion reaction volumes when digestion products were to be extracted from gel

Components 10pl reaction

1l
DNA 2yl
Enzyme 0.3 ul for each enzyme used
ddH,0 up to 10 pl

Table 5. Digestion reaction volumes when digestion products were only to be observed under UV
light

For clean-up of PCR products and gel extraction, the NucleoSpin Gel and PCR
Clean-up kit was used (Macherey-Nagel, 740609.50), according to the supplier
protocol. Heat shock transformations were done by incubating chemically
competent cells at 42°C, for 45s. Plasmid DNA was isolated by GenElute Plasmid
Miniprep Kit (Sigma, PLN70), according to the supplier protocol. Gel
electrophoresis was done in 0.7% agarose gels for 30°, 100V. Mutagenesis PCRs
were done according to the manual of QuikChange Il Site-Directed Mutagenesis Kit

(Agilent, 200523), but recommended materials were replaced with Pfu Turbo DNA
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polymerase (Agilent, 600250), Dpnl from NEB (R0176S), custom-made dNTP mix

and XL1 Blue competent cells, and LB Broth.

At ligation reactions, T4 DNA Ligase (NEB, M0202) was used and the company
protocol presented in Table 6 was followed. Reactions were incubated at room

temperature, for 1h.

Components 10pl reaction

T4 DNA Ligase Buffer (10x) (NEB, B0202S) 1l
Vector DNA (4 kb) 0.020 pmol
Insert DNA (1 kb) 0.060 pmol
T4 DNA Ligase 0.5 i
Nuclease-free water up to 10 pl

Table 6. Ligase reaction volumes, according to the NEB protocol

Insertion of mCherry gene into vectors

For the rest of the study, although PreScission site is included in the gene
cassette (Figure 53), it will be omitted. Moreover, 6xHis-tag will be referred as “His”.
mCherry gene was PCR amplified from a plasmid with primers mCherry_Notl_f and
mCherry_Rev_Xhol, followed by product clean-up. mCherry, pFastBac-linker-His
and pET-MBP-linker-His were digested with restriction enzymes Notl, Xhol,
extracted from agarose gel after electrophoresis, purified and ligated. Ligation
products were transformed into chemically competent XL1 Blue cells. Cells
transformed with the pFastBac vector were grown on LB agar with ampicillin (50
ug/ml) (Ampicillin sodium salt, Sigma, A9518), whereas cells transformed with the pET
vector were grown in presence of kanamycin (50 pug/ml) (Kanamycin sulfate, Sigma,
60615). Both cell populations were grown overnight (O/N), at 37°C. Plasmid DNA was

isolated from colonies and verification of desirable plasmids was done with proper
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restriction enzyme digestions. pFastBac-mCherry-His and pET-MBP-mCherry-His

vectors were created.

Construction of pFastBac gene cassettes for insect cell expression

Full-length Kip2 gene (named “Kip2”) was isolated from S. cerevisiae genomic
DNA, in a PCR reaction with primers Kip2FLFoSacl and Kip2F1RevNotl. PCR product
was cleaned and used as template for two PCRs: one with primers Kip2A70FoSacl,
Kip2F1RevNotl and one with primers Kip2A100FoSacl, Kip2F1RevNotl, to create
Kip2A70 and Kip2A100 mutants respectively. After amplification, products were
cleaned. pFastBac-mCherry-His, Kip2, Kip2A70 and Kip2A100 were digested with
restriction enzymes Notl, Sacl. Procedure followed afterwards is described above:
pFastBac-Kip2-mCherry-His,  pFastBac-Kip2A70-mCherry-His and  pFastBac-

Kip2A100-mCherry-His vectors were created.

pFastBac-Kip2-His was created after digestion of Kip2 and pFastBac-linker-

His with Notl, Sacl and ligation of the products.

pFastBac-Kip2P1-mCherry-His, pFastBac-Kip2P1A70-mCherry-His  and
pFastBac-Kip2P1A100-mCherry-His vectors have not yet been created, since all the

mutagenesis PCR attempts have failed.

Construction of pET gene cassettes for bacterial expression

Full-length Kip2 gene was used as template in three PCRs: one with primers 5'
kip2 BamHlI, kip2 561 Notlr, one with dBamHI 70 kip2f, kip2 561 Notlr, and one with
Kip2D100FoBamHI, kip2 561 Notlr. Kip2(1-560), Kip2A70(70-560) and
Kip2A100(100-560) were the products of each reaction respectively. Products were
cleaned and along with pET-MBP-mCherry-His, were digested in presence of
restriction enzymes Notl, BamHI. Procedure followed afterwards is described
above: pET-MBP-Kip2-mCherry-His, pET-MBP-Kip2A70-mCherry-His and pET-MBP-

Kip2A100-mCherry-His vectors were created.
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pPET-MBP-Kip2-His was created after digestion of Kip2 and pET-MBP-linker-

His with Notl, BamHI and ligation of the products.

pET-MBP-Kip2-mCherry-His, pET-MBP-Kip2A70-mCherry-His or pET-MBP-
Kip2A100-mCherry-His vectors were mixed with primers Q5SDM 7/23/19 F and
Q5SDM 7/23/19 R in a mutagenesis PCR. pET-MBP-Kip2P1-mCherry-His, pET-MBP-
Kip2P1A70-mCherry-His and pET-MBP-Kip2P1A100-mCherry-His vectors were
created. Mutagenesis creates a new restriction site recognized by the enzyme Pvul,

allowing for detection of successful mutagenesis (sequence 5’-AAAATCAGA-3’

mutates into 5’-GcgatcgCA-3’, small letters indicate the site recognized by Pvul).

Proper insertion of Kip2 variations and mCherry gene was verified by

sequencing of these areas, at all vectors created.

Buffers and media

The buffers and media used for the following experiments are presented in

Table 7.

Buffer / Media

Components
Tryptone (Formedium, TRP03) 16 gr, Yeast Extract (Formedium, YEA02) 10 gr, Sodium Chloride

2YT media (1L)
5gr
2xT buffer 40 mM Tris-Base pH 7.4 (Trizma base, Sigma, T1503), 400 mM KCl, 2.5 mM MgCl,
4xT buffer 80 mM Tris-Base pH 7.4, 800 mM KCI, 5 mM MgCl,
4xT buffer, 5 mM B-mercaptoethanol (Sigma, M6250), 0.1 mM ATP (Jena Bioscience, NU-
Lysis buffer

1010), protease inhibitor (SigmaFAST, protease inhibitor Cocktail EDTA-Free, Sigma, S8830)

Purification buffer

2xT buffer, 5 mM B-mercaptoethanol, 0.1 mM ATP, protease inhibitor

2xT buffer, 5 mM B-mercaptoethanol, 0.1 mM ATP, MilliQ water

Washing buffer
Elution buffer 2xT buffer, 10 mM maltose, 5 mM B-mercaptoethanol, 0.1 mM ATP, MilliQ water, 5% glycerol
BRBSO 1x pH 6.85 80 mM PIPES (Euromedex, 1124), 1 mM MgCl,, 1 mM EGTA (Sigma, E4378)
BRBSO 1x/BSA pH 6.85 BRB8O 1x pH 6.85, 10 ul/ml BSA 10%
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Elongation buffer pH 6.85

BRB20 1x (20 mM PIPES, 1 mM MgCl,, 1 mM EGTA) supplemented with 100 mM KCl, 0.025%
of 2% methyl cellulose, 50 pg/ml BSA, 1 mM GTP (Jena Bioscience, NU-1012), 1 mM ATP, 20
mM DTT (dithiothreitol, Euromedex EU0006-B), 4.5 mg/ml glucose, 0.35 mg/ml catalase, 0.2
mg/ml glucose oxidase, 10 UM porcine brain tubulin (95 % unlabeled, 5% ATTO-488-labeled),
50 nM Kip2 or Kip2A70

Kip2 and tubulins are added in the elongation buffer just before imaging

Table 7. Buffers and media used.

Production and purification of truncated Kip2

Due to time constraints, only the truncated forms of Kip2 (except from MBP-

Kip2) could be purified. Moreover, only the MBP-Kip2-mCherry and MBP-Kip2A70-

mCherry proteins could be tested for their effects on microtubule growth. Test of the

remaining truncated versions as well as production and test of the full-length versions

will be addressed in a future job.

Chemically competent Rosetta cells [E. coli strain BL21(DE3)] were heat shock-

transformed with pET plasmids and grown on LB agar with kanamycin (50 pug/ml), O/N,

at 37°C. 2-3 colonies from each transformation were picked and grown in 50 ml LB

with kanamycin (50 ug/ml) O/N, at 180rpm, 37°C.

20 ml of that O/N culture were inoculated into 1L of 2YT media with kanamycin

and chloramphenicol (Sigma, C0378) (50 pug/ml and 34 pg/ml respectively). Rosetta

cells bear a plasmid encoding the chloramphenicol resistance gene and rarely used

tRNAs in E. coli. So, by addition of chloramphenicol, it is ensured that bacteria will not

lose this plasmid and codon bias will not affect protein quality (E. coli and S. cerevisiae

have different codon usage; Gustafsson et al., 2004). Cells were grown at 37°C until

0.5<0De00<0.6, then chilled on ice for 15’, with shaking every 2’. Protein production

was induced by addition of 0.2 mM IPTG (isopropyl 1-thio-B-D-galactopyranoside,

Euromedex, EU0008). A sample of 50 pl was taken before IPTG addition, to check

protein induction. Cells were grown O/N, at 180 rpm, 18°C.
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After O/N induction, a sample of 50 ul and similar ODsgo With the previous one
was taken, to check protein induction. Cells were centrifuged at 3500rpm, for 20’, at
4°C. Cell pellet was resuspended in 25 ml cold 4xT buffer and centrifuged at 4500G,
for 10, at 4°C. Pellet was weighted and resuspended into 5 ml Lysis buffer/gr of cells,

followed by lysis via sonication, with the following conditions:

> 0.8 seconds on/0.2 seconds off, for

a total time of 1’ per sonication cycle
4 cycles

» 2’ pause between each sonication cycle

First cycle was at 65% amplitude, whereas the other three at 75%. When cells could
not be lysed easily, an 85% amplitude was used in the last cycle. A sample of 50 pl was
taken, to check protein solubility (crude lysate). Cell lysate was centrifuged at 12,000
rpm, for 45, at 10°C. Supernatant was collected and a sample of 50 ul was taken (clear
lysate). 1:1 dilution of the supernatant with MilliQ water followed: ATP, PB-
mercaptoethanol and protease inhibitor were added, to maintain their concentration
stable (Purification buffer). Protein was purified using affinity chromatography with
2.25 ml of Amylose resin beads (NEB, E8021). Beads were washed two times with 10
ml MilliQ water and two times with 10 ml 2xT buffer before use. Supernatant was
added to the amylose resin beads and the sample was gently rotated at 4°C, for 3
hours. Subsequently, sample was centrifuged at 1000 rpm, for 3-4’, at 4°C. Before
discarding supernatant, 50ul were taken, to check if all the protein was attached to
amylose resin beads (flow through). Beads were washed with 10 ml Washing buffer,
centrifuged at 1000 rpm, for 1-2’, at 4°C. This was repeated 4-5 times more.
Afterwards, protein was eluted: 1ml Elution buffer was added each time and sample
was incubated for 5-10°. Centrifugation at 1000 rpm, for 1-2’, at 4°C followed. After
each centrifugation, supernatant was collected and 50ul were taken, to check the
presence of the protein (eluate). Most of the times, three elutions were enough to

collect all the protein.
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Dialysis purification followed: All the supernatants collected, were added into
a hydrated tube. The tube was sealed and incubated into 1L of 2xT, for 1h, at 4°C, with
optional, gently rotation of the sample. After 1h, 2xT buffer was replaced with a new
one and the sample was incubated for one more hour. Final product was
supplemented with 0.1 mM ATP and centrifuged at max speed, for 10’, at 4°C.
Supernatant was collected and 5% glycerol was added. A sample of 50ul was taken, to
check the presence of the protein (after dialysis). Protein was aliquoted in single-use
aliquots, instantly frozen in liquid nitrogen and stored at -80 °C. Purification success
was evaluated by SDS-PAGE electrophoresis. Protein concentration was measured
using the Bradford assay and counting the absorbance at 280nm, on NanoDrop 2000

Spectrophotometer (Thermo Scientific, ND-2000).

SDS-PAGE

The 50ul samples collected from each step of purification (cells before and
after induction, crude lysate, clear lysate, flow through and the eluates) were
evaluated on SDS-PAGE (Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis).
The first two samples (cells before and after induction) were centrifuged at max speed
for 2’ and supernatant was removed. Laemmli buffer 1x was added in all samples and
boiling for 10’, at 90°C followed. At some samples, addition of more Laemmli was
required, to be fully soluble. 5ul from each sample were loaded. Electrophoresis of a
5% stacking/10% separation gel was done at 90V, for 10’, then at 180V. Subsequently,
gel was stained for 5" with Coomassie, destained in 7.5% acetic acid, 5% methanol

buffer O/N and scanned.

In vitro reconstitution assay and TIRF microscopy

Porcine brain tubulin was purified as described in Castlodi & Popov (2003).
NHS-Biotin- (Thermo Scientific, Ez-link NHS-LC-LC-Biotin, 21343), NHS-ATTO-488-
(ATTO-TEC, AD488-31) and NHS-ATTO-647- (ATTO-TEC, AD647-31) labelled tubulins
were prepared as described in Hyman et al. (1991). Biotinylated, ATTO-647-labelled
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and GMPCPP- (Jena Bioscience, NU-405) stabilized microtubule seeds were prepared
as described in Chen et al. (unpublished data). Silanized coverslips were prepared as

described in Portran et al. (2017).

Flow chamber of ~11 pl was assembled from the silanized coverslip and
coverslide, using double sided tape (LIMA, 70pc). The chamber was treated with 30ul
of neutravidin (100 pg/ml) (Thermo Scientific, 31050) in PBS 1x for 1’, then incubated
with 100ul solution of 2% Pluronic F-127 (Sigma, P2443) for 1-5’. A wash with 100ul
BRB80 1x/BSA followed, and 50ul microtubule seeds (0,2 uM) were allowed to attach
to the neutravidin-coated surface for 1-5’. Chamber was washed with 100ul BRB80
1x/BSA and then 50ul elongation buffer were added. Chamber was fully sealed and
immediately imaged under TIRF microscope (objective-based azimuthal ilas2 TIRF
microscope, Nikon Eclipse Ti, modified by Roper Scientific) using an 100x/1.49NA Plan
TIRF Apochromat, oil-immersive lens and 488, 561 and 642nm lasers for sample
excitation. Emitted photons were collected by CMOS back-illuminater Prime95B
Photometrics (1200x1200, 11 um pixel size) (Eledyne Photometrics, Prime95B).
Imaging was performed in a temperature-controlled chamber, at 30°C. Data was
collected every 5s for 10’, using Metamorph software. Analysis of microtubule

dynamics and generation of kymographs were done using ImagelJ software.

Experimental procedures can be summed up in the cartoons presented in

Figures 54, 55.

Kymograph and statistical analysis

Generated kymographs were used to analyze seven parameters: growth time,
growth speed, depolymerization speed, catastrophe and rescue frequency, time
needed until the first growth and number of microtubules growing for the whole
imaging period. For the first six parameters, calculation of statistically significant
differences between the different conditions tested [control (absence of Kip2), MBP-
Kip2-mCherry, MBP-Kip2A70-mCherry], was performed by Mann-Whitney test. For
the last one, Fisher’s exact test was used. Statistical analysis was performed using the

Prism software.
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Figure 54. Cartoon depicting the experimental procedure. Created with BioRender.com
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Figure 55. Stabilized microtubules were mixed with GTP-tubulin and Kip2 and observed using TIRF
microscopy. Created with BioRender.com
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Results

SDS-PAGE

SDS-PAGE results for the six purified proteins are presented below (Figure 56-
61). The truncated form of Kip2 (1-560) has a molecular mass of approximately 62.4
kDa, whereas MBP is about 43 kDa and mCherry 26.7 kDa. Moreover, the PreScission
site and the 6xHis tag have a molecular mass of 3.7 kDa (with the assumption that
each amino acid weighs ~110 kDa). So, the MBP-Kip2-mCherry protein has a molecular
mass of 135.8 kDa approximately. MBP-Kip2P1-mCherry has also the same molecular
mass. MBP-Kip2A70-mCherry and MBP-Kip2P1A70-mCherry weigh about 128 kDa,
whereas MBP-Kip2A100-mCherry and MBP-Kip2P1A100-mCherry 125 kDa (each

amino acid weighs ~110 kDa).

Based on these, an intense band at ~130 kDa is expected. Indeed, in all cases
(Figure 56-61) a very bright band at that weight is observed after protein induction.
To verify the molecular mass difference between the six proteins, they should have

been electrophoresed in a common gel. However, this experiment is missing.

Looking at the figures, one can observe that there is a considerable amount of
protein lost at the “Flow through”. However, when the volume of beads was increased
from 2.25ml to 3ml (only at the purification of MBP-Kip2P1-mCherry and MBP-

Kip2P1A100-mCherry), no differences were observed.

Purification quality is satisfactory but not excellent. At “Eluate” and “After
dialysis” columns, proteins of low molecular mass can be observed (lower than 100
kDa). However, the biggest concern are the one or two bands that appear just below
our protein. When columns “Cells before induction” and “Cells after induction” are
observed in more detail, it is obvious that after induction the intensity of all bands is
lower, except from the band that contains the protein of interest. However, one can
also see that the bands appearing just below our protein are brighter too. That led us
to think that these bands are just truncated forms of our protein (e.g. lacking a part
from the mCherry protein. This can be observed in the cases of MBP-Kip2-mCherry,

MBP-Kip2A70-mCherry, MBP-Kip2P1-mCherry and MBP-Kip2P1A100-mCherry, where
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total protein production before and after induction is detectable). Since the brightness

ratio between desirable/non-desirable bands is satisfactory, we proceeded.

~ 250 kDa —

~ 130 kDa —

~ 100 kDa —

~ 70 kDa —

~ 55 kDa —

Figure 56. SDS-PAGE results from MBP-Kip2-mCherry purification. 1. Protein ladder, 2. Cells before
induction, 3. Cells after induction, 4. Crude lysate, 5. Clear lysate, 6. Flow through, 7. Eluate 1, 8. Eluate
2, 9. After dialysis.

~ 250 kDa —

~ 130 kDa —

~ 100 kDa —

~ 70 kDa —

~ 55 kDa —
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Figure 57. SDS-PAGE results from MBP-Kip2A70-mCherry purification. 1. Protein ladder, 2. Cells before
induction, 3. Cells after induction, 4. Crude lysate, 5. Clear lysate, 6. Flow through, 7. Eluate 1, 8. Eluate
2, 9. Eluate 3, 10. After dialysis.

~ 250 kDa —

~ 130 kDa —

~ 100 kDa —

~ 70 kDa —

~ 55 kDa —

Figure 58. SDS-PAGE results from MBP-Kip2A100-mCherry purification. 1. Protein ladder, 2. Cells before
induction, 3. Cells after induction, 4. Crude lysate, 5. Clear lysate, 6. Flow through, 7. Eluate 1, 8. Eluate
2, 9. Eluate 3, 10. After dialysis.
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Figure 59. SDS-PAGE results from MBP-Kip2P1-mCherry purification. 1. Protein ladder, 2. Cells before
induction, 3. Cells after induction, 4. Crude lysate, 5. Clear lysate, 6. Flow through, 7. Eluate 1, 8. Eluate

2.
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Figure 60. SDS-PAGE results from MBP-Kip2P1A70-mCherry purification. 1. Cells before induction, 2.
Cells after induction, 3. Crude lysate, 4. Clear lysate, 5. Flow through, 6. Eluate 1, 7. Eluate 2, 8. Eluate
3, 9. After dialysis, 10. Protein ladder.

~ 250 kDa —

~ 130 kDa —
~ 100 kDa —

~ 70 kDa —

~ 55 kDa —

~ 35 kDa -

Figure 61. SDS-PAGE results from MBP-Kip2P1A100-mCherry purification. 1. Protein ladder, 2. Cells
before induction, 3. Cells after induction, 4. Crude lysate, 5. Clear lysate, 6. Flow through, 7. Eluate 1,
8. Eluate 2, 9. After dialysis.

In vitro reconstitution assay results

As mentioned earlier, only the MBP-Kip2-mCherry and MBP-Kip2A70mCherry

were tested in in vitro reconstitution assays (see Experimental procedures for details).

Briefly, a flow chamber of ~11 pl was assembled from a silanized coverslip and a
coverslide, using double sided tape. After treating the chamber sequentially with
neutravidin (a streptavidin analogue) and 2% Pluronic F-127 solution, the chamber
was washed with the assay buffer (BRB80 1x/BSA) and then biotinylated microtubule
seeds were allowed to attach to the neutravidin-coated surface for 1-5’. Then the

chamber was re-washed with the assay buffer and 50ul elongation mixture was added,

78



containing tubulin with or without Kip2 or Kip2A70. The chamber was fully sealed and
immediately imaged under TIRF microscope in a temperature-controlled chamber, at
30°C. Data was collected every 5s for 10’. Under these conditions, 10uM of tubulin in
the elongation buffer growth should occur even in absence of Kip2 (control).
Therefore, in cases when microtubule growth was not observed, movies were not
taken into account. Moreover, growing microtubules falling into one of the following
categories were also not analyzed; microtubules with blurry kymographs (Figure 62a),
microtubules which depolymerized upon contact with a neighbouring seed or dynamic
microtubule (Figure 62b, c), microtubules whose growth was impaired upon contact
with a neighbouring seed (Figure 62d), microtubules that presented unexpected
structures (Figure 63) and microtubules that were consistently moving during imaging.
Having set these criteria, 61 microtubules from 5 experiments with MBP-Kip2-
mCherry, 62 microtubules from 2 experiments with MBP-Kip2A70-mCherry and 22
microtubules from 1 control experiment (absence of Kip2), were analyzed and

kymographs were generated.
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Figure 62. Kymographs falling into one of these categories were not analyzed. (a) Blurry kymograph.
Microtubules depolymerizing upon contact with a neighbouring seed (b) or dynamic microtubule (c).
Microtubules whose growth was impaired upon contact with a neighbouring seed (d). Blue; stabilized
microtubule seed, Green; dynamic microtubule, Red; kinesin Kip2. Horizontal bar: 3um, vertical bar: 3
min.

Figure 63. Microtubules presenting unexpected structure while growing. Left; picture of a microtubule

presenting unexpected structure (red circle). Right; kymograph of this microtubule. Blue; stabilized
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microtubule seed, Green; dynamic microtubule, Red; kinesin Kip2. Horizontal bar: 3um, vertical bar: 3

min.

Kymographs from each condition tested were sorted into different categories.
The aim of these categories was to better describe the variable kymographs generated

and did not interfere with the calculations of statistical significance.

In the control experiment, kymographs were sorted into 3 different categories.
22.8% (5/22) of microtubules fell into the category “More than 5’ until first growth”;
in this category, microtubules did not show any growth for the first 5’ of imaging (half
a movie) (Figure 64a). 18.2% (4/22) fell into the category “More than 5’ of growth”;
here, microtubules were growing for at least 5’ (Figure 64b). Lastly, 59% (13/22) fell
into the category “Dynamic”; in this, microtubules had short periods of growing,

followed by catastrophe events (Figure 65).

Figure 64. a. Microtubules growing for first time after five or more minutes of imaging. b. Microtubules
growing for more than five minutes. Blue; stabilized microtubule seed, Green; dynamic microtubule.

Horizontal bar: 3um, vertical bar: 3 min.

81



Figure 65. “Dynamic” microtubules. Blue; stabilized microtubule seed, Green; dynamic microtubule.

Horizontal bar: 3um, vertical bar: 3 min.

In presence of MBP-Kip2A70-mCherry, kymographs were sorted into 4
different categories. 11.3% (7/62) fell into the “More than 5’ until first growth” (Figure
66a). 14.5% (9/62) fell into the “More than 5’ of growth” (Figure 66b). 40.3% (25/62)
fell into the “Dynamic” (Figure 67a). Lastly, 33.9% (21/62) fell into the category “Early

growth”, in which microtubule growth had already started growing before imaging

(Figure 67b).
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Figure 66. a. Microtubule growing for first time after five or more minutes of imaging. b. Microtubules
growing for more than five minutes. Left kymograph was not rejected because seed did not affect
microtubule growth. Blue; stabilized microtubule seed, Green; dynamic microtubule, Red; MBP-

Kip2A70-mCherry. Horizontal bar: 3um, vertical bar: 3 min.

Figure 67. a. “Dynamic” microtubules. b. Microtubule growing before image acquisition started. Blue;
stabilized microtubule seed, Green; dynamic microtubule, Red; MBP-Kip2A70-mCherry. Horizontal bar:

3um, vertical bar: 3 min.

In presence of MBP-Kip2-mCherry, all microtubules had started growing
before imaging. Kymographs were sorted into 5 different categories. 21.3% (13/61)
fell into the “More than 5’ of growth” (Figure 68a). 26.3% (16/61) fell into the
“Dynamic” (Figure 68b). 32.7% (20/61) fell into the category “Growth for the whole
movie”, in which microtubules were growing for 10’ (Figure 69). 14.8% (9/61) fell into
the category “Slow catastrophe”; here catastrophe of microtubule was above 40s
(Figure 70a). Lastly, in 4.9% (3/61) of microtubules a rescue event was observed

(Figure 70b).
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Figure 68. a. Microtubule growing for more than five minutes. b. “Dynamic” microtubules. Blue;

stabilized microtubule seed, Green; dynamic microtubule, Red; MBP-Kip2-mCherry. Horizontal bar:

3um, vertical bar: 3 min.

RCTEYRETE o

Figure 69. Microtubules growing for the whole imaging period. Blue; stabilized microtubule seed,

Green; dynamic microtubule, Red; MBP-Kip2-mCherry. Horizontal bar: 3um, vertical bar: 3 min.
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Figure 70. a. Microtubules undergoing slow catastrophe. Note that the right one does not depolymerize
completely. b. Microtubule with a rescue event. Blue; stabilized microtubule seed, Green; dynamic
microtubule, Red; MBP-Kip2-mCherry. Horizontal bar: 3um, vertical bar: 3 min.

Kymograph analysis

Generated kymographs were used to analyze seven parameters: growth time,
growth speed, depolymerization speed (in cases it was possible to be measured),
catastrophe and rescue frequency, time needed until the first growth and number of

microtubules growing for the whole imaging period.

For the first six parameters, calculation of statistically significant differences
between the different conditions tested [control (absence of Kip2), MBP-Kip2-
mCherry, MBP-Kip2A70-mCherry], was performed by Mann-Whitney test. This test
was used because data was not following a normal distribution. For the last

parameter, the Fisher’s exact test was used.

The first parameter analyzed is the growth time. This parameter answers the
guestion “For how much time microtubules grow?”. For each kymograph, the time a
microtubule spent polymerizing was calculated. It is important to mention that in
kymographs with two or more growing periods, the different growing times were not
summed up to give an average of the growth time [e.g., in Figure 68a, two periods of
growths (t1 for the first, t> for the second) were calculated. However, they were not
summed up to give the average growth time of the movie]. Results of the analysis are

presented in Figure 71.

85



Growth time

ns
%k %k %k k
%k %k %k %k
10 ™
8- °
s
S 1w
c ¥k <0.0001
+— 44 %
2 — :oo
o. &=
o°8
0 1 1 1
> 4% Q
Qo . A
N
& KX
® {_\Q
Control Kip2 Kip2A70
# of values 34 78 91
Median 1,902 5,217 1,542
Mean 2,485 5,884 2,150
Std. Deviation 1,909 3,068 1,799

Figure 71. Growth time of microtubules in the different conditions tested. Black lines in the graph
represent the median of the data, ns: not significant difference. Statistical analysis was performed using
Mann-Whitney test.

Figure 71 clearly shows that Kip2 positively affects the time a microtubule
spends growing. Importantly, this effect depends exclusively on the 70 amino acids of
the N-terminus: when these are removed (Kip2A70), the time a microtubule spends

growing is similar to the control.
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Growth speed

ns
ns
2.5
— ns
=
£ 204
=
=
5 1.54
(0]
B ®
o -
m 1-0
e
2 05
3 .
S
(@)]
0.0 | | |
AN Q) Q
(o) . A
g NS
&
Control Kip2 Kip2A70
# of values 34 78 91
Median 0,7881 0,8279 0,8256
Mean 0,8175 0,7931 0,8816
Std. Deviation 0,2548 0,1870 0,2693

Figure 72. Growth speed of microtubules in the different conditions tested. Black lines in the graph
represent the median of the data. Statistical analysis was performed using Mann-Whitney test.

Growth speed is a parameter answering the question “How fast does the
microtubule grow?”. Growth speed of microtubules were calculated from kymographs
and the results are presented in Figure 72. Absence of difference on the growth speed
between the different conditions was something unexpected. Similar growth speeds
for control (absence of Kip2) and Kip2A70, whereas significantly increased growth
speed for Kip2 were expected; with its N-terminus region, Kip2 would transfer tubulin

to the plus end and increase the growth speed.
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Depolymerization speed
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Figure 73. Depolymerization speed of microtubules in the different conditions tested. Black lines in the
graph represent the median of the data. 0.0097 value is between Control and Kip2 and 0.0035 value
between Kip2 and Kip2A70. Statistical analysis was performed using Mann-Whitney test.

To address the question “How fast does the microtubule depolymerize?”, the
depolymerization speed was calculated. Very frequently, depolymerization speed
could not be measured due to the instant depolymerization of the microtubule (e.g.,
Figure 65). As a result, in some cases, not many values for this parameter were
acquired (Figure 73, # of values for control). Figure 73 shows that in presence of Kip2,
depolymerization speed is reduced compared to control (absence of Kip2) and

Kip2A70. In particular, presence of Kip2 reduces depolymerization speed almost two
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times compared to control. Similar results arise from the comparison between Kip2

and Kip2A70, whereas no difference is observed between Kip2A70 and the control.

Catastrophe frequency
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Figure 74. Catastrophe frequency of microtubules in the different conditions tested. Black lines in the
graph represent the median of the data. Statistical analysis was performed using Mann-Whitney test.

Catastrophe frequency answers the question “How often a growing
microtubule stops growing and starts to depolymerize?”. Itis calculated as the number
of depolymerization events observed in a movie, divided by the time the microtubule
spent polymerizing during the whole movie. Figure 74 shows that Kip2 reduces

catastrophe frequency compared to control (absence of Kip2) and Kip2A70. In
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particular, presence of Kip2 reduces catastrophe frequency almost three times

compared to the control.

Results from Figure 74 suggest something unexpected: in presence of Kip2A70,
microtubule disassembly is enhanced (catastrophe frequency of microtubule is
increased significantly compared to the control). This is a puzzling result that we

cannot interpret, at least for the moment.

Rescue frequency
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Figure 75. Rescue frequency of microtubules in the different conditions tested. Black lines in the graph
represent the median of the data. Statistical analysis was performed using Mann-Whitney test.
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Rescue frequency answers the question “How often a depolymerizing
microtubule stops depolymerization and starts to grow?”. This parameter is calculated
as the number of rescue events observed in a movie, divided by the time the
microtubule spent depolymerizing during the whole movie. Figure 75 shows that

presence of Kip2 does not affect rescue frequency.
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Figure 76. Time needed until the first microtubule growth, in the different conditions tested. Black lines

in the graph represent the median of the data. Statistical analysis was performed using Mann-Whitney
test.

Time needed until the first growth is presented in Figure 76. After mixing all
the reagents [elongation buffer with tubulin and Kip2 or Kip2A70 (see Buffers and

media) with the stabilized microtubules], coverslip was placed under the TIRF
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microscope, a spot with many seeds was selected and then image acquisition started.
Initiation of image acquisition is defined by the value “0” on the axis “time” in Figure
76. Time needed until the first growth measures the time a microtubule needs to start
its first growth, after image acquisition has started. In all kymographs analyzed in
presence of Kip2, microtubule growth had started before image acquisition. In
absence of the kinesin (control), the average time until the first growth is almost two
minutes, whereas in some cases it occurs after five or even eight minutes. Similar
results arise from the comparison between Kip2 and Kip2A70: in presence of Kip2,
microtubule growth starts significantly earlier. These results suggest that Kip2
accelerates growth initiation. An unexpected result is that in presence of Kip2A70

microtubules start to grow significantly earlier compared to the control.
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Figure 77. Percentage of microtubules in the different conditions tested, that grow for the whole
imaging period (10 min). Black lines in the graph represent the median of the data. Statistical analysis
was performed using Fisher’s exact test.

Although Figure 77 does not contain as much information as the previous

graphs (it is a qualitative and not a quantitative graph: the answer is “Yes” or “No”), it
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still shows the microtubule growth and anti-catastrophe features of Kip2. In presence
of Kip2, one third (20/61) of the microtubules grow for the whole imaging time. On
the contrary, none of the microtubules has this behaviour in the control, whereas only
one microtubule shows same behaviour in presence of Kip2A70. The fact that
difference is more significant between Kip2 and Kip2A70 rather than Kip2 and control
may be due to the number of microtubules analyzed; 61 microtubules for Kip2, 62 for

Kip2A70 and 22 for the control.

Discussion

In this study our aim was to provide, through in vitro experiments, data on the
microtubule elongation activity of Kip2. We mixed Kip2 (1-560) or Kip2A70 (71-560)
with free tubulin and stabilized microtubule seeds and imaged the results using a TIRF
microscope. Seven parameters were measured to determine the effects of Kip2 on
microtubules. Analysis of the data shows that the truncated Kip2 (1-560) retains
microtubule elongation and anti-catastrophe activities of full-length Kip2. Moreover,

it suggests that Kip2 acts as a nucleation factor.

Kip2 increases the time a microtubule spends growing, and this activity seems
to depend on the N-terminus region (Figure 71). Moreover, it reduces
depolymerization speed and catastrophe frequency in a N-terminus dependent
manner (Figures 73, 74). The effect of Kip2 on the depolymerization speed is not in
line with a previous study (Hibbel et al., 2015). However, it must be mentioned that in
that study depolymerization speed was calculated for a 10nM concentration of full-
length Kip2 (five times lower than in our case). The effect of Kip2 on the catastrophe
frequency is in line with the previously reported anti-catastrophe feature of this
kinesin (Figure 42, Hibbel et al., 2015), but here the effect is smaller, maybe due to
the absence of the amino acids 561-706. Additionally, Kip2 seems to act as a
nucleation factor, since microtubule growth starts shortly after its addition (Figure
76). These data seem to be in line with a previously reported nucleation activity of
Kip2 (Figure 42, Hibbel et al., 2015) and with our model (Figure 49). In presence of the

kinesin, tubulin is accumulated to the plus end, promoting growth initiation. In
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absence of the kinesin, growth initiation depends on the diffusion of tubulin to the
plus end, leading to a delay in growth initiation. Together, this data explains that in
presence of Kip2, one third of the microtubules can grow for very long time (Figure

77).

As previously reported (Hibbel et al., 2015), Kip2 cannot act as a rescue factor
(Figure 75). The absence of difference on the growth speed (Figure 72) can be due to
the MBP presence at the N-terminus, which may interfere in interactions with tubulin.
Another reason may be the fact that the truncated form was used. Finally, maybe the
experimental conditions were not optimal; in vitro reconstitution experiments heavily
depend on the conditions chosen (pH, buffer type, temperature, concentrations). A
worth-mentioning comment is that a previous study (Figure 42, Hibbel et al., 2015)
has found a slightly higher growth speed for 40nM of full-length Kip2 (in present
experiments, 50nM of truncated Kip2 were used). However, in that experiments
growth speed in control conditions was half of the one measured here. Comparing the
two experiments, same tubulin origin and elongation buffer were used. The only
differences were in the purification buffer, the protocol for GMPCPP stabilized

microtubules and the Kip2 protein.

Results for the truncated Kip2A70 are not clear. The fact that Kip2A70 has same
growth times as the control (Figure 71) is in line with our hypothesis, but at the same
time it promotes microtubule growth significantly earlier than the control,
contradicting our hypothesis (Figures 49, 76). Maybe the P1 region, which promotes
microtubule growth (Chen et al., unpublished data) or the 27 remaining amino acids
of the N-terminus (Figures 45, 46) play a role in this procedure. Adding to these
observations, Kip2A70 seems to promote microtubule catastrophe (Figure 74). Thus,
Kip2A70 seems to be a very interesting mutant, but needs to be studied more

extensively.

Comparing the data between Kip2 and Kip2A70, one can observe that in
presence of Kip2 microtubules spend significantly more time growing (Figure 71).
Moreover, Kip2 promotes microtubules growth significantly earlier, compared to

Kip2A70 (Figure 76). As for the catastrophe speed and catastrophe frequency, Kip2
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reduces significantly both parameters (Figures 73, 74). The only difference between
the two proteins is the 70 amino acids of the unstructured N-terminus. Thus, this
region seems to be responsible for the effects observed. No difference was observed

in growth speed and rescue frequency between the two proteins (Figures 72, 75).

It must be mentioned that although the results seem convincingly, the number
of microtubules analyzed is low. More experiments need to be done to acquire robust

data.

Apart from the reproduction of the experiments above, other future aims are
to test the other truncated versions of Kip2 created, to achieve a better purification,
remove the MBP tag and check if the protein is functional. In addition, we could also
repeat the experiments with the full-length proteins and optimize buffer conditions.
Further experiments would be to purify the unstructured N-terminus region and test
in vitro its interaction with tubulin dimers. We could also add that region to kinesin-1
(a kinesin known to not promote microtubule growth) to see if it enables kinesin-1 to
promote microtubule growth. Finally, an important point is to perform the
experiments using yeast tubulin instead of porcine brain tubulin, that is not the natural

substrate for Kip2.
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