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Abstract

Cytoskeleton and its associated many cytoplasmic proteins determine the cell shape,
transport system, cell motility, and cell division. The transport system within the cell
plays a key role in regulating these mechanisms. Short-range transport is primarily
carried out by actin and its associated motor protein myosin. In contrast, long-range
intracellular transport predominantly depends on microtubule and its associated motor
proteins, kinesin and dynein. Motor proteins are mechanochemical ATPases that convert
chemical energy to drive mechanical work. ATPase cycle is integral to molecular motors’
processive motility to drive long-distance intracellular transport. Detailed studies on
biochemical and biophysical properties of motor proteins have been done on kinesin-1,

first among the kinesin superfamily to be discovered.

Kinesin-3 constitutes one of the large families among the kinesin superfamily that plays
critical roles in cellular and physiological functions ranging from intracellular cargo
transport to cell division to development. Defective motor functions implicated in many
developmental, neurological and cancerous diseases. Kinesin-3 motors are further
branched out to five subfamilies (KIF1, KIF13, KIF14, KIF16 and KIF28) endowed with
unique features and functions. Kinesin-3 motors are remarkably superprocessive, hence
the name ‘marathon runners’ with high velocity, superprocessive motility and strong
microtubule affinity. Previous studies from kinesin-1 and myosin motors shows that
adenosine triphosphate (ATP) turnover rate regulates the stepping rate and processivity
of the molecular motors. However, the regulating mechanism of this ATP turnover or the

chemomechanics of kinesin-3 motors is poorly understood.

To understand the evolutionary modifications that furnished superprocessive nature to
kinesin-3 motors and their regulatory mechanisms we employ cellular, biochemical and
biophysical approaches. Such studies demand purified proteins on a large scale.
Expression and purification of these motors using mammalian cells yield much less
protein and these protocols would be expensive and time-consuming. In comparison,
expressing these proteins in prokaryotic expression system resulted in significantly

inactive and protein aggregation. To overcome the limitations posed by bacterial



purification systems and mammalian cell lysate, we have established a robust Sf9-
baculovirus expression system to express and purify full-length and constitutively active

kinesin-3 motors.

In the present work, we have established the purification of kinesin-3 motors using Sf9-
baculovirus expression system. The full-length and constitutively active kinesin-3 motors
are C-terminally tagged with 3-tandem fluorescent proteins that provide enhanced signals
and decreased photobleaching, critical for single-molecule motility assays. First, we
performed in vitro single-molecule and multi-motor gliding assays under Total Internal
Reflection Fluorescence (TIRF) illumination using Sf9 purified proteins. We
demonstrate that the functional output of motor proteins purified from the Sf9-
baculovirus system are comparable to those expressed in mammalian cells. Remarkably,
their motility properties are identical to that of motors prepared from mammalian cell

lysates.

As the processivity is guided by ATP turnover rate by the motor proteins, we performed
microtubule-stimulated ATPase measurements using Sf9 purified kinesin-3 motors. To
do this, we adapted a colorimetric ATPase assay based on formation of
phosphomolybdate complex formation. We show for the first time that kinesin-3 motors
are robust ATPases with high ATP turnover rates, which is 1.3 to 3-fold higher compared
to a well-studied kinesin-1 motor. Remarkably, these ATPase rates correlate to kinesin-
3 motors stepping rate, suggesting a tight coupling between chemical and mechanical

cycles.

Intriguingly, kinesin-3 velocities (KIF1A > KIF13A > KIF13B > KIF16B) show an
inverse correlation with their microtubule-binding affinities (KIF1A < KIF13A <
KIF13B < KIF16B). Interestingly, our in silico analysis using the coupled Brownian
motor model also predicted a similar trend (KIF1A > KIF13 > KIF16B) that is observed
experimentally. We did mutational studies to demonstrate that the positively charged
residues in loop8 of the kinesin-3 motor domain largely contribute this differential
microtubule-binding affinity. Most importantly, the presence of arginine residue enables

multiple stable electrostatic interactions with negatively charged glutamate residue at the



C-terminal tail region in tubulin. Collectively, we demonstrate that a fine balance
between ATP hydrolysis and microtubule-binding affinity rate enables kinesin-3 motors

with novel mechanical outputs.

To understand the collective behavior of kinesin-3 motors we performed microtubule-
gliding assay with constitutively active kinesin-3 motors. Microtubule gliding with
kinesin-3 motors displayed significant microtubule bending without affecting their
gliding velocities compared a well-characterized motor, kinesin-1. Furthermore, we did
in vivo cell culture studies to investigate the underlying mechanism of microtubule
bending. Microtubule-bending analysis of cells expressing kinesin-3 motors showed
significant bending compared to kinesin-1 motor. Our previous work has suggested the
K-loop, a conserved; hallmark insert in loop 12 of kinesin-3 motor domain plays an
essential role in motor microtubule interaction in the ADP state. Hence to dissect its role
in bending we created K-loop mutations and performed live cell studies and in vitro
microtubule gliding assay. Analysis from these studies suggests that positively charged

lysine residues in the K-loop influence kinesin-3 driven microtubule bending in cells.

Together, we successfully purified full-length and constitutively active kinein-3 motors
from Sf9-baculovirus expression system and performed biochemical and biophysical
studies. We show that these purified proteins are of high quality and functionally on par
with motors from mammalian lysates as demonstrated in single-molecule, gliding and
ATPase assays. We also show that Loop8 of kinesin-3 motor domain largely contributes
to the differential microtubule-binding affinities. Interestingly, these microtubule-
binding affinities inversely correlate to the velocities of kinesin-3 motors. Furthermore,
the K-loop, a positively charged insert in the loop12 of the kinesin-3 motor domain
promotes microtubule-bending. Hence, we propose that kinesin-3 motors are fine-tuned
at the molecular level to endow diverse mechanical outputs critical for myriad of cellular

processes.

Keywords: Chemomechanical/  Kinesin-3/ Microtubule-bending/  Baculovirus/
Superprocessive / ATPases
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Chapter 1

Introduction

1.1. Intracellular transport

Eukaryotic cell size, shape, motion, division and intracellular transport system is well
supported by three main classes of proteins- actin, intermediate filaments and
microtubules. Many genetic screening experiments have provided direct evidence of
defective intracellular transport as a factor for neuronal pathologies like spastic
paraplegia, microcephaly, seizures, intellectual disabilities and many more (Anderson et
al., 2013; De Vos et al., 2008; Franker and Hoogenraad, 2013).

Microtubules play a crucial role in maintaining long-distance intracellular transport and
organization of cellular components spatially and temporally, especially in axons and
dendrites for establishing neuronal polarity (Kapitein and Hoogenraad, 2011). These
microtubules get nucleated at the microtubule-organizing center (MTOC) forming minus
ends and extending towards the cell periphery as plus ends. Long polymers of
microtubules comprise a-p tubulin heterodimers, both binding to guanosine triphosphate,
GTP but slowly hydrolyzed by B-tubulin only and leading to highly dynamic
microtubules, stochastically switching between growth and shrinkage. These a-f tubulin
heterodimers are usually arranged into 13 protofilaments, arranged laterally to form a
long hollow tube with 24 nm width (Goodson and Jonasson, 2018; Nogales, 2000;
Wickstead and Gull, 2011). Along with heterodimer formation other mechanisms that
regulates microtubule system are post-translational modifications (PTMs) (Verhey and
Gaertig, 2007; Wloga and Gaertig, 2010). Some common PTMs are phosphorylation,
acetylation, sumoylation, tyrosination, detyrosination, polyglutamylation and many
others. These PTMs dictate the stability of microtubules, assembly of cilia, basal bodies
and centrioles, provide structural cues for severing proteins, plus-end tracking proteins
and molecular motors (Hammond et al., 2010). Along with many microtubule-associated
proteins (MAPS) like MAP1, MAP2 and tau, kinases like Protein kinase A (PKA), and
enzymes like GAPDH, microtubules also supports molecular motors like kinesin and
dynein (Mandelkow and Mandelkow, 1995).

11



Intracellular transport of protein complexes and organelles is mainly directional and it
involves molecular motors, myosin along the actin network for short-distance transport
and kinesin and dynein along microtubule tracks for long-distance transport mechanism
(Figure.1.1) (Mallik and Gross, 2004; Vale, 2003). Kinesins display anterograde motion
towards the cell periphery; in contrast, dyneins follow retrograde motion towards the
nucleus. Basically these molecular motors are interdependent in their mode of

functioning to ensure smooth intracellular transport.

—Microtubule

ACTlIN

/"{;/Dynem

L. Mvyosin

Figure 1.1: Molecular motors and Intracellular transport. Molecular motors kinesin
and dynein walks along microtubule tracks (long black lines running from the center of
the cell to periphery) whereas myosins along actin (short gray lines at the cell periphery).
Kinesin motor walks towards plus-end of the microtubule, while dynein motor towards
the minus-end. Endosomes are shown as cargoes for motors. [Adapted from (Tirumala

and Ananthanarayanan, 2020)].

1.2. Dyneins

Dyneins are minus end-directed microtubule associated motor proteins. Dyneins
comprises two major classes axonemal and cytoplasmic dyneins, categorized based on
their structure and function. Axonemal dyneins are involved in ciliary and flagellar

beating whereas cytoplasmic dynein is responsible for retrograde cargo trafficking,

12



mitosis, and cell movement. There are two classes of cytoplasmic dynein, cytoplasmic
dynein 1 and cytoplasmic dynein 2. Cytoplasmic dynein 1 is most abundant and
responsible for transporting organelles like lysosomes and endosomes and perinuclear
positioning of Golgi apparatus. Cytoplasmic dynein 2 is located within and around the
base of cilia and flagella, responsible for retrograde intraflagellar transport (Allan, 2011;
Hook and Vallee, 2006; Hou and Witman, 2015; Tirumala and Ananthanarayanan, 2020).
Dysfunction of cytoplasmic dynein leads to several neurodegenerative and
neurodevelopmental diseases (Chen et al., 2014).

Dynein is a huge protein with a molecular mass of about 1.5 megadaltons (MDa). Dynein
function is aided by forming a tri-complex with dynactin and cargo adaptors like BicD2,
Hook1- 3, Spindly and RablI-FIP3. p150-Glued assists dynactin by acting as a linker in
microtubule attachment. This interaction activates and increases dynein’s processivity
(Figure 1.2).

Dynein’s takes variable step size and is estimated to be 8, 24, or 32nm based on cargo
load (Mallik et al., 2004; Reck-Peterson et al., 2006). Also its force generation varies
between the organism (~4.3pN for human dynein (Belyy et al., 2016) and ~ 7pN for
yeast dynein (Gennerich et al., 2007)).

Figure 1.2: Cartoon diagram  of
cytoplasmic dynein. Cartoon diagram of
cytoplasmic dynein forming a complex with
dynactin to bind to microtubule and transport
the cargo in a retrograde direction towards the
nucleus. [Adapted from, (Duncan and
Goldstein, 2006)].

Cytoplasmic
Dynein

Microtubule
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1.3. Kinesins

Conventional kinesin, kinesin-1, was first isolated from squid axons while looking for a
force-generating protein involved in the intracellular transport system (Vale et al., 1985).
Since then, more than 100 kinesins have been identified. Complete sequence alignment
from different model systems yielded a detailed phylogenetic tree of kinesin superfamily
(KIFs) and accordingly based on their family-specific characteristics they have been

grouped into 14 families (Figure 1.3) (Hirokawa and Takemura, 2005; Miki et al., 2005;
Verhey et al., 2011a).

KIFs have been shown to transport mMRNAS, synaptic vesicles, organelles and during cell
division, they segregate chromosomes (Miki et al., 2005; Schnitzer and Block, 1997).
Defects in the functioning of these motors leads to wide range of pathological diseases
like polycystic kidney disease, left-right asymmetry defects, cancer, Charcot-Marie-

Tooth disease, and hereditary spastic paraplegia (Figure 1.4) (Hirokawa et al., 2010;
Kalantari and Filges, 2020; Vale, 2003).
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Figure 1.3: Phylogenetic tree of kinesin superfamily. Kinesin superfamily genes
identified in humans and mouse grouped into 14 families (kinesinl to kinesinl4).
[Adapted from (Hirokawa and Tanaka, 2015)].
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Figure 1.4: Functions and diseases associated with KIF genes. Some of the
functions and diseases related to KIF genes. [Adapted from (Kalantari and Filges,
2020)].

Since its discovery much progress has been made in understanding the structural details
of kinesin motors using high-resolution cryo-electron microscopy and X-ray
crystallography. Kinesin motors form a superfamily with more than 45 members that are
grouped into 3 families based on signature sequence conservation in their core catalytic
motor domain. N-type; motor domain situated at N-terminus walks directionally towards
plus end of the microtubule. M-type; motor domain situated in the central region
destabilizes the microtubule and C-type; motor domain at the C-terminus walks in the
opposite direction towards the microtubule minus-end (Marx et al., 2009; Miki et al.,
2005; Verhey and Hammond, 2009; Wang et al., 2015). Along with the catalytic motor
domain, regions outside this domain contribute significantly to the differences observed

in motor functions and motility properties.

Much of the current understanding of kinesin motors structure, function and mechanics
comes from studies done on kinesin-1. Towards amino terminus, kinesin motors consists
of core catalytic motor domain that consists of ATP and microtubule binding sites.
Followed by a neck linker and neck coil, that is critical for motor dimerization and
generating processive motility. Extended towards the carboxyl-terminal are coiled-coil

stalk regions primarily involved in regulatory functions and cargo binding (Figure 1.5)
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(Coy etal., 1999; Verhey et al., 2011b; Woehlke and Schliwa, 2000; Yildiz et al., 2004).
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Figure 1.5: Domain organization of kinesin-1 motor. Structure of dimerized kinesin-
1 motor derived from cryo-electron microscopy and coil-coil programme. Head region
constitutes ATP and microtubule binding region, stalk includes hinge and coil-coll
regions for dimerization and tail region supports cargo binding and regulation of motor.
[Adapted from (Woehlke and Schliwa, 2000)]

In general, kinesin motors harness energy derived from the kinetics of ATP turnover and
generates mechanical force to walk processively along microtubule tracks. Kinesin-1
motor walks in a hand-over-hand manner (Yildiz et al., 2004). Binding of kinesin motor
to the microtubule in ADP bound state triggers ADP release resulting in empty state (apo)
of motor. Subsequently, ATP will bind and fill the pocket; binding of ATP changes the
conformation of neck linker, forcing the rear domain to forward position. ATP from the
rear head is hydrolyzed and subsequently releases the phosphate, leading to detachment

of the motor head from the microtubule and cycle continues after reattachment.

Studies using advanced microscopy techniques have shown that kinesin-1 motor is ATP
dependent, highly processive (ability to take multiple steps before detaching from
microtubule) and robust motor. Motor takes about 100 steps with an 8 nm step size
hydrolyzing one ATP per step and it can exert maximum force of 6-8 pN (Cross, 1997;
Mallik and Gross, 2004; Rice et al., 1999; Schnitzer and Block, 1997). DdUnc-104, a
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dimeric kinesin-3 motor that exerts maximum force of 6-8 pN has been shown to win a
tough tug-of-war against four to eight dyneins that exert a maximum force of 1 pN during

endosome motion (Soppina et al., 2009).

Structural studies have shown that kinesin-1 motor when not bound to cargo folds its tail
region onto the motor domain and inhibits ATPase activity, which significantly reduces
motors stepping rate (Figure 1.6). This inhibited motor state is commonly referred to as
autoinhibition, a mechanism that helps minimize ATP turnover rate, unnecessary
crowding of microtubule and mislocalization of motor (Coy et al., 1999; Mallik et al.,
2004; Verhey and Hammond, 2009; Verhey et al., 2011b). Autoinhibition can be relieved
by cargo binding, phosphorylation or binding of small GTPases like Rabs.

/ N
Active
Auto-inhibited state
state %%\

MT-based
Transport

—
AT

microtubule

Figure 1.6: Autoinhibited and active state of kinesin-1 motor. Schematic of
autoinhibited/inactive and active states of kinesin-1 motor. (https://www.i2bc.paris-

saclay.fr/structural-biochemistry-of-microtubules-kinesins-and-their-cargos-gigant-

menetrey/topics-gigant-menetrey)

1.4. Kinesin-3

Kinesin-3 motors are the largest among 14 kinesin families in the mammalian system,
consisting of five subfamilies (KIF1, KIF13, KIF14, KIF16, and KIF28) (Figure 1.7).
These kinesin-3 motors were first identified during a forward genetic screen experiment
in Caenorhabditis elegans (C.elegans), CeUNC-104, showing severe uncoordinated and

slow movement phenotype. Later electron microscopic analysis of these mutant
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C.elegans worms displayed transport defect phenotype of synaptic vesicles in axons
(Bloom, 2001; Hall and Hedgecock, 1991). Similar to CeUNC-104, knockout studies in
mice identified mammalian homologue, KIF1A with a similar presynaptic vesicle
transport defect (Okada et al., 1995). Since its discovery, kinesin-3 motors have been
shown to play key role in cell division, development, transport of synaptic vesicle,
lysosomes, mitochondria, endosomes, signaling molecules, viral particles etc. Defects in
functional output of these kinesin-3 motors results in many developmental, cancerous,
and neurological diseases (Franker and Hoogenraad, 2013; Hirokawa et al., 2010; Lee et
al., 2015; Zhao et al., 2001).
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Figure 1.7: Domain organization of kinesin-3 family motors. Kinesin-3 consists five
subfamilies, KIF1, KIF13, KIF 14, KIF16, and KIF28. [Adapted from (Soppina et al.,
2014)].

Earlier studies on KIFLA motor in mammals demonstrated that these motors exist in a
monomeric state and undergo biased diffusional motion along microtubules due to the
weak neck-coil dimerization domain and velocity of these monomeric motors was ~10-
fold slower than kinesin-3 cargoes transported in cells. Interestingly, recent studies have
suggested that, members of kinesin-3 motors are autoinhibited in a monomeric state due

to intramolecular interaction, when not bound to cargo and gets activated or dimerized
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upon binding to cargo due to intermolecular interaction. Basically, kinesin-3 motors
undergo cargo-induced homodimerization (Figure 1.8). Kinesin-3 motors employ a

unique mechanism of regulation to ensure that cargo binding and processive motility are

tightly linked.
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Figure 1.8: Regulation mechanism of kinesin-3 motors. Intramolecular interaction
within kinesin-3 motors mediated by the neck coil-coil coiled (NC-CC1) region is relieved
upon cargo binding and motors get dimerized through intermolecular interaction.

Dimerized motors are fast and superprocessive. [Adapted from (Soppina et al., 2014)].

Corresponding to other plus end directed kinesin motors, motor domain of kinesin-3
motors also locates towards N-terminus, encompassing microtubule-binding region and
ATP binding region. Interestingly, kinesin-3 motors possess a stretch of lysine residues
in its loop 12 region of the motor domain, termed as K-loop. This positively charged K-
loop region interacts with negatively charged glutamate residues in the E-hook region
located towards the C-terminus tail of microtubule (Okada and Hirokawa, 1999). K-loop
assists kinesin-3 motor high landing rate on microtubules in its ADP-bound state

compared to kinesin-1 motors that shows weak binding to microtubules in ADP-bound
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state. This interesting observation hints at kinesin-3 motors evolutionary modifications

to carryout long-distance transport in neurons (Soppina and Verhey, 2014) (Figure 1.9).
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Figure 1.9: K-loop influences high microtubule landing rate in ADP state. Positively
charged K-loop binds to negatively charged E-hook region on microtubule and increased
binding efficiency in ADP-bound state. [Adapted from (Soppina and Verhey, 2014)].

Following the motor domain, kinesin-3 motors share a conserved a-helical neck coil
(NC) region that shows weak coiled-coil propensity. This neck-coil domain engages in
intermolecular interaction, resulting in motor dimerization. Succeeding NC region are
the coiled-coil 1 and 2 (CC1 and CC2) regions that orchestrates higher folding ability
and are believed to assist in regulation and dimerization mechanism (Ren et al., 2018).
Between these two regions is a well-conserved globular forkhead-associated (FHA)
domain. FHA domain is believed to mediate protein—protein interactions in a
phosphorylation-dependent manner, it recognizes and binds to phospho-Thr/Ser proteins
(Al-Bassam and Nithianantham, 2018; Li et al., 2000; Siddiqui and Straube, 2017;
Westerholm-Parvinen et al., 2000). Recent studies have shown that FHA domain play a
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key role in motor regulation (Al-Bassam et al., 2003; Lee et al., 2004). C-terminal tail
region of kinesin -3 motors consists of unique membrane binding regions, Plekstrin
homology (PH) domain in KIF1A, Phox homology (PX) domain in KIF16B, and
Cytoskeleton associated protein Gly-rich (Cap-Gly) domain in KIF13B that binds end-
binding homology domains, zinc-finger motifs and proline-rich sequences (Siddiqui and
Straube, 2017; Soppina et al., 2014; Steinmetz and Akhmanova, 2008) (Table 1).

KIF1A/UNC-104 was the first long distance neuronal specific kinesin-3 motor identified
in Caenorhabditis elegans, responsible for the transport of synaptic vesicles. Similar to
kinesin-1, KIF1A motor is believed to undergo an autoinhibition state when not bound
to cargo (Al-Bassam et al., 2003; Hammond et al., 2009; Lee et al., 2004). Globular lipid
binding pleckstrin homology (PH) domain towards the C-terminus of KIF1A binds to
phosphatidylinositol (4,5) bisphosphate (P1P2)-containing vesicles (Klopfenstein et al.,
2002). KIF1A motor has been shown to be the fastest motor among kinesin family
(Soppina et al., 2014). Several clinical studies have linked mutations in KIF1A gene to
neurological pathologies (Cheon et al., 2017; Esmaeeli Nieh et al., 2015; Hirokawa et al.,
2010; Langlois et al., 2016; Okamoto et al., 2014; Zhao et al., 2001).

KIF13A is a member of kinesin-3 family motor, involved in transport of proteins like
mannose-6-phosphate and serotonin receptors and control the anxiety levels. Recent in
vivo studies have shown that KIF13A motors function as weak dimers and regulate
recycling endosome (RE) tubulation and cargo recycling. Authors have shown that
proline-induced autoinhibition of KIF13A motors is relieved in vivo by binding of
Rab22a, a GTPase and regulates motor dimerization, processivity and force production

during RE tubule formation and sorting (Patel et al., 2021).

KIF13B/ GAKIN (guanylate kinase-associated kinesin), a homolog of KIF13A binds to
phosphatidylinositol- (3,4,5)-trisphosphate (PIP3)-interacting protein, PIP3 BP and
forms a complex to transport PIP3 vesicles to the neurite ends and regulates axon-
dendrite polarity determination. Autoinhibited KIF13B motor is activated by human
discs large (hDIg) protein (Yamada et al., 2007). Though KIF13A/13B are structurally
similar, KIF13B motor has a globular CAP-Gly domain that binds to microtubule.
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Table 1: List of selected cargoes of kinesin-3 motors

Cargoes transported by kinesin-3 motors.
[Adapted by (Siddiqui and Straube, 2017)].

Kinesin-3 Cargoes References

motors

KIFLA  Tyrosine kinase A receptor (TrkA) (Tanaka et al., 2016)
Beta secretase_1 (BACE_1) (Hung and Coleman, 2016)
AMPA receptors (Shin et al., 2003)
Synaptotagmin and Synaptophysin (Okada et al., 1995)
Dense core vesicles (DCVs) (Loetal., 2011)

KIF1B  Mitochondria (Nangaku et al., 1994)
Lysosomes (Matsushita et al., 2004)
SCG10/ Stathmin_2 (Drerup et al., 2016)

KIFIC  a5B1 _integrin (Theisen et al., 2012)

KIF13A  Serotonin type 1A receptor (Zhou et al., 2013)
Mannose-6-phosphate receptors (Nakagawa et al., 2000)
(MPRs) (Sagona et al., 2010)
FYVE_CENT (Fehling et al., 2013)
Viral matrix proteins

KIF13B  Human discs large (hDlg) tumor (Yamada et al., 2007)
suppressor
PtdIns(3,4,5)P3_containing vesicles (Horiguchi et al., 2006)
Transient receptor potential vanilloid 1 (Xing et al., 2012)

(TRPV1)
Vascular endothelial growth factor (Yamada et al., 2014)
receptor 2 (VEGFR2)
KIF16B  Fibroblast growth factor receptor (Ueno et al., 2011)

(FGFR)
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However, a detailed functional role of CAP-Gly domain and its physiological

significance still needs to be established.

Furthermore, KIF16B motor regulates early endosome trafficking towards plasma
membrane by binding to small GTPase Rab5 via its C-terminal PhoX (PX) homology
domain (Hoepfner et al., 2005). KIF14 motor plays major role in later stages of
cytokinesis by localizing to midbody region and it is overexpressed in many cancerous
conditions (Arora et al., 2014).

Recent single molecule studies have shown that kinesin-3 motors are fast and
superprocessive, ability to take steps without detaching from microtubule (Soppina et al.,
2014). Since the measured run lengths and speed matches with that of cargo transported
in vivo in long axons, these kinesin-3 motors are believed to be evolutionarily adapted to
drive long distance transport. Hence these kinesin-3 motors are considered as marathon
runners of the cellular world (Soppina et al., 2014). Biochemical and biophysical studies
done on KIF1A/UNC-104 motor demonstrates that processivity is intrinsic to its core

motor domain (Tomishige et al., 2002).

Extensive studies from kinesin-1 motor have demonstrated that ATP binding and
hydrolysis in each motor head coordinates conformation change and influences
microtubule binding that enables processivity of the motor. Though the motor domain
region is highly conserved among kinesin family, a unique superprocessive function of
kinesin-3 motors has intrigued the entire molecular motor field. How kinesin-3 motors
are evolutionarily modified to gain family-specific motility properties is an interesting
question to address. In an attempt to address these questions, in this dissertation | have
tried to understand molecular basis of kinesin-3 family specific superprocessivity, high
velocity and high landing rate ability compared to well characterized motor, kinesin-1.
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1.5. Organization of the thesis work

To summarize briefly, during this thesis | have thoroughly investigated biochemical and
biophysical properties of kinesin-3 motors. Kinesin-3 is one of the largest among kinesin
superfamily, consisting of five subfamilies (KIF1, KIF13, KIF14, KIF16 and KIF28).
Kinesin-3 motors are fast and superprocessive with high microtubule affinity. Here | have
purified kinesin-3 motors using the Sf9-baculovirus expression system and demonstrated
that they exhibit high ATP turnover rates. Kinesin-3 velocities (KIF1A > KIF13A >
KIF13B > KIF16B) show an inverse correlation with microtubule affinities (KIF1A <
KIF13A < KIF13B < KIF16B). Furthermore, in vitro and in vivo studies displayed
significant microtubule-bending. To conclude, for the first time, we have shown that a
fine balance between the rate of ATP hydrolysis and microtubule affinity endows
kinesin-3 motors with distinct mechanical outputs.

Thesis includes five chapters:

Chapter 1 — Introduction about intracellular transport, kinesin motors, kinesin-3 motor
and objectives of the thesis. Chapter 2 — Detailed literature review about biochemical and
biophysical properties of kinesin motors. Chapter 3 — Materials required and methods
employed to address the objectives proposed in chapter 1. Chapter 4 — Results obtained
during the entire study and significance of these results. Chapter 5 — Discussion of

conclusions of the whole thesis work.

Objectives:

1. To standardize Sf9-baculovirus expression system to purify kinesin-3 motors.

2. To study biophysical properties of Sf9- purified kinesin-3 motors using in vitro
single molecule studies.

3. To study biochemical properties of Sf9- purified kinesin-3 motors by ATPase
measurement studies.

4. To study collective behavior of Sf9- purified kinesin-3 motors using in vitro
microtubule gliding assay.

5. Invitro and in vivo studies to understand the molecular basis of microtubule

binding and bending properties of kinesin-3 motors.
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Chapter 2
Review of literature

2.1. Mechanochemical ATPase cycle of kinesin-1 motor

The fundamental behavior of a crowded cell is packaging, distributing and delivering
molecules and organelles to their precise location spatially and temporally. Remarkable
advances in microscopy techniques have identified unique proteins that drive directed
trafficking inside the cell. These proteins transport cargoes along cytoskeletal tracks
following a defined motion and were grouped as myosins, which walk along actin
filaments and kinesin and dynein, which walk along microtubules. Several studies have
reported that the cycle of ATP turnover is a traditional integral mechanism that these
motors adapt to be processive. Kinesin superfamily motor proteins are ATPases that
utilizes energy from ATP hydrolysis to generate processive motility along the
microtubule tracks. The chemical and mechanical cycles are coupled together to drive
motor binding and processivity along microtubules. This nucleotide-binding and
hydrolysis pocket is located in the conserved motor domain region of kinesin motors.
Though the motor domain is highly conserved among kinesin superfamily, variation in

the functional output signifies diversity in the Kinetic and structural properties.

Conventional kinesin-1 is a well-characterized motor and much of the knowledge we
have about the biophysical and biochemical properties of motors come from kinesin-1.
Typical dimeric kinesin takes a step size of 8nm (Svoboda et al., 1993), which
corresponds to the space between B-tubulin units along the microtubule filament. The
landing of motor on the microtubule track initiates the mechanochemical ATPase cycle
in the motor domain. Generally, all processive kinesin motors consume usually one ATP
molecule per 8nm step (Schnitzer and Block, 1997). Critical steps involved during
ATPase cycle are- nucleotide free (apo, (&), ATP-bound, ADP-Pi-bound, and ADP-
bound states (Friel and Howard, 2012; Hackney, 1994; Vale and Milligan, 2000). In the
cytosol, kinesin motors exist in a autoinhibited weak ADP bound state. Upon binding to

microtubules ADP is released and renders the motor in a nucleotide free (apo, (&) state,
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which shows strong microtubule binding. Until this, the neck linker region following the
motor domain is free swinging. However, binding of MgATP to the empty pocket
induces partial docking of the neck linker on the motor head with its C-terminal facing
microtubule plus end, which creates a strain biasing the tethered head forward.
Subsequently ATP in the trailing head gets hydrolyzed into ADP—Pi state which leads to
complete docking of neck linker, binding of tethered head tightly, the release of ADP and
finally resulting in a single step. Phosphate release from the trailing head results in a
weak ADP state, which shows a greater tendency to detach and the cycle of attachment

and detachment, continues by hydrolysis of one ATP/step (Cross, 2016) (Figure 2.1).

cycle

Full dissociation

Figure 2.1: Mechanochemical ATPase cycle of kinesin-1 motor. Binding of kinesin
motor to microtubule triggers ADP release from the leading head and is in apo or empty
state (strongly bound state). Next binding of ATP creates strain in the neck linker and
throws the trailing head forward. Subsequently ATP gets hydrolyzed in the trailing head
into ADP—Pi state (strongly bound state) followed by the release of phosphate rendering
the motor in a weak ADP bound state. [Adapted from (Olmsted et al., 2015)].
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Previous studies have suggested a direct link between ATPase activity and speed of
muscle contraction by myosin (Barany, 1967) and processivity of kinesin-1 motors (Friel
and Howard, 2012). ATPase activity of kinesin-1 is strongly stimulated by binding to
microtubules (Kuznetsov and Gelfand, 1986) and they hydrolyze more than 100 ATP
molecules before detaching (Hackney, 1994). At near-zero load, kinesin molecules
hydrolyze a single ATP molecule per 8-nm advance (Schnitzer and Block, 1997). Single
molecule studies revealed, kinesin-1 walks with a maximum velocity of ~800-900 nm
s 1 with a mean run length of ~1 zm, considering kinesin-1 motor advances by 8nm step
the motility properties indicate that it takes more than 100 steps before release (Seitz and
Surrey, 2006; Soppina et al., 2014). Biochemical studies to understand ATP hydrolysis
rate of kinesin-1 motor determined kcat of 94 s~ (maximal ATPase rate) and Kn of 11 uM
(tubulin concentration at which half-maximal hydrolysis rate occur) (Coy et al., 1999).
The ratio of the speed of kinesin-1 to its microtubule stimulated ATP hydrolysis rate
yields a step size of ~8.54 nm and stoichiometry of 1.07 steps/ATP hydrolyzed,
indicating a tight coupling between their chemical and mechanical cycles. These studies
done on kinesin-1 leads the way in understanding other kinesin motor family members

that are gifted with a unique crucial role to play at every stage of development.

2.2. Mechanochemical ATPase cycle of kinesin-3 motor

The mammalian kinesin-3 family is one of the largest among kinesin superfamily and
consists of five subfamilies (KIF1, KIF13, KIF14, KIF16 and KIF28) (Miki et al., 2005).
CeUNC104, a Caenorhabditis elegans homolog of mammalian KIF1A, was first
identified during genetic screening where its mutation severely affected the transport of
synaptic vesicles to axonal terminal (Hall and Hedgecock, 1991). Since then, kinesin-3
motors have been found to be associated with diverse cellular and physiological functions
including vesicle transport, signaling, mitosis, nuclear migration and development
(Ahmed et al., 2012; Arora et al., 2014; Barkus et al., 2008; Sagona et al., 2010). Defects
in kinesin-3 transport have been implicated in a wide variety of neurodegenerative,
developmental and cancer diseases (De Vos et al.,, 2008; Gunawardena et al., 2014;
Hirokawa et al., 2010).
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Kinesin motors are grouped based on core motor domain sequence alignment. It is
hypothesized that catalytic functions may also correlate with well-characterized kinesin-
1 motor. Surprisingly, recent work has demonstrated that kinesin-3 motors are unique in
their microtubule on-rate (Soppina and Verhey, 2014), high velocity, superprocessivity
and they employ cargo-induced dimerization mechanism to transport cellular cargoes
(Soppina et al., 2014). These motility properties are reflected in the motion of known
kinesin-3 cargoes in neurons (Barkus et al., 2008; Hung and Coleman, 2016; Lee et al.,
2003; Zhou et al., 2001). We therefore, hypothesize that family-specific evolutionary
adaptations in the kinesin-3 motor domain endowed these motors with distinct
mechanical outputs critical for their neuronal transport and functions. The ATP turnover
cycle is fundamental to the action of motor proteins along the microtubules. Its alteration
in the ATP turnover cycle provides one way the characteristic motor domain can be tuned

to diversity in the function observed for kinesin-3 motors.

Therefore, understanding the kinesin-3 chemomechanical cycle is critical for interpreting
the motor’s diverse cargo transport properties and cellular functions. Most importantly,
how kinesin-3 motors have evolutionarily adapted to accomplish functional diversity is
of particular biological significance. Therefore, dissection of the cycle of ATP turnover
of kinesin-3, both in the presence and absence of microtubules, can help interpret the
observed behavior. ATP turnover cycle of these highly processive kinesin-3 motors is

poorly studied. Some of the studies are explained below-

Pioneering work from Hirokawa lab has measured the kinetic parameters of truncated
monomeric KIFLA motor (C351) containing only motor domain followed by 23-
aminoacid linker of kinesin-1, which is not sufficient for dimerization. The measured Kcat
value was found to be 110 + 5 s™%, which is very close to kcat Value of kinesin-1 motor.
The possible reason could be that these motors are monomeric and diffusive along
negatively charged microtubule surface through an electrostatic interaction with family-
specific positively charged insert the K-loop in the loop12. Interestingly, KIF1A motor
(C351) took more than 600 steps before releasing from microtubule making it five times

more processive than the dimeric conventional kinesin-1 construct (Okada and
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Hirokawa, 1999, 2000). One difficulty with the monomeric motor was the 10-fold slower

than that of multiple KIFLA motors or kinesin-3 cargoes transported in cells.

To test the possibility that Unc104/KIF1A might function as a dimer, constitutively
active green fluorescent protein (GFP) tagged Unc104 dimer was engineered by fusing
the GCN4 leucine zipper (LZ) after the neck coiled-coil or by joining the kinesin-1 neck
coiled-coil and stalk to Uncl104 motor domain. Single-molecule studies from these
constructs yielded an average velocity of 2 um s*and measured ATPase rate, Kear Value
of 30-100 s™* per head instead of 125 s™* per head. The observed discrepancy could be
due to portion of bacterially purified inactive proteins possibly due to improper folding
(Tomishige et al., 2002).

More recently and a detailed chemomechanical analysis of KIF1A established that it
follows the same chemomechanical cycle as demonstrated for kinesin-1 and -2. The
authors utilized KIF1A chimera (KIF1A-406), which includes 61 residues from the
kinesin-1 neck coil added after the native KIF1A head and neck linker. Interestingly,
KIF1A showed increased rear-head detachment rate and strong microtubule binding state
post ATP hydrolysis step, hence majority of KIFLA chemomechanical cycle is spent in
a one-head-bound state. The biochemical assay measured Kcat Value of 115 + 16 st and
km of 1.2 £ 0.5 mM per dimer. The measured ATPase value barely matches its stepping
rate, which should be around 200-250 s™*. Hence possible slow ATPase rate might be
due to bacterial expression and purification of KIF1A protein and also may be due to

weak dimerization status of KIF1A-406 construct (Zaniewski et al., 2020).

Very few reports are available on ATPase measurement for other members of the kinesin-
3 family and are poorly studied. Asaba et al., measure the microtubule stimulated ATP
turnover rates for truncated KIF13B/GAKIN motor and revealed a kcar Value of 45 st
and km of 0.1 uM. The measured kca: values are significantly lower than a well-
characterized moderately processive kinesin-1. There might be two possibilities for such
a low activity; first, the use of a bacterial expression system to purify motor proteins,

which yields a large fraction of misfolded proteins. Second, the construct GAKIN 1-368
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(G368) lacks the neck-coil domain, critical for motor dimerization and processive
motility (Asaba et al., 2003). Similar, ATPase measurements of truncated
KIF13B/GAKIN motor purified from bacterial expression systems also showed lower

activities than the well-studied kinesin-1 motor (Ren et al., 2018).

In summary, the current biochemical understanding of kinesin-3 family motors is limited.
However, the measured kinesin-3 motor ATPase rates didn’t correlate with the stepping
rate deduced from in vitro single-molecule and the speed of known kinesin-3 cargoes
transported in vivo. Such analysis requires purified, active and robust motor proteins.
Hence in this dissertation, | first established Sf9-baculovirus expression stem and purified
members of superprocessive kinesin-3 motors of high purity. These purified motors were
used to characterize their biochemical properties and demonstrated for the first time that
members of kinesin-3 family motors are robust ATPases with significantly higher ATP
turnover rates compared to a well-established kinesin-1 motor. Additionally, the
measured ATPase rates of kinesin-3 motors inversely correlate with their microtubule
binding affinity, a uniqgue mechanism to regulate the speed of cargo transport. We also
established a detailed mechanism that kinesin 3 motors utilize to generate microtubule

bending in vitro and in vivo.

2.3. Purification of active kinesin-3 motors

Understanding regulatory mechanisms of superprocessive kinesin-3 motors using
cellular, biochemical and biophysical approaches demand purified proteins at a large
scale. Recently, kinesin-3 motors have been demonstrated as marathon runners of the
cellular world using motor lysates prepared from mammalian cells. The single-molecule
motility analysis of these motors showed higher microtubule affinity, inherently fast and
remarkably superprocessive motility (Soppina et al., 2014). However, large-scale
expression and purification of these motors using mammalian cells would be expensive
and time-consuming when we aim for large culture. An alternate approach that
immediately crosses the mind would be prokaryotic expression system, a primary choice
of protein purification at a large scale. Unfortunately, expression of kinesin proteins in

bacteria resulted in a large population of inactive or aggregated motors, presumably due
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to incompatible protein synthesis, lack of protein folding and modification machinery or
premature translation termination, (Korten et al., 2016; Schmidt, 2004; Tao and Scholey,
2010). Hence some studies have adapted an extra step of microtubule affinity purification
in their protocol to remove inactive motor proteins (Case et al., 1997; Tomishige and
Vale, 2000).

The baculovirus expression system has proven its excellence in high-throughput
eukaryotic recombinant protein expression (Felberbaum, 2015; Kost et al., 2005). Due to
its cost-effectiveness, safe handling and high amount of active protein expression with
proper folding and post-translational modifications comparable to native systems both
structurally and functionally, it has become a powerful tool (Kumar et al., 2017).
Baculovirus possesses a strong polyhedrin promoter that assists in heterologous gene
expression and the production of soluble recombinant proteins (Kurland and Gallant,
1996).

Baculoviruses are grouped under large double-stranded DNA viruses that prefer insect
species as their host system for survival (Matthews, 1982). Autographa californica
nuclear polyhedrosis virus (AcNPV) is the commonly used baculovirus that has a strong
polyhedrin promoter. Polyhedrin protein is required at later stages in formation of
occlusion bodies. Since deletion of this gene is not detrimental, it can be replaced with a
gene of interest in recombinant baculoviruses. During recombinant baculovirus
generation, a transfer vector containing the gene of interest is co-transfected with ACNPV
DNA into insect cells and due to homologous recombination the foreign gene is inserted
into the baculovirus. Later based on plaque phenotype and color selection, positive
recombinant baculoviruses are selected. However, due to the lack of expression
efficiency and time-consuming part of this traditional homologous recombination
method it has been substituted with a highly improved method, ‘Bac-to-Bac Baculovirus

Expression System” (Invitrogen).

Bac-to-Bac baculovirus expression system employs site-specific transposition of a

foreign gene into bacmid DNA in E.coli containing a helper plasmid. To begin with, a
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gene of interest is cloned into pFastBac vector containing ACNPV polyhedrin promoter
for high-level expression in insect cells and left and right arms of Tn7 transposon for
efficient transposition. pFastBac vector is transformed into DH10Bac E.coli cells that
contain baculovirus shuttle vector(bacmid) containing Tn7 target site and helper
plasmid. Transposition happens between Tn7 target site of pFastBac vector and bacmid
with the help of transposition proteins supplied by the helper plasmid. Transformed
colonies are selected based on blue/white screening. Since recombinant bacmid is really
huge (>135kb), PCR analysis is employed to detect the insert. Positive recombinant
bacmid is isolated using standard DNA isolation kits and transfected into insect cells
(Spodoptera frugiperda (Sf9)). Recombinant baculoviruses are generally secreted ~72hr
post transfection and this virus stock is further amplified for expression and purification
of recombinant proteins in large-scale Sf9 cell culture (Figure 2.2).
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Figure 2.2. Bac-to-Bac Baculovirus Expression System. Gene of interest is cloned
into pFastBac vector and transformed into DH10Bac E.coli cells for recombination.
Recombinant bacmid is isolated and transfected into Sf9 cells for viral production and

amplification. Adapted from https://www.geneuniversal.com.
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To overcome the limitations posed by bacterial purification systems and mammalian cell
lysate and to increase the yield here we have established a robust Sf9-baculovirus
expression system to express and purify superprocessive kinesin-3 motors. Since the
commercially available bacmid generating kits are expensive and we will be working
with more samples, we developed an in-house protocol for both large and small inserts
of Kkinesin-3 motors into bacmids. Sf9-purified kinesin-3 motors were used to
characterize in vitro single-molecule and multi-motor microtubule gliding properties

using total internal reflection fluorescence (TIRF) microscopy.
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Chapter 3

Materials and Methods

3.1. DH10Bac competent cell preparation: Luria Bertani (LB) broth supplemented
with kanamycin and tetracycline was inoculated with overnight grown DH10Bac primary
culture and incubated at 37°C until OD reached 0.4-0.6. The cells were harvested by
spinning at 8000 rpm for 10 min at 4°C and resuspended in 100 ml competency buffer
(60 mM CaCly, 10 mM PIPES, 15% glycerol, pH 7.0). After 30 min of incubation on ice,
cells were collected by centrifuging at 4000 rpm for 10 min, 4°C. This final pellet was
resuspended in competency buffer and snap-frozen into small aliquots in liquid nitrogen
before storing at -80°C.

3.2. Generation of recombinant bacmid: Recombinant expression of a specific protein
in Sf9 cells requires the generation of a recombinant bacmid. A key step in generating
recombinant bacmid is the transposition of gene-of-interest into the bacmid (Zhai et al.,
2019). Though the generation of recombinant bacmid using commercially available bac-
to-bac kits (ThermoScientific) is simple and works well for small inserts, recombination
is difficult for large-size inserts. Members of the kinesin-3 superfamily are large proteins
with a molecular weight ranging from 140 kDa — 200 kDa. Moreover, it would be costly,
especially when working with multiple samples. Thus, we generated recombinant
bacmids containing full-length and constitutively active kinesin-1 and kinesin-3 motors
by employing bac-to-bac methodology in-house. The coding sequence for kinesin-1 [full-
length, KHC-mCit-Flag and constitutively active, KHC(1-560)-mCit-Flag] and kinesin-
3, [full-length, KIF1LA-mCit-Flag, KIF13A-mCit-Flag, KIF13B-mCit-Flag and KIF16B-
mCit-Flag and constitutively active, KIF1A(1-393LZ)-mCit-Flag, KIF13A(1-
411AP390)-mCit-Flag, KIF13B(1-412AP391)-mCit-Flag and KIF16B (1-400)-mCit-
Flag] were sub-cloned into pFastBac backbone plasmid using PCR amplification.

The above plasmids were transformed into DH10Bac competent E. coli carrying bacmid

genome and helper plasmid and incubated at 37 °C for site-specific homologous
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recombination to generate recombinant bacmids with gene-of-interest. For full-length
motors, 12-16 hours of incubation time was required for successful homologous
recombination between pFastBac [containing C-terminal mCitrine-Flag (mCit-Flag)-
tagged full-length versions of kinesin-1 and kinesin-3 motors] and bacmid in DH10Bac
cells due to their large insert size. For constitutively active versions of kinesin-1 and

kinesin-3 motors, incubation for approximately 6-8 hours was sufficient.

In general, blue-white screening for recombinant bacmid often gives false positive
colonies, and contamination of empty bacmid will result in low-to-no expression. Also,
selection of recombinant bacmids usually requires screening a large number of white
colonies (>10) by isolating bacmid DNA using expensive bacmid isolation Kkits.
Therefore, we performed colony-PCR using bacmid-specific primer pair and screened
more than 40 and 20 colonies each for full-length and constitutively active motors,
respectively. Subsequently, we purified only the colony-PCR positive recombinant
bacmids using PureLink plasmid isolation kit (Invitrogen) and confirmed the
transposition using bacmid-specific primers. Additionally, we performed PCR with a
combination of bacmid-specific and gene-specific primers. These purified recombinant
bacmids were used for transfection and recombinant protein production in Sf9 insect
cells. Together, these results suggest that transposition of large inserts can be achieved
in-house just by incubating for a longer time in DH10Bac competent cells. This can be
applied for recombination of other large proteins in bacmid. Moreover, a simple and
economical colony-PCR with bacmid-specific primers can be used for the initial

blue/white screening of recombinant bacmids.

3.3. Sf9 cell culture, transfection, and recombinant baculovirus production:

Sf9 cells were a kind gift from Dr. Thomas Pucadyil (Indian Institute of Science
Education and Research, Pune, India). Sf9 cells were maintained in 30 mL of Sf-
900/SFM medium (Invitrogen) in 100 mL disposable conical flask without any
antibiotic/antimycotic at 28 ‘C. Keep the suspension culture in an orbital shaker at 90
rpm. Supply of CO2 and humidity maintenance is not required. Cells are usually
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subcultured every fourth day by inoculating 0.5 x 106 cells/mL to reach 2.0 x 10° cells/mL

density on the fourth day.

1. PO virus stock generation

11

1.2

13

14

1.5

1.6

1.7

1.8

1.9

2.0

2.1

For transfection, seed cells into a 35 mm dish with 4.5 x 10° cells/mL
confluency and maintain at 28 °C without shaking.

After 24 h, once cells are attached and look healthy, proceed for transfection
as described below.

Tube A: Mix 1 pg of bacmid DNA encoding for constitutively active
KIF1A(1-393LZ)-mCit-FLAG specific kinesin-3 motor with 100 pL of

unsupplemented Grace’s media.

Tube B: Mix 6 uL of transfection reagent with 100 puL of unsupplemented

Grace’s media.

Carefully transfer the content of Tube A into Tube B and mix thoroughly
by pipetting up and down (approximately 20 times).

Incubate the mixture for ~45 min at room temperature.

After completing the incubation, add 0.8 mL of unsupplemented Grace’s

media to the above mixture and mix slowly by pipetting.

Gently aspirate the Sf-900/SFM media from cells (to remove any traces of

serum that may affect transfection efficiency).

Add the transfection mixture from step 1.5 dropwise on the top of the cells
and incubate the plate for 6 h at 28 °C.

After the incubation, carefully remove the transfection mixture, add 2 mL of
Sf-900/SFM media and incubate further for 48 h at 28 °C.

Check for the motor protein expression under an inverted fluorescence
microscope. The motor protein is tagged with a fluorescent protein,

mCitrine, a variant of yellow fluorescent protein.
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NOTE: Transfected cells were visualized under an inverted microscope equipped with
differential interference contrast (DIC) and epifluorescence illumination with a 20x
objective (200 times magnification), mercury lamp and an EM-CCD camera. Check the
efficiency of virus generation and infection by monitoring the expression of mCitrine-
tagged motors in cells through mCitrine excitation and emission filter cube. In addition,

check for morphological changes of infected cells, such as enlarged cells/nuclei.

2.2 Again, check the cells 72 h post-infection. Usually, cells start detaching from

the surface.

2.3 If >5% of cells detached from the surface, harvest the media with infected

cells in 1.5 mL sterile microcentrifuge tubes and spin for 5 min at 500 x g.

2.4 Collect the supernatant and snap freeze aliquots of 1 mL in liquid nitrogen
and store as PO stock at -80 °C or use it to generate P1 virus stock.

2. P1 virus stock generation

2.1 To further amplify the PO baculovirus stock and confirm protein expression,

grow Sf9 cells in liquid suspension culture.

2.2 In a sterile 100 mL conical flask, add 10 mL of Sf-900/SFM media with a

cell density of 2 x 10° cells/mL and 1 mL of PO virus stock.
Incubate at 28 °C with constant shaking at 90 rpm.

2.3 After 72 h of infection, check for the protein expression as described earlier.
If the protein expression is good (>90% of cells show a bright mCitrine
fluorescence signal) and shows significant cell death (approximately 10%—

15%), spin down the cells in a 15 mL sterile conical tube at 500x g for 5 min.

2.4 Collect the supernatant, snap freeze aliquots of 1 mL (P1 stock) in liquid
nitrogen and store at -80°C or proceed for large-scale infection and protein

purification.
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3. Large-scale infection

3.1 For large-scale protein expression, infect 30 mL of the suspension culture at
2 x 10° cells/mL density with 1 mL of P1 virus stock and incubate at 28 °C

with constant shaking at 90 rpm.

3.2 After ~72 h post-infection, check for the protein expression (in general,

maximum protein expression is achieved between 65—-75h post-infection).

3.3 If >90% of cells show a bright fluorescent signal with minimal cell death
(<5%), collect the cells in a sterile 50 mL conical tube and spin down at 500
x g at 4 °C for 15 min.

NOTE: There should be minimal cell death (<5%), because dead cells release the

cellular contents into the media, which leads to loss of expressed protein.
3.4 Discard the supernatant, collect the cell pellet, and proceed with protein

purification.

3.4. Sf9 purification of kinesin-3 motors:

1.1 To the above cell pellet, add 3 mL of ice-cold lysis buffer (Table 2) freshly
supplemented with 5 mM DTT, 5 pg/mL of aprotinin, 5 pg/mL of leupeptin,
and 5 pg/mL of PMSF and lyse the cells by pipetting 2025 times without

generating any air bubbles.
1.2 Spin the cell lysate at 150,000 x g for 30 min at 4 °C.

1.3 Collect the supernatant into a fresh, sterile tube and mix with ~40 pL of
50% anti-FLAG M2 affinity resin. Incubate the mixture for 3 h at 4 °C with
end-to-end tumbling.

1.4 After incubation, pellet the FLAG resin by spinning at 500 x g for 1 min at
4 °C. Gently aspirate the supernatant without disturbing the pellet with a 26
G needle and discard.
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1.5

1.6

1.7

1.8

1.9

Wash the FLAG resin pellet three times with ice-cold wash buffer (Table 2)
freshly supplemented with 2 mM DTT, 5 pg/mL of aprotinin, 5 pg/mL of
leupeptin, and 5 pg/mL of PMSF. Pellet the beads by spinning at 500 x g
for 1 min at 4 °C in each wash.

After the third wash, carefully drain the wash buffer as much as possible
without disturbing the pellet. For protein elution, add ~70 pL of wash buffer
containing 100 pg/mL FLAG peptide to the resin pellet and incubate

overnight at 4 °C with end-to-end tumbling.

On the subsequent day, spin down the resin at 500 x g for 1 min at 4 °C.
Collect the supernatant containing purified protein into a fresh tube and
supplement with 10% glycerol. Snap freeze aliquots of 5 pL in liquid
nitrogen and store at -80 °C until further use.

Run the SDS-PAGE gel to determine the protein concentration and yield.
Along with purified protein of interest, a standard protein control, BSA of
known concentrations ranging from 0.2 pg, 0.4 ug, 0.6 pg, 0.8 ug, and 1 g
are loaded to generate a standard curve. Stain the gel with Coomassie

Brilliant blue.

Analyze the gel using a built-in gel quantification tool in ImageJ software.
First, measure the band intensity of known concentrations of BSA and
generate the standard curve. Then, measure the intensity of the purified

protein band and determine the protein concentration.

The purified protein was found to be stable at 4°C for more than a week, with no
significant loss of activity. The protocol yielded a recombinant protein of high purity and
sufficient quantity for further analysis. The typical yield of purified proteins ranged from
15-20 mg per liter of Sf9 culture with no visible impurities. All the characterization
assays were performed using freshly prepared protein samples unless otherwise stated.
The homogeneity of the purified protein was further confirmed by size exclusion-high-
performance liquid chromatography (SEC-HPLC) using Phenomenex SEC-3000 column
with 1xPBS as mobile phase.
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3.5. Circular Dichroism (CD) spectroscopy: For CD measurements, the purified
protein sample was analyzed at 200 nM concentrations in 10 mM sodium phosphate, pH
7.0. The spectrum was recorded from 190-250 nm at 0.1 nm intervals and 50 nm min™?
using spectropolarimeter (Jasco-815). The average of three scans were used to determine
the mean residue molar ellipticity [0] (deg x cm2 x dmol™) was calculated according to

the formula:
[0]= 6/(NAX d x CMx10)

Where 0, measured ellipticity in degrees; NA, is the number of amino acids per protein;
d, is the path length in centimeters; CM, is the molar protein concentration. The factor
10 originates from the conversion of molar concentration to the dmol cm~3concentration
unit. The secondary structures estimation and folding status was performed on BeStSel

program (Micsonai et al., 2018; Micsonai et al., 2015).

3.6. Bacterial purification of constitutively active kinesin-1: Constitutively active
kinesin-1, KHC (1-560)-GFP-His plasmid was transformed into BL21 pLyS cells. The
overnight grown primary culture was inoculated into 200 ml LB media along with
antibiotics and incubated at 37°C for 2 hrs. Once O.D reaches 0.4-0.6, culture was
induced with 0.5 mM Isopropyl B-d-1-thiogalactopyranoside (IPTG), and cells were
grown at 22°C overnight. After pelleting, the cells were lysed using B-PER™ reagent
(Thermo Fisher Scientific) in the presence of protease inhibitors and processed further
for purification using a standardized protocol.

3.7. Cell culture, transfection and fluorescence microscopy: COS-7 (monkey kidney
fibroblast; American Type Culture Collection, Manassas, VA) cells were grown in
DMEM supplemented with 10% (vol/vol) FBS (ThermoFisher Scientific, USA) at 37°C
with 5.0 % CO2. Cells were transfected/cotransfected with plasmid DNA of interest
using Turbofect (ThermoFisher Scientific, USA). Subsequent day, cells were lysed to
prepare cell lysates or fixed for fluorescence microscopy. The mouse catecholaminergic
cell line CAD (Qi et al., 1997) was grown in DMEM F12 with 10% (vol/vol) FBS
(ThermoFisher Scientific, USA) at 37°C with 5.0 % (vol/vol) CO2. Cells were prompted
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to differentiate by replacing with serum-free media and then transfected with plasmid
DNA of interest using Lipofectamine 3000 (ThermoFisher Scientific, USA). After 48

hrs, the cells were prepared for fluorescence microscopy.

For cell lysates, 24 hrs of post-transfection COS-7 cells were washed, trypsinized and
lysed in ice-cold lysis buffer (LB; 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid/KOH, 115 mM potassium acetate, 5 mM sodium acetate,
5 mM MgCl2, 0.5 mM ethylene glycol tetraacetic acid [EGTA], 1% [vol/vol] Triton X-
100, pH 7.4) freshly supplemented with 1 mM phenylmethylsulfonyl fluoride and
protease inhibitors (10 pg/ml leupeptin, 5 pg/ml chymostatin, 3 pg/ml elastatinal, 1
mg/ml pepstatin). The lysates were clarified by centrifugation at 16,000 x g at 4°C and
either it was immediately used for single-molecule assays or snap-freeze aliquots were

frozen in liquid nitrogen and stored at —80°C until further use.

For fluorescence microscopy, 48hrs of post transfection cells were washed once with
warm phosphate buffer saline (PBS), fixed in 4% (vol/vol) paraformaldehyde (PFA) in
PBS for 10 mins and then mounted in Prolong Gold (ThermoFisher Scientific, USA).
Images were acquired on Nikon Eclipse Ti2-E, motorized automated inverted
microscope, attached with Perfect Focus System, oil-immersion 60X 1.49 NA objective,
Andor iXon Ultra 897 EMCCD camera, and analyzed using NIS-Elements Advanced
Research image acquisition software. To quantify motor accumulation, the average
fluorescence intensity of the cell body and its neurite tip were measured using ImageJ
software (National Institutes of Health, Bethesda, MD). The mean + SEM for wild type
and mutant motors were plotted as the ratio of average fluorescence intensity in the
neurite tip to that in the cell body using Prism 6 software (GraphPad Software, La Jolla,
CA).

For landing rate measurements, the amount of wild-type or mutant motors in the COS-7
lysates were first normalized by a dot-blot in which increasing volumes of COS-7 lysates
were spotted onto nitrocellulose membrane. The membrane was air-dried and processed
for immunoblotting for mCit-tag using anti-GFP antibody (A6455, ThermoFisher

Scientific, USA). The spots were quantified to normalize the motor concentration. Equal
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amounts of motors were added to flow cells and imaged at 20 fps. The number of motors
landing on a microtubule was counted and then divided by the total length of the
microtubules and the recording time in order to obtain a landing rate with the units of

events/micrometer/minute.

3.8. Tubulin purification and labeling: Tubulin was purified from goat brain using the
facility generously provided by Prof. Roop Mallik, TIFR, Mumbai, India, as described
previously (Castoldi and Popov, 2003) and stored in liquid nitrogen until further use.
Fluorescent labeling of tubulin was performed using protocol described previously with
modifications (Hyman et al., 1991). Above purified tubulin was incubated with 20 molar
excess NHS-Rhodamine (ThermoScientific) at 37°C for 10 min. The reaction was
terminated by adding an equal volume of potassium glutamate, and the mixture was
loaded onto a Sephadex G50 column kept at 4°C. The labeled tubulin was collected and
cycled through a polymerization and depolymerization before snap freezing into small

aliquots.

3.9. Invitro single-molecule motility assay using Sf9-purified kinesin-3 motors:

NOTE: The Sf9-purified kinesin-3 motors can be used to study biochemical and
biophysical properties such as ATP turnover rate, microtubule affinity, velocity, run
length, step size, and force generation. Here, a detailed protocol for in vitro single-
molecule motility analysis of KIF1A (1-393LZ) using Total Internal Reflection
Fluorescence (TIRF) microscopy is described.

1. Microtubule polymerization

1.1 In a pre-chilled 0.5 mL microcentrifuge tube, prepare a polymerization mix
by pipetting in the following order: 12.0 uL of BRB80 buffer, pH 6.9; 0.45
pL of 100 mM MgCl2, 1 pL of 25 mM GTP.

1.2 Take out a 10pL aliquot of 10 mg/mL tubulin stored in liquid nitrogen, thaw
immediately, and add into the above polymerization mixture. Mix gently by

pipetting 2—3 times without creating any air bubbles.
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NOTE: Perform the above steps quickly and strictly on ice.
1.3 Let the above mixture sit on ice for 5 min.

NOTE: This is a critical step to prevent denaturing of tubulin or to avoid the formation

of short microtubule seeds.

1.4 Transfer the tube into a pre-warmed 37 °C heat block/water bath and incubate

for 30 min for polymerization of microtubules.

1.5 While microtubules are polymerizing, thaw an aliquot of P12 buffer and bring

it to room temperature.

1.6 Before completing 30 min of incubation, start preparing microtubule
stabilization buffer by pipetting 100 pL of P12 buffer into a fresh
microcentrifuge tube. To this, add 1 uL of 1 mM taxol and immediately vortex

the mixture.

NOTE: Start preparing the microtubule stabilization buffer approximately 5 min before
completing the incubation in step 1.4. Taxol stabilizes the polymerized microtubules by

binding to f-tubulin.

1.7 Warm the microtubule stabilization buffer for 2-3 min at 37 °C and gently
add it to the polymerized microtubules without disturbing the polymerization

mixture at the bottom.

NOTE: Warming the stabilization buffer will bring it to the same temperature as the

polymerization mixture.
1.8 Do not tap or pipette the mixture and incubate further at 37 °C for 5 min.

1.9 Gently tap the mixture and mix it with a beveled cut tip (200 L capacity)
slowly using the pipette.

NOTE: From this point onward, always handle microtubules with a beveled cut tip to

avoid microtubule shearing.

2.0 Take 10-15 pL of polymerized microtubules in a flow cell to check for

proper microtubule polymerization.
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NOTE: One can visualize the unlabeled microtubules using a DIC microscopy setup.
2.1 If microtubules are concentrated, dilute them with P12 buffer supplemented

with 10uM taxol.

2. Preparation of motility flow cell chamber
2.1 Prepare a motility chamber using a glass slide, double-sided tape and glass
coverslip (22 mm x 30 mm).

2.2 Take a glass slide, place a drop (~70 pL) of deionized distilled water in the

middle and wipe it with a lint-free tissue paper.

2.3 Cut two strips of double-sided tape (~35 x 3 mm) and firmly stick them to
the glass slide parallelly, leaving an ~4-5 mm gap between two strips to

create a narrow passage.

2.4 Next, take a coverslip and add a drop (~20 pL) of deionized distilled water
in the middle. Place a strip of lint-free lens cleaning tissue paper on the water
drop until it absorbs the water. Then, slide it slowly toward one end of the

coverslip.
NOTE: The coverslip should be completely dry. No water should be visible on the

coverslip.

2.5 Place the coverslip on the double-sided strips stuck on the slide and press the

coverslip evenly along the strips to stick firmly.

NOTE: Please make sure that the cleaned side of the coverslip faces the glass slide.

2.6 Ensure that together this creates a narrow chamber of 10-15 pL capacity for

performing motility assay.
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3. In vitro single-molecule motility assay:

NOTE: To study the microtubule-based single-molecule motility properties of motors,

microtubules need to be adsorbed onto the coverslip surface in the motility chamber.

1.1 Dilute the polymerized taxol-stabilized microtubules in P12 buffer
supplemented with 10 uM taxol at 1:5 ratios and mix by pipetting slowly with

a beveled tip.

1.2 Keep the flow chamber in a slant position (~15-20°). Flow 30 pL of diluted
microtubule solution through the flow chamber from the upper end while
keeping a lint-free tissue paper at the lower end to absorb the liquid. This
creates a shear force to align the microtubule in the flow direction and helps

to adsorb the microtubules straight and align parallel.

1.3 Leave a small drop of liquid on both ends of the chamber and keep the flow
cell in an inverted position (coverslip facing the bottom) in a closed, moist

chamber to prevent drying of the motility chamber.

1.4 Let it sit for ~30 min so that microtubules adsorb to the surface of the

coverslip inside the motility chamber.

1.5 In the meantime, prepare a blocking buffer by mixing 500 pL P12-BSA buffer
with 5 pL of 1 mM taxol.

1.6 Flow 40-50 pL of blocking buffer and incubate the slide in an inverted

position for 10 min in a moist chamber.

1.7 Prepare a motility mixture by pipetting the following components into a 500
ML capacity sterile microcentrifuge tube in the following order: 25 uL of P12
buffer with taxol, 0.5 pL of 2100 mM MgCI2, 0.5 pL of 2100 MM DTT, 0.5 uL
of 20 mg/mL Glucose oxidase, 0.5 pL of 8 mg/mL Catalase, 0.5 pL of 2.25
M Glucose, and 1.0 pL of 100 mM ATP.
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NOTE: Fluorescence imaging has been widely used for biological applications.
Photoexcitation of fluorescent proteins generates reactive oxygen species (ROS), which
can cause photobleaching of the fluorescent proteins and damage to the biological
samples (Wojtovich and Foster, 2014; Zheng et al., 2014). Oxygen scavengers such as
glucose oxidase and catalase are routinely used in motility assays to limit photodamage

and prolong the bleaching time of fluorescent proteins.

1.8 Finally, add 1 pL of the purified motor to the above motility mix and mix

well before flowing into the motility chamber.

1.9 Seal both the ends of the motility chamber with liquid paraffin wax and
immediately image under TIRF illumination using 100X TIRF objective of
1.49 NA with 1.5x magnification.

2.0 In order to focus the coverslip surface, first, focus on one of the inner edges
of double-sided tape in the motility chamber under differential interference

contrast (DIC) illumination.

NOTE: The bright and uneven surface will be visible.

2.1 Then, move the focus into the motility chamber. Using fine adjustment, focus
the coverslip surface and look for the microtubules adsorbed on the coverslip

surface.

2.2 Once the microtubules are focused, switch to TIRF illumination with a 488
nm excitation laser and adjust the illumination depth by changing the
excitation beam angle to get the best and uniform TIRF illumination.

2.3 Focus the individual mCitrine-tagged motors moving processively along the
microtubule surface with 100 ms exposure and record the motion using an
EM-CCD camera.

NOTE: Although the motility assays were performed on unlabeled microtubules, the
maximum intensity z-projection function can be used to reveal the outline of the
microtubule track. Preferentially, events on long microtubule tracks were considered for

tracking analysis.
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2.4 Manually track the position of the fluorescently tagged individual motors
walking on long microtubule tracks frame-by-frame using a custom-written

plugin in ImageJ (nih.gov) software.

2.5 Generate the histograms of velocity and run length for the motor population
by plotting the number of events in each bin. Fit these histograms to a single
Gaussian peak function to obtain average velocity and run length (Soppina et
al., 2014).

3.10. In vitro microtubule gliding assay using Sf9-purified kinesin-3 motors:

NOTE: To understand the collective behavior of kinesin-3 motors, in vitro microtubule
gliding assay was performed. Where motors are immobilized onto the coverslip in an
inverted position and upon adding microtubules into the chamber, microtubules land on

motors and glide along as the motors try to walk on them.

1.1 Fluorescent microtubule polymerization: Polymerize the microtubules
following the protocol described previously except for mixing rhodamine labeled
tubulin (3 mg/mL) with unlabeled tubulin (10 mg/mL) in a ratio 1:10.

1.2 After 30 min of polymerization, gently add 30 pL of pre-warmed microtubule
stabilization buffer and incubate further for 5 min at 37 °C.

1.3 Next, shear the microtubules by pipetting with the capillary-loading tip (~25-30

times).

1.4 Prepare the motility flow chamber as described previously, flow 50 pL of Sf9-
purified GFP nanobodies (2.5 pL of 100 nM diluted in 50 pL of P12 buffer) and
incubate for 30 min at room temperature with the coverslip facing downward in

a moist chamber.

NOTE: The motors are C-terminally tagged with mCitrine. GFP nanobodies are used to
immobilize the motors due to their low dissociation constant (Muyldermans, 2013).

1.5 Block the coverslip surface by flowing 50 uL of block buffer into the flow
chamber to prevent nonspecific protein adsorption and incubate further for 5 min.
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1.6 Prepare the motor mix by pipetting 50 pL of block buffer, 1 uL of 100mM ATP,
and 5 pL of 100 nM Sf9-purified kinesin-3 motors. Mix gently before flowing

into the chamber and incubate for 30 min at room temperature in a moist chamber.
1.7 Wash the chamber twice with 50 uL of P12 casein.

1.8 In a sterile microcentrifuge tube, prepare the gliding assay mixture in the
following order, 45 pL of P12-casein with 10 uM taxol, 1 pL of 100 mM ATP,
0.5 uL of 8 mg/mL catalase, 0.5 pL of 20 mg/mL glucose oxidase, 0.5 uL of 2.25
M glucose and 1 pL of sheared fluorescent microtubules. Gently mix the content
before flowing into the motility chamber and seal the ends of the chamber with

liquid paraffin wax.

1.9 Image microtubule gliding under TIRF illumination at 100 ms exposure and

capture the images with attached EM-CCD camera.

NOTE: The average microtubule gliding velocity was determined by manually tracking
approximately 100 individual microtubules frame-by-frame using a custom-written
plugin in ImageJ29. Determine the average microtubule gliding velocity by generating a
histogram and fitting to a Gaussian function.

3.11 ATPase assay using Sf9-purified kinesin-3 motors:

All ATPase assays were performed at room temperature as described previously for
smooth muscle myosin (Trybus, 2000). Briefly, an assay mixture containing 10 nM
purified kinesin motor, 1-80 uM polymerized microtubule, 1 mM DTT and 20 mM ATP
was set up in BRB80 and incubated for 2 hours. At every 30 min time interval, a sample
of 25 ul was collected and mixed with 25 pl of stop solution (500 mM EDTA, 10% SDS)
to cease the reaction. After completion of all time points, 100 pl of developing solution
(0.5% ammonium molybdate, 5 mg/ml ferrous sulfate) was added and absorbance was
recorded at 655 nm within 15 min. For generating the standard curve, KH2PO4 solution
was used.

To determine the ATPase activity, the slope of phosphate release as a function of time

was plotted.
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To convert nmol/min x pg to sec™,

Slope (OD/min) x Slope of standard curve (nmol/0D)

Activity (nmol/min x pg)= gin 25 pl
m !

We divide with a constant, which depends on the molecular weight of the motor protein
that is used. To determine the Vmax and Km, ATPase activity as a function of substrate
concentration is used and fitted to a Michaelis-Menten equation. To determine ATP
turnover rate (Kcat) following equation is used.

Vmax
Et

Keat =

Where Et = total enzyme concentration and Vmax = maximum enzyme activity. All the
ATPase assays were performed in duplicates from three independent protein

preparations.

3.12. Data analysis:

For single-molecule motility and gliding assays, data analysis was performed using a
custom-written ImageJ plug-in (nih.gov). For single-molecule motility assays,
fluorescently labeled individual motors were tracked manually frame-by-frame.
Similarly, for gliding assays, translocation of fluorescently labeled microtubules was
tracked manually frame-by-frame. The number of events for each sample was plotted for
velocity and run length as a histogram and fit to a Gaussian distribution. All the statistical
analyses were performed using GraphPad Prism (8.0).

3.13. Microtubule bending analysis:

For detailed quantification of microtubule-bending, we have set the following criteria
and divided the microtubule bending into four categories based on their degree of
bending: Straight (135° — 180°), Bent (90° — 135°), Moderately Bent (45° — 90°) and
Highly Bent (0° — 45°). To measure microtubule bending angle in vitro and in vivo, we

used built in angle tool in ImageJ software (nih.gov), which measures the angle between
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the first and second segment of a segmented line selection. Quantified results are

presented as percent bar graphs.

50



Table 2: Buffers and Reagent preparation

SI. Buffer/ Description Note/
No Reagent Remark
1.  Lysis buffer 20 mM HEPES, pH 7.5, 200 mM NaCl, 4 mM MgCl,,
0.5% IGEPAL 7% Sucrose.
2.  Wash 20 mM HEPES, pH 7.5, 300 mM KCI, 2 mM MgCl;
buffer
3. 1MK- Take 50 mL of deionized distilled water in a glass beaker Please do not
PIPES and add 30.2 g of PIPES. The solution looks milky white overshoot the
(100 mL) because PIPES is insoluble at acidic pH, but solubility pH
greatly increases when the free acid is converted to sodium
or potassium salt. Therefore, slowly add approximately 6.4
g of solid KOH pellets while constantly stirring and
roughly monitoring the pH. Once PIPES dissolved
completely, allow the solution to cool for 20 min and then
adjust pH to 6.8 using 3M KOH with constant stirring.
Adjust the final volume to 100 mL, make 10 mL aliquots
and store at -200C.
4. 200mM In a glass beaker, add 180 mL of deionized distilled water
NaEGTA and 15.2 g of EGTA. The solution looks cloudy because
(200 mL) EGTA is slightly soluble in water and requires an alkaline
environment to dissolve completely. Therefore, slowly
adjust the pH to 8.0 using 2M NaOH while stirring
constantly. Once completely dissolved, make up the
volume to 200 mL and store at 4°C.
5. 100mM Solutions of GTP/ATP rapidly hydrolyses to GDP/ADP
NaGTP and phosphate at extreme pH, so when preparing the stock
(10 mL): solutions, precautions should be taken to minimize the
hydrolysis and maintain pH. Dissolve 524 mg of NaGTP
in 7 mL of ice-cold 10mM Na-PIPES pH 6.9 and
immediately adjust pH to 7.0 with 5M NaOH while
constantly mixing. Finally, adjust the volume up to 10 mL,
aliquots of 2-100 pL were stored in a -20°C freezer.
6. 10mM Pipette 586 uL anhydrous DMSO into 5 mg bottle of taxol Taxol is
Taxol (semisynthetic) and vortex. Prepare 10 pL aliquots and stable in
store at -80 °C freezer. A working stock of 1mM taxol is DMSO but
prepared by diluting a 10 pL aliquot of 10mM Taxol in 90 unstable in
pL of anhydrous DMSO. Aliquots of 10 pL were stored at  water.
-20°C.
7. 1M MgCl, Dissolve 20.33g MgCl..6H,O in 70 mL of deionized
(100 mL) distilled water and make up the volume of 100 mL. Filter

through 0.22 p filter and store at room temperature.
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8. BRBS80 Take approximately 80 mL of deionized distilled water in
(100 mL) a glass beaker and pipette 8 mL 1M K-PIPES pH 6.9, 100
pL of 1M MgCl; and 500 pL of 200 mM EGTA. Adjust
the final volume to 100 mL with water and store 0.1-10 mL
aliquots at -20°C freezer.

9. P12 buffer  Take approximately 80 mL of deionized distilled water in
(100 mL) a glass beaker and pipette 1.2 ml 1M K-PIPES pH 6.9, 100
pL of 1M MgCl; and 500 pl of 200 mM EGTA. Bring the
volume to 100 mL with water and store aliquots of 500 pL
at -20°C freezer.

10. P12-BSA Dissolve 750 mg BSA in 50 ml of P12 buffer and filter
(50 ml) through 0.22 pm filter. Aliquots of 1 mL stored at -20°C
freezer.

11. 1IMDTT Dissolve 154.3 mg of DTT in deionized distilled water and

(1 ml) store at -20°C in 10 pL aliquots.
12.  Glucose Dissolve 20 mg Glucose Oxidase in 1 mL of P12
oxidase buffer, snap freeze 10 yL aliquots in liquid nitrogen

(20 mg/mL) and store at -80°C deep-freezer.

13. Catalase Dissolve 8 mg Catalase in 1 mL of P12 buffer, snap
(8 mg/mL)  freeze 10 uL aliquots in liquid nitrogen and store at -
80°C deep-freezer.

14. 2.25M Dissolve 450 mg Glucose in 1 mL of P12 buffer, snap
Glucose freeze 10 pL aliquots in liquid nitrogen and store at -
(A mL) 80°C deep-freezer.

15. Blocking In a conical tube, dissolve 150 mg casein in 10 mL of P12
buffer buffer by incubating at 50°C for 5 h in a water bath with
(10 mL) intermittent mixing and filter through 0.22 pum filter. Make

500 uL aliquots and store frozen at -20°C.

16. 1M HEPES Dissolve 11.915 g of HEPES in 30 mL of deionized
pH 7.5 distilled water, adjust pH with KOH and make up the final
(50 mL): volume to 50ml. Filter with 0.22 u filter and store at 4°C

17. 3M NacCl Dissolve 17.5 g of NaCl in 70 mL of deionized distilled
(100 mL) water and make up the final volume to 100 mL. Filter and
store at room temperature.

18. Lysis buffer 20 mM HEPES, pH 7.5, 200 mM NaCl, 4 mM MgCl,
(100 ML): 0.5% IGEPAL 7% Sucrose.

Note: All the single-molecule solutions and reagents should be stored in small aliquots
at -20°C. Discard the aliquots once thawed.
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Chapter 4

Results and Discussions

Kinesin-3 motors are built with unique mechanical outputs, such as high velocity,
superprocessivity and a strong microtubule binding affinity compared to other kinesin
family motors (Guo et al., 2019; Scarabelli et al., 2015; Soppina et al., 2014; Soppina
and Verhey, 2014). A single kinesin-3 motor can take thousands of steps before detaching
from the microtubule and is fueled by ATP hydrolysis (Soppina et al., 2014). Despite
rigorous motility analysis over the last few years (Hammond et al., 2009; Huckaba et al.,
2011; Okada et al., 2003; Okada and Hirokawa, 1999, 2000; Pierce et al., 1999;
Tomishige et al., 2002), the basic chemomechanical properties of these motors remain
poorly studied. Often such analysis requires purified, soluble, active motor proteins. The
prokaryotic expression system is used widely for recombinant protein expression. As a
control, we used a constitutively active version of kinesin-1, KHC (1-560), the founding
member of the kinesin superfamily, whose motility properties are well characterized.
However, expression and purification of KHC (1-560) in bacteria resulted in multiple
low molecular bands (Figure 4.1) and protein degradation. Additionally, single-molecule
motility analysis resulted in rare motility events and majority of them were bound non-
specifically to the glass surface. Studies have shown that expression and purification of
motor proteins using a bacterial expression system result in a large population of dead
motors due to improper protein folding and/or limited capacity of the host system (Korten
et al., 2016; Kurland and Gallant, 1996; Schmidt, 2004; Tao and Scholey, 2010). Thus,
an additional step of microtubule affinity purification is critical to eliminate dead and
inactive motor fractions to some extent (Case et al., 1997; Tomishige and Vale, 2000).
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Figure 4.1. Bacterial expression of KHC (1-560) resulted in inactive and degraded
protein. (A-B) Coomassie gel and Western blot images showing purified KHC (1-560)
GFP-His protein from bacterial expression system. (A) Coomassie gel representing
purified protein fractions, protein standard (M), elution fractions (lane 2-5), washed
fractions (lane 6-8), pellet (P), and supernatant (S) after bacterial lysis and high-speed
centrifugation. Though expected band size is ~80kDa, multiple bands can be seen in
purified sample also. (B) For confirmation, elution fraction 1 was blotted with anti-His
primary antibody. Again, multiple bands can be seen in Western blot, could be due to

premature translation termination or degradation.

4.1. Generation of bacmids and purification of kinesin-1 and kinesin-3 motors using
Sf9 baculovirus system.

To overcome these setbacks, we used baculovirus expression, one of the most powerful
and versatile eukaryotic expression systems. Baculovirus has a strong polyhedrin
promoter to drive the high-level expression of heterologous genes. In addition, this
system employs the ability of cultured Sf9 cells to perform post-translational
modification of expressed proteins, similar to those that occur in the natural host cell.
Thus, we generated bacmids to purify full-length and constitutively active versions of

kinesin 3 and kinesin-1 motors (Figure 4.2).

Generated bacmids were transfected into Sf9 cells and checked for the efficiency of virus
generation and infection by monitoring the expression of mCitrine-tagged motors in cells
under an inverted microscope equipped with differential interference contrast (DIC) and
epifluorescence illumination after 48h. In addition, check for morphological changes of
infected cells, such as enlarged cells/nuclei (Figure 4.3). Maximum expression happens
around 72 h post-infection. Usually, cells start detaching from the surface (Figure 4.4).
Infected cells were collected and subjected to a one-step purification approach (Figure
4.5 A-C). Size-exclusion-high performance liquid chromatography (SEC-HPLC) and
circular dichroism (CD) analysis of these purified motor proteins showed a homogeneous
protein population with regular secondary structures and protein folding, respectively.
For representation, HPLC elution profile and CD spectra of KIF1A (1-393LZ)-mCit-
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FLAG is shown in (Figure 4.5 D and E). These Sf9-purified motors were used for

detailed biochemical and biophysical characterizations.

A Kb KHC KIF1A KIF13A KIF13B KIF16B
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B Kb KHC(1-560) KIF1A(1-393LZ) KIF13A(1-411AP) (1-412AP)

10.0-
6.0-
30-
20-

KIF16B(1-400)
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G KIF13B

Figure 4.2. Generation of recombinant bacmids for kinesin-1 and kinesin-3
motors. Recombinant bacmids were generated for full-length and truncated
constitutively active kinesin-1 and kinesin-3 motors using bac-to-bac system. (A-B)
Screening for positive recombinant bacmid for full-length (A) and constitutively active (B)
motors via colony-PCR. Expected band for recombinant bacmid for each kinesin motor
is indicated with white arrowhead. (C) Representative gels for screening of bacmid with

gene-specific (KIF13B) primers binding at different positions throughout the gene.
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48 h post-transfection
Epifluorescence

Untransfected >
’:’r'§1 (4

W

Transfected

=h=t Figure 4.3. 48 h post-transfection of Sf9 cells

EE{L with fluorescently tagged kinesin-3 motor. Sf9
= 154 1 cells were plated on a 35 mm dish at a density of
E 10 45 x 10° cells/mL. After 24 h, cells were
= transfected with recombinant bacmid DNA
S 51 encoding specific kinesin-3 motor, KIF1A(1-
0 393LZ)-mCit-FLAG using transfection reagent.
%\é}e"\a " & After 48 h of transfection, images were captured

ﬁéﬁ‘ ﬂ@?" under dn‘fer.entlal mterference. and- contltrast (DIC)
and Epifluorescence illumination. (A)

48 h post-transfection Untransfected cells, small, round, and firmly

attached. (B) Transfected cells expressing KIF1A(1-393L2Z)-mCit-FLAG tagged protein
showing enlarged cell diameter and loosely attached to the surface. Scale bar, 100 um.
(C) Bar graph indicating average cell diameter of untransfected and transfected cells.

Error bars represent mean = SD. N = 50 cells. Student’s t-test is used to find the
significance value (****p < 0.0001).
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72 h post-transfection

DIC Epifluorescence

Infected

Figure 4.4. 72 h post-transfection of Sf9 cells with fluorescently tagged kinesin-3
motor. Images showing more than 90% of Sf9 cells expressing fluorescently tagged
kinesin-3 motor, KIF1A(1-393LZ). Cells are loosely bound to the surface.

4.2. Sf9-purified kinesin-3 motors are fast and superprocessive.

First, we wanted to establish whether Sf9-purified kinesin-3 motors could support
microtubule based superprocessive motility. We performed in vitro single-molecule
motility assays of dimeric active kinesin-3 motors as described previously (Soppina et
al., 2014; Soppina and Verhey, 2014). The control constitutively active kinesin-1, KHC
(1-560) motor, showed processive motion along the microtubule tracks with an average
velocity of 0.82 pm s and 1.14+0.04 um run length (Figure 4.6, Figure 4.7A and Table
3) (Clancy etal., 2011; Coy et al., 1999; Schnitzer and Block, 1997; Soppinaet al., 2014).
As kinesin-1 motor takes 8 nm steps (Coy et al., 1999; Sudhakar et al., 2021; Yildiz et
al., 2004), the measured velocity renders a stepping rate (average number of steps taken
in one second) of 102.15 st and a mean run time (average time spent on the microtubule)
of 1.39+0.3 s with a motor off-rate (frequency of motor detachment from the microtubule
in one second) 0.72+0.05 s,
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Figure 4.5. Baculovirus purified constitutively active kinesin-1 and kinesin-3
motors. (A) Coomassie-stained SDS-PAGE showing Sf9-baculovirus-purified truncated
constitutively active kinesin-1 and kinesin-3 motors, as indicated on top. (B)
Recombinant bacmids for constitutively active kinesin motors tagged with mCitrine-Flag
were expressed in Sf9 cells. After 72 hrs of transfection, Sf9 cells were lysed and blotted
for Flag using anti-Flag antibody to check their expression. (C) Pellet, supernatant and
final purified product for KHC (1-560)-mCit-Flag were blotted with anti-Flag antibody,
showing that motors expressed in Sf9 cells are largely cytoplasmic and soluble. (D)
HPLC analysis of purified KIF1A (1-393LZ)-mCit-FLAG protein shows elution as a single
peak. (E) Circular dichroism (CD) spectroscopy shows the helical propensities of the
purified KIF1A (1-393LZ)-mCit-FLAG. The estimated secondary structures showed 48%

of a-helix, 32% of B-structure and 19% others.
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Next, single-molecule motility analysis of Sf9-purified active dimeric kinesin-3 motors
displayed robust superprocessive motion with high velocities along the microtubule
(Figure 4.6B-E, Figure 4.7B-E and Table 3) when compared to kinesin-1. It has been
shown that the wild-type KIF1A (1-393) motors exhibit diffusive motion and short
processive motion in vitro owing to weak neck-coil dimerization potential (Soppina et
al., 2014; Tomishige et al., 2002). Therefore, we used its stable version, KIF1A (1-
393LZ), in which a leucine zipper (LZ) segment of GCN4 was fused to the C-terminus
of KIF1A (1-393) (Soppina et al., 2014). The KIF1A (1-393LZ) motor traveled with an
average speed of 2.41+0.02 pm s and a distance of 10.56+0.26 um (Figure 4.6B,
Figure 4.7B and Table 3), akin to our previous measurements using mammalian cell
lysates (Soppina et al., 2014; Soppina and Verhey, 2014). As KIF1A motors takes 8 nm
step/ATP hydrolysis (Budaitis et al., 2021; Okada et al., 2003; Tomishige et al., 2002),
the determined velocity corresponds to a stepping rate of 301.29 s, which is
approximately 3-fold faster than kinesin-1. Furthermore, considering the determined
average run length and the velocity over the total track, we computed a motor average
run time of 4.38+1.3 s, which corresponds to an off-rate of 0.23+0.05 s

The wild type KIF13A (1-411) and KIF13B (1-412) motors exist as inactive monomers
due to proline-mediated intramolecular neck coil-coiled coill (NC-CC1) interaction
(Soppina et al., 2014). We therefore, used proline-deleted dimeric versions, KIF13A (1-
411AP390) and KIF13B (1-412AP391), respectively. The motility analysis of KIF13A
(1-411AP390) [from now on referred to as KIF13A (1-411AP)] and KIFI3B (1-
412AP391) [from now on referred to as KIF13B (1-412AP)], exhibited average velocities
of 1.55+0.02 um s? and 1.36+0.01 um s* and run lengths of 10.24+0.22 pm and
10.96+0.22 um, respectively (Figure 4.6C-D, Figure 4.7C-D and Table 3). Assuming
these motors take 8 nm steps, their velocities reveal stepping rates of 194.19 s and
170.16 s, respectively. Furthermore, based on the measured average run lengths and the
velocities over the total track, we computed an average run time of 6.61+2.6 s and
8.06+2.4 s, which corresponds to motor detachment rates of 0.15+0.07 s * and 0.12+0.09

s respectively.

59



25

E T E o & [ | & E
g3, N3 %8 % & mmuo
B3 28 TR K Sy .
@\n+u_ L 1Mv___ = == Wﬂ: 3
$x= T8z g5z Sg= 53"
. LL A N . ) < d
= %2 —f= SS 2 L e
7 o
v L5577,

30
20
10
50
40 -
30
20
0
50
40
|
20

70
60
50
40
3

2

1
60
50
40

KHC(1-560)
0.82+0.01 pms| 80
N =
KIF13A(1-411AP)
1.55+0.02 ym s
N =172
KIF13B(1-412AP)
1.36 £ 0.01 pms™
N =148
KIF16B(1-400)
0.95+0.01 ums™
N =
20 25

30

172
180

\4\ &
- i I -
o |5 £ N =
—
8 5e - = 2
= o= [
TS i
s JESE - 3
S <
*
o O O o o o o o O O o o o o o o o o o o o O O o o o o o O O o o o o o
M~ © O < M N ~N © O S M N © w0 < o N o ~ © 1o < Mo N ~ © OB < M N
A Sjuno) m Sjuno) C SJuno) D Sjuno) LUl sjuno)

|-Uisauy g-uisauly

60

Run length (um)

Velocity (um s™)




Figure 4.6. Sf9-baculovirus purified kinesin-3 motors are robust and
superprocessive. (A-E) Fluorescently tagged truncated constitutively active motors
were purified using Sf9-baculovirus expression system. In vitro single-molecule motility
assays of Sf9-purified (A) kinesin-1, KHC (1-560) and (B-E) kinesin-3 motor (B) KIF1A(1-
393L2), (C) KIF13A(1-411AP), (D) KIF13B(1-412AP) and (E) KIF16B(1-400) motors.
For each population of motors, histograms of velocities (left panel) and run lengths (right
panel) were plotted and fit to a single Gaussian. Average velocity and run length of the
corresponding population of motors (N) are indicated on top-right or left-corner as mean

+ SEM. Data presented from three independent experiments.
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Figure 4.7. Kymograph of In vitro microtubule-based single-molecule motility
assays of constitutively active kinesin-3 motors. Single-molecule motility properties
were analysed using fluorescently tagged constitutively active kinesin motors purified
from Sf9-baculovirus expression system. (A-E) Representative kymographs of individual
kinesin motors walking processively (white lines) along the MT surface for (A) KHC(1-
560), (B) KIF1A(1-393LZ), (C) KIF13A(1-411AP) (D) KIF13B(1-412AP) and (E)

KIF16B(1-400).Time on y-axis (vertical arrow) and distance on x-axis (horizontal arrow).
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Table 3: Biochemical and biophysical properties of Kinesin-3 family

motors:

Single-Molecule Motility Assay

Motor Velocity Run length Estimated Mean run  Detachment
(um s™) (nm) SteppiI}g rate time (s) rate (s™)
(s)
KIF1A(1-393L2) 2.41+0.02 10.56 +0.26 301.29 438+1.3 0.23+0.05
KIF13A(1-411AP) 1.55+0.02 10.24 £ 0.22 194.19 6.61 £2.6 0.15+0.07
KIF13B(1-412AP) 1.36 +£0.01 10.96 £ 0.22 170.16 8.06+24 0.12+0.09
KIF16B(1-400) 0.95+0.01 9.34+0.22 118.75 9.83+12 0.10+0.02
KHC(1-560) 0.82+0.01 1.14£0.04 102.15 1.39+0.3 0.72 +0.05
ATPase Assay
Motor Koot K, Basal activity Step size

(s™) (nM) (") (nm)
KIF1A(1-393L2) 290.9 + 8.69 7.03+0.79 0.08 8.28
KIF13A(1-411AP) 181.7+8.31 5.16+0.84 0.014 8.53
KIF13B(1-412AP) 171.8+7.82 423+0.74 0.08 7.91
KIF16B(1-400) 1247+ 6.94 243 +0.58 0.32 7.61
KHC(1-560) 9544 +155 10.23 +£3.63 0.044 8.54

Microtubule Gliding Assay
Motor Gliding Velocity
(um s”)

KIF1A(1-393L2) 1.16+0.14
KIF13A(1-411AP) 0.58 +0.05
KIF13B(1-412AP) 0.60 = 0.06
KIF16B(1-400) 0.48 £0.08
KHC(1-560) 0.46 +0.06

Furthermore, motility analysis with active KIF16B (1-400) also exhibited long uniform

motion along the microtubule with an average velocity of 0.95+0.01um s™ and run-length

9.34+0.22 um (Figure 4.6E, Figure 4.7E and Table 3). These motility properties

showed remarkable consensus with previously measured kinesin-3 motility properties
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using mammalian cell lysate (Budaitis et al., 2021; Lessard et al., 2019; Scarabelli et al.,
2015; Soppina et al., 2014; Soppina and Verhey, 2014). Considering KIF16B takes 8 nm
steps, the determined velocity translates to a stepping rate of 118.75 s™*. Furthermore,
based on the measured run length and the velocity over the entire track, we found that

the motor run time of 9.83+1.2 s corresponds to a motor off-rate of 0.10+0.02 s,

Together, these results demonstrate that the functional output of motor proteins purified
from the Sf9-baculovirus system are comparable to those expressed in mammalian cells.
Their motility properties are on par with those measured previously using motor proteins
prepared from mammalian cells. The results also suggest that the high velocity and
superprocessivity of kinesin-3 motors is inherent to their motor domains. Notably, this

one-step motor purification protocol can be adapted to purify any other protein of interest.

4.3. Kinesin-3 motors exhibit high ATP turnover rates.

The ability of kinesin motors to take processive steps along the microtubule is tightly
coupled to the ATP hydrolysis cycle because binding of ATP causes conformational
changes in the motor domain before hydrolysis. Studies on kinesin-1 and myosin have
directly correlated their velocity and ATP turnover rate (Barany, 1967; Friel and Howard,
2012). However, previous chemomechanical studies of kinesin-3 motors have reported
significantly lower ATP turnover rates (Okada and Hirokawa, 1999, 2000; Tomishige et
al., 2002; Zaniewski et al., 2020). which do not correlate with the measured high velocity
and superprocessive motility (Soppina et al., 2014; Soppina and Verhey, 2014). Thus,
understanding the microtubule stimulated chemomechanical behavior of kinesin-3
motors can help to elucidate the observed unique kinesin-3 motility properties. Therefore,
we decided to do microtubule stimulated ATPase measurements of full-length and
constitutively active kinesin-3 motors. To do this, we adapted an ATPase assay based on
phosphomolybdate complex formation, as described for smooth muscle myosin (Trybus,
2000).

As a control, we used a dimeric KHC (1-560), constitutively active kinesin-1 motor
whose catalytic rate constants have been well characterized, to optimize assay conditions.

First, we determined the optimal motor concentration required to measure the ATPase
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activity by assaying a range of KHC (1-560) motor concentrations (1 nM to 100 nM)
with a constant microtubule concentration. We found that a motor concentration of 10
nM is optimal for reliable and consistent measurement of ATPase activity across the
preparations (Atherton et al., 2014). Next, we determined the range of microtubule
concentrations desired to accurately measure ATPase activity for the individual motor
type, depending on when the ATPase activity attains its steady-state maxima. For reliable
ATPase measurements, an assay mixture containing purified motor protein, ATP, and
varying microtubules concentrations was incubated at room temperature for two hours.
Samples were collected every 30 min and inorganic phosphate release was measured
(Trybus, 2000).

The assay with full-length KHC showed low basal ATPase activity even after adding
microtubules (Figure 4.8A and Table 4) (Hackney and Stock, 2008; Kuznetsov and
Gelfand, 1986). Consistent with the fact that kinesin-1 predominantly exists in a compact
autoinhibited conformation, the tail domain folds back to interact with the motor domain
directly (Cai et al., 2007; Coy et al., 1999; Friedman and Vale, 1999). This folded tail-
to-head intramolecular interaction precludes the motor microtubule association and
subsequent ATP hydrolysis and holds the motor in an inactive folded conformation (Aoki
et al., 2013; Hackney and Stock, 2000; Kaan et al., 2011; Verhey et al., 2011a). In
contrast, constitutively active dimer, KHC (1-560), displayed approximately 10-fold
higher activity following the addition of microtubules (Figure 4.8B and Table 3). The
determined kcat and Km were 95.44 + 15.5 st and 10.23 + 3.63 pM, respectively, which
agrees with previous reports (Coy et al., 1999; Friel et al., 2011; Woehlke et al., 1997;
Zaniewski et al., 2020). The ratio of the speed of kinesin-1 to its rate of microtubule
stimulated ATP hydrolysis yields a step size of ~8.54 nm and stoichiometry of 1.07
step/ATP hydrolyzed, suggesting a tight coupling between their chemical and mechanical
cycles (Coy et al., 1999; Schnitzer and Block, 1997).

A similar analysis using bacterially purified KHC (1-560) (Figure 4.1) exhibited
deficient activity, indicating that majority of the motors were inactive. This finding again
lends support to the importance of purifying kinesin motors from the eukaryotic

expression system rather than from the prokaryotic system. Together, these results
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support the general autoinhibition mechanism in the field proposed for kinesin-1 and that

the stepping rate of kinesin-1 is directly proportional to the speed of ATP hydrolysis.

4.3.1. Full-length Kinesin-3 motors exhibit low ATPase activities.

Next, we measured the ATPase activity of kinesin-3 family motors with and without
microtubules. Analogous to kinesin-1, the addition of microtubules to full-length kinesin-
3 motors did not stimulate their ATP hydrolysis (Figure 4.8A and Table 4). This
observation is consistent with non-cargo-bound full-length kinesin-3 motors that exist in
an autoinhibited state. Autoinhibition of motors prevents unnecessary hydrolysis of
cellular ATP and interference with cargo trafficking on the microtubule. For kinesin-3,
studies have shown that intramolecular interaction between the NC and CC1 domains
keeps the motor in a monomeric, autoinhibited state (Al-Bassam et al., 2003; Al-Bassam
and Nithianantham, 2018; Huo et al., 2012; Nakagawa et al., 2000; Patel et al., 2021; Ren
et al., 2016; Ren et al., 2018; Soppina et al., 2014; Yamada et al., 2007). However, the

detailed mechanism of kinesin-3 autoinhibition is still poorly understood.

4.3.2. KIF1A dimers exhibit the highest ATP turnover rates.

Unlike full-length motors, the addition of microtubules to constitutively active, dimeric
kinesin-3 motors remarkably stimulated their ATPase activity, which is 1.3 to 3-fold
higher than kinesin 1 (Figure 4.8C-F). The rate of ATP hydrolysis for dimeric active
KIF1A (1-393LZ) motor (Soppina et al., 2014; Soppina and Verhey, 2014) was found to
be kcat 290+9 s, which is 3 times faster than the activity of KHC (1-560) (Figure 4.8C
and Table 3). The determined high kcat is in close agreement with the estimated stepping
rate (~301.29 s!) with a step size of ~ 8.28 nm and stoichiometry of 1.0 step/ATP,
suggesting a tight coupling between chemical and mechanical cycles. A similar step size
of ~ 8 nm has been reported recently for KIFLA and UNC-104 motors (Budaitis et al.,
2021). Together, these results explain the fast velocity reported for this motor (Soppina
et al., 2014; Soppina and Verhey, 2014; Tomishige et al., 2002).
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Figure 4.8. Kinesin-3 motors exhibit high ATPase activity and differential

microtubule affinity. Microtubule stimulated ATPase activity of full-length and

truncated constitutively active motors were measured using Sf9-purified proteins (A)

Comparison of ATPase activity between full-length and constitutively active kinesin

motors. ATPase activities for full-length motors were measured at microtubule

concentration that had highest ATPase activity for the respective constitutively active

motor.

(B-F) Plots showing ATPase activity against varied concentrations of

microtubules for (B) constitutively active kinesin-1 motor, KHC (1-560) and kinesin-3
motors (C) KIF1A(1-393LZ), (D) KIF13A(1-411AP), (E) KIF13B(1-412AP) and (F)
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KIF16B(1-400) and fit to Michaelis-Menten equation. Maximal turnover (kcat) and
microtubule affinity (Km) parameters were determined using GraphPad Prism. Error
bars represent mean + SD. Data presented from three independent experiments.

Table 4: Summary of ATPase properties of full-length kinesin-1 and
kinesin-3 motors.

ATPase Mlcrotubgle
Motor activity () concentration
(LM)
KHC 15.98 5.0
KIF1A 48.02 20.0
KIF13A 30.05 8.0
KIF13B 25.00 8.0
KIF16B 35.00 8.0

The measured ATPase activity is considerably higher than pioneering work from
Hirokawa lab that demonstrated an ATP turnover rate of 110+5 s for a monomeric
KIF1A (Okada and Hirokawa, 1999, 2000). Similarly, an elegant and detailed
experimental analysis of active UNC104 dimers showed a lower ATP turnover rate of
100 s/head (Tomishige et al., 2002). Recent work from Zaniewski et al. also reported a
significantly lower kcat 115 s for a stable KIF1A (1-406) dimers, suggesting a
significant fraction of the molecules may be inactive, presumably due to motors purified
from bacterial expression system (Zaniewski et al., 2020). The determined higher
microtubule affinity of KIF1A (1-393LZ) (Km 7.03 uM) compared to KHC (1-560) (Km
=10.23 uM) agrees with previous studies on KIF1A/CeUnc104 (Okada and Hirokawa,
2000; Soppina et al., 2014; Tomishige et al., 2002).

4.3.3. KIF13 dimers show higher ATPase activity.

Contrary to full-length KIF13 motors, the addition of microtubules to the dimeric active
KIF13A (1-411AP) and KIF13B (1-412AP) motors strongly stimulated their ATPase
rates with kcat of 181.7 st and 171.8 s, respectively (Figure 4.8D-E and Table 3).
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These rates match their measured in vitro velocities (1.55 pm/s and 1.36 um/s) and
estimated stepping rates of 194.19 st and 170.16 s, respectively (Soppina et al., 2014;
Soppina and Verhey, 2014; Verhey et al., 2011a). Similar to KIF1A, the ratio of KIF13A
and KIF13B motor velocities with their rates of ATP hydrolysis generates a step size of
8.53 nm and 7.91 nm, respectively, yielding a stoichiometry of ~1, suggesting a tight
relation between ATP hydrolysis and motor stepping. Additionally, the measured
ATPase rate constants of KIF13 motors were twice the rate of kinesin 1, corresponding
to the observed difference in their velocities (Hammond et al., 2009; Soppina et al., 2014,
Verhey etal., 2011b). However, earlier studies using the truncated KIF13B (1-368) motor
containing a catalytic motor domain and neck linker exhibited microtubule stimulated
ATP turnover rate 45 s and Km of 0.1 uM (Asaba et al., 2003). The observed low
catalytic activity was presumably due to motor truncation lacking the dimerization

domain (NC) and purified from bacterial expression system.

Similarly, previous microtubule stimulated ATPase measurements for KIF13B full-
length and motor truncation after FHA domain showed low ATP turnover rates (kcat =
0.3 st and kcat = 4.6 5%, respectively) (Yamada et al., 2007), suggesting motors were
probably in the autoinhibited state. Similarly, recent ATPase measurements of KIF13B
truncations (including AP391) purified from bacterial expression system, showed lower
activities compared to kinesin-1 (Ren et al., 2018). Together, these results suggest that
KIF13A and KIF13B motors have higher (~1.9 and 1.8 -fold higher, respectively)

ATPase activity than kinesin-1 motor and complement their measured velocities in vitro.

4.3.4. KIF16B dimers show high ATPase activity.

The addition of MTs to KIF16B (1-400) triggered the ATP turnover rate kcat (124.7+6.94
s, which is approximately 1.3 fold higher than kinesin-1 but lower than KIF13 (1.4-
fold) and KIF1A (2.3-fold) motors (Figure 4.8F and Table 3). The ratio between the
measured motor velocity and rate of ATP turnover resulted in an average step size of
7.61 nm/ATP, which implies a tight coupling between ATP hydrolysis and mechanical
stepping. Additionally, KIF16B motor showed strongest microtubule affinity (Km =2.43
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UM) compared to KIF13A (Km = 5.16 uM), KIF13B (Km = 4.23) KIF1A (Km = 7.03
uM) and KHC (Km = 10.23 uM) motors. These binding affinities correlate with their
measured difference in landing rates (Soppina et al., 2014; Soppina and Verhey, 2014).
The binding affinity of kinesin-3 motors is influenced mainly by the positively charged
lysine residues in the K-loop, a family-specific insert in the loop12 of the kinesin-3 motor
domain (Figure 5.6A and Figure 5.0). Crystal structure studies of KIFLA motor bound
to microtubules revealed that the motor utilizes microtubule-binding loops, loop11 and
loop12, in an alternative manner to switch its interaction with microtubule during ATPase
cycle. In which conformational changes due to ATP hydrolysis withdraw loop11 from
the microtubule and then engage loop12 with the microtubule (Nitta et al., 2004). Further
detailed analysis using K-loop mutants with a varying number of lysine residues showed
that the positively charged lysine residues in the K-loop dramatically increased the
affinity to microtubules (Okada and Hirokawa, 1999, 2000). Though KIF16B motor
contains only three lysine residues in the K-loop compared to six in KIF1A, the motor
showed significantly higher microtubule affinity is interesting and requires future
investigation. Together, our data suggest that despite kinesin-3 motors sharing a highly
conserved motor domain, it's fine-tuning at the molecular level yields diverse motility

outputs.

Our results provide the first comprehensive chemomechanical basis for high velocity and
superprocessive motility of kinesin-3 family motors (Soppina et al., 2014; Soppina and
Verhey, 2014). We also show for the first time that the rate of ATP hydrolysis for kinesin-
3 motors remarkably agrees with their stepping rate, suggesting a tight coupling between
chemical and mechanical cycles. A characteristic feature of a processive motor is its
ATPase cycle, which is gated by its ADP release and very slow in the absence of
microtubules. This ADP release is greatly accelerated by microtubules, which
consequently accelerates ATP turnover ~ 50 times as reported for kinesin-1 (Hackney,
1988; Hackney and Stock, 2000; Kuznetsov and Gelfand, 1986). Based on these
chemomechanical properties and structural similarities, we propose that kinesin-3 motors
follow a similar transition state sequence, as demonstrated for kinesin-1. The truncated

motors used in the ATPase assays consist of only the core catalytic motor domain and
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NC domain, critical for motor dimerization. Regions beyond the NC domain are known
to regulate motor activity by inhibiting ATPase activity or preventing microtubule
binding or motor dimerization (Asaba et al., 2003; Kurland and Gallant, 1996; Siddiqui
and Straube, 2017; Soppina et al., 2014; Verhey et al., 2011b; Yamada et al., 2007).
Therefore, kinesin-3 motors’ ability to hydrolyze ATP at higher rates is intrinsic to their

motor domains.

One possibility that can impact kinesin-3 motility is having a different sequence of
chemomechanical states altogether than kinesin-1. However, this seems unlikely to
explain kinesin 3 superprocessivity because kinesin motors share a highly conserved
motor domain with > 65% sequence similarity. An alternative possibility is differences
in specific rate constants in the ATP turnover cycle to influence motor speed and
superprocessivity. Indeed, a recent chemomechanical analysis of KIFLA motor suggested
that the rates of rear-head detachment, leading head attachment, and a strong microtubule
interaction in the weakly bound state contribute to high velocity and superprocessivity of
kinesin-3 motors (Zaniewski et al., 2020). The fact that all kinesin-3 motors have an
average run-length of 10 um (Figure 4.7 and Table 3) with varying velocities suggests
that faster motors will take a short time to travel 10 um and so will have a higher koff and
thus higher Km. Based on these findings, we propose that differential microtubule
binding affinities with consequent robust ATPase activities are evolutionarily designed
to render kinesin-3 family motors with unique mechanical outputs. To the best of our
knowledge, this is the first comprehensive analysis of kinesin-3 motors and provides
direct biochemical demonstration paralleling their observed high velocities, longer run-
lengths, and strong microtubule affinity. These findings open up many interesting

questions of great biological significance across the field.

4.4. Kinesin-3 motor velocities inversely correlate to their microtubule-binding
affinity.

The velocities of kinesin-3 motors are tightly coupled with the rate of ATP hydrolysis
and interestingly, these velocities (KIF1A > KIF13A > KIF13B > KIF16B) showed an

inverse correlation with their microtubule binding affinities (KIF16B > KIF13B >
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KIF13A > KIF1A) (Figure 4.9). As shown in Figure 4.6, all kinesin-3 motors have a
similar mean run-length of ~ 10 um, but their measured velocities inversely correlate
with their microtubule binding affinities (Table 3). For instance, KIFLA motors with
faster velocity (2.41 um s1) and lower microtubule binding affinity (Km=7.03 uM) takes
a shorter time of 4.38 s to run a distance of 10 um, so they have a high microtubule
detachment rate (koff = 0.23 s ).

By contrast, KIF16B motors with slow velocity (0.95 ums™) and high microtubule
binding affinity (Km=2.43 uM) take a longer time of 9.83s to cover the same 10 um
distance, hence have a low koff (0.10 s%). Similarly, KIF13 family motors, KIF13A and
KIF13B with intermediate velocities (1.55+0.02 pm st and 1.36+0.01 pm s7,
respectively) and moderate microtubule binding affinities (Km=5.16 uM and Km=4.23
UM, respectively) take modest time scale of 6.61+2.6 s and 8.06+2.4 s, respectively to
cover a distance of 10 pum, so the intermediate koff (0.15s ** and 0.12 s %, respectively).
Interestingly, our recent in silico analysis using the coupled Brownian motor model also
predicted a similar trend (KIF1A > KIF13 > KIF16B) that is observed experimentally
(Mukherjee et al., 2022).

One hypothesis is that electrostatic interactions between the positively charged K-loop
and the negatively charged microtubule surface contribute to the motor’s affinity for the
microtubule, landing rate and diffusion (Cooper and Wordeman, 2009; Kikkawa et al.,
2000; Okada and Hirokawa, 1999, 2000; Soppina and Verhey, 2014). However, the K-
loop of KIF1A contains six lysine residues, and the motor showed the lowest affinity for
the microtubule than KIF13A, KIF13B and KIF16B motors that have only three lysine
residues (Figure 5.6 and Table 3). Alternatively, the loop8, a third microtubule-binding
region that does not change its conformation or position relative to the microtubule
during ATPase turnover, interacts with the microtubule independent of its nucleotide
state (Figure 5.0) (Kikkawa et al., 2000; Kikkawa et al., 2001).
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Figure 4.9. Kinesin-3 motor velocity inversely correlates with microtubule affinity.
(A) The measured velocity of kinesin-1 and kinesin-3 motors in single-molecule motility
assays was found to be inversely proportional to the microtubule binding affinity obtained
from ATPase analysis. (B) Cartoon diagram showing kinesin-3 family (KIF1A, KIF13A,
KIF13B and KIF16B) motors are robust ATPases, complementing with their measured
velocities. These velocities inversely correlate with their differential microtubule-binding
affinity.

Recent molecular-dynamics simulations and binding energetic calculations reveal that
the loop8 region establishes multiple engagements with the negatively charged H12
segment of B-tubulin and possibly provides extended microtubule affinity for kinesin-3

motors (Scarabelli et al., 2015; Uchimura et al., 2010). Specifically, the measured higher
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microtubule binding affinity for KIF13A and KIF13B motors are possibly due to arginine
residue at R167 and R168, respectively, rather than a conserved lysine residue (K163 in
KIF1A) (Figure 5.1A). Similarly, for KIF16B, the determined high microtubule binding
affinity, presumably due to additional arginine (R165 and R166) and lysine (K181)
residues in loop8 (Figure 5.1A). Arginine and lysine are largely exposed to the protein
surface and play critical roles in protein stability and affinity through electrostatic
interactions. Most importantly, arginine residue enables multiple stable electrostatic
interactions compared to lysine owing to its guanidinium group. Additionally, arginine
residue generates more stable interactions due to its higher aqueous pKa (13.8) than
lysine (10.53) residue (Armstrong et al., 2016; Fitch et al., 2015).

To test this, we mutated one of the arginine residues (R167C) in loop8 of KIF1A, which
is critical for establishing stable interaction with negatively charged Glutamate residue
(E420) at the C-terminal tail region of tubulin subunits (Figure 5.0) while generating
processive motility (Kikkawa et al., 2001; Lee et al., 2015; Nitta et al., 2004). R167C is
a heterozygous missense mutation found in patients suffering from Spastic Paraparesis
(Leeetal., 2015). Relative to the wild-type motor, COS-7 cells expressing mutant motors

showed peripheral accumulation, albeit with less efficiency (Figure 5.1B).

To further quantify its ability to take processive steps along the microtubule, we
performed a CAD cell processivity assay (Soppina et al., 2014). Whereas differentiated
CAD cells expressing wild-type motors showed substantial accumulation to the neurite
tip, cells expressing mutant (R167C) motors showed significantly reduced tip
accumulation (Figure 5.1 C and D). To substantiate, we performed in vitro motility
assays to measure their motility properties at the single-molecule level. Wild-type motors
showed uniform superprocessive motility along the microtubule surface (Figure 5.1 E
and F). However, mutant motors exhibited one-dimensional back-and-forth motion
along the microtubules (Figure 5.1 E and F) and a significant decrease in the number of

motors landing on the microtubules, compared to wild-type motors (Figure 5.1G).
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a-tubulin B-tubulin

Figure 5.0. Ribbon diagram of KIF1A motor domain interacting with tubulin
subunits. Cartoon diagram showing the position of the conserved K-loop (red) and
loop8 (magenta) of KIF1A (PDB 2HXF) interacting with the negatively charged residues
in the E-hooks (blue) at the C-terminal tail regions of tubulin dimers.

To determine the direct effect of mutation R167C on KIF1A microtubule affinity, we
measured the enzyme kinetics using purified motors. Consistent with the motility data
(Figure 5.1), the mutant exhibited a significant decrease in the rate of ATP hydrolysis
(~33%) and microtubule affinity (~1.5 times), compared to wild-type motors (Figure 5.1
H and I) (Aguileraetal., 2021). The residue R167 establishes multiple stable interactions
with microtubule in ATP and ADP states (Li and Zheng, 2011). Therefore, mutation
R167C significantly affects motor microtubule interaction, thereby affecting KIF1A
motion along the microtubule. Additionally, the equivalent mutations (R167C) in other
members of the kinesin-3 family, KIF13B (K172A) and KIF16B (R173A), resulted in a
similar decrease in the rate of ATP hydrolysis and microtubule affinity (Figure 5.1 H
and I). Together, these results suggest that akin to R167 (KIF1A), its equivalent residues
in other kinesin-3 motors make hydrogen bonding with negatively charged E420 at the

tubulin tail region and contribute to the microtubule affinity and processive motility.
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Figure 5.1. Loop8 contributes to the strong microtubule-binding affinity for

kinesin-3 motors. (A) Amino acid sequence alignment of the loop8 region of

mammalian kinesin-3 family motors (blue text) and kinesin-1 (green text). Clusters of
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positively charged residues are (red text). COS-7 (B) and CAD (C) cells expressing
KIF1A(1-393LZ) wild-type and a loop8 mutant (R167C). (D) Quantification of motor
accumulation at the neurite tip. The mean + SEM for wild type and mutant motors were
plotted as the ratio of average fluorescence intensity in the neurite tip to that in the cell
body. (E-F) Single-molecule motility assays of KIF1A (1-393LZ) wild-type and R167
mutant motors. The C-terminal 3xmCit tagged wild type and mutant motors were
expressed in COS-7 cells and their lysates were used to measure the single-molecule
motility properties. (E) Representative kymographs of wild type or mutant single kinesin
motors processively walking (white diagonal lines) along the microtubule. Distance is on
x-axis (horizontal arrow) and time is on y-axis (vertical arrow). (F) Velocity (left panel)
and run length (right panel) histograms of KIF1A (1-393LZ) wild type and R167C mutant
motors fit to a single Gaussian. Average velocity and run length of the corresponding
population of motors (N) are indicated on top-right or left-corner as mean + SEM. Data
presented from three independent experiments. (G) Quantification of the microtubule
landing rates for the indicated wild type and a loop 8 mutant (R167C). Yellow dotted line
indicates the cell boundary, arrowhead indicates neurite tip and asterisk indicates the
nucleus. Scale bars, 10 ym. Statistical difference calculated using Student’s t-test
(***p<0.0005). (H-I) Relative ATP hydrolysis rate (H) and microtubule affinity (I) of wild
type and kinesin-3 loop8 mutants. #, could not measure the ATPase activity due to
protein expression problems. The ATPase activity of wild-type motor is considered as
100% and the relative activity of the loop8 mutants was then calculated. Values from

three independent experiments.

We further assessed the contribution of positively charged residues in the loop8 to the
differential microtubule-binding by mutating other positively charged residues (K161A,
K163A and R169A) in KIF1A and measuring their ATPase kinetics using purified
motors. Similar to R167C, the ATPase analysis of K161A and K163A mutants also
showed a significant decrease in the ATP hydrolysis rates and affinity for the
microtubules (Figure 5.1 H and 1), consistent with the previous work that conversion of
all the positively charged residues in loop8 to Alanine (K161A/R167A/R169A/K183A)
strongly affected microtubule binding affinity (Aguilera et al., 2021; Lee et al., 2015;
Nitta et al., 2004). We did not measure the ATPase activity of the R169A mutant because

the motor showed very low expression levels even after two days in mammalian cells
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and failed to express in Sf9 cells despite several attempts. Collectively, these results
suggest that individual positively charged residues in the loop8 contribute substantially
to the differential microtubule-binding affinity for the kinesin 3 motors, which is critical
for establishing an inverse correlation between the rate of ATP hydrolysis and

microtubule affinity.

Together, we hypothesize that although kinesin family motors share a highly conserved
motor domain, a fine balance between the rate of ATP hydrolysis and its affinity for the
microtubule is critical for generating family-specific motility outputs. Indeed, previous
studies on kinesin and myosin motors have suggested that the rate of ATP hydrolysis and
nature of interaction with the microtubule directly regulates family-specific mechanical
outputs (Barany, 1967; Friel and Howard, 2012). The best example that illustrates such
a correlation would be the studies done on sprinters of the land, cheetah (Hudson et al.,
2012). Analogies between kinesin-3 unique mechanical outputs and a sprinting cheetah:
powerful muscle strength (high ATPase activity), firm traction (K-loop and loop8) and
decreased ground contact time (lower microtubule affinity). However, detailed kinetics
of ATP turnover cycle is needed to understand quantitative differences in the transition
rates of ATPase cycle. Collectively, we demonstrate that a fine balance between the rate
of ATP hydrolysis and microtubule-binding affinity enables kinesin 3 motors with novel

mechanical outputs.

4.5. Kinesin-3 motors influence microtubule bending in vitro.

In vitro single-molecule motility properties correspond with measured biochemical
properties of kinesin motors. Next, we wanted to investigate the collective behavior of
kinesin-3 motors, which can be studied in vitro by microtubule gliding assay (Bohm et
al., 2000; Porter et al., 1987; Tao and Scholey, 2010). In the gliding assay, constitutively
active kinesin-1 or kinesin-3 motors, purified from Sf9 cells, were immobilized on the
glass surface inside the motility flow chamber (Figure 5.2A). As our purified motors
contain a C-terminal mCit (mCitrine)-tag, we used GFP nanobodies (Sommese et al.,
2016) to attach motors to the glass surface. Rhodamine-labeled microtubules were

polymerized and sheared with a syringe before infusing into the motility flow chamber.
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The gliding motion of microtubules was recorded under TIRF illumination. The landing
of microtubules on the glass surface coated with motor proteins showed smooth
microtubule sliding. We also observed efficient microtubules crossover without any
noticeable hindrance in their gliding velocities (Kerssemakers et al., 2009; Liu et al.,
2011). We manually tracked multiple gliding microtubules for each kinesin motor and

plotted them as histograms to determine their average velocities (Figure 5.2B-G).

For kinesin-1, KHC (1-560) motor displayed smooth translocation of microtubules over
long distances with an average speed of 0.46+ 0.06 um s (Figure 5.2B, Figure 5.3A;
Table 3 and Video 1), as shown previously (Bieling et al., 2008; Kaneko et al., 2020;
Tomishige et al., 2002; Vale et al., 1985). Akin to kinesin-1, members of kinesin-3
motors purified from Sf9 cells showed smooth microtubule sliding, albeit with higher
velocities. KIF1A (1-393LZ) showed robust microtubules sliding with an average speed
of 1.16 + 0.14 pm s*(Figure 5.2C, Figure 5.3B; Table 3 and Video 2), which is ~ 2.5-
fold higher than the average velocity determined for kinesin-1. The fast velocity observed
for KIF1A is comparable to previously reported gliding velocity of 0.91+0.09 pm s*
measured using protein expressed in mammalian cells (Kaur et al., 2020). However,
similar studies using motors purified from bacterial expression system showed velocities
ranging from 0.05-0.35 um s (Esmaeeli Nieh et al., 2015; Mitra et al., 2019; Oriola et
al., 2015), presumably due to lack of specific chaperon system or premature termination
of protein synthesis leading to misfolded or truncated proteins (Korten et al., 2016).
Surprisingly, we noticed that microtubules propelled by KIF1A (1-393LZ) motors
induced frequent microtubule bending. Quantitative analysis revealed that ~90% of
microtubules showed bending in the range of 45° to 135°, significantly higher than
kinesin-1, which ranges from 90° to 180° (Figure 5.4A-B).

Microtubule gliding analysis of constitutively active KIF13 family members, KIF13A
(1-411AP) and KIF13B (1-412AP), displayed vigorous microtubule sliding with
intermittent bending. The average velocity of sliding microtubules was determined to be
0.58+0.05 pm s and 0.60+0.06 pum s for KIF13A (1-411AP) and KIF13B (1-412AP),
respectively (Figure 5.2D-E, Figure 5.3 C-D; Table 3 and Video 3-4), as shown
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previously (Horiguchi et al., 2006; Nakagawa et al., 2000; Zhou et al., 2013). Similar to
KIF1A, quantitative analysis showed ~90% of microtubules bending in the range of 45°
to 135° for both KIF13A (1-411AP) and KIF13B (1-412AP) motors (Figure 5.4A-B).
Lastly, analysis of KIF16B (1-400) also showed uniform microtubule gliding, with
occasional microtubule bending. The tracking analysis yielded an average velocity of
0.48+0.08um s (Figure 5.2F, Figure 5.3E; Table 3 and Video 5) (Hoepfner et al.,
2005), which is much slower than other kinesin-3 members but still comparable to the
velocity determined for kinesin-1. Unlike other kinesin-3 motors, KIF16B showed ~70%
microtubule bending between 90° — 135° (Figure 5.4A-B).

Together, the data suggest that our low-density microtubule (~ 0.5 microtubules/um?)
gliding assays using purified constitutively active kinesin-3 family motors influence
microtubule bending without affecting their gliding velocities. Interestingly, the observed
microtubule bending does not require pinning of the leading end or any other physical
barrier as reported previously (Amos and Amos, 1991; Kent et al., 2016; VanDelinder et
al., 2016). Therefore, understanding the mechanism that influences microtubule bending

requires further characterization.

4.6. Kinesin-3 motors influence microtubule bending in vivo.

To investigate the underlying mechanism of microtubule bending at the cellular level, we
performed live-cell imaging in cells expressing kinesin-3 or kinesin-1 motors. We
imaged microtubule architecture in COS-7 cells expressing mCherry-a-tubulin under
TIRF illumination. Cells coexpressing constitutively active wild-type kinesin-3 or
kinesin-1 motors with mCherry-tubulin displayed varying microtubule decoration and
architecture (Figure 5.5). For kinesin 1, KHC(1-560) motor, a significant population
(~95%) of cells showed a characteristic radial array of microtubules with shallow
microtubule decoration. Only a small (5%) population of cells showed microtubule
bending (Figure 5.6A). In contrast, the majority (50% - 60%) of the cell population
expressing constitutively active kinesin-3 motors showed strong microtubule decoration
and microtubule bending (Figure 5.6A). microtubule bending analysis of cells

expressing kinesin-3 motors revealed ~95% of bending between 45° to 135°, which is
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significantly higher than kinesin-1, ranging from 90° to 180° (Figure 5.6B). The extent
of microtubule decoration agrees with the previously observed significant difference in
microtubule landing and binding affinities in vitro (Soppina and Verhey, 2014). Together
these results suggest that kinesin-3 motors influence microtubule bending in vivo.

A Multi-motor microtubule gliding assay
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Figure 5.2. Kinesin-3 motors glide microtubules faster. Collective motor properties
of kinesin-3 motors in microtubule gliding assays. (A) Schematic representation of
microtubule gliding assay. C-terminal mCitrine-tagged truncated constitutively active
kinesin-3 motors were attached to a glass surface coated with GFP-nanobodies.
Subsequently, fluorescently labeled microtubules were introduced into the flow
chamber. (B-F) Histograms showing velocity of microtubule sliding by kinesin-1 motor
(B) KHC (1-560) and kinesin-3 motors (C) KIF1A(1-393LZ), (D) KIF13A(1-411AP), (E)
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KIF13B(1-412AP) and (F) KIF16B(1-400) were plotted and fit to Gaussian distribution.
Average gliding velocities are indicated as mean + SEM on top right or left corner. N,
number of motility events analyzed across three independent experiments. (G) Gliding
velocities for kinesin-1 and kinesin-3 motors were plotted as mean + SEM.

Microtubule Gliding Assay
KHC(-560)  KIF1A(1-393L2)

i A1 058 +0.05 pm/s { 0.60 +0.06 um/s )
— 1596 ym > 41,60 ym T 2053 um —p  ——— 2279 ym ——p—— 1715 ym —p»|

Figure 5.3. Multi-motor microtubule gliding analysis of kinesin-3 motors. (A-E)
Representative kymographs show microtubule gliding driven by the indicated motors (A)
KHC (1-560), (B) KIF1A(1-393L2), (C) KIF13A(1-411AP), (D) KIF13B(1-412AP) and (E)
KIF16B(1-400) moving with uniform velocity. Time on the y-axis and distance on the x-

axis. Microtubule gliding velocities are described as mean + SEM on bottom-left corner.
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A Kinesin-3 Motors Influence Microtuble-Bending in vitro
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Figure 5.4. Kinesin-3 motors induce frequent microtubule bending in multi-motor
gliding assay. (A) Cartoon representation of constitutively active kinesin-3 motors
influence significant microtubule bending in multi-motor gliding assay in vitro compared
to kinesin-1 motor. (B) Bar graph indicating the percent microtubule bending in multi-
motor gliding assay with constitutively active kinesin-3 and kinesin-1 motors.
Microtubules < 20 um were considered for bending analysis. n values represent number
of bending events analyzed for angle measurement. Values from three independent

experiments.
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4.7. The K-loop influences microtubule bending in vivo.

The K-loop, a conserved, hallmark insert in loop 12 of kinesin-3 motor domain, contains
several positively charged lysine residues (Figure 5.7A) that play essential roles in motor
microtubule interaction in the ADP state (Nitta et al., 2004; Okada and Hirokawa, 1999,
2000). The detailed biochemical and biophysical analysis has demonstrated that the K-
loop influences motors affinity for the microtubule, landing rate, and diffusion through
an electrostatic interaction with negatively charged E-hook at the C-terminal tubulin
dimers (Cooper and Wordeman, 2009; Kikkawa et al., 2000; Okada and Hirokawa, 1999,
2000; Soppina and Verhey, 2014). However, the influence of K-loop in microtubule
bending in kinesin-3 motors has never been explored. Thus, we examined its role in
microtubule bending using constitutively active dimeric kinesin-3 wild-type and its K-
loop mutants, KIF1A(1-393LZ), KIF13A(1-411AP), KIF13B(1-412AP), and KIF16B(1-
400) (Soppina et al., 2014; Soppina and Verhey, 2014). As a control, we used KHC(1-
560), a well-characterized constitutively active dimeric kinesin-1 motor (Soppina et al.,
2014; Soppina and Verhey, 2014).

To dissect the contribution of the K-loop in microtubule bending at a molecular level, we
expressed K-loop mutants (All-ala), in which all lysine residues in the K-loop of each
motor mutated to alanine residues (Figure 5.7B) (Soppina and Verhey, 2014). Consistent
with previous findings that mutation of lysine-to-alanine residues in the K-loop, all the
kinesin-3 motors significantly lost their ability to bind microtubules and remained largely
cytoplasmic. In addition, these cells showed no significant microtubule bending; instead
showed radial microtubule arrays extending towards the cell periphery, with occasional
bending similar to cells expressing kinesin-1 (Figure 5.8A-D, Figure 5.6B). However,
the conversion of a single lysine residue to alanine in the K-loop of kinesin-1 showed no
change in its ability to interact with microtubules (Figure 5.8E, Figure 5.6B). Together,
these results suggest that positively charged lysine residues in the K-loop influence

kinesin-3 driven microtubule bending in cells.
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Figure 5.5. Kinesin-3 motors induce microtubule bending in cells. COS-7 cells were

cotransfected with plasmids coding for mCherry-a-tubulin and individual members of

constitutively active wild-type kinesin-3 A) KIF1A(1-393LZ), B) KIF13A(1-411AP), C)

KIF13B(1-412AP) and D) KIF16B(1-400), and kinesn-1 E) KHC(1-560) motors. Yellow

dotted line indicates the cell boundary, and asterisk indicates the nucleus. Scale bars,

10 um.
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Figure 5.6. Kinesin-3 motors influence microtubule bending in vivo. (A)
Quantification of cotransfected cells exhibiting curved MTs for wild type or K-loop
mutants; alanine (All-ala) or Swap (K-loop swap) mutants. n = 110-130 cells each.
Statistical difference calculated using Student’s t-test (****p<0.0001), ns (non-
significant), The values and error bars represent mean + SEM (B) Quantification percent
cotransfected cells exhibiting microtubule-bending angle for wild-type or K-loop mutants;
alanine (All-ala) or Swap (K-loop swap) mutants. n = 30-35 cells each.. nd (not

determined). Values from three independent experiments.

A. Wild type K-loop
KIF1lA VISALAE MDSGPNKNKKKKKTD FIPYRD SVL
KIF13A VISSLAD QAAG----KGKNK-- FVPYRD SVL
KIF13B VISALAD QSAG----KNKNK-- FVPYRD SVL
KIF16B VISALAD LSQDAANTLAKKKQV FVPYRD SVL
Kinesin-1 VISALAE GT-----=-===-=— KT--HVPYRD SKM

B. All-ala mutants

KIF1A VISALAE MDSGPNANAAAAATD FIPYRD SVL
KIF13A VISSLAD QAAG----AGANA-- FVPYRD SVL
KIF13B VISALAD QSAG----ANANA-- FVPYRD SVL
KIF16B VISALAD LSQDAANTLAAAAQV FVPYRD SVL
Kinesin-1 VISALAE GIE=-==oc=i=c AT- HVPYRD SKM

C. Swap mutants

KIF1A VISALAE GT---------- KT- FIPYRD SVL
KIF13B VISALAD GT---------- KT- FVPYRD SVL
KIF16B VISALAD GIE====-=—l KT- FVPYRD SVL

Kinesin-1 VISALAE MDSGPNKNKKKKKTD HVPYRD SKM

Figure 5.7. Amino acid sequence alignment of kinesin-3 and kinesin-1 K-loop and
their mutants. (A) Wild-type kinesin-3 (black text) and kinesin-1 (blue text). (B)All-
Alanine mutants, in which all the positively charged lysine residues are mutated to
alanine in the kinesin-3 and kinesin-1 K-loop regions. (C) Swap mutants, replacement
of kinesin-3 K-loop with that of kinesin 1 and the replacement of kinesin-1 K-loop with
that of KIF1A.
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To further explore the specificity of K-loop in microtubule bending, we expressed swap
mutants, in which the K-loop sequence of each kinesin-3 motor is replaced with that of
kinesin 1 (Figure 5.7C) (Soppina and Verhey, 2014). KIF13A and KIF13B are homologs
and share ~62% amino acid identity (Venkateswarlu et al., 2004). Their constitutively
active dimeric versions showed identical motility properties and regulation mechanisms;
we only included the analysis for the KIF13B motor for the sake of simplicity. The cells
expressing kinesin 3 swap mutants not only significantly lost their ability to decorate
microtubules but also considerably lost microtubule bending ability (Figure 5.9A-C).
The extent of microtubule bending was similar to kinesin-3 All-ala and wild-type kinesin
1 motors (Figure 5.6B). Paradoxically, the generation of kinesin-1 swap mutant by
substituting the corresponding loop 12 of kinesin-1 with that of KIF1A showed a marked
increase in microtubule decoration and bending (Figure 5.9D, Figure 5.6B), which is
comparable to wild-type kinesin-3 motors.

4.8. The K-loop influences microtubule bending in vitro.

As kinesin-3 all-alanine and swap mutants failed to exhibit microtubule-bending and
kinesin-1 swap mutant showed significant microtubule bending in vivo, we decided to
test these results in a purified system using in vitro microtubule gliding assays. Assays
with kinesin-3 All-ala mutants exhibited very few loosely bound microtubules on the
surface, resulting in no microtubule gliding events (Figure 5.10 A-B). Microtubule
gliding assay with KIF1A All-ala mutant is provided as a representative video (Video 6).
These results agree with our previous single-molecule motility assays of kinesin 3 All-
ala mutants that failed to show processive motion along the microtubule surface (Soppina
and Verhey, 2014). However, gliding analysis with kinesin-3 Swap mutant exhibited
smooth and uniform microtubule motion at an average speed between 0.49 um s to 0.58
um st with occasional microtubule-bending (~10%) similar to wild-type kinesin-1
(Figure 5.10 A-B). Microtubule gliding assay with KIF1A Swap mutant is provided as
a representative video (Video 7). In contrast, experiments with kinesin-1 Swap mutant
displayed uniform and smooth microtubule gliding at an average velocity of 0.63+£0.01
um st with significant microtubule-bending (~90%), which is comparable to KIF1A

wild-type motor (90%) (Figure 5.10 and Video 8). Together, these results demonstrate
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that the K-loop not only increases affinity for the microtubule but also influences

microtubule bending.

Kinesin-mCitrine mCherry-a-tubulin Merged
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Figure 5.8. Positively charged lysine resides in the K-loop influence microtubule
bending in cells. COS 7 cells were cotransfected with plasmids coding for mCherry-a-
tubulin and individual members of constitutively active alanine (All-ala) mutants of
kinesin-3 A) KIF1A(1-393LZ), B) KIF13A(1-411AP), C) KIF13B(1-412AP) and D)
KIF16B(1-400), and kinesn-1 E) KHC(1-560), in which positively charged lysine residues
in the K-loop were mutated to alanine as described previously [17]. Yellow dotted line

indicates the cell boundary, and asterisk indicates the nucleus. Scale bars, 10 ym.

Microtubules are long cylindrical rigid structures that can withstand compressive loads
to resist and balance the tensional forces in cells and their network supports a myriad of
biological processes (Brangwynne et al., 2007). Microtubules exhibit divergent behavior
in various cellular processes ranging from mechanical support to intracellular transport
to cellular signaling. Particularly, microtubule bending has been shown to alter growing
plus-end dynamics, localization, and its role in targeting and biochemical signaling
(Howard and Hyman, 2003; Kaverina et al., 1999; Prosser et al., 2011). Microtubule
bending on both short and long length scales is ubiquitous in mammalian and fungal cells
due to large forces generated by the action of molecular motors (Bicek et al., 2009;
Brangwynne et al., 2006; Brangwynne et al., 2007; Luria et al., 2011; Odde et al., 1999;
Straube et al., 2006). Microtubule bending has also been observed in cell-free and
obstacle-free systems through an unknown mechanism (Shekhar et al., 2013). Despite
microtubule architecture playing prime biological roles, the mechanism of microtubule
bending and it’s in vivo significance remains poorly studied. More recently,
detyrosination of a-tubulin has been shown to regulate the microtubule bending and
stiffness in beating cardiomyocytes. Interestingly, increased detyrosination prompted
microtubule bending, stiffened the myocyte, and implicated cardiac and muscular
dystrophy (Robison et al., 2016). However, understanding the physiological significance
of this interesting phenomenon requires detailed biophysical and structural
characterization, which may further provide important insights on microtubule bending
observed in nerve cells undergoing degeneration (Sanchez-Soriano et al., 2009;

Voelzmann et al., 2016; Voelzmann et al., 2017).
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Figure 5.9. Positively charged lysine resides in the K-loop influence microtubule
bending in cells. COS 7 cells were cotransfected with plasmids coding for mCherry-a-
tubulin and individual members of constitutively active swap mutants in which the K-loop
of each kinesin-3 motors (A) KIF1A(1-393LZ2), (B) KIF13B(1-412AP) and (C) KIF16B(1-
400) were replaced with that of kinesin-1 and (D) the K-loop of kinesin-1 was replaced
with that of KIF1A. Yellow dotted line indicates the cell boundary, and asterisk indicates

the nucleus. Scale bars, 10 um.
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Figure 5.10. K-loop, a family specific insert in the loop12 of Kinesin-3 motor
domain, influence microtubule bending. (A) Microtubule gliding velocities for wild-
type and K-loop mutants (All-ala and Swap) of kinesin-3 (KIF1A, KIF13B and KIF16B)
and kinesin-1 (KHC) motors were plotted as mean * SD. (B) Microtubule-bending
analysis of wild-type and K-loop mutants (All-ala and Swap) of kinesin-3 (KIF1A, KIF13B

and KIF16B) and kinesin-1 (KHC) motors in multi-motor microtubule gliding assay.
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Chapter 5

Conclusions

An immensely crowded cell environment poses many challenges in sorting destined
proteins and molecules. This intense workload of organization and spatiotemporal
distribution of molecules within the cytoplasm is facilitated by molecular motors and
cytoskeletal tracks. Molecular motors are mechanochemical enzymes that hydrolyze
energy currencies such as ATP and utilize that energy during motion and force generation
(Vale, 2003). Kinesin and dynein class of molecular motors mainly carries out long-
distance intracellular cargo transport. These motors use microtubules as tracks to
transport cargoes in anterograde (plus-end of microtubules) and retrograde directions
(minus-end of microtubules), respectively. Based on the amino acid sequence similarity,
kinesins are grouped into 14 families. Despite high similarity, each motor contributes
uniquely to the functioning of a cell. Kinesin-3 family motors constitute one of the
largest, comprising five subfamilies (KIF1, KIF13, KIF14, KIF16, and KIF28) (Miki et
al., 2005), associated with diverse cellular and physiological functions, including vesicle
transport, signaling, mitosis, nuclear migration, and development (Hirokawa et al., 2010;
Hirokawa and Takemura, 2005; Patel et al., 2021). Impairment in Kinesin-3 transport
function implicates in many neurodegenerative disorders, developmental defects, and
cancer diseases (Franker and Hoogenraad, 2013; Gunawardena et al., 2014; Rath and
Kozielski, 2012).

Recent work has demonstrated that kinesin-3 motors are monomers but undergo cargo-
induced dimerization and result in fast and superprocessive motility compared to
conventional kinesin (Guo et al., 2019; Scarabelli et al., 2015; Soppina et al., 2014;
Soppina and Verhey, 2014). Their biochemical and biophysical characterization needs a
large quantity of purified, active proteins. However, their production in the prokaryotic
expression system resulted in inactive or aggregated motors, presumably due to
incompatible protein synthesis, folding and modification machinery (Korten et al., 2016;
Kurland and Gallant, 1996; Schmidt, 2004; Tao and Scholey, 2010). To circumvent such
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limitations and increase the yield, here we have established a robust Sf9-baculovirus

expression system to express and purify these motors.

The baculovirus expression system utilizes Sf9 insect cell lines as a host system for high-
throughput eukaryotic recombinant protein expression (Felberbaum, 2015; Kost et al.,
2005). Baculovirus possesses a strong polyhedrin promoter that assists in heterologous
gene expression and the production of soluble recombinant proteins (Kurland and
Gallant, 1996). Due to its cost-effectiveness, safe to handle and high amount of active
protein expression, it has become a powerful tool (Kumar et al., 2018). A key step in
expressing a protein of interest in Sf9 cells is generating a recombinant bacmid. As
commercially available bacmid generating kits are expensive and will be working with
several samples, we developed an in-house protocol for both large and small inserts of
kinesin-3 motors into bacmids. Sf9-purified kinesin-3 motors were used to characterize
in vitro single-molecule and multi-motor microtubule gliding properties using total
internal reflection fluorescence (TIRF) microscopy. Motors are C-terminally tagged with
3-tandem fluorescent molecules to provide enhanced signal and decreased
photobleaching. Due to its increased signal-to-noise ratio, less phototoxicity, and
selective imaging of a very small area close to the coverslip, TIRF imaging has been
widely used to visualize protein dynamics at the single-molecule level in vivo and in

vitro.

In summary, we successfully purified recombinant full-length and constitutively active
kinesin-3 family motors using Sf9-baculovirus expression system. To check the
homogeneity and proper folding of purified protein we performed size-exclusion-high
performance liquid chromatography (SEC-HPLC) and circular dichroism (CD)
respectively. Single-molecule motility assay using purified motors demonstrated that the
motility properties are comparable to the mammalian lysates shown previously. The
results also suggest that the high velocity and superprocessivity of kinesin 3 motors is
inherent to their motor domains. Hence, we believe that the Sf9-baculovirus system can

be adapted to express and purify any motor protein of interest.
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Biochemical studies using Sf9 purified kinesin-3 motors display high ATP turnover rate
compared to well-characterized motor, kinein-1 that is almost 3-fold difference. This also
suggest Sf9 purified motors are active and of high purity. For the first time we have
shown that ATP hydrolysis rate matches with the stepping rate of kinesin-3 motors and
both chemical and mechanical properties are tightly coupled. Interestingly, velocity rate
of these motors showed an inverse correlation with their microtubule binding affinities.
Hence, further detailed study revealed that positively charged amino acid residues
clustered in the loop8 of kinesin-3 motor domain largely contribute to the determined

differential microtubule-binding affinities.

Furthermore, to understand the collective behavior of kinesin-3 motors, we performed
multi motor microtubule gliding analysis using Sf9 purified motors. Interestingly, these
motors displayed uniform microtubule sliding and smooth crossing over with significant
microtubule bending than kinesin-1 motor without affecting their gliding velocities.
Live-cell imaging studies suggested that this microtubule bending is largely influenced
by K-loop, a family-specific insert in the loop-12 of kinesin-3 motor domain.

To our knowledge, this is the first comprehensive demonstration of kinesin-3 family
motors with diverse mechanical outputs. Thus, we propose that kinesin-3 motors are fine-
tuned at the molecular level to endow diverse mechanical outputs critical for myriad

cellular processes.
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Movie legends (Movies provided as separate file)

Movie 1. Microtubule gliding assay of constitutively active kinesin-1 motor,
KHC(1-560). TIRF imaging of MT gliding by KHC(1-560), kinesin-1 motor purified from
Sf9-baculovirus system. Movie was acquired at 100 msec exposure and shown at 60

frames/sec. Scale bar, 10 ym. Selected bending events are marked by arrow.

Movie 2. Microtubule gliding assay of constitutively active kinesin-3 motor,
KIF1A(1-393LZ). TIRF imaging of MT gliding by KIF1A(1-393LZ), kinesin-3 motor
purified from Sf9-baculovirus system. Movie was acquired at 100 msec exposure and
shown at 60 frames/sec. Scale bar, 10 ym. Selected bending events are marked by

arrow.

Movie 3. Microtubule gliding assay of constitutively active kinesin-3 motor,
KIF13A(1-411AP). TIRF imaging of MT by KIF13A(1-411AP), kinesin-3 motor purified
from Sf9-baculovirus system. Movie was acquired at 100 msec exposure and shown at

60 frames/sec. Scale bar, 10 um. Selected bending events are marked by arrow.

Movie 4. Microtubule gliding assay of constitutively active kinesin-3 motor,
KIF13B(1-412AP). TIRF imaging of MT gliding by KIF13B(1-412AP), kinesin-3 motor
purified from Sf9-baculovirus system. Movie was acquired at 100 msec exposure and
shown at 60 frames/sec. Scale bar, 10 um. Selected bending events are marked by

arrow.

Movie 5. Microtubule gliding assay of constitutively active kinesin-3 motor,
KIF16B(1-400). TIRF imaging of MT gliding by KIF16B(1-400), kinesin-3 motor
purified from Sf9-baculovirus system. Movie was acquired at 100 msec exposure and
shown at 60 frames/sec. Scale bar, 10 ym. Selected bending events are marked by

arrow.

Movie 6. Microtubule gliding assay of KIF1A(1-393LZ) All-alanine mutant. TIRF
imaging of MT gliding by KIF1A(1-393LZ) All-alanine mutant, in which the lysine
residues in the K-loop were mutated to Alanine, purified from Sf9-baculovirus system.
Movie was acquired at 100 msec exposure and shown at 60 frames/sec. Scale bar, 10

Mm. Selected bending events are marked by arrow.
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Movie 7. Microtubule gliding assay of KIF1A(1-393LZ) Swap mutant. TIRF imaging
of MT gliding by KIF1A(1-393LZ) Swap mutant, in which the K-loop of KIF1A motor is
swapped with that of kinesin-1, purified from Sf9-baculovirus system. Movie was
acquired at 100 msec exposure and shown at 60 frames/sec. Scale bar, 10 um. Selected

bending events are marked by arrow.

Movie 8. Microtubule gliding assay of KHC(1-560) Swap mutant. TIRF imaging of
MT gliding by KHC(1-560) Swap mutant, in which the K-loop of kinesin-1 motor is
swapped with that of KIF1A, purified from Sf9-baculovirus system. Movie was acquired
at 100 msec exposure and shown at 60 frames/sec. Scale bar, 10 um. Selected bending

events are marked by arrow.
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Abstract

Background: Kinesin-3 family motors drive diverse cellular processes and have significant clinical importance. The
ATPase cycle is integral to the processive motility of kinesin motors to drive long-distance intracellular transport. Our
previous work has demonstrated that kinesin-3 motors are fast and superprocessive with high microtubule affinity.
However, chemomechanics of these motors remain poorly understood.

Results: We purified kinesin-3 motors using the Sf9-baculovirus expression system and demonstrated that their
motility properties are on par with the motors expressed in mammalian cells. Using biochemical analysis, we show for
the first time that kinesin-3 motors exhibited high ATP turnover rates, which is 1.3- to threefold higher compared to
the well-studied kinesin-1 motor. Remarkably, these ATPase rates correlate to their stepping rate, suggesting a tight
coupling between chemical and mechanical cycles. Intriguingly, kinesin-3 velocities (KIFTA>KIF13A > KIF13B>KIF16B)
show an inverse correlation with their microtubule-binding affinities (KIF1A <KIF13A <KIF13B <KIF16B). We demon-
strate that this differential microtubule-binding affinity is largely contributed by the positively charged residues in
loop8 of the kinesin-3 motor domain. Furthermore, microtubule gliding and cellular expression studies displayed
significant microtubule bending that is influenced by the positively charged insert in the motor domain, K-loop, a

hallmark of kinesin-3 family.

Conclusions: Together, we propose that a fine balance between the rate of ATP hydrolysis and microtubule affin-
ity endows kinesin-3 motors with distinct mechanical outputs. The K-loop, a positively charged insert in the loop12
of the kinesin-3 motor domain promotes microtubule bending, an interesting phenomenon often observed in cells,
which requires further investigation to understand its cellular and physiological significance.

Keywords: Chemomechanical, Kinesin-3, Microtubule bending, Baculovirus, Superprocessive, ATPases

Background

Kinesin motors are ATPases that convert the chemical
energy of adenosine triphosphate (ATP) into mechani-
cal work, which enables their movement on microtubules
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(MTs) to carry out multiple cellular processes, such as
intracellular transport and cell division [1-3]. Kinesins
contain a highly conserved ~350 amino acid catalytic
motor domain responsible for MT binding and ATP
hydrolysis. Although the kinesin motor domains exhibit
a high degree of sequence conservation (50% identity)
between different subfamilies, their cellular functions
have remarkable diversity [4]. Our current understand-
ing of kinesins’ mechanical and biophysical proper-
ties is derived mainly from the studies on kinesin-1, the
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A complex cellular environment poses challenges for single-molecule motility analysis.
However, advancement in imaging techniques have improved single-molecule studies
and has gained immense popularity in detecting and understanding the dynamic
behavior of fluorescent-tagged molecules. Here, we describe a detailed method for in
vitro single-molecule studies of kinesin-3 family motors using Total Internal Reflection
Fluorescence (TIRF) microscopy. Kinesin-3 is a large family that plays critical roles
in cellular and physiological functions ranging from intracellular cargo transport to cell
division to development. We have shown previously that constitutively active dimeric
kinesin-3 motors exhibit fast and superprocessive motility with high microtubule affinity
at the single-molecule level using cell lysates prepared by expressing motor in
mammalian cells. Our lab studies kinesin-3 motors and their regulatory mechanisms
using cellular, biochemical and biophysical approaches, and such studies demand
purified proteins at a large scale. Expression and purification of these motors using
mammalian cells would be expensive and time-consuming, whereas expression in
a prokaryotic expression system resulted in significantly aggregated and inactive
protein. To overcome the limitations posed by bacterial purification systems and
mammalian cell lysate, we have established a robust Sf9-baculovirus expression
system to express and purify these motors. The kinesin-3 motors are C-terminally
tagged with 3-tandem fluorescent proteins (3xmCitirine or 3xmCit) that provide
enhanced signals and decreased photobleaching. In vitro single-molecule and multi-
motor gliding analysis of Sf9 purified proteins demonstrate that kinesin-3 motors
are fast and superprocessive akin to our previous studies using mammalian cell
lysates. Other applications using these assays include detailed knowledge of oligomer
conditions of motors, specific binding partners paralleling biochemical studies, and

their kinetic state.
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Abstract

We use two-state ratchet models containing single and coupled Brownian motors to understand the role of motor-
microtubule binding, ATPase reaction rate and dimerisation on the translational velocities of Kinesin motors. We use model
parameters derived from the experimental measurements on KIF1A, KIF13A, KIF13B, and KIF16B motors to compute
velocities in um/s. We observe that both the models show the same trend in velocities (KIF1A > KIF13A > KIF13B >
KIF16B) as the experimental results. However, the models significantly underpredict the velocities when compared with the
experiments. The predictions of the coupled-motor model are closer to the experiments than those of the single-motor model.
Our results indicate that the variation of ATPase reaction rate governs the trend in velocities for the above four motors. The
variation of motor-microtubule binding affinity and the coupling strength between the motor domains may only have a
secondary effect. More rigorous models that incorporate the power-stroke mechanism are necessary for better quantitative

compliance with the experiments.

Introduction

Kinesins are microtubule-based motor proteins involved in
the transportation of chemical constituents within the cell by
using the chemical energy stored in the Adenosine tripho-
sphate (ATP) molecules to translate along the microtubule.
The translational motion of the kinesin is typically studied
via experimental observables like velocity, processivity, and
stall force [1, 2]. An extensive study of these experimental
observables was previously performed to monitor the mal-
functioning in kinesin that may lead to neurodegenerative
diseases such as Alzheimer’s disease [3, 4] and Hereditary
spastic paraplegia [5, 6]. These diseases are mainly caused
due to the defect in the Kinesin-3. Kinesin-3 is the largest
superfamily of Kinesin motors and has five sub-families
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named as KIF1, KIF13, KIF14, KIF16 and KIF28 [7].
Kinesin-3 motors are known to be superprocessive [8] and
are reported to have robust motility properties [9].

In this paper, we use two-state ratchet models to understand
the effect of the following factors on the translational velocities
of motors: (1) Binding between motor domain and micro-
tubule, (2) Rate of ATPase activity, and (3) the association
between the two monomers. We use two models: (1) A two-
state ratchet model containing two Brownian motors that are
coupled via a spring of suitable spring constant and equilibrium
length, and (2) a two-state ratchet model containing a single
Brownian motor. The parameters used in the model are esti-
mated from the experimental observables of KIF1A, KIF13A,
KIF13B and KIF16B motors. For the unknown parameters, we
scan a suitable range of values to consider the effect of their
variation. Several stochastic models have been introduced that
idealise biomolecular motors as Brownian motors [2, 10-12].
The motor domain is considered as a point particle moving
along the microtubule under overdamped conditions. The
motion is subjected to the thermal noise creating a non-
equilibrium mechanical motion mediated by the chemical
reaction. The mechano-chemical coupling of the motor-
microtubule system is modelled via two asymmetric periodic
potentials. Each potential corresponds to a motor domain in a
particular chemical state and the chemical reaction is modelled
by switching between the above potentials. The two chemical
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