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We humans are multicellular organisms made up of trillions of cells. These cells are or-
ganized in different types of organs and tissues where they fulfill a specialized and dedi-
cated function. A network of blood vessels, veins and lymphatic vessels makes sure that
cells within tissue have access to nutrients and have an exit to secrete compounds. Within
cells, a miniature world exists, where organelles fulfill various tasks that are essential for cell
maintenance and cellular function. Like organs, cellular organelles depend on the physical
in- and output of molecules, which often requires transport. For that purpose, many types
of human cells rely on a microtubule cytoskeleton, a network of dynamic polymers that
connects organelles and also provides a connection to the cortex of the cell where secretion
to the extracellular space may occur. The microtubule network is like a highway system
where specialized motor proteins perform a dedicated task of transporting cargo to specific
cellular sites. Cargo transport is a regulated process, as it is important that motor proteins
deliver the right cargo to the right location at the right time. However, microtubules also
require maintenance. Therefore, some motor proteins have the specialized task to steer
the assembly and disassembly of microtubule polymers. Here, we will discuss how motor
transport can be regulated in our cells and how various different motor types can regulate
the (dis)assembly of microtubule networks in cells.

1. Microtubules

Microtubules are long and hollow polymers that extend throughout the cytoplasm. A single
microtubule has a fixed width of 25 nm (Burton et al., 1975; Tilney et al., 1973), but its length
varies and can reach up to tens of micrometres. The main building block of these poly-
mers is tubulin: a heterodimer that consists of two very conserved globular proteins: o- and
[B-tubulin, which differ slightly in protein structure. Tubulin heterodimers polymerize by
binding in a head to tail fashion to form protofilaments. By itself, a protofilament is a very
unstable structure that does not exist in a stable form in cells. Lateral contacts between pro-
tofilaments stabilize the polymer and give rise to sheet-like structure which can be closed
into a tube to form a microtubule (Brouhard and Rice, 2018). Most mammalian microtu-
bules consists of 13 protofilaments, although tubules containing one or two filaments less
or more can also be formed (Aher and Akhmanova, 2018). Polymerization of microtubule
protofilaments takes place in parallel at the microtubule ends, where, during stable growth,
only minor differences in protofilament length occur. The minus-ends expose the a-tubulin
part of the heterodimer and this side of the tubule undergoes slow growth or, most often, is
capped and stabilized in cells. In contrast, the microtubule plus ends that expose -tubulin
into the exterior are highly dynamic and generally grow much faster (Aher and Akhmanova,
2018; Brouhard and Rice, 2018). Thus, microtubules are intrinsically polarized structures,
a feature that is crucial for their function as part of the intracellular cytoskeletal network.

Dynamic instability

Microtubules are intrinsically dynamic meaning that they can by themselves switch from a
state of growth to shrinkage. Such a switch is called a catastrophe, and these occur stochas-
tically in the lifetime of a microtubule. This phenomenon is known as “dynamic instability”
and explains why a cell can contain both growing and shrinking microtubules at the same
time (Desai and Mitchison, 1997). The structural basis to explain how microtubules can
switch states so rapidly involves GTPase activity of the tubulin heterodimer. Both o- and
[B-tubulin contain a GTP when they are present in the cytosol as free tubulin. While the GTP
of a-tubulin is not exchanged or hydrolysed, the GTP of pB-tubulin is quickly converted to
GDP after incorporation into a protofilament. It has been shown that head to tail docking
of a-tubulin to B-tubulin is required for GTP hydrolysis; consequently, hydrolysis and po-
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lymerization are coupled as a process. Hydrolysis of GTP induces a conformational change
where the normally straight tubulin dimer gets a slight outward bend. This bend puts stress
on the microtubule lattice, but these outward forces are contained by lateral interactions
between protofilaments and the freshly incorporated tubulin dimers at the plus end which
are still in the straight GTP-state conformation during polymerization. The part of the mi-
crotubule, rich in GTP-bound tubulin subunits, at the growing microtubule end is referred
to as “the GTP cap”. Microtubules that lose this cap are more prone to undergo catastrophe
as the outward bending forces of GDP-tubulin dimers become exposed at the tip. Because
of this outward bending force, depolymerizing microtubules that were observed by electron
microscopy have been described to have the shape of a banana peel or trumpet horn (Brou-
hard and Rice, 2018; Desai and Mitchison, 1997; Mandelkow et al., 1991).

2. Microtubule associated proteins

The formation and maintenance of complex microtubule arrays in cells requires a special
and diverse class of proteins: Microtubule Associated Proteins (MAPs). In broad terms, this
group of proteins can be subdivided into motor MAPs and non-motor MAPs. The first group
of MAPs consists of dynein and kinesin proteins, which will be discussed in section 3. The
group of non-motor MAPs is a very heterogenous and can be subdivided based on function:
1) microtubule nucleators; 2) minus-end binding proteins 3) lattice binding MAPs (which
are also referred to as structural MAPSs); 4) severing enzymes that break microtubules and
5) plus-end tracking proteins (+TIPs). We will discuss these non-motor MAPs, categorized
in order from the minus towards the plus end of the microtubule.

2.1 At the minus ends
Microtubule polymerization is initiated by a nucleation event where a tubulin oligomer
is formed. In cells, such events are not believed to occur spontaneously in the absence of
co-factors as nucleation has to overcome a large energy barrier and thus requires a very high
tubulin concentration (Roostalu and Surrey, 2017). Instead, microtubule nucleation is most-
ly mediated by the y-tubulin ring complex (y-TURC), a large protein complex where several
co-factors organize y-tubulin subunits in a ring to form a template for incoming tubulin di-
mers. The current view is that several MAPs such as Ch-TOG, TPX2 and CLASPs contribute
to y-TURC-mediated microtubule nucleation by promoting polymerization or suppressing
catastrophes, as y-TURC alone is not an efficient nucleation factor in vitro. Alternatively, a
combination of polymerization-promoting MAPs may induce template-independent nu-
cleation in cells as these MAPs can locally lower the critical tubulin concentration for spon-
taneous nucleation. This idea is supported by experimental data where microtubule nuclea-
tion in cells was still observed in the absence of active y-tubulin (Roostalu and Surrey, 2017).
After nucleation, many microtubules remain associated to the y-TURC, but a sub-
population of microtubules detach from the nucleation site and subsequently become sta-
bilized by members of the minus-end targeting family of Calmodulin Regulated Spectrin
Associated Protein (CAMSAP) proteins (Akhmanova and Hoogenraad, 2015). CAMSAP
proteins specifically recognize the minus-end structure of the microtubule through their
CKK domain and decorate a few micron of the lattice from to the minus end (Atherton et
al., 2017a; Atherton et al., 2019; Jiang et al., 2014). Next to the physical stabilization of the
microtubule, CAMSAP proteins also bind other cellular factors that localize and anchor
microtubule minus ends to specific sites, to organize the pool of acentrosomal microtu-
bules in cells. For instance, CAMSAP-stabilized microtubules can be anchored at the Golgi
Apparatus through a protein complex of A-kinase anchoring protein of 450 kDa (AKAP450)
and Myomegalin (Wu et al., 2016). Additional interactions between this complex and the
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microtubule-lattice through End-binding protein 1 and 3 (EB1/EB3) and Cytoplasmic linker
associated proteins (CLASPs) contribute to microtubule anchorage at Golgi sites (Yang et
al., 2017). In specialized cell systems, such as epithelial cells, CAMSAP-stabilized micro-
tubules are specifically anchored at the apical membrane through an interaction with the
spectraplakin ACF7 (Khanal et al., 2016; Noordstra et al., 2016). CAMSAPs are not the only
proteins that can autonomously recognize and bind microtubule minus ends. The abnor-
mal spindle-like microcephaly-associated protein (ASPM) localizes to spindle poles where
it binds to the minus ends and regulates microtubule disassembly in a complex with the
microtubule severing enzyme katanin (Akhmanova and Steinmetz, 2019; Jiang et al., 2017).
Another minus-end binding protein complex during mitosis is the KAT8-associated non-
specific lethal (KANSL) complex, of which the KANSL3 subunit can specifically recognize
the minus end of kinetochore fibres to promote their stability (Akhmanova and Steinmetz,
2019; Meunier et al., 2015). These recently discovered examples show that many more mi-
nus-end binding proteins may exist.

MAPs can also assist in the nucleation and anchorage of microtubules along the
lattice of an existing microtubule. This branching nucleation is mediated via the y-TURC to-
gether with the multi-subunit complex HAUS/augmin, which binds the microtubule lattice
and recruits a y-TURC to nucleate a new microtubule in a branch-like orientation. This type
of nucleation by the HAUS/augmin complex is important for building the mitotic spindle
(Sanchez-Huertas and Luders, 2015); in addition, recent work indicates that microtubule
branching by HAUS/augmin is also important for the microtubule network in neurons
(Cunha-Ferreira et al., 2018).

2.2 Along the lattice
Early biochemical work on tubulin relied on the polymeric character of microtubules,
as they were purified from cell extracts using cycles of temperature-dependent assembly
and disassembly. With this purification method, proteins that strongly bind microtubules
would often be co-purified and these proteins were subsequently identified as MAPs. The
first MAPs that were identified with this approach came from brain extracts, such as MAPy,
MAP2 and tau, or from HeLa cell lysates, such as MAP4 and MAP7. It was shown that these
nowadays well-known MAPs are very potent at promoting microtubule polymerization and
that they can form very stable microtubules, that were often prone to bundling in vitro
(Bodakuntla et al., 2019). The main experimental challenge with studying these proteins
is that overexpression of MAPs, or the addition of a MAP to microtubules in vitro, often
causes artefacts such as microtubule bundling and over-stabilization of the lattice. This
likely occurs because such an approach does not take into account physiological protein
levels, competing factors or regulation through post-translational modifications (Boda-
kuntla et al., 2019). In more detail, positively charged MAPs are capable of shielding off
the highly negatively charged tubulin C-terminal tails resulting in a decreased electrostatic
repulsion between microtubules and therefore causing them to bundle. This principle is
strengthened by the observation that subtilisin-treated microtubules, which lack C-termi-
nal tails, are more prone to form bundles even in the absence of MAPs (Sackett et al., 1985).
Therefore, even today, it is not trivial to determine the function of a lattice-binding MAP.
Nevertheless, several functions of lattice-binding MAPs have been identified over the years
and these include: 1) forming crosslinks between cytoskeletal components; 2) regulating
microtubule orientation and spacing; 3) microtubule severing; 4) protecting microtubules
from severing; 5) regulating intracellular transport. The latter function will be reviewed in
section 4 of this chapter.

Many MAPs are not highly structured proteins and often rely on intrinsically dis-
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ordered regions to associate with the microtubule lattice (Bodakuntla et al., 2019; Drechsler
et al., 2019). Structurally, this has been demonstrated for the protein tau which binds lon-
gitudinally without the involvement of secondary protein folds (Kellogg et al., 2018). These
types of interactions are mainly governed by electrostatic interactions of the positively
charged MAP with the negatively charged microtubule lattice. This has been demonstrat-
ed by a study where a multivalent synthetic peptide was able to show MAP-like behaviour
through electrostatic binding of microtubules in vitro (Drechsler et al., 2019). Next to the
established structural MAPs, many non-cytoskeletal proteins may thus exhibit weak micro-
tubule binding through charged intrinsically disordered regions, which can contribute to
various cellular processes.

As indicated above, several MAPs have been described to be able to link microtu-
bules to actin, such as ACF7 (Leung et al., 1999) and Dystrophin (Prins et al., 2009). Mem-
bers of the MAP2/Tau family can also bind actin filaments, but also have been reported to
bind some intermediate filaments such as vimentin (Bodakuntla et al., 2019). While ac-
tin-microtubule crosstalk has been well studied, little is known about the physical links
between microtubules and intermediate filaments. In vitro studies indicate that vimentin
can directly interact with microtubule polymers and that these filaments can affect micro-
tubule growth dynamics (Schaedel et al., 2020). In addition, cellular experiments show that
kinesin-1 can interact with and transport neurofilaments (Uchida et al., 2009), vimentin
and keratin filaments (Robert et al., 2019). Connections between microtubules and other
cytoskeletal structures can thus be established by both motor and non-motor MAPs.

Many MAPs can efficiently bundle and organise microtubules. For example, the
highly conserved Protein Regulator Of Cytokinesis 1 (PRC1) can potently generate anaphase
microtubule bundles with an antiparallel orientation (Bieling et al., 2010; Subramanian
et al.,, 2010). In contrast, the axon initial segment protein tripartite motif containing 46
(TRIM46) generates microtubule bundles in a parallel orientation and also determines the
spacing between individual microtubules (Harterink et al., 2019; van Beuningen et al., 2015).
The observation that MAPs can determine the spacing in organized microtubule bundles
has been identified early on using electron microscopy on microtubule bundles caused by
MAP overexpression. In these studies, it was found that the dendritic MAP2 induced bun-
dles with larger distances between microtubules compared to bundles that where formed by
axonal tau proteins and that this correlates to the spacing found between microtubules in
both dendrites and axons (Chen et al., 1992). During mitosis, a microtubule-binding com-
plex of clathrin, TACC3 and Ch-TOG form inter-microtubule bridges that stabilize kineto-
chore fibres. In the absence of clathrin, kinetochore fibres contain fewer microtubule and
microtubule cross-bridges (revealed by electron microscopy), indicating that additional
MAPs may be involved in the formation or stabilization of kinetochore fibres (Booth et al.,
2011; Royle, 2012).

A special type of MAPs with an enzymatic activity are microtubule severing en-
zymes, which in mammals are represented by three structurally related proteins, katanin,
spastin, and fidgetin. These enzymes rely on an AAA catalytic core that can extract tubulin
dimers from the lattice in an ATP-driven process. Additional domains of these enzymes
have microtubule binding properties (McNally and Roll-Mecak, 2018). For example, katanin
consists of two subunits: the AAA-containing p6o subunit that severs microtubules and a
WD4o-containing p8o subunit which has microtubule affinity and is required for targeting
p6o to specific sites (Faltova et al., 2019; McNally and Roll-Mecak, 2018). In particular, the
minus-end binding proteins CAMSAP and ASPM can recruit the p8o subunit to induce
regulated microtubule severing (Jiang et al., 2018; Jiang et al., 2017). Other lattice-binding
MAPs, such as MAP2 and tau, can protect microtubules from severing enzymes (Qiang et
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al., 2006).

2.3 At the tips

MAPs that specifically localize at growing microtubule ends are categorized as +TIPs. In
general, these end-tracking proteins only target growing, but not depolymerizing ends. A
great number of +TIP have been identified thus far, and new tip-tracking proteins are iden-
tified on a regular basis. The key players in microtubule plus-end recognition and tracking
are the family of EB proteins and these proteins serve as a binding hub for most other +TIPs.
EBs recognize microtubules through an N-terminal Calponin homology domain and form
dimers through a coiled coil domain, which is part of the so-called EB homology (EBH)
domain. The EBs terminate with an acidic tail that contains a C-terminally EEY/F motif,
similar to the C-terminus of a-tubulin (Akhmanova and Steinmetz, 2010). Since EBs are
such a central player at growing microtubule ends, these proteins are frequently used to
visualize microtubule growth, both in cells as in vitro. When a microtubule loses the GTP
cap, it switches from growth to shrinkage; this event coincides with the loss of EB signal at
the tip, indicating that EB localization may be indicative of the GTP cap. In recent work,
tubulin mutants with slow and blocked GTP hydrolysis were shown to create long GTP
cap structures which stabilized microtubule plus ends. EB proteins were able to bind along
these elongated GTP cap structures, showing that EBs have an increased affinity for GTP
microtubule lattices and may thus indeed be regarded as markers of the GTP cap (Roostalu
etal., 2020).

A large number of +TIPs contain one or several SXIP amino acid motifs (X = any
amino acid) which recognize and bind the EBH domain of EB proteins. Consequently, plus-
end binding of SXIP-containing +TIPs is dependent on the presence of EBs (Honnappa et
al., 2009). Many proteins containing an SXIP motif have been identified, of which many
are cytosolic proteins; in addition, some +TIPs can form links with organelles, actin and
the cell cortex (Akhmanova and Steinmetz, 2010). Another class of +TIPs contains a cy-
toskeleton-associated protein glycine-rich (CAP-Gly) domain. This small globular domain
contains a hydrophobic cavity that can bind the C-terminal EEY/F motif of both a-tubulin
and EBs (Akhmanova and Steinmetz, 2010). TOG domains are tubulin-binding domains
that are also involved in plus-end association; proteins containing domains of this type are
often involved in microtubule polymerization and stabilization of the GTP cap. Although
TOG-domain containing proteins bind plus-end structures independently of EBs, some
TOG domain-containing proteins such as CLASPs also contain an SXIP motif to support
plus-end binding (Akhmanova and Steinmetz, 2010).

3. Motor proteins: dynein and kinesin

3.1 Dynein

Dynein is the main motor that drives intracellular transport directed to the minus-end of
microtubules. There are more than 15 genes that encode a dynein heavy chain (DHC), al-
though most of these heavy chains are cilia- and flagella-specific where they are impor-
tant for bending of the axoneme (Kardon and Vale, 2009). Cytoplasmic dynein 1 and 2 are
transporting motors; cytoplasmic dynein 1 (in short: dynein) is the main motor involved in
retrograde transport, while cytoplasmic dynein 2 is dedicated to retrograde transport in cilia
(Reck-Peterson et al., 2018).

In humans, DHC forms the core of a large dimeric multiprotein complex (> 1 mDa)
that contains several other subunits required for dynein function. DHC contains a charac-
teristic ring-shaped structure composed of six AAA+ domains that form the catalytic motor
domain of the complex. ATP hydrolysis that drives stepping of the complex is only exert-
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ed by one of the AAA+ domains; the remaining domains regulate ATP hydrolysis of the
catalytic active domain. The AAA+ ring does not bind microtubules itself; this function
is performed by a small globular domain that binds the microtubule lattice and is directly
involved in stepping. This microtubule binding domain is attached to a stalk region that
loops out of the DHC between the fourth and fifth AAA+ domain (Bhabha et al., 2016).
The length and orientation of the stalk is important for the minus-end specific motility of
dynein (Can et al., 2019). For motility, dynein requires another large protein complex (> 1
mDa), called dynactin. One of the subunits of this complex is pisoglued, which contains a
CAP-Gly domain that forms an additional tether to microtubules to promote processivity
of the dynein complex. However, dynein and dynactin only weakly bind each other in vitro.
The N-terminus of Bicaudal D homologue 2 (BICD2) was shown to promote the interaction
between dynein and dynactin to increase processivity (Reck-Peterson et al., 2018; Splinter et
al., 2012). Next to BICDz2, several other dynein activating adaptors have been identified that
can specify dynein transport and cargo binding (Reck-Peterson et al., 2018). Interestingly,
recent work has demonstrated that some adaptors such as BICDR1 and Hook3 can recruit a
second dynein to a single dynactin complex, which makes the complex move faster, whereas
BICDx2 is biased to recruiting a single dynein (Urnavicius et al., 2018). How the wide variety
of dynein adaptor proteins specify cargo and how these adaptors affect dynein motility pa-
rameters remains a very active field of research.

3.2 Kinesin

Kinesins are generally known as the cargo transporters of the cell. This superfamily contains
more than 4o different genes that are subdivided into 15 kinesin families based on phyloge-
ny (Figure 1) (Lawrence et al., 2004). Unlike dynein, which functions in a multi-component
protein complex, kinesins are mostly homodimers with a similar building plan: A linker
region connects the motor domains to the rest of the kinesin which contains coiled coil
domains and a tail region. The coils and tails of the kinesin are typically involved in dimeri-
zation of the motor and binding to adaptor proteins and cargo (Hirokawa et al., 2009). The
most conserved part of the kinesins is the motor domain, which uses ATP to drive confor-
mational changes resulting in an hand-over-hand locomotion by which a kinesin moves
along the microtubule lattice (Verhey et al., 2011b). Most kinesin families are N-KIFs, where
the motor domain is located at the N-terminus of the kinesin and is responsible for plus-
end directed motility. Members of the kinesin-14 family are C-KIFs; their motor domain is
located at the C-terminus and consequently, these motors are exclusively minus-end direct-
ed. Kinesin-13 members are M-KIFs; these motors have the motor domain in the middle
of the protein and only move in a diffusive manner (Helenius et al., 2006; Hirokawa et al.,
2009). However, the M-KIF definition may be arbitrary as several N-KIFs, such as the ki-
nesin-3 KIF14 (Zhernov et al., 2020), the kinesin-6 KIF20A (Atherton et al., 2017b) and the
kinesin-11 KIF26A (Zhou et al., 2009) contain an intrinsically disordered region located at
the N-terminus of the motor domain which, in principle, would make them M-KIFs as well.
The kinesin nomenclature is not straightforward, as the numbered KIF genes do not match
the numerical categorization of kinesin family names. On top of that, many kinesins are
better known under a different name, such as KIFu “Egs” or KIF20A “MKLP2”. Alternative
to a complex nomenclature, kinesins can also be organized according to their motility pa-
rameters, stoichiometry, functionality or specific tissue or cellular localization (Figure 1).

4. Kinesin function

4.1 Kinesins involved in intracellular transport during interphase
Kinesin-1, -2 and -3 motors are the major cargo-transporting kinesins in cells. Kinesin-1 was
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Figure 1 (continued)

Kinesins are categorized into kinesin families based on their phylogeny. Each kinesin can be subcategorized
based on many characteristics and parameters. Oligomerization state, motility and velocity parameters are
intrinsic properties of a kinesin. The localization and functionality of the motor is more dependent on exter-
nal factors. Some kinesins are tissue or cell-cycle specific, while others are ubiquitously (generally) expressed.
Some kinesins are dedicated to a single task, while others have a varied set of functions that depend on the
cellular context. The properties and functions of some kinesins is not well understood or studied.

the first kinesin motor discovered (Vale et al., 1985), and it has been extensively studied
ever since. The core of kinesins-1 is composed of two heavy chains which contain the motor
domain, a stalk and a tail region. The heavy chain C-terminus can associate with kinesin
light chains to form a kinesin-1 heterotetramer. The light chains can directly bind to cargo
or cargo-binding adaptor proteins, but in some occasions kinesin-1 functions without light
chains (Sweeney and Holzbaur, 2018). Many factors have been described to regulate kine-
sin-1 activity and these will be described in section 5 of this chapter.

Kinesin-2 motors are involved in both cytoplasmic and ciliary transport. There are
two types of kinesin-2 motor configurations. The KIF3A, -B and -C polypeptides can form
heterodimers. KIF3A can bind to both KIF3B and KIF3C, while KIF3B does not form a het-
erodimer with KIF3C. In addition, there is some evidence that KIF3C can form homodimers
in cells. Some of the KIF3 heterodimer combinations can bind to Kinesin Accessory Protein
(KAP) which can mediate cargo binding. In contrast to KIF3 motors, KIFr7 motors form
homodimers exclusively and do not complex with any of the KIF3 proteins or KAP (Gilbert
etal., 2018).

Similarly, kinesin-3 motors also have a typical dimeric configuration when they are
active, although they can be monomeric in their inactive form (see below), and are well-
known cargo transporters of interphase cell. They are very processive kinesins and exhibit
high velocities up to 2 pm/s (Soppina et al., 2014) by which they outperform kinesins from
other families in terms of speed. The kinesin-3 family also contains two mitotic motors.
KIF16A (STARD9) is a centrosomal protein involved in spindle pole assembly (Torres et al.,
20m). KIF14 plays a role during cytokinesis (Carleton et al., 2006; Gruneberg et al., 2006),
and was shown to be a relatively slow motor compared to other kinesin-3 members (Zher-
nov et al., 2020).

Some members of these transporting kinesin families are more highly, and some-
times exclusively, expressed in neurons such as KIF5A and C (kinesin-1), KIF3C (kinesin-2)
and KIF1A (kinesin-3), where they can transport neuron-specific cargoes. Kinesins can have
many different types of cargoes and many modes of binding them, either directly or through
various types of cargo adaptors. Cargo binding and transport by kinesin-1, -2 and -3 motors
is an extensively studied subject and will not be discussed in detail in this chapter. Sev-
eral detailed review articles discuss the transporting roles and cargo binding of kinesin-1
(Morfini et al., 2016), kinesin-2 (Scholey, 2013) and kinesin-3 (Siddiqui and Straube, 2017).

4.2 Mitotic kinesins involved in positioning of chromosomes and signaling com-
plexes

Some mitotic motors can also be categorized as transporting kinesins and are either in-
volved in positioning of chromosomes, or in spatiotemporal localization of critical sign-
aling complexes. The kinesin-7 KIF10, better known as Centromere-Associated Protein E
(CENP-E) is responsible for the transport of chromosomes to microtubule plus ends at the
mitotic spindle (Maiato et al., 2017). After the kinetochores have established a stable asso-
ciation between the chromosome and microtubule plus ends, CENP-E remains associates
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with the microtubule plus end where it contributes to the stability of the kinetochore-mi-
crotubule attachment (Gudimchuk et al., 2013).

The kinesin-10 KIF22, also known as “Kid”, also contributes to chromosome posi-
tioning. Kid contains a DNA-binding domain and generates polar ejection force on chromo-
some arms, thereby contributing to chromosome alignment at the spindle equator during
prometaphase (Levesque and Compton, 2001; Zhong et al., 2016). Interestingly, Kid is a
monomeric motor (Shiroguchi et al., 2003; Yajima et al., 2003). Although this may appear
counterintuitive for a transporting function, a recent study has shown that truncated, mon-
omeric kinesin-1, -2 and -3 motors are still capable of moving cargo in teams. This trans-
port was depended on a short motor-to-cargo distance and limited by high force outputs
(Schimert et al., 2019). Nevertheless, these results demonstrated that cargo transport by
monomeric kinesins is possible.

The Kinesin-6 family consists of three family members: KIF20A, KIF20B and
KIF23, which all have a mitotic function. KIF23, better known as Mitotic Kinesin-like Pro-
tein 1 (MKLP1 in mammals and ZEN-4 in C. elegans) forms a tetrameric Centralspindlin
complex together with RACGAP1 (also known as MgcRacGAP in mammals or CYK-4 in C.
elegans). During anaphase, Centralspindlin is concentrated to the midzone where it is an
essential regulator of cytokinesis, important for bundling of antiparallel microtubules and
the initiation of a signaling cascade required for the formation of the contractile ring that
separates the dividing cells (White and Glotzer, 2012). In C. elegans, the KIF23 homologue
ZEN-4 exhibits plus-end directed motility, which together with Centralspindlin clustering
contributes to microtubule bundling and midzone accumulation of the complex (Hutterer
et al., 2009). Whether MKLP1 is actively transporting RACGAP1 towards the midzone has
not been studied in detail.

KIF20A, better known as Mitotic Kinesin-like Protein 2 (MKLP2) is essential for
the anaphase-specific localization of the Chromosomal Passenger Complex (CPC) at the
spindle midzone and equatorial cortex, where the CPC is important for the initiation of
cytokinesis (Gruneberg et al., 2004; Hummer and Mayer, 2009; Kitagawa et al., 2013). Al-
though it was hypothesized that MKLP2 transports the CPC during metaphase to anaphase
transitioning (Gruneberg et al., 2004; Hummer and Mayer, 2009; Kitagawa et al., 2013),
structural data has suggested that the atypical motor domain of MKLP2 may not be able
to perform processive movement and instead acts as a tether on microtubules (Atherton
et al., 2017b). Future studies may unveil whether MKLP2 also displays motility like the C.
elegans motor ZEN-4 (MKLP1). The related KIF20B motor is the least studied member of
the kinesin-6 family. During mitosis, KIF20B localizes to the spindle midzone and midbody
and was suggested to be important for cytokinesis (Abaza et al., 2003; Janisch et al., 2018);
yet, some reports point towards an additional interphase role in neuron polarization and
morphogenesis (McNeely et al., 2017; Sapir et al., 2013).

4.3 Kinesins involved in microtubule sliding
Several kinesins are involved in microtubule sliding, a special form of kinesin-driven trans-
port that has a crucial role in shaping complex microtubule arrays such as the mitotic spin-
dle. Apart from its role in cargo transport, kinesin-1 motors are involved in microtubule
sliding in some cellular processes. A well-studied example comes from Drosophila where
microtubule sliding by kinesin-1 is important for cytoplasmic streaming in the fly oocyte
(Jolly et al., 2010). Kinesin-1 performs sliding autonomously by binding a second “cargo”
microtubule through a conserved microtubule binding domain in the kinesin tail (Jolly et
al., 2010; Seeger and Rice, 2010).

In contrast, the kinesin-5 KIF11, better known as “Egs’”, does not bind a second
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microtubule through an additional binding site, but the motor is organized into a tetramer
to bridge two adjacent microtubules (Waitzman and Rice, 2014). Egs is a mitotic kinesin
involved in the formation of a bipolar spindle. Because both parts of the tetramers exhibit
plus-end directed motility, Egs performs microtubule sliding by which it pushes oppositely
oriented microtubules apart (Kapitein et al., 2005; Waitzman and Rice, 2014). Eg5 shows
partial redundancy with the kinesin-12 KIF15 which also plays a role in forming a bipolar
spindle through microtubule sliding. Like Egs, KIF15 is also assumed to form tetramers
(Drechsler et al., 2014), although this has been debated. Next to KIF15, the kinesin-12 family
is also represented by KIF12. Although KIF12 is thought to be expressed in the brain and
pancreatic islets (Katoh and Katoh, 2005), no biochemical or functional characterization of
this motor has been performed yet.

Members of the kinesin-14 family are minus-end directed motor dimers also pri-
marily involved in microtubule sliding. During mitosis, kinesin-14 can robustly slide an-
tiparallel microtubules and statically crosslink parallel microtubules. In addition, it can
cluster and focus microtubule minus ends into poles and all these activities contribute to
the formation and maintenance of the mitotic spindle (She and Yang, 2017). Next to their
mitotic roles, kinesin-14 members KIFC1 and KIFC3 are involved in organizing the microtu-
bule cytoskeleton in neurons (Cao et al., 2020; Muralidharan and Baas, 2019).

4.4 Kinesins in regulation microtubule dynamics

Next to the well-studied cargo transporting and mitotic kinesins, a number of kinesins fam-
ilies have a dedicated task in regulating microtubule dynamics during various cellular pro-
cesses (Figure 1). Their biochemical activities can vary; some motors have been described
to potently induce catastrophes, while others downregulate microtubule growth or stabilize
plus-end structures. These microtubule growth regulators may be underexposed in liter-
ature compared to cargo transporting motors; therefore in the next section, we provide a
more extensive summary of the roles and molecular activities of the main microtubule-reg-
ulating kinesins described so far.

Kinesin-4 family

There are six kinesins in the kinesin-4 family, which can be grouped into three subfamilies
of paired paralogs. The KIF4 sub-family containing KIF4A and KIF4B, the KIF7 subfamily,
containing KIF7 and KIF27 and the KIF21 sub-family, containing KIF21A and KIF21B. There
are not many reports that show a cargo transporting function for these motors. Instead,
they have been repeatedly shown to be potent regulators of microtubule dynamics at the
plus end.

KIF4A and KIF4B

KIF4A (often referred to as KIF4), is the most well-studied member of the kinesin-4 family.
Two functional pools of KIF4A have been described to be important during mitosis. In early
mitosis, KIF4A has a role in the condensin I complex to regulate chromosome alignment
and chromosome condensation under the control of Aurora A kinase (Poser et al., 2019;
Takahashi et al., 2016). KIF4A and the Xenopus homolog Xklp1 are both regulators of micro-
tubule growth as they suppress microtubule growth rates in vitro (Bieling et al., 2010; Bring-
mann et al., 2004). During anaphase, KIF4A binds the antiparallel microtubule-bundling
protein PRC1, and together they form stable microtubule overlaps of the spindle midzone,
where microtubule growth regulation by KIF4A limits the length of these overlaps (Bieling
et al., 2010; Bringmann et al., 2004; Kurasawa et al., 2004; Subramanian et al., 2013; Subra-
manian et al., 2010; Zhu and Jiang, 2005). In vitro studies have shown that PRC1 and KIF4A
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can self-organize such microtubule bundles in the absence of other cellular factors (Han-
nabuss et al., 2019). There is little specific literature on the function and biochemical activity
of KIF4B, although depletion experiments have suggested that KIF4B has a similar role in
mitosis as KIF4A (Zhu and Jiang, 2005). This is not surprising as these motors are closely
related (Rath and Kozielski, 2012).

KIF7 and KIF27

KIF7 is the most well-described protein of the KIF7 sub-family and is localized in cilia. In-
itially, KIF7 was identified as an important regulator of Hedgehog signaling at the primary
cilium because it is directly involved in the processing of Gli transcription factors (Cheung
et al., 2009; Endoh-Yamagami et al., 2009; Liem et al., 2009). This signaling pathway is
important for embryonic development and tissue homeostasis, and several disease-related
mutations have been described in the KIF7 gene that are linked to ciliopathies such as Jou-
bert syndrome (Barakeh et al., 2015; Dafinger et al., 2011).

Next to a signaling function, KIF7 has an important role in regulating the structure
of the primary cilium. At the ciliary tip, KIF7 prevents microtubule over-elongation (He
et al,, 2014); consequently, KIF7 depletion results in longer cilia that tend to be less stable
(Dafinger et al., 2011; He et al., 2014). In vitro reconstitution assays revealed that addition
of KIF7 to dynamic microtubules leads to more catastrophes and reduced growth rates (He
et al., 2014). Unlike KIF4 and KIF21 sub-family members, KIF7 is immotile and this is ex-
plained by its altered chemomechanical cycle where the ATP-binding pocket is different
from that of other kinesins (Jiang et al., 2019; Yue et al., 2018). In addition, KIF7 preferen-
tially binds GTP-tubulin and since it stabilizes microtubule plus ends it can consequently
promote its own association to cilia tips (Jiang et al., 2019).

Little has been described about the cellular function of KIF27, but it presumably
localizes at the base of motile cilia in tracheal epithelial cells (Wilson et al., 2009), where
KIF27 together with the protein Fused aids in building the cilium (Nozawa et al., 2014; Wil-
son et al., 2009). The motor domain of KIF27 can, like all other kinesin-4 motors, suppress
microtubule plus end growth and does this in a dose-dependent manner (Yue et al., 2018).
KIF27 has a slow ATPase rate but unlike KIF7 it does display motility on microtubules al-
though its velocity is very low compared to other kinesins (Yue et al., 2018). At this point, it
is unclear if and how suppression of microtubule growth by KIF27 contributes to the forma-
tion or stability of motile cilia.

KIF21A and KIF21B

KIF21A and KIF21B were first described in 1999 (Marszalek et al., 1999). These motors have a
very similar structural organization and both contain a characteristic WD4o0 beta-propeller
at their tail. KIF21A is ubiquitously expressed, while KIF21B expression is restricted to neu-
rons and the immune system (Marszalek et al., 1999).

In cells, KIF21A promotes the stabilization and cortical attachment of microtubules
within the cortical microtubule stabilization complex (CMSC) that is physically linked to
focal adhesions (Noordstra and Akhmanova, 2017). The connection between KIF21A and the
CMSC is established via the ankyrin repeats of KANK1 (Guo et al., 2018; Pan et al., 2018; van
der Vaart et al., 2013; Weng et al., 2018). KANKX is the central hub of the CMSC, because it
links the complex to focal adhesions via an interaction with Talin (Bouchet et al., 2016). Loss
of KANKa results in detachment of the CMSC from focal adhesions, while loss of KIF21A
causes microtubules to detach from the CMSC after which they tend to overgrow along the
cell cortex. In vitro reconstitution assays with purified KIF21A confirmed that this motor can
suppress both microtubule growth and catastrophes, demonstrating that its biochemical
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role is to stabilize microtubule plus ends and limit their cortical growth (van der Vaart et al.,
2013).

While KIF21A activity in neurons is mainly described in the axon, neuronal KIF21B
activity is restricted to the soma and dendrites (Marszalek et al., 1999). In the latter, KIF21B
is a regulator of microtubule dynamics and its depletion results in impaired dendritic
branching and a reduced spine density (Ghiretti et al., 2016; Muhia et al., 2016). Further-
more, KIF21B was shown to be involved in the transport of several neuronal cargos. (Ghiretti
et al., 2016; Gromova et al., 2018; Labonte et al., 2014). Kif21b knockout mice are viable but
have cognitive deficits (Gromova et al., 2018; Morikawa et al., 2018; Muhia et al., 2016). In
addition, Kif21b knockout mice were reported to display a thinner corpus callosum and mi-
crocephaly (Kannan et al., 2017), although such major brain abnormalities were not found
in other mouse studies (Morikawa et al., 2018; Muhia et al., 2016).

Apart from its motor domain, KIF21B contains additional microtubule binding re-
gions within the coiled coil stalk, and also the WD40 domain contributes to microtubule
binding. In vitro, single KIF21B motors move processively to growing plus ends where they
induce pausing of microtubule growth. The WD40 domain has a GTP-type lattice prefer-
ence and contributes to plus-end recognition and pausing activity. Pausing involves a com-
bination of growth inhibition and stabilization of the plus-end structure; when a single
motor pauses, this ultimately results in microtubule depolymerization as a single KIF21B
molecule is not sufficient to stabilize a microtubule plus end for a long time. In contrast,
when multiple KIF21B motors accumulate at the microtubule tip, they can stabilize the
growth-inhibited state (van Riel et al., 2017).

Kinesin-8 family

Opverall, kinesin-8 motors have an evolutionary conserved role in regulating microtubule
growth during mitosis (Lin et al., 2020). In yeast, the kinesin motor Kip3 is involved in reg-
ulating the length of spindle microtubules by acting both as a depolymerizing factor and a
factor that stabilizes shrinking microtubules (Fukuda et al., 2014; Gupta et al., 2006; Varga
et al., 2006). In humans, the kinesin-8 family is represented by three members: KIF18A,
KIF18B and KIF19A, which all have distinct roles in cells. KIF18A is involved in chromo-
some positioning by regulating microtubule dynamics of kinetochore microtubules. The
exact molecular activity of KIF18A has been debated; some have reported this kinesin to
be a microtubule depolymerizing factor (Mayr et al., 2011), while others indicated that it
dampens microtubule growth at plus ends (Du et al., 2010; Stumpff et al., 2011). KIF18B is
also involved in mitosis, but specifically regulates astral microtubule length and spindle
positioning (McHugh et al., 2018; Stout et al., 2011; Walczak et al., 2016). At plus ends, it can
form a complex with EB1 and the kinesin-13 KIF2C (MCAK), which both contribute to the
role of KIF18B in regulating microtubule length (Stout et al., 2011; Tanenbaum et al., 2011). In
vitro, KIF18B can autonomously perform tip-tracking on microtubule ends where it controls
microtubule length by inducing catastrophes (McHugh et al., 2018). Less studies have been
focused on KIF1g, but it is reported to be involved in regulating cilia length at the axoneme
tip through microtubule depolymerizing activity (Niwa et al., 2012; Wang et al., 2016). Con-
sequently, a Kifig knockout mouse was reported to have increased cilia length (Niwa et al.,
2012), a phenotype similar to that of kinesin-4 KIF7 depletion (He et al., 2014).

In general, kinesin-8 members are processive motors that use an additional
non-motor microtubule binding site in their tail to prevent motor detachment and pro-
mote plus-end accumulation (Mayr et al., 2011; Stumpff et al., 2011). Interestingly, kinesin-8
motors target microtubules in a length-dependent manner, where long microtubules are
more prone to growth restriction or depolymerization than short ones (Varga et al., 2006).
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This is mechanistically explained by the “antenna model” (Varga et al., 2009) where the
number of kinesin-8 motors that land on a microtubule is in proportion to microtubule
length. Because these motors are so processive, most kinesin-8 landing events will result
in accumulation of the motor at the plus end where they dampen growth or depolymerize
the microtubule. The result is that longer microtubules are more prone to kinesin-8 growth
regulation (Varga et al., 2009).

Kinesin-13 family

Members of the kinesin-13 family are intrinsically different from other kinesin families be-
cause their motor domain is located in the middle of the protein. Hence, these kinesins are
known as M-KIFs. In humans, this family consists of four members: KIF2A, KIF2B, KIF2C
and KIF24, which have all been shown to have a strong microtubule depolymerizing poten-
tial (Friel and Welburn, 2018). KIF2C is the most well-described family member and is bet-
ter known as mitotic centromere-associated kinesin (MCAK) (Wordeman and Mitchison,
1995). Kinesin-13 family members do not walk towards to plus ends; they were proposed to
reach microtubule ends by lateral diffusion (Helenius et al., 2006), but since the data sup-
porting this model were obtained in low ionic strength conditions, it is unclear whether this
mechanism contributes to their cellular function. In cells, MCAK associates with the plus
ends of polymerizing microtubules (Moore et al., 2005), and this activity is dependent on
MCAK’s plus-end tracking properties which are mediated through EB-binding via an SX-
[P-motif (Honnappa et al., 2009; Lee et al., 2008). Although counterintuitive at first sight,
EB proteins counteract MCAK’s depolymerizing activity at the plus end, but also potentiate
the ability of MCAK to induce catastrophes (Montenegro Gouveia et al., 2010). The combi-
nation of EBs and MCAK promotes microtubule switching between growth and shrinkage.
Another member of kinesin-13 family, KIF2A, is localized at the centrosome during mitosis,
and is important for spindle formation and microtubule flux (Ritter et al., 2015). KIF2A
also displays an interphase role during neuronal development where it regulates micro-
tubule dynamics at the axon growth cone (Homma et al., 2003). KIF2B is only expressed
at low levels and its role is therefore debated although overexpression data suggested it
may be involved in spindle assembly, chromosome segregation and cytokinesis (Ritter et
al., 2015). KIF2C/MCAK has several functions during mitosis and is involved chromosome
segregation, spindle assembly and the correct attachment of microtubules to kinetochores
(Ritteretal., 2015). Together with the kinesin-8 KIF18B, MCAK also regulates astral microtu-
bule length (Tanenbaum et al., 2011). Altogether, MCAK’s depolymerizing activity has been
shown to be important for proper spindle formation and successful cell division (Ritter et
al., 2015). The interphase function of MCAK is less well-described but it has been reported
that MCAK has a role in depolymerizing trailing edge microtubules of migrating endotheli-
al cells (Braun et al., 2014). KIF24 has no described role during mitosis, but is thought to be
involved in ciliogenesis and timely disassembly of the axoneme (Kim et al., 2015; Kobayashi
etal., 2o0m1).

Much structural work has been done on MCAK to understand the mechanistic
basis of its depolymerizing activity. Although the motor domain alone in monomeric form
is sufficient to induce catastrophes, several factors enhance this activity such as motor di-
merization via the C-terminus and an additional microtubule-binding site at the N-ter-
minal neck-linker (Friel and Welburn, 2018). MCAK can distinguish the microtubule plus
end from the lattice by sensing the curved conformation of tubulin at the ends (Patel et
al., 2016). In fact, stabilization of this curved tubulin configuration by MCAK is believed to
induce depolymerization (Trofimova et al., 2018; Wang et al., 2017).
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Other kinesin families

Kinesin-4, -8 and -13 motors are established modulators of microtubule growth at the plus
end. Yet, kinesins from other families may also affect microtubule dynamics to some ex-
tent. For example, kinesin-1, which is mainly involved in cargo transport and microtubule
sliding, was suggested to affect microtubule dynamics in cells (Daire et al., 2009; Randall
et al., 2017). Another cargo-transporting motor from the kinesin-2 family, KIF3C, is a mi-
crotubule destabilizing factor in axonal growth cones. KIF3C contains an EB-binding SXIP
motif which is required to for tip tracking and microtubule growth regulation (Gumy et al.,
2013). Indeed, KIF3C homodimers behave as catastrophe-inducing factors on microtubule
plus ends in vitro (Guzik-Lendrum et al., 2017). Recent work has suggested that the mitotic
kinesin-5 Egs (KIF10) is a tip-tracking microtubule polymerase that increases growth rates
while suppressing catastrophes (Chen and Hancock, 2015). Egs was proposed to straighten
tubulin dimers at the plus end and thus promote lateral tubulin-tubulin interactions, which
are beneficial for microtubule polymerization (Chen et al., 2019). The mitotic kinesin-7
CENP-E can track both growing and depolymerizing plus ends, a property wherefore the
kinesin requires its microtubule binding tail domain (Gudimchuk et al., 2013). Although it
was reported that CENP-E can enhance microtubule elongation in vitro (Sardar et al., 2010),
another study found that single motors showed no strong effect on plus end dynamics in
vitro (Gudimchuk et al., 2013). Whether CENP-E plays a role in regulating the dynamics of
kinetochore-attached microtubule ends thus requires further elucidation. These examples
show that some kinesins may have an additional function in stimulating or inhibiting mi-
crotubule growth at the plus end, but their exact contribution to the overall regulation of
microtubule dynamics requires further study.

4.5 Future perspectives on discovering kinesin functionalities

The kinesin superfamily is both structurally and functionally a diverse group of motor pro-
teins and much is to be learned on their molecular activities. Kinesin families can be char-
acterized by their cellular function, such as cargo transport, microtubule sliding or microtu-
bule dynamics regulation. Yet, these task types are not mutually exclusive as many kinesins
may exert a different function depending on the cellular context. Although the functions
and molecular behavior of many kinesin families are characterized well, some families are
poorly studied. For instance, kinesin-g family has mostly been studied in unicellular or-
ganisms where these motors have a function in the flagellum (Demonchy et al., 2009). In
mammals, the two kinesin-g motors KIF6 and KIFg are thought to have a function in motile
cilia as well: KIF6 is associated with beating cilia of brain ependymal cells (Konjikusic et al.,
2018), and KIFg has a role in sperm cell motility (Miyata et al., 2020). Another less-under-
stood family is that of kinesin-11 motors. This family contains two members, KIF26A and
KIF26B, which can both associate with microtubules, but lack ATPase activity and thus mo-
tility (Terabayashi et al., 2012; Zhou et al., 2009). Instead, KIF26A and KIF26B are thought
to be involved in several signaling pathways (Karuna et al., 2018; Susman et al., 2017; Ter-
abayashi et al., 2012; Wang et al., 2018; Zhou et al., 2009). Overall, there is still much to be
uncovered on the function and molecular activities of many kinesin motors.

5. Regulation of kinesins

Some level of regulation is required in order for kinesins to fulfill their cellular function in
a spatiotemporally controlled manner. Without such regulation, kinesins would be consti-
tutively active on microtubules; motile motors would crowd microtubule ends and motors
that regulate microtubule dynamics would severely affect the overall architecture of the cell.
On top of that, kinesins would consume ATP, thereby wasting the cell’s energy resources.
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Here, we give an overview on the layers of regulation kinesin motors or subject to and pres-
ent examples of these mechanisms.

5.1 Autoinhibition
It is generally accepted that the majority of kinesin motors can adopt an inactive state
through self-association. This autoinhibition requires two properties. First, a kinesin must
contain one or multiple flexible regions, often referred to as hinges, that enables the protein
to fold back on itself. Removal of such a flexible hinge was shown to abolish autoinhibition
of kinesin-1, leading to constitutive active motors (Coy et al., 1999). Second, the kinesin
must possess an intramolecular binding mode that can block activity or microtubule bind-
ing of the motor domain. Most often, this involves docking of the motor domain to a distal
part of the kinesin stalk or a part of the tail region (Verhey and Hammond, 2009).
Kinesin-1 motors are heterotetramers that are composed of two heavy chain subu-
nits, containing the motors domains, and two light chain subunits that bind the C-terminal
tails of the heavy chains (Hirokawa et al., 2009). During autoinhibition, the heavy chain tail
folds onto the motor domains and blocks microtubule interaction. In addition, the kinesin
light chains change the position of the motor domains by pushing them apart (Cai et al.,
2007). Such a dual mechanism for autoinhibition was also found for the homodimeric kine-
sin-2 KIF17. Here, the kinesin tail blocks microtubule binding of the motor domain, and a
second interaction between the kinesin coiled coils and the motor domains inhibits kinesin
motility (Hammond et al., 2010). The heterotrimeric kinesin-2 complex that consists of KI-
F3A, KIF3B and the non-motor KAP3 subunit also undergoes autoinhibition through bind-
ing of the tails to the motor domains (Chen et al., 2018); whether the coiled coil domains
are also involved in a secondary autoinhibition mechanism is unclear. For kinesin-3 motors,
two different autoinhibition models have been proposed. In the first model, inactive kine-
sin-3 motors have intramolecular interactions involving the kinesin tail and neck region
that keep the motor in a monomeric conformation. Cargo binding induces dimerization
where the intramolecular contacts are exchanged for intermolecular binding to another
kinesin monomer. In the second model, the kinesin-3 stalk or tail domains block the motor
domain or neck coils; cargo binding to the tail releases this interaction enabling motility.
Kinesin-3 family members may possess one or both mechanisms to regulate their activity
(Siddiqui and Straube, 2017). Autoinhibition of the kinesin-4 family member KIF21A has
been studied extensively as mutations that impair autoinhibition have a direct association
with Congenital fibrosis of the extraocular muscles type 1 (CFEOMz1) (Traboulsi and Engle,
2004). In this kinesin, an anti-parallel coiled coil extension in the kinesin stalk can bind the
motor domain to form an inactive complex (Bianchi et al., 2016; Cheng et al., 2014; van der
Vaart et al., 2013). Structural studies suggest that the autoinhibitory mechanism of KIF21A
is conserved among other kinesin-4 members like KIF21B, KIF7 and KIF27 (Bianchi et al.,
2016). Indeed some KIF21B mutations have been described to cause neurodevelopment dis-
orders through altered autoinhibition regulation (Asselin et al., 2020). Since all well-stud-
ied kinesin families have been described to adopt an inactive state through autoinhibito-
ry self-association, this likely represents a general mechanism to regulate kinesin activity.
Autoinhibition can be regulated and released in various ways and this will be discussed in
some of the following paragraphs.

5.2 Regulation by tubulin code

The term “tubulin code” specifies a set of mechanisms that enable the cell to create special-
ized microtubules through post-translational tubulin modifications and the use of differ-
ent o- and B-tubulin isotypes (Figure 2A) (Gadadhar et al., 2017). There have been several
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studies describing how this code can regulate the activity of various kinesin motors. Muta-
tions in B-tubulin genes have been associated to human diseases. In some cases, it has been
shown that these mutations can affect binding of the kinesin motor domain with the mi-
crotubule lattice (Sferra et al., 2018; Tischfield et al., 2010; Vulinovic et al., 2018). An elegant
study has shown that B-tubulin isotypes can affect kinesin-1 motility in vitro. Here, kine-
sin-1 motility was analyzed on isotype-specific microtubules and it was found that TUBB7
severely reduced kinesin velocity, while TUBB1 and 3 influenced run length (Sirajuddin et
al., 2014). These differences were partially explained by the differences in the length and
charge of the C-terminal tubulin tails.

Early work on kinesin-1 has indeed shown that tubulin tails are important for ki-
nesin motility. For example, enzymatic removal of such tails with subtilisin severely affects
kinesin-1 motility (Thorn et al., 2000; Wang and Sheetz, 2000). Interestingly, these tails
are also subjected to various post-translational modifications (PTMs) such as (poly-)glu-
tamylation, (poly-)glycylation and removal of the most C-terminal tyrosine of o-tubulin
(detyrosination) (Figure 2B). Apart from these tail modifications, a-tubulin can also be
subjected to acetylation of the intraluminal lysine-40 residue, a modification that has been
studied extensively both in cells in in vitro (Magiera et al., 2018). The impact of these PTMs
on kinesin motility has been debated, especially in the case of kinesin-1. In cells, kinesin-1
displays preference for long-lived and stable microtubules that are often acetylated and de-
tyrosinated (Dunn et al., 2008; Reed et al., 2006). Yet, in vitro studies indicate that the
direct effect of these two PTMs on kinesin-1 motility is limited (Kaul et al., 2014; Sirajuddin
etal., 2014; Walter et al., 2012). Contrary, kinesin-1 motility in vitro was especially promoted
by the addition of long polyglutamate chains to tubulin tails (Sirajuddin et al., 2014). In
the same study, kinesin-2 motors were found to be more motile on detyrosinated and also
poly-glutamylated microtubules (Sirajuddin et al., 2014). These studies suggest that PTMs
alone may not completely explain why motors like kinesin-1 have a certain preference for
microtubule subsets in cells. PTMs may also play a role in the activity regulation of mitotic
kinesins. Both kinesin-13 MCAK (KIF2C) and kinesin-7 CENP-E (KIF10) were shown have
preference or detyrosinated microtubules, both in cells as in vitro (Barisic et al., 2015; Peris
etal., 2009).

The structure of the microtubule lattice can also affect kinesin motility, independ-
ent of tubulin isotypes or PTMs. Early work indicated that kinesin-1 exhibits cooperative
binding and it was concluded that motors may favor a certain lattice state (Muto et al.,
2005). Detailed structural work has shown that kinesin-1 can drive conformational changes
in the microtubule lattice, where motor binding to compacted GDP-type lattice structures
drives the transition to a more elongated GTP-like conformation (Shima et al., 2018). In-
deed, binding of kinesin-1 induces longitudinal extension of the microtubule lattice up to
2% (Peet et al., 2018; Shima et al., 2018), promoting its own binding (Figure 2C). Such rec-
ognition of microtubule lattice states has also been described for a number of microtubule
growth regulating kinesins. Kinesin-8 makes a switch from motility to tight microtubule
binding when it senses protofilament curvature at growing plus ends (Arellano-Santoyo et
al., 2017). Such curvature sensing may also play a role in microtubule-end recognition by
kinesin-13 motors (Friel and Welburn, 2018). The kinesin-4 KIF21B motor contains a WD40
domain that specifically recognizes GTP-type lattices to stably associate with the microtu-
bule plus end and induce pausing of growth. A similar GTP-lattice preference was described
for another kinesin-4 motor, KIF7 (Jiang et al., 2019).

The presence of microtubule bundles is an alternative mode of increasing kinesin
processivity (Figure 2D). Acetylated microtubules, which are a preferred substrate of kine-
sin-1, may be subject to some extent of microtubule bundling (Balabanian et al., 2017). The
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Figure 2 - Kinesin regulation through the microtubule lattice

Several microtubule lattice factors can regulate kinesin motility. (A) B-Tubulin isotypes can promote or
downregulate kinesin motility. (B) Post-translational modifications, such as acetylation on the luminal side
or (poly)-glutamylation and detyrosination of tubulin tails have been correlated with kinesin motility pa-
rameters. (C) Longitudinal compaction or extension of the microtubule lattice may affect binding of the
kinesin motor domain. (D) Microtubule bundling can promote binding of kinesin motors. (E) MAPs can
stimulate, allow or inhibit kinesin movement on microtubules. The nature of this MAP-dependent regula-
tion can differ per kinesin family.

presence of multiple microtubules in close vicinity was indeed shown to promote kinesin-1
motility (Balabanian et al., 2017; Conway et al., 2014), and was hypothesized to partially ex-
plain kinesin-1 selectivity in cells. In vitro, processive movement of the minus-end directed
Drosophila Ncd motor protein (kinesin-14) was also enhanced by microtubule bundling
(Furuta and Toyoshima, 2008). Therefore, microtubule bundling may be a general mech-
anism to promote kinesin motility as it simply provides the motor with an increased local
concentration of binding substrate.

5.3 Regulation by MAP code

Cellular microtubules are not mere naked polymers that only vary in their tubulin composi-
tion and post-translational markings; they are densely populated structures where kinesins
have to share the road with structural MAPs that can sterically hinder kinesin stepping.
How different MAPs may affect kinesin motors has received increased attention over the
recent years. Similar to the “Tubulin code”, a “MAP code” may determine directed transport
where distinct combinations of MAPs can allow or impede specific types of kinesin motors
(Figure 2E, Table 1) (Monroy et al., 2020).
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The Alzheimer’s disease related MAP tau is a potent inhibitor of kinesin-1 and ki-
nesin-3 motility (Monroy et al., 2018). Structural studies have shown that tau inhibits kine-
sin through competition with its binding site at the microtubule crest (Kellogg et al., 2018;
Shigematsu et al., 2018). Interestingly, MAP7 is able to efficiently compete off tau from the
microtubule lattice (Monroy et al., 2018), and kinesin-1, but not kinesin-3 motors, can effi-
ciently move over MAP7-decorated microtubules (Monroy et al., 2018; Monroy et al., 2020).
Kinesin-3 inhibition by MAP7 was shown depend on the presence of a charged K-loop that
is specific for kinesin-3 motor domains (Monroy et al., 2020). Other MAPs, such as MAPg
and members of the doublecortin family are positive regulators of kinesin-3 cargo transport
and allow these motors to pass (Lipka et al., 2016; Liu et al., 2012; Monroy et al., 2020), while
kinesin-1 motility is reduced by the presence of these MAPs (Monroy et al., 2020). These
type of competitive and non-competitive footprints on the microtubule lattice determine
the MAP code (Table 1). How other kinesin families and lesser abundant MAPs play a role
in the MAP code is currently unclear. The MAP code is especially relevant in polarized cell
types such as neurons, where both kinesin activity and MAP distribution are different be-
tween different cell compartments, such as axons and dendrites (Monroy et al., 2020). An
additional layer of complexity is added through MAP phosphorylation, a PTM that can
regulate microtubule affinity and thus determine the presence of MAPs on microtubule
arrays (Ramkumar et al., 2018). Since many proteins are subject to phosphorylation during
mitosis, it would be exciting to evaluate the MAP code of interphase versus spindle and
astral microtubules and investigate the behavior of mitotic kinesins on such lattices.

Table 1 - Effects of MAPs on the motility of transporting kinesin motors

MAP Kinesin-1 Kinesin-2 Kinesin-3

Tau inhibits N.D. inhibits
‘maP2 inhibits | ND. inhibits
‘mMAPZ inhibits | promotes | ND.
‘map7 promotes | ND. inhibits
‘maps inhibits | ND. allows
'DCX/DCLK1  inhibits - allows allows

* Adapted from (Balabanian et al., 2018; Monroy et al., 2020),
N.D. = no data

5.4 Regulation by co-factors and cargo binding

Competitive binding of cargo to the kinesin tail is generally regarded as the main mecha-
nism to relieve autoinhibition and activate motor-driven transport (Figure 3A, B) (Verhey
and Hammond, 2009). Kinesin-1 cargo binding is mostly mediated through the kinesin light
chains. JNK-interacting proteins JIP1and JIP3 can link cargo to kinesin light chains and their
binding has also been involved in releasing the autoinhibited state of the tetrameric kine-
sin-1 complex (Cockburn et al., 2018; Nguyen et al., 2018). Some cargoes, such as mitochon-
dria, are transported by a light-chain-independent mechanism; for example, TRAK1 binds
directly to the kinesin-1 heavy chain and connects the motor to mitochondria. Interestingly,
binding of TRAK1 also affects kinesin-1 motility parameters in vitro. TRAK1 possesses weak
microtubule affinity which contributes to kinesin-1 processivity on crowded microtubules
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Figure 3 - Kinesin regulation through autoinhibition, co-factors and MAPs

Schematic representation of various modes of kinesin regulation. (A) Most kinesin motors adopt an auto-
inhibited state where binding of the kinesin tail or stalk to the motor domains blocks motility. (B) Cargo
binding can relieve such autoinhibition and promote motility. (C) MAPs may also play a role in kinesin acti-
vation by recruitment of the motor to the microtubule lattice. (D) Co-factors can promote kinesin activity by
relieving autoinhibition or through changing the conformation of the motor. (E) A microtubule may act as a
kinesin cargo and promote kinesin motility along another microtubule, thereby inducing sliding.

(Henrichs et al., 2020). This weak microtubule affinity was also found for the tumor sup-
pressor adenomatous polyposis coli (APC), which among other functions also acts as an
adaptor that couples mRNA to kinesin-2 heterotrimers (KIF3A/KIF3B/KAP). Adding a weak
MAP module to the motor-cargo complex was shown to promote kinesin-2 activity in vitro.
These examples demonstrate that adaptors may provide additional microtubule-binding
sites for kinesin-cargo complexes and may thus promote processive transport along micro-
tubules. (Baumann et al., 2020).

In addition to cargo binding, kinesins may also be activated through non-cargo
binding co-factors. MAP7 (or fly Ensconsin) is an interesting kinesin-1 co-factor as stud-
ies in flies suggest that activation by Ensconsin may involve a dual mechanism. MAP7/
Ensconsin is a MAP containing an N-terminal microtubule-binding domain and a C-ter-
minal kinesin-binding domain (Barlan et al., 2013; Sung et al., 2008). Microtubule-bound
MAP7/Ensconsin is a recruiting factor for kinesin-1 that potently promotes its landing on
microtubules (Monroy et al., 2018). However, the MAP7/Ensconsin C-terminus alone is, in
many cellular processes, also sufficient to promote kinesin-1 activity independent from mi-
crotubule recruitment (Barlan et al., 2013; Metivier et al., 2019). Whether MAP7/Ensconsin
actively releases autoinhibition or whether it activates kinesin-1 through an allosteric effect
is not clear at this point. Apart from MAP7, several other kinesin-1 co-factors have been
identified, such as RANBP2 (Cho et al., 2007; Cho et al., 2009), Casein Kinase II (Xu et al.,
2012), HAP1a (Twelvetrees et al., 2019), GRIP1 (Twelvetrees et al., 2019), and also some bac-
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terial proteins from the pathogen Salmonella enterica (Alberdi et al., 2020).

Like kinesin-1 motors, other kinesin family motors can be activated by non-cargo
factors. The kinesin-3 KIF1A is a calcium-sensitive motor that displays increased cargo affin-
ity when calcium levels are up. High calcium levels are sensed by the calcium-binding pro-
tein calmodulin which can bind the KIF1A stalk and may induce a conformational change
that promotes cargo binding (Stucchi et al., 2018). Another kinesin-3 motor, KIF1C, is regu-
lated in a completely different way: it does not form monomers when inactive, but instead
adopts an autoinhibition fold where the stalk binds to the microtubule binding interface
of the motor domains. Protein tyrosine phosphatase N21 (PTPN21) and the dynein adaptor
Hook3 were both identified as KIF1C-binding partners that can relieve KIF1C autoinhibition
by binding to the kinesin stalk. (Siddiqui et al., 2019). Less is known about the regulation of
kinesin-4 family members. The ubiquitin ligase tripartite motif containing 3 (TRIM3) was
reported to bind the kinesin-4 KIF21B and regulate its activity (Labonte et al., 2013); yet, it is
not clear how this activation works mechanistically. Kinesin Binding Protein (KBP) is an in-
teresting adaptor as it can bind the motor domain and regulate activity of kinesins from dif-
ferent families, including several kinesin-3 motors, kinesin-2 KIF3A, kinesin-8 KIF18A and
kinesin-12 KIF1s5, but not to the major transporting motors of the kinesin-1 family (Kevenaar
et al., 2016). KBP binding prevents microtubule binding of the motor domain and this was
shown to modulate kinesin-3-dependent transport and microtubule dynamics by kinesin-8
KIF18A in neurons (Kevenaar et al., 2016). Furthermore, KBP regulates the kinesin-12 KIF15
during mitosis, which affects chromosome alignment and the organization of kinetochore
fibers (Brouwers et al., 2017).

For some kinesins, activation through cargo binding takes place in the context of
microtubule sliding where a second “cargo microtubule” promotes activity of the motor. The
tetrameric state of Egg enables it to slide microtubules (Kapitein et al., 2005). With in vitro
reconstitution experiments it was shown that binding to a second microtubule promotes
Egs to switch from diffusive lattice behavior to directed movement (Kapitein et al., 2008).
Other kinesins, such as kinesin-1 do not require tetramerization to slide microtubules but
possess a microtubule binding region in their tail (Jolly et al., 2010), or are able to crosslink
microtubules by associating with a MAP, such as MAP7 (Metzger et al., 2012). Although not
formally tested, it can be assumed that direct binding of a second cargo microtubule by
kinesin-1 is another mechanism to release autoinhibition as it must involve unfolding from

A)  Inhibition of B) Release of autoinhibition C) Non-motor domain activation or inhibition
motor domain

Figure 4 - Regulation of kinesins through phosphorylation

Kinesins can be regulated by phosphorylation through several mechanisms. (A) Phosphorylation of the
motor domain can inhibit the engagement with the microtubule. (B) Phosphorylation can be involved in
releasing kinesin autoinhibition. (C) Phosphorylation may alter the conformation of the kinesin and in this
way promote or inhibit motility; in many cases, the underlying molecular mechanisms require further elu-
cidation.
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an inhibited state.

5.5 Regulation by phosphorylation

During interphase, kinesin regulation through kinase activity has been studied mostly in
the context of kinesin-1. The heavy chains of kinesin-1 can be phosphorylated on the mo-
tor domain by JNK3; these modifications were reported to directly affect kinesin-1 motility
parameters in vitro (Figure 4A)(DeBerg et al., 2013). Additionally, the light chains of kine-
sin-1 can also be subject to phospho-regulation; KLC2 phosphorylation by GSK3 negatively
affects binding of the kinesin to cargo (Morfini et al., 2002). Also KLC1 can be specifically
phosphorylated at one of its threonine residues, which negatively affects the interaction
with the JIP1 adaptor protein (Chiba et al., 2017). Since association with JIP1 regulates cargo
binding and stimulates kinesin-1 activity (Nguyen et al., 2018), this phosphorylation thus
negatively affects cargo transport.

Kinesin regulation though phosphorylation is well-studied in the context of sev-
eral mitotic motors. During anaphase, local activity of Aurora B kinase and AMP-activated
protein kinase (AMPK) phosphorylate kinesin-4 KIF4A at its stalk (Li et al., 2018; Nunes
Bastos et al., 2013). Here, AMPK and Aurora B compete for the same phosphorylation site (Li
etal., 2018). Phosphorylated KIF4A shows increased ATPase activity and enhanced binding
to its binding partner PRC1 (Nunes Bastos et al., 2013); as described before, the concerted
action of KIF4A and PRC1 is important for the formation and stabilization of the spindle
midzone (Bieling et al., 2010; Kurasawa et al., 2004; Zhu and Jiang, 2005). The tetrameric
kinesin-5 Egs (KIFu) is an important mitotic motor as it slides apart anti-parallel micro-
tubules to form and maintain a bipolar spindle (Kapitein et al., 2005). Eg5 contains a con-
served threonine (T927) that is phosphorylated by Cdki and regulates binding of the kine-
sin to the mitotic spindle (Blangy et al., 1995; Cahu et al., 2008). Mitotic exit involves the
dephosphorylation of this Cdki site by PP2A (Liu et al., 2017). Phosphorylation by the NIMA
kinase Nek6 at several phospho-sites was also shown to be crucial for the mitotic function of
Egs (Rapley et al., 2008). Furthermore, phosphorylation of the motor domain by Src family
kinases has been indicated to be important for Egs motor activity (Bickel et al., 2017).

Phosphorylation can also directly regulate kinesin autoinhibition (Figure 4B). The
kinesin-7 CENP-E (KIF10) has an inhibitory tail that associates with the motor domains to
hinder microtubule binding. Phosphorylation by Cdki relieves this intramolecular binding
and stimulates CENP-E motor activity (Espeut et al., 2008). Cdki was also described to reg-
ulate activity of the kinesin-10 Kid (KIF22), possibly through modulation of a microtubule
binding site in the kinesin stalk (Soeda et al., 2016).

Phosphorylation can also inhibit the activity of some mitotic motors, such as in the
case of kinesin-6 MKLP2 (KIF20A) where Cdki-mediated phosphorylation of the kinesin
stalk and tail prevents MKLP2 from binding chromosomes and microtubules (Hummer
and Mayer, 2009; Kitagawa et al., 2014). Phosphorylated MKLP2 indeed shows reduced AT-
Pase activity (Serena et al., 2020), but how this modification mechanistically affects MKLP2
motility is not clear. Activity regulation of the kinesin-13 MCAK (KIF2C) is under control of
Aurora B kinase, which negatively affects depolymerizing activity of the motor (Andrews et
al., 2004; Lan et al., 2004). MCAK inhibition through phosphorylation occurs through two
distinct mechanisms: altering the conformation of the kinesin and reducing its affinity for
microtubules (Ems-McClung et al., 2013; McHugh et al., 2019). In addition, several other
kinases have been described to tune MCAK’s activity during mitosis (Ritter et al., 2015).

5.6 Spatiotemporal regulation of kinesin activity
Whether a kinesin is active can also simply depend on its presence or absence in the cyto-
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Figure 5 -Spatial or temporal regulation of kinesins

Spatiotemporal regulation of kinesins can occur in different ways. (A) Many mitotic kinesins localize to the
nucleus during interphase and only come in contact with microtubules when the nuclear envelope is broken
down. (B) Several mitotic kinesins are expressed in a cell cycle dependent manner. (C) In cells with a complex
microtubule organization, such as neurons, the orientation of microtubule tracks can determine compart-
mentalization. Some motors, like kinesin-1 prefer stable microtubules that display increased acetylation and
detyrosination over dynamic microtubules that are enriched in tyrosinated tubulin. In dendrites, these stable
microtubule tracks are oriented with their minus ends towards the cell body and therefore exclude the entry
of kinesin-1 motors into dendrites. Additional sorting factors may contribute to this process at the initial part
of the dendrite.

plasm. Some kinesins are tissue specific. For example, the kinesin-g KIF6 and KIFg are only
expressed in some ciliated cell types (Miyata et al., 2020; Verhey et al., 20n11a), while other
kinesin families have one or multiple members that are enriched or exclusively expressed
in neurons (Figure 1) (Hirokawa et al., 2009). It is unclear how cilia-specific motors are tar-
geted to axonemes or cilia tips while staying mostly inactive on cytoplasmic microtubules.

In dividing cells, the activity of mitotic kinesins is tightly regulated. Many of these
motors are sequestered in the nucleus during interphase and are thus kept physically sepa-
rated from the microtubule cytoskeleton (Figure 5A) (Yount et al., 2015). In addition, many
kinesins are synthesized and degraded in a temporally regulated fashion, and are thus pres-
ent only when they are required during cell division (Figure 5B) (Yount et al., 2015).

The mechanisms responsible for the spatiotemporal control and selectivity of
transport are also subject of intense study in the neuronal field. While axons only contain
plus-end-out oriented microtubules, this orientation is mixed in dendrites; still, kinesin-1
transport is mostly directed to the axon and not to dendrites. One explanation is provided
by a super-resolution study which revealed that dendritic microtubules of the same orien-
tation are organized into bundles (Tas et al., 2017). In dendrites, stable kinesin-1-preferred
microtubules that are marked by acetylation and detyrosination are oriented with their plus
ends towards the soma, and therefore, kinesin-1 does not actively enter dendrites, though
it can possibly be transported there in an inhibited state while bound to cargo or perhaps
enter dendrites in an autoinhibited form by diffusion. In contrast, kinesin-3 motors that
prefer dynamic and tyrosinated microtubules, which are oriented with their plus ends out,
can readily enter dendrites (Figure 5C) (Tas et al., 2017). In addition, other cellular factors
such as Septins also contribute to kinesin selectivity in dendrites (Karasmanis et al., 2018).
A great variety of kinesin-regulating mechanisms and factors have been identified so far,
demonstrating that balanced kinesin activity in cells may involve multiple layers of com-
plexity. Most mechanistic insights were obtained from studies on kinesin-1. Therefore, we
deem it likely that many regulatory factors for other kinesin families are still to be discov-
ered.

29




Chapter |

Scope of the thesis

Many cellular processes are dependent on the activity of kinesin motors. In this thesis, we
address how kinesin transport is regulated by MAPs and cargo binding. We developed a
tool to study MAP-microtubule interactions by NMR using isotope-labeled microtubules.
Furthermore, we studied the kinesin-4 KIF21B and its function in regulating microtubule
growth in T cells.

In Chapter 2, we show that MAP7 family proteins act redundantly in activating
kinesin-1in cells. MAP7 proteins recruit kinesin-1 to microtubules, but also activate
motors through an allosteric effect exerted by the kinesin-binding domain of MAP7. We
reveal that kinesin-1 motility is promoted through a continuous flow of weak transient in-
teractions with MAP7 as the kinesin moves along the microtubule.

In Chapter 3, we zoom in at kinesin-based transport of exocytotic vesicles by the
kinesin-1 KIF5B and kinesin-3 KIF13B motor. We show that both kinesins could be present
on a single vesicle and that there is a clear task division: KIF5B is most active in the center of
the cell where microtubules are more densely populated by MAP7 proteins. KIF13B takes the
last steps towards peripheral microtubule plus ends; here, KIF5B loses its dominance since
MAP?7 proteins are less abundant because of their slow binding rates.

In Chapter 4, we explored new binding partners of all MAP7 family proteins and
found that MAP7D2, but not the other MAP7 proteins, can interact with clathrin. We found
that MAP7D2 contains a conserved clathrin-binding motif that can potently tether clathrin
to microtubules. MAP7D2 depletion reduces clathrin localization in the proximal axon and
we hypothesize that MAP7D2 might be involved in kinesin-1-dependent transport of clath-
rin.

In Chapter 5, we developed a protocol to produce isotope-labeled microtubules
from HeLa cells for NMR studies. We show that MAPs such as MAP7 or the CKK domain of
CAMSAP can have a different effect on the fast time-scale dynamics of the flexible tubulin
tails. This approach may allow studies on intrinsically disordered MAPs and their dynamic
interactions with microtubule lattices.

In Chapter 6, we show that the mitotic kinesin-6 MKLP2 (KIF20A) is a motile
kinesin that transports the Chromosomal Passenger Complex as a cargo. We demonstrate
that cargo binding promotes MKLP2 processivity in vitro. During anaphase, MKLP2 motor
activity is essential to concentrate Chromosomal Passenger Complexes to the central spin-
dle and sites at the cell cortex where furrow ingression is initiated.

In Chapter 7, we address the role of microtubule dynamics and length during rap-
id centrosome polarization in activated T cells. The kinesin-4 KIF21B is expressed in T cells
and we demonstrate that it restricts microtubule growth by inducing catastrophes. This ac-
tivity is important for centrosome polarization because it shapes the microtubule network
and prevents formation of overly long microtubules that impair rapid translocation of the
centrosome.

In Chapter 8, we discuss our results from chapters 2 to 7 and put them in a broader
perspective to give an overview of the future research directions for each subject.
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Chapter 2

Abstract

Kinesin-1is responsible for microtubule-based transport of numerous cellular cargoes. Here,
we explored the regulation of kinesin-1 by MAP7 proteins. We found that all four mamma-
lian MAP7 family members bind to kinesin-1. In HeLa cells, MAP7, MAP7D1 and MAP7D3
act redundantly to enable kinesin-1-dependent transport and microtubule recruitment of
the truncated kinesin-1 KIF5B-560, which contains the stalk but not the cargo-binding and
autoregulatory regions. In vitro, purified MAP7 and MAP7D3 increase microtubule landing
rate and processivity of kinesin-1 through transient association with the motor. MAP7 pro-
teins promote binding of kinesin-1 to microtubules both directly, through the N-terminal
microtubule-binding domain and unstructured linker region, and indirectly, through an
allosteric effect exerted by the kinesin-binding C-terminal domain. Compared to MAP7,
MAP7D3 has a higher affinity for kinesin-1and a lower affinity for microtubules and, unlike
MAP7, can be co-transported with the motor. We propose that MAP7 proteins are micro-
tubule-tethered kinesin-1 activators, with which the motor transiently interacts as it moves
along microtubules.

Introduction

Kinesins are molecular motors responsible for the transport of different organelles and mac-
romolecular complexes along microtubules (MTs) and for controlling MT organization and
dynamics (Hirokawa and Tanaka, 2015; Verhey et al., 2011). The spatial and temporal control
of kinesin localization and activity depends on numerous factors, such as cargo adaptors,
post-translational modifications and the interactions with MT-associated proteins (MAPs)
(Akhmanova and Hammer, 2010; Barlan and Gelfand, 2017; Fu and Holzbaur, 2014; Verhey
and Hammond, 2009).

Kinesin-1 is the major MT plus-end directed motor involved in a broad variety of
transport processes (Akhmanova and Hammer, 2010; Hirokawa and Tanaka, 2015; Verhey et
al., 2om1). This motor is well known to be regulated by different MAPs. Neuronal MAPs tau
and MAP:2 inhibit kinesin-1-driven motility (Dixit et al., 2008; Ebneth et al., 1998; Gumy
et al., 2017; Monroy et al., 2018; Seitz et al., 2002; Trinczek et al., 1999; Vershinin et al.,
2007). In contrast, MAP7 family members are firmly established to be positive regulators
of kinesin-1 (Barlan et al., 2013; Metivier et al., 2018; Metzger et al., 2012; Monroy et al.,
2018; Sung et al., 2008). MAP7 proteins are represented by a single homologue, ensconsin,
in flies and by four isoforms encoded by different genes, MAP7, MAP7D1, MAP7D2 and
MAP7D3, in mammals (Bulinski and Bossler, 1994; Metzger et al., 2012; Yadav et al., 2014).
All MAP7 family members have a similar organization, with two conserved domains that
are predicted to be helical, connected by an unstructured linker. The N-terminal domain
of MAP7 proteins strongly interacts with MTs, while the C-terminal domain binds to the
stalk region of kinesin-1 (Metzger et al., 2012; Monroy et al., 2018; Sun et al., 2011) (Fig. 1A).
Additional regions with MT affinity were found in the linker of MAP7 and the C-terminal
part of MAP7D3 (Tymanskyj et al., 2018; Yadav et al., 2014). In flies, ensconsin is an essential
kinesin-1 cofactor required for numerous processes ranging from organelle transport to MT
sliding (Barlan et al., 2013; Metivier et al., 2018; Metzger et al., 2012; Monroy et al., 2018; Sung
et al., 2008). In mammalian myotubes, MAP7 is needed for proper kinesin-1-dependent
nuclear distribution (Metzger et al., 2012), but whether MAP7 proteins are needed for other
kinesin-1-dependent processes in mammals has not been investigated. It is also unknown
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whether mammalian MAP7 homologues all behave similarly and whether they have differ-
ent, overlapping or redundant functions.

Interestingly, in vitro experiments in fly ovary extracts have shown that the full-
length kinesin-1, but not its minimal dimeric kinesin-1 fragment requires ensconsin for
productive interaction with MTs (Sung et al., 2008). In vitro reconstitutions with purified
proteins demonstrated that MAP7 recruited kinesin-1 to MTs and somewhat decreased mo-
tor velocity but had only a mild effect on kinesin-1 run length (Monroy et al., 2018). Im-
portantly, MAP7 was highly immobile in these assays and was not co-transported with the
motor, suggesting that MAP7 affects only the initial recruitment of the kinesin to MTs but
has little impact on kinesin-1 movement (Monroy et al., 2018). However, some observations
in flies do not agree with this simple model, as it was shown that the C-terminal fragment
of ensconsin, which misses the MT binding domain (Sung et al., 2008), significantly rescues
kinesin-1-related transport deficiencies in cells lacking ensconsin (Barlan et al., 2013; Metiv-
ier et al., 2018). Kinesin-1 is well known to be autoinhibited by its C-terminal cargo-binding
domains (Verhey and Hammond, 2009), and it was proposed that ensconsin plays a role in
relieving autoinhibition of the kinesin (Barlan et al., 2013). This possibility is in line with the
experiments performed in extracts (Sung et al., 2008), but was not yet tested with purified
proteins.

Here, we explored the relationship between kinesin-1 activity and mammalian
MAP7 proteins. We found that MAP7 family members act redundantly to promote kine-
sin-1-dependent distribution of mitochondria, as well as MT binding of kinesin-1 KIF5B
fragment 1-560 (Ks560) (Case et al., 1997), which contains the motor domain and the di-
merizing stalk with the MAP7-binding site, but not the cargo-binding and autoinhibitory
domains. MT recruitment of K560 was rescued not only by full-length MAP7’s, but also by
their C-terminal domains, which lacked the major MT binding region. These results were
recapitulated using in vitro reconstitution assays with purified proteins, which provided
evidence both for MT tethering and allosteric activation of kinesin-1 by MAP7 family mem-
bers. In agreement with published data, we found that MAP7 was immobile on MTs in
vitro (Monroy et al., 2018), whereas MAP7D3 could be observed moving together with K560
motors. In spite of these differences, both MAPs increased not only the recruitment of ki-
nesin-1to MTs but also its processivity. Such an effect can be explained if the interaction be-
tween MAP7’s and kinesin-1 is weak and transient, and this was confirmed by biochemical
and imaging experiments. Taken together, our data show that MAP7 proteins redundantly
regulate kinesin-1-dependent transport by acting as MT-tethered recruitment factors and
activators of this kinesin.

Results

MAP7 family members act redundantly in mitochondrial distribution in HeLa cells
To test whether all four MAP7 family members can potentially act as kinesin-1 regulators,
we performed a pull down assay and found that all four MAP7 proteins could bind to the
kinesin-1 deletion mutant K560 (Fig. 1A, B). Gene expression analysis at the mRNA and
protein level indicated that HeLa cells co-express MAP7, MAP7D1 and MAP7D3 (Kikuchi et
al., 2018; Syred et al., 2013), and we confirmed these data by antibody staining (Fig. 1C). In
contrast, MAP7D2, which is highly expressed in brain tissue (Niida and Yachie, 2011), was
not expressed in HeLa cells. To test if all three MAP7’s are required for kinesin-1 function,
we initially used the distribution of mitochondria as readout, because it strongly depends
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Figure 1 - Redundant function of MAP7 family proteins in kinesin-1-dependent mitochondria dis-
tribution

(A) Schemes of MAP7 family proteins and KIF5B constructs. (B) Streptavidin pull down assay with extracts
of HEK293T cells expressing BirA, K560-GFP (prey) and the indicated Bio-mCherry-labeled proteins (bait)
analyzed by Western blotting. Red lines indicate the position of mCherry (negative control) and MAP7 pro-
teins. (C) Immunostaining of HeLa cells for endogenous MAP7 family members and a-tubulin imaged on a
wide field microscope. (D-F) Western blot analysis of the indicated HeLa knockout (KO) and knockdown
(KD) cells with the indicated antibodies; Ku8o was used as a loading control. (G, I) HeLa cells treated as
indicated stained for mitochondria (cytochrome c). Cell outlines are indicated with grey dashed lines; zooms
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Figure 1 (continued) (red squares) are shown below. (H, J) Mitochondria distribution scored per condition
using cytochrome c staining, (H) n = 345, 347, 332, 338, and 373 cells from three independent experiments.
Wild type (WT) vs KIF5B KO, p = 0.0002, Student’s t test. (J) n = 444 (WT + siLuciferase), n = 589 (MAP7
KO + siMAP7D1/D3) and for rescue conditions on top of MAP7 KO + siMAP7D1/D3: n = 261, 277, 324, 297,
277, 296, 263, 267 and 416 cells all from three or four independent experiments, Student’s ¢ test: *, p<o.05, **,
p <o.o1and *** p <0.001.

on kinesin-1 KIF5B (Tanaka et al., 1998). In the absence of KIF5B, mitochondria were no
longer dispersed in the cytoplasm but were clustered around the nucleus (Fig. 1D, G, H).
Next, we generated HeLa cells lacking each individual MAP7 family member. In these cells,
the expression of the remaining MAP7’s was not altered and no defects in the localization
of mitochondria were observed (Fig. 1E-H).

We next attempted to generate a stable triple knockout of MAP7, MAP7D1 and
MAP7D3, but such cells were not viable. It is unlikely that this was due to the lack of kine-
sin-1-mediated transport, as KIF5B knockout cells displayed no apparent growth or pro-
liferation defects, and the two other kinesin-1 isoforms, KIF5A and KIF5C, do not seem to
be expressed in Hela cells (Nagaraj et al., 2011). Although MAP7 was shown to be phos-
phorylated and thus inactivated during mitosis (McHedlishvili et al., 2018), it is possible
that MAP7 proteins still contribute to cell division, as ensconsin is known to participate
in spindle formation in flies (Gallaud et al., 2014), and MAP7D3 was reported to modulate
the recruitment of kinesin-13 to the mitotic spindle (Kwon et al., 2016). In order to remove
all three MAP7 homologues simultaneously, we performed siRNA-mediated knockdown of
MAP7D1 and MAP7D3 in the stable MAP7 knockout line, and this approach resulted in an
efficient loss of all three MAP7 family members (Fig. 1F). Depletion of all three MAP7 ho-
mologs mimicked the effect of KIF5B knockout, leading to a strong perinuclear clustering
of mitochondria (Fig. 11, J). To exclude that this phenotype was caused by defects in MT or-
ganization, we assessed it by antibody staining and found that the overall MT arrangement
and density were similar (Fig. S1A, B). Furthermore, live imaging of EB3-GFP showed no
differences in MT plus-end growth, and polymerizing MT ends still reached the cell periph-
ery (Fig. S1C-E). We conclude that MAP7 family members act redundantly in mitochondria
localization and that this effect is unlikely to be due to alterations in MT network architec-
ture.

Mitochondrial positioning in these cells was rescued by re-expressing individual
full length MAP7 proteins, and it was also partially rescued by expressing the C-termini of
MAP7 and MAP7D1 (Fig. 1J). Rescue with the MAP7D3 C-terminus was less efficient, be-
cause the construct was mostly accumulated in the nucleus, and, as its concentration in the
cytoplasm was low, only highly expressing cells showed rescue (Fig. SiF).

Rescue of kinesin-1 function by MAP7 C-termini could be potentially explained by
their residual affinity for MTs. For example, recent work has demonstrated that MAP7 con-
tains an additional MT binding domain (termed “P-region”) within the intrinsically disor-
dered linker part of the protein (Tymanskyj et al., 2018) (Fig. 2A). To address this possibility,
we systematically examined the ability of different parts of MAP7 linker to interact with MTs
(Fig. 2A). Using a MT pelleting assay, we found that the C-terminal MAP7 fragment used in
cellular experiments (Fig. 14, J) did not co-sediment with MTs (Fig. 2B and S1G). We were
also unable to detect the binding of the mCherry-tagged version of this fragment to MTs in
vitro (Fig. S1H). Next, we tested MT binding of different MAP7 fragments by overexpression
of their GFP-tagged fusions. Although we could re-confirm MT affinity of the P-region, its
smaller fragments as well as other MAP7 deletion mutants lacking the N-terminal MT bind-
ing domain, including the MAP7-Ct and Ct(mini), showed no MT enrichment in HeLa cells
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Figure 2 - Characterization of MT binding domains of MAP7

(A) Scheme of MAP7 truncations. MT binding was assayed by overexpression of GFP-tagged constructs
and co-stain for a-tubulin; examples are shown in panel C. (B) MT pelleting assay with mCherry-MAP7-Ct
analyzed by SDS-PAGE. Uncropped gel images are shown in Fig. S1G. (C,D) Indicated GFP-tagged MAP7
constructs were overexpressed in MAP7 KO HeLa cells co-stained for a-tubulin (C), to quantify their MT
enrichment by line scan analysis (D). n = 10 cells representing 30 MTs (3 per cell) per condition.

(Fig. 2A, C and D). However, we could detect weak MT binding of the proline-rich part of
the MAP7 linker as well as MAP7-Ct(mini) in COS7 cells, likely due to their flat morphology
and low MT density (Fig. 2D and S2A). These data suggest that the C-terminal part of the
MAP7 linker might have some weak MT affinity, which could contribute to but is unlikely
to fully explain the ability of MAP7 C-terminus to rescue KIF5B-dependent mitochondria
localization.

K560 binding to MTs in cells depends on MAP7 proteins

To show that the loss of MAP7 proteins has a direct effect on kinesin-1 activity, we next ex-
amined the distribution of the dimeric K560 truncation mutant that can move along MTs
but does not bind to cargo. In control HeLa cells, this construct was distributed along MTs,
and in most cells, it showed enhanced accumulation on MTs in cell corners, where MT plus
ends are concentrated (Fig. 3A). Depletion of individual MAP7 family members did not
alter this distribution except for the knockout of MAP7D3, in which less K560 accumulat-
ed on corner MTs (Fig. 3A, B). In contrast, in cells lacking all three MAP7 proteins, K560
showed a diffuse localization (Fig. 3C, E). Expression of MAP7, MAP7D1 or MAP7D2 in such
cells rescued the recruitment of the kinesin to MTs, whereas expression of MAP7D3 led to
strong co-accumulation of both constructs on MTs in the corners of almost all transfected
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Figure 3. Kinesin-1 recruitment to MTs depends on MAP7 family proteins

(A,B) Wide field images of K560-GFP overexpressed in the indicated HeLa control, KO or KD conditions
(A), and quantification of K560-GFP localization (B). n = 234, 252, 174, and 254 cells from three independent
experiments. (C,D) Wide field images of K560-GFP overexpressed either alone or together with mCher-
ry-tagged MAP7 constructs in control or MAP7 KO + siMAP7D1/D3 HelLa cells, as indicated. In (C), cells
were co-stained for a-tubulin. A schematic drawing of K560-GFP localization is shown at the bottom. (E,F)
Quantification of K560-GFP (E) and MAP7 construct (F) localization per condition, as indicated, categorized
as: diffuse, along MTs or at corner MTs. n = 459 (WT + siLuciferase), n = 485 (MAP7 KO + siMAP7D1/D3) and
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Figure 3 (continued) for rescue conditions: n = 13, 237, 90, 167, 210, 186, 133, 176, 197 and 193 cells from two
to four independent experiments.

cells (Fig. 3D-F). Expression of the N-terminal, MT binding fragments of MAP7 and its ho-
mologs could not restore the distribution of K560, whereas significant rescue of MT binding
by the kinesin was observed with the C-termini of all MAP7 proteins (Fig. 2E and S2B). We
conclude that K560 displays low binding to cellular MTs in the absence of MAP7, and that
this binding can be increased by kinesin-i-interacting C-terminal MAP7 fragments, which
are diffusely localized in HeLa cells. The C-terminus of MAP7D3, which was mostly nuclear
on its own (Fig. S1F), was retained in the cytoplasm when expressed together with K560,
and shifted the localization of this kinesin fragment to MTs in cell corners, similar to the
full-length MAP7D3 (Fig. 3D, E and S2B).

MAP7D3 but not MAP7 can be redistributed by kinesin-1

To understand why MAP7D3 but not the other MAP7 homologues promotes MT plus-end
shifted distribution of K560, we next examined the distribution of endogenous MAP7 and
MAP7D3 and found that only MAP7D3 could be efficiently relocalized by K560 to cell cor-
ners (Fig. 44, B).

To prove that kinesin-1 can indeed rapidly relocalize MAP7D3, we have set up an
optogenetics-based assay, in which K560 could be sequestered in the nucleus and then
acutely released from it using a light-inducible nuclear export system (Niopek et al., 2016).
A K560-mCherry, containing NLS sequences, was C-terminally tagged with an engineered
domain of Avena sativa phototropin-1, AsSLOV2, in which the Ja helix was modified to con-
tain a nuclear export signal (Fig. 4C). Within 1 to 2 minutes after activation with blue light,
K560 was efficiently exported from the nucleus (Fig. 4D, E, G, H). MAP7D3, but not MAP7
co-accumulated on MTs in cell corners within a 4-minute time frame (Fig. 4D-I, Video 1and
2). We conclude that K560 can indeed acutely relocalize its own positive regulator MAP7D3,
but not MAP7, when kinesin expression is sufficiently high.

To explain why the distribution of MAP7D3 but not that of MAP7 was sensitive to
the presence of kinesin-1, we hypothesized that MAP7D3 might be more mobile on MTs.
To test this idea, we performed Fluorescence Recovery after Photobleaching (FRAP) exper-
iments with GFP-tagged MAP7 and MAP7D3 and found that the latter indeed exchanged
much more rapidly on MTs (Fig. 4J, K). The different turnover rates of the two MAP7 family
proteins on MTs, possibly combined with the different affinities to kinesin-1, seem to con-
tribute to their differential relocalization by overexpressed kinesin-1.

MAP7 and MAP7D3 control kinesin-1 recruitment to MTs and motor processivity

To get further insight into the similarities and differences in the regulation of kinesin-1
by MAP7 proteins, we set up in vitro reconstitution assays. In contrast to previously pub-
lished experiments, which employed taxol-stabilized MTs in the absence of free tubulin, we
used dynamic MTs that were grown from GMPCPP-stabilized seeds (Bieling et al., 2007).
Kinesins, MAPs and MTs were observed by Total Internal Reflection Fluorescence Micros-
copy (TIRFM), as described previously (van Riel et al., 2017). To study kinesin-1 motility,
we purified full-length KIF5B-GFP and K560-GFP from HEK293T cells (Fig. S3A). Analyses
by mass spectrometry and Western blotting showed that although some co-purification of
MAP7, MAP7D1 and MAP7D3 with this kinesin was observed when the protein was washed
with a low ionic strength buffer, this contamination was almost entirely removed when the
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Figure 4 - Kinesin-1 can redistribute MAP7D3 in cells

(A, B) Wide field images of K560-GFP overexpressed in HeLa cells stained for endogenous MAP7 or MAP7D3
(A) used to quantify endogenous MAP localization (B). n = 232 and 303 cells from three independent exper-
iments, Student’s t test: p < 0.001. (C) A scheme of K560-LEXY construct containing two NLS sequences and
an mCherry tag. Blue light induces a conformation change, causing detachment of the Jo-peptide containing
a nuclear export signal from the LOV2 domain. (D, G) Single frames of KIF5B KO cells co-transfected with
K560-LEXY and GFP-MAP7 (D) or GFP-MAP7D3 (G) sequentially illuminated with green and blue light
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Figure 4 (continued) (in that specific order). Zooms are indicated in yellow. (E, F, H, I) Measurements
of fluorescence intensity changes over time in K560-LEXY-positive cell corners. Black lines represent single
measurements of K560-LEXY (E,H), GFP-MAP7 (F) and GFP-MAP7D3 (I). n = 31 measurements from 17 cells
(E, F) and n = 22 measurements from 14 cells (H, I), from two independent experiments. (J) Single frames of
FRAP experiments on COSy7 cells overexpressing GFP-MAP7 or -MAP7D3. Stills show a baseline (pre-FRAP),
the first frame after photobleaching (o min) and the indicated time points after FRAP of a 10x10 pm square
region (shown in red). (K) Quantification of fluorescence recovery of J. The graph shows mean curves (bold
lines) +SD (light dotted lines) over time. n =18 cells from three independent experiments for each condition.

ionic strength of the washing buffer was increased (Fig. S3B-E). We used such “high-salt
washed” kinesin preparations for all our experiments. In cells, kinesin-1 can exist in a het-
erotetrametric form with two light and two heavy chains. Although some light chains could
be detected by Western blotting (Fig. S3B), we assume that in our assays most full-length
kinesins were dimers of heavy chains as no light chains were visible on a Coomassie-stained
gel (Fig. S3A, red arrow).

The MAP7 binding site on kinesin-1 is well defined (Monroy et al., 2018) and pull
down assays confirmed that there are no additional binding sites for MAP7 in the C-ter-
minal coil or the tail of kinesin-1 (Fig. 5A, B). Kymograph analysis of full length kinesin-1
motors showed two populations of single molecule behavior: short binding events which
did not result in processive movement (classified as events that last <1 second) or events of
landing followed by processive movement. Addition of purified Alexa647-labeled SNAP-
tag-MAP7 or -MAP7D3 (Fig. S3A) in these assays led to a dramatic increase (at least 60 fold)
of both type of events (Fig. 5C, D). Furthermore, processive kinesin runs were on average
~1.6 fold longer (Fig. 5C, E), while the velocities were, especially upon addition of MAP7D3,
reduced (Fig. 5C, F and S3G).

To further examine the effects of MAP7 and MAP7D3 on kinesin-1, we turned to
the K560 fragment, which contains the MAP7-binding site but lacks the cargo-binding and
autoinhibitory tail. When K560 was added to MAP7 or MAP7D3-decorated MTs, we ob-
served a strong (up to 23.6 fold) increase in the motor landing frequency compared to K560
alone (Fig. 6A and B), in agreement with published data on MAP7 (Monroy et al., 2018). The
landing frequency of K560 increased with higher MAP concentrations and correlated with
increasing MT labeling intensity by the particular MAP (Fig. 6A-C and S4A). Furthermore,
we found that MAP7D3 but not MAP7 caused a very significant decrease in kinesin velocity
(Fig. 6D and S4B). Finally, we found that both MAP7 and MAP7D3 could induce a 2-fold
increase in kinesin processivity (Fig. 6E-G), with some kinesin runs exceeding 10 pm in
length. We note that for this quantification, we only took into account the runs, in which we
observed both kinesin association and dissociation from the MT. Inclusion of all detected
runs suggested that in the presence of MAP7 or MAP7D3, even longer runs could occur (not
shown).

The increase of run lengths in the presence of MAP7 and MAP7D3 could be ex-
plained by kinesin multimerization or by a model where MAP7 acts as an additional MT
attachment point. In these cases the distribution of run lengths is expected to be described
by the sum of two or three exponential decays (Klumpp and Lipowsky, 2005). However,
the corresponding best fit of distributions in Fig. 6F, G converged to a single exponential
decay, suggesting that MAP7 directly affects kinesin’s binding/unbinding rate constants,
instead of introducing an additional intermediate binding state. Moreover, single molecule
analysis of K560 moving on MTs showed that kinesin-1 intensity profiles matched that of a
single dimer in assays both with and without MAP7D3 (Fig. S4C). In addition, we performed
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mixed kinesin assays where GFP- and SNAP(Alexa647)-tagged kinesins were used in a 1:1
ratio. If kinesin-1 would multimerize in the presence of MAP7 proteins, then one would
expect to see a significant fraction of two-colored kinesin tracks per kymograph; however,
such events were not observed (Fig. S4D), confirming our observation of K560 behaving as a
single dimer on MAP7-decorated MTs. Taken together, these data suggest that the presence
of MAP?7 alters the state of single kinesin dimers.

Interestingly, MAP7 could promote kinesin processivity at high concentrations,
when MTs were fully decorated, whereas MAP7D3 reduced kinesin detachment from MTs
even at low concentrations (Fig. 6C, E-G). These data correlated with the observation that
MAP7D3 but not MAP7 could move together with K560 in vitro (Fig. 6H, I). To find expla-
nation for this difference in co-transport we examined single molecule dynamics of MAP7
and MAP7D3 on in vitro polymerized MTs and found that MAP7 showed very long static
binding events, many of which exceeded our observation time (5 min) (Fig. 6]), in agree-
ment with recently published data (Monroy et al., 2018). In contrast, MAP7D3 displayed a
diffusive behavior, with many short binding events (Fig. 6]). These data are in agreement
with the FRAP data, showing that in cells, MAP7D3 is more mobile than MAP7 (Fig. 4J, K).
The density of MT labeling was higher with MAP7 than with MAP7D3 at the same protein
concentration, indicating that the latter has a lower affinity for MTs (Fig. 6C, ] and S4A). We
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Figure 5 - Kinesin-1 is regulated by MAP7 proteins in vitro

(A) Overview of full-length kinesin-1 (KIF5B) domains. (B) Streptavidin pull down assay with extracts of
HEK293T cells over-expressing BirA, the indicated KIF5B-GFP truncations (prey) and Bio-mCherry-MAP7
(bait) analyzed by Western blotting. (C) Kymographs of GFP-tagged full-length KIF5B (kinesin-1) on dy-
namic MTs in control conditions or in the presence of MAP7 or MAP7D3. (D) Quantification of kinesin-1
landing frequencies per MT and corrected for MT length, time of acquisition and kinesin concentration. n
=99, 26 and 38 MTs from 2 or 3 independent experiments. (E) Histograms of run lengths fitted to a single
exponential decay (red) with indicated rate constants (tau) as a measure of mean run length. n = 71, 542 and
568 kinesin runs from 2 or 3 independent experiments. (F) Gaussian fits of kinesin velocities. Histograms
are shown in Fig. S3G.
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Figure 6 - Density and mobility of MAP7’s determine kinesin-1 landing and processivity

(A) Kymographs of K560-GFP on dynamic MTs in control conditions or in the presence of increasing con-
centrations of MAP7 or MAP7D3. (B) Quantification of kinesin landing frequencies per MT and corrected
for MT length, time of acquisition and kinesin concentration. n = 167, 15, 14, 12, 13, 15 and 25 MTs from two
independent experiments. (C) Quantification of SNAP(Alexa647)-MAP7 and -MAP7D3 intensities on dy-
namic MTs using images acquired under identical conditions on a TIRF microscope. n = 39 to 49 MTs from
two independent experiments. Representative images are shown in Fig. S4A. (D) Gaussian fits of kinesin
velocities. Histograms are shown in Fig. S4B. (E) Quantification of K560-GFP run length. n = 241, 351, 614,
361, 257, 436 and 303 kinesin runs from two independent experiments. Mann-Whitney U test: ***, p <0.001.
(F, G) Cumulative distributions of K560-GFP run lengths measured in the presence of increasing
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Figure 6 (continued) concentrations of MAP7 (F) or MAP7D3 (G). Straight dashed lines correspond to sin-
gle exponential fits, n numbers correspond to panel E. (H) Kymographs of dual-color in vitro reconstitution
experiments with K560-GFP and SNAP(Alexa647)-tagged MAP7 or MAP7D3. (I) Quantification of kinesin
tracks positive for MAP7 or MAP7D3 co-transport, n = 417 from 19 MTs (MAP7) and n = 344 from 25 MTs
(MAP7D3) from two independent experiments, Mann-Whitney U test: ***, P <o.001. (J) Kymograph of single
SNAP(Alexa647)-MAP7 or -MAP7D3 molecules on dynamic MTs in vitro. Movies were acquired at 25 frames/
sec on a TIRF microscope.

conclude that MAP7 proteins can affect not only kinesin landing on MTs, as suggested pre-
viously (Monroy et al., 2018; Sung et al., 2008), but its processivity. Co-transport of the MAP
with the kinesin could facilitate processive motion, but was not essential, as also a statically
bound MAP7 could exert this effect if its density on MTs was high enough.

MAP7D3 C-terminus promotes MT recruitment and processivity of kinesin-1 in spite
of having only a low MT affinity

The ability of K560 to transport MAP7D3 but not MAP7 might be caused not only
by the different MT binding behavior of the two MAPs, but also by their different affinities
for the kinesin. To test this possibility, we purified minimal binding constructs for MAP7,
MAP7D3 and KIF5B from E. coli (Fig. 7A and Fig. S3F) and probed the oligomerization state
of the individual proteins in solution by size exclusion chromatography followed by mul-
ti-angle light scattering (SEC-MALS). As expected, both the MAP7 and MAP7D3 fragments
were monomers with the measured molecular weight (MW) values of 18.4 kDa (calculated
MW of18.8 kDa) and 22.2 kDa (calculated MW of 21.5 kDa), respectively, whereas the KIF5B
fragment was a dimer (measured and calculated MW of 25.9 kDa) (Fig. 7B). Using isother-
mal titration calorimetry (ITC) experiments, we found an equilibrium dissociation constant
KD of 3.8 + 0.2 pM and a stoichiometry number, N, of 0.96 (monomer equivalents) for the
interaction between the KIF5B and MAP7D3 fragments (Fig. 7C and S4E, F). In contrast, the
MAP7 fragment had an affinity for the KIF5B fragment that was too weak to be properly de-
termined; however, the obtained isotherm suggested a KD in the higher micromolar range
(Fig. 7D and S4E, G).

Since MAP7D3 seems to be the most potent kinesin-1 interactor, we set out to com-
pare the effect of full-length MAP7D3 and its C-terminus (Ct, also used for cellular experi-
ments), both purified from E. coli (Fig. 7A and Fig. S3F), on K560 motility in vitro (Fig.7E).
In agreement with a previous publication (Yadav et al., 2014), MAP7D3-Ct displayed weak
MT binding: MT labeling intensity with 20 nM MAP7D3-Ct was 19.2 fold lower than with
20 nM full length MAP7D3 (Fig. 7F and SsA). In spite of this lower MT affinity, MAP7D3-Ct
could efficiently increase K560 landing rate, promote its processivity and decrease motor
velocity compared to control (Fig. 7E-I and S5A-C). The effect of MAP7D3-Ct on the landing
rate was particularly obvious at 75 nM concentration, as MT labeling at this concentration
was still 8.3 fold lower than with 20 nM full length MAP7D3, whereas the K560 landing
frequency was 8.1 fold higher compared to control (kinesin only) (Fig. 7F,G). These data
argue against the simple model that MAP7D3 acts as MT-recruiting factor for kinesin-1, but
cannot exclude that the weak binding of MAP7D3 C-terminus to MTs augments K560-MT
interaction. These data also show that the addition of a weak MAP module to the kinesin
coil is sufficient to make kinesin-1 processive.

Simultaneous imaging of K560-GFP and mCherry-MAP7D3-Ct showed that this
truncated MAP colocalized with moving kinesin (Fig. 7J). Importantly, FRAP analysis in
the mCherry channel, leaving the GFP fluorescence unaffected, showed that MAP7D3-Ct
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Figure 7 - MAP7D3 binds to KIF5B more tightly than MAP7 and promotes its activity in vitro

(A) Schemes of MAP7 family proteins and KIF5B constructs used in this figure. (B) SEC-MALS was used
to determine the oligomerization state of indicated proteins in solution. Lines depict the relative UV-ab-
sorbance measured at 280 nm plotted against the elution volume. The molecular weight determinations by
multi-angle light scattering are depicted by dashed lines. (C, D) ITC of MAP7D3 (C) or MAP7 (D) against
KIFsB. Top panels: Enthalpograms of the respective titrations. Lower panel: integrated heat change (black
dots) and the associated fitted curve (red line in C). Controls are shown in Fig. 4A-C. (E) Kymographs of
K560-GFP on dynamic MTs in the presence of full-length (FL) MAP7D3 or MAP7D3-Ct (both purified from
E.coli). (F) Quantifications of MAP7D3-FL or -Ct intensities on dynamic MTs using images acquired under
identical conditions on a TIRF microscope. n = 40, n= 38 and n= 42 MTs from two independent experiments.
Representative images are shown in Fig. S5A. (G) Quantification of landing frequency per MT and corrected
for MT length, time of acquisition and kinesin concentration. n =167, 36, 36 and 31 MTs from two independ-
ent experiments. (H) Histograms showing kinesin run lengths fitted to a single exponential decay (red) with
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Figure 7 (continued) the indicated rate constants (tau) as a measure of mean run length, n = 241, 271 and
209 kinesin runs from two independent experiments; the associated bar plots are shown in Fig. S5C. (I)
Gaussian fits of kinesin velocities. Histograms are shown in Fig. S5B. (J) Kymographs of single molecule
FRAP experiments on K560-GFP motors and MAP7D3-Ct. Photobleaching with a 561 nm red laser was per-
formed at time points indicated with red lightning bolts. Fluorescent recovery is indicated with a yellow
arrow. (K) Cumulative frequency distribution plot of mCherry-MAP7D3-Ct recovery after photobleaching
(black dots) fitted to an exponential decay (red line) with the indicated decay constant (tau), n = 79 from
three independent experiments.

exchanged rapidly on moving K560 motors (Fig. 7], K). Together with the micromolar-range
KD of the kinesin-MAP binding (Fig. 7C, D), these data support the idea that fast bind-
ing-unbinding kinetics enables static MAP7 proteins to promote processive movement of
kinesin-1.

MAP7 C-terminus promotes kinesin-1 landing on MTs independently of MT tether-
ing

To investigate whether MAP7 family proteins can exert an effect on kinesin-1 that is inde-
pendent of MT tethering, we used MAP7-Ct(mini) (Fig. 8A), which was completely diffuse
in HeLa cells, showed only very weak MT binding in COS7 cells (Fig. 2A,C,D and S2A) and
could be prepared from E. coli at high concentration in an untagged form (Fig. S3F). When
added at micromolar concentrations to the assay with K560, this protein fragment caused
a significant (3.4 fold) increase in the motor landing frequency (Fig. 8B, C), whereas the
velocity of the kinesin was only mildly affected (Fig. S5E). Strikingly, the increase in motor
processivity observed with the MAP7D3 C-terminus was not detected with MAP7-Ct(mini)
(Fig. SsF, G).

To further substantiate the observation that the MAP7 C-terminus can activate
kinesin-1 independently of any residual MT affinity, we developed a self-activating K560
motor, saK560, where the kinesin-binding domain of MAP7 lacking both the P-region and
the Pro-rich region was fused to the C-terminus of K560. As a negative control, we generat-
ed a saK560(A) mutant lacking six amino acids of MAP7 essential for the kinesin binding
(Fig. 8D) (Monroy et al., 2018). Comparison of these two kinesins showed that the saK560
had a higher landing frequency (Fig. 8E-G), while other parameters such as velocity and
run length were not much affected (Fig. SsH-J). In further support of this observation, we
examined the behavior of K560 together with the self-activating fusion proteins in HelLa
cells and saw that they all behaved very similarly in wild type cells (Fig. 8H, top). However,
upon depletion of all MAP7 family proteins, saK560(A) motor was diffuse, just like K560;
yet, the saK560 kinesin showed enhanced localization on MTs in cell corners (Fig. 8H, I),
demonstrating that this motor still displays activity despite of the absence of MAP7 family
protein. Altogether, MT landing of kinesin-1 can be increased by MAP7 family proteins in-
dependently of their MT interaction, whereas the regulation of kinesin processivity by these
MAPs depends on their association with MTs.

The stalk of K560 inhibits MT interaction

Our finding that MAP7 C-terminus improves the MT landing frequency of K560 could po-
tentially be explained if the MAP7-interacting stalk of kinesin-1 partly interferes with MT
binding. If this were true, a kinesin-1 truncation lacking this stalk should bind to MTs more
efficiently. To test this idea, we generated a shorter KIF5B truncation mutant, KIF5B 1-370
(K370), which lacks the MAP7-binding coil region but still dimerizes via its neck linker
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Figure 8 - MAP7 C-terminus can activate kinesin-1

(A,D) Overview of kinesin-1 and MAP7 constructs used for experiments. (B,E) Kymographs of a dual-cham-
ber in vitro experiment, where equal concentrations of K560-GFP motors where added to chambers with
or without MAP7-Ct(mini) (B), or with the indicated concentrations of saK560/ saK560(A) (E) on dynamic
MTs. (C,F) Landing frequencies quantified per MT and corrected for MT length, time of acquisition and
kinesin concentration. Each independent dual-chamber experiment is color-coded, n = 32 and 29 MTs (C)
and n = 73 and 69 MTs (F), all from three independent experiments, Mann-Whitney U test: ***, p <0.001.
(G) Analysis of purified saK560 proteins by SDS-PAGE. Protein concentrations were determined from a sin-
gle gel using BSA standard. (H) Wide field images of overexpressed GFP-tagged kinesin constructs in control
or MAP7 KO + siMAP7D1/D3 HelLa cells. (I) Quantification of kinesin localization categorized as: diffuse,
along MTs or at corner MTs. n = 203, 172, 198, 241, 186 and 234 cells from three independent experiments.
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(Kozielski et al., 1997) (Fig. 9A,B and Fig. S5D). In in vitro assays, K370 appeared to be a fast-
er kinesin with slightly shorter runs compared to K560 (Fig. 9C and S5K-M). Importantly,
we observed a 7.8 fold difference in motor landing frequency (Fig. 9D), indicating that the
presence of the stalk region in K560 has a negative effect on its interaction with MTs.

Discussion

In this study, we have systematically analyzed the impact of mammalian MAP7 family pro-
teins on kinesin-1 transport (Fig. 9E). We found that at least one MAP7 homolog was neces-
sary and sufficient to enable kinesin-1-driven mitochondria distribution. These results are
in agreement with the data showing that MAP7/ensconsin is an essential kinesin-1 co-factor
in flies and in mammalian muscle cells (Barlan et al., 2013; Metivier et al., 2018; Metzger et
al., 2012; Monroy et al., 2018; Sung et al., 2008). Dependence on MAP7 family members like-
ly applies to many other kinesin-1-driven processes in mammals, because the core part of
kinesin-1, the K560 fragment, was unable to bind to MTs efficiently in cells when all MAP7;
homologues were absent.

Kinesin-1 function could be rescued to a significant extent by a MAP7 fragment that
binds to kinesin, but has only low MT affinity, again in agreement with the data obtained in
Drosophila (Barlan et al., 2013; Metivier et al., 2018). K560 recruitment to MTs was also stim-
ulated by this MAP7 fragment both in cells and in vitro. This effect can likely be explained
by a combination of two factors: the weak residual MT affinity present in the unstructured
part of MAP7-Ct (Pro-rich region) as well as an allosteric regulation of the K560 motor by
the kinesin-binding domain of MAP7. The ability of MAP7 to affect K560 allosterically is
supported by the increased landing rate of the “self-activating” KIF5B-MAP7 fusion, which
lacks all MAP7 linker sequences with potential MT affinity. This notion is also supported by
the observation that a short kinesin-1 version (K370) lacking the MAP7-binding stalk region
interacts with MTs more efficiently than K560. We propose that the stalk-containing kine-
sin can adopt conformations that are unfavorable for MT binding, whereas the interaction
with MAP7 allosterically stabilizes a conformation that promotes landing on MTs (Fig. 9F).
Diverse regulatory steps have been described for kinesin-1, mostly involving the autoinhibi-
tory C-terminal tail region (reviewed in (Verhey and Hammond, 2009)) and also the motor
domain (Xu et al., 2012). Our data add to this complexity by showing that the state of the
stalk and its binding partners might directly affect kinesin interaction with MTs.

Although a MAP7 fragment lacking MT affinity can promote the engagement of
kinesin-1 with MTs, the presence of MT binding regions makes this regulation much more
efficient and robust. Without it, a very high concentration of the kinesin binding domain
or its direct fusion to the kinesin were required to activate the kinesin. The presence of MT
binding sites concentrates the kinesin binding domain of the MAP on MTs and can thus fa-
cilitate its interaction with the motor (Fig. 9F). Importantly, MT-bound MAP7 proteins have
a significant effect not only on the kinesin landing rate but also on its processivity, and we
excluded the possibility that this was due to kinesin multimerization. Interestingly, both a
very immobile MAP (MAP7) and a more dynamic and diffusively behaving MAP (MAP7D3)
could enhance kinesin-1 processivity, but the latter was able to exert this effect when present
on a MT at a lower density. An obvious hypothesis is that kinesin processivity is governed
by the presence of additional links to MTs. However, the distribution of run lengths of K560
was monoexponential even in the presence of MAP7 proteins, whereas a significant con-
tribution of an additional MAP-dependent MT bound state would be expected to lead to
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a distribution corresponding to the sum of two or three exponential decays (Klumpp and
Lipowsky, 2005). These data suggest that the interaction with MT-bound MAP7’s does not
create an additional connection to a MT but somehow alters the conformational state of
the motor to prevent its dissociation from MTs. Additional work would be needed to un-
derstand why a MT-unbound MAP7 fragment is sufficient to promote kinesin-1 landing
but does not increase its processivity even when directly fused to the motor, whereas a MT-
bound MAP?7 version can stimulate not only the initial kinesin engagement with a MT but
also its processive motility.

The relatively low affinity of the MAP-kinesin interaction and the rapid bind-
ing-unbinding kinetics suggest that the kinesin could be “hopping” from one MAP molecule
to another, and this can allow even a highly immobile MAP7 to counteract kinesin dissoci-
ation without strongly affecting motor velocity. MAP7D3 is different from MAP7 because it
binds less tightly to MTs and more tightly to the kinesin and can be “dragged” with the mo-
tor to some extent. This possibly explains why it slows down kinesin movement and why its
low concentration is sufficient to increase motor processivity. However, because of the fast
turnover within the MAP-motor complex, MAP7D3 is unlikely to be undergoing large-dis-
tance transport by the kinesin in cells. MAP7D3 can be rapidly relocalized to MT plus ends
by overexpressed K560, but at the endogenous kinesin-1 expression levels, MAP7D3 is not
enriched at MT plus ends, suggesting that the levels of endogenous motor are insufficient
to drive MAP7D3 to the cell periphery. Still, it is possible that also the endogenous kinesin-1
could cause some redistribution of its own positive regulators, which would be in line with
some previous observations (Kikuchi et al., 2018).

Recent work showed that MAP7 is a powerful MT recruiter of kinesin-1 (Monroy
et al., 2018; Tymanskyj et al., 2018). Here, we confirmed these observations and provided
insight into the underlying molecular mechanism. In addition, we showed that other MAP7
family members can act redundantly, but also possess unique properties that could fine-
tune kinesin-1 regulation. Support for the latter idea can be found from the work in neurons,
where it was shown that several individual MAP7 proteins, such as MAP7 and MAP7Dz, are
involved in cargo transport and neurite development (Barlan et al., 2013; Koizumi et al.,
2017; Monroy et al., 2018; Sung et al., 2008; Tymanskyj et al., 2017; Tymanskyj et al., 2018). It
is therefore an intriguing question whether specific combinations of MAP7 proteins could
provide spatiotemporal control of kinesin transport in complex cell types and whether, as
has been shown for MAP7 (Monroy et al., 2018), this involves competition with other MAPs
or modulation of other transporting motors. Another unanswered question is whether the
localization of MAP7 proteins contributes to the well-documented selectivity of kinesin-1
for specific MT tracks, which appear to correspond to the stable, long-lived MT populations
(Cai et al., 2009; Farias et al., 2015; Guardia et al., 2016; Hammond et al., 2008; Jacobson et
al., 2006; Nakata and Hirokawa, 2003; Tas et al., 2017). MAP7, which is stably associated
with MTs, could potentially predispose kinesin-1 for interacting with more long-lived MTs,
on which this MAP would gradually accumulate. Taken together, our data illustrate the
complexity of the interplay between the motors and the tracks they use during intracellular
transport processes.

59




Chapter 2

Materials and Methods

Cell Culture, knockdowns and CRISPR/Casg knockouts

HeLa (Kyoto), COS7 and human embryonic kidney 239T (HEK293T) cell lines were cultured in medium that con-
sisted of 45% DMEM, 45% Ham’s F10, and 10% fetal calf serum supplemented with penicillin and streptomycin.
The cell lines were routinely checked for mycoplasma contamination using LTo7-518 Mycoalert assay (Lonza). HeLa
and COS7 cells were transfected with plasmids using FuGENE 6 (Promega) for generating knockout lines, live cell
imaging and immunofluorescence experiments. For streptavidin pull down assays and protein purification from
HEK293T cells, plasmids were transfected with polyethylenimine (PEL; Polysciences). For generating knockdowns,
HeLa cells were transfected with 100 nM siRNA for each target using HiPerfect (Qiagen). The following siRNAs
were used in this study: MAP7D1 (target sequence 5-TCATGAAGAGGACTCGGAA-3'), MAP7D3 (target sequence
5- AACCTACATTCGTCTACTGAT-3’) and luciferase (target sequence 5- TCGAAGTATTCCGCGTACG -3'). For rescue
experiments, HeLa cells were transfected 2 days after siRNA transfection.

HeLa CRISPR/Casg knockout lines were generated using the pSpCasg-2A-Puro (PX459) vector, pur-
chased from Addgene (Ran et al., 2013). Guide RNAs for human KIF5B, MAP7, and MAP7D3 were designed using
the CRISPR design webpage tool (http://crispr.mit.edu). The targeting sequences for gRNAs were as follows (cod-
ing strand sequence indicated): KIFsB, 5-CCGATCAAATGCATAAGGCT-3; MAP7, 5-CGCCCTGCCTCTGCAAT-
TTC-3; MAP7D3, 5-CCGTGCCCGCAGCTCTCTCA-3" The CRISPR/Casg-mediated knockout of KIF5B, MAP7, and
MAP7D3-encoding genes was performed according to the protocol described in (Ran et al., 2013). In brief, HeLa cells
were transfected using Fugene6 (Promega) with the vectors bearing the appropriate targeting sequences. Cells were
subjected to selection with 2 pg/mL puromycin 24-48 hours post transfection for 48-72 hours. After selection, cells
were allowed to recover in complete medium for approximately 7 days; meanwhile, cells were diluted in 96 wells
plates for growing single cell colonies. Knockout efficiency was controlled using mixed cell populations by immu-
nofluorescence staining, and depending on the efficiency, 5-30 individual clones were isolated and characterized by
Western blotting and immunostaining.

DNA constructs

All MAP7 family protein constructs except MAP7D1-FL were cloned by a PCR-based strategy into a pBio-mCherry-C1
vector, a modified pEGFP-C1 vector, in which the open reading frame encoding EGFP was substituted for mCherry,
and a linker encoding the sequence MASGLNDIFEAQKIEWHEGGG, which is the substrate of biotin ligase BirA,
was inserted into the Nhel and Agel sites in front of the mCherry-encoding sequence. MAP7D1-FL has been cloned
into a Bio-mCherry-C3 vector in a similar fashion. MAP7 constructs were generated using cDNA (Faire et al., 1999),
was a kind gift of C. Bulinski (Columbia University Medical Center, New York, NY) or cDNA of RNA isolated from
HeLa cells. MAP7D1 was derived from the IMAGE clone 6514558 (Source Bioscience), MAP7D2 was derived from
the IMAGE clone 3063898 (Source Bioscience) and MAP7D3 was from the IMAGE clone 5284128 (Source Biosci-
ence). All MAP7 linker constructs were cloned in a pEGFP-C1 vector by a PCR-based strategy. Rescue constructs
for MAP7D1 and MAP7D3 were obtained by PCR-based mutagenesis of the sequence TCATGAAGAGGACTCGGAA
to TCATGAAGAGAACACGCAA (MAP7D1) and AACCTACATTCGTCTACTGAT to AATCTACACTCGTCTACAGAT
(MAP7D3). For protein purification from HEK293T cells, MAP7-Ct was cloned into a pmCherry-C1 vector with
an N-terminal Strep-tag, and full-length MAP7 and MAP7D3 were cloned into a pTT5 vector with an N-terminal
SNAP- and Strep-tag. For bacterial purifications, MAP7D3 constructs were cloned into a pET28a vector containing
an N-terminal Strep-tag. MAP7-Ct(mini) construct was cloned by a PCR-based strategy into a pET24a vector con-
taining an N-terminal SUMO-tag. All KIF5B constructs were cloned by a PCR-based strategy into pEGFP-N1 vectors.
Ks560-GFP and full-length KIF5B-GFP used for protein purification were cloned into a pTT5 vector with a C-terminal
Strep-tag. K370-GFP, saK560-GFP and saK560-GFP(A) used for protein purification and cellular experiments were
cloned into a pEGFP-N1 vector with a C-terminal Strep-tag. KIF5B-Coil2-GFP and KIF5B-Tail-GFP were cloned in an
PEGFP-C1 vector. All kinesin constructs were based on full length human KIF5B as template IMAGE clone 8991997
(van Spronsen et al., 2013). KIF5B-mCherry-LexyC was cloned by PCR-based strategy. A c-myc NLS sequence was in-
troduced between K560 and mCherry (amino acid sequence: PAAKRVKLD) and a second SV40 Large T-antigen nu-
clear localization signal (NLS) was introduced between mCherry and the LEXY domain (amino acid sequence: PK-
KKRKV). The engineered LOV2-domain (LEXY) for blue light-inducible nuclear export was obtained from Addgene
(catalog number #72655) (Niopek et al., 2016). For affinity measurements, minimal protein fragments for MAP7 and
MAP7D3 where designed based on structure prediction and intron-exon analysis. For KIF5B, the designed fragment
was the shortest construct still containing the cysteine at position 421 and the MAP7 binding domain (aa 508-523)
(Monroy et al., 2018). All protein constructs were fused to an N-terminal thioredoxin-6xHis cleavable tag by restric-
tion free positive selection into a pET-based bacterial expression vector by a PCR-based strategy (Olieric et al., 2010).
Human EB3-GFP is described previously (Stepanova et al., 2003). Biotin ligase BirA expression construct (Driegen et
al., 2005) was a kind gift from D. Meijer (University of Edinburgh, UK).

Antibodies, Western blotting and immunofluorescence cell staining

For immunofluorescence cell staining and Western blotting, we used rabbit polyclonal antibodies against MAP7D1
(HPA028075, Sigma/Atlas), MAP7D2 (HPAos1508, Sigma/Atlas), MAP7D3 (HPA035598, Sigma/Atlas), Kinesin
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heavy chain (UKHC H-50, SC28538, Santa Cruz) and GFP (ab29o; Abcam). We used a mouse polyclonal antibody
against MAP7 (Ho0009053-Bo1P, Abnova) and mouse monoclonal antibodies against Ku8o (611360, BD Bioscience),
mCherry (632543, Clontech), Cytochrome ¢ (556432, BD Bioscience) and a-tubulin (T6199, Sigma), and a rat mon-
oclonal antibody against a-tubulin (yL1/2, ab6160, Abcam). The following secondary antibodies were used: IRDye
800CW/680LT goat anti-rabbit, and anti-mouse for Western blotting and Alexa Fluor 488-, 594-, and 647-conju-
gated goat antibodies against rabbit, rat, and mouse IgG (Molecular Probes) for immunofluorescence. Mitotracker
Red CMXRos (Molecular Probes) was alternatively used for mitochondria staining.

Total HeLa cell extracts were prepared in RIPA buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl,
1% Triton X-100, 0,5% SDS and cOmplete protease inhibitor cocktail (Roche).

For immunofluorescence cell staining, HeLa cells were fixed in —20°C methanol for 10 min and stained
for MAP7, MAP7D1, MAP7D2, MAP7D3 and a-tubulin. In the case of cytochrome c, cells were fixed with 4% PFA in
phosphate-buffered saline (PBS) for 10 min. Cells were then permeabilized with 0.15% Triton X-100 in PBS for 2 min;
subsequent wash steps were performed in PBS supplemented with 0.05% Tween-20. Epitope blocking and antibody
labeling steps were performed in PBS supplemented with 0.05% Tween-20 and 1% BSA. Before mounting in Vectash-
ield mounting medium (Vector Laboratories) slides were washed with 70% and 100% ethanol and air-dried.

Pull down assays

Streptavidin pull down assays were performed from HEK293T cell lysates by coexpressing biotin ligase BirA with
mCherry-tagged constructs containing a biotinylation site (pBio-mCherry) (bait), and GFP-tagged KIF5B constructs
(prey). Constructs were transfected altogether into HEK293 cells using PEI with 24 hrs incubation time for protein
expression. M-280 Streptavidin Dynabeads (Invitrogen) were blocked in a buffer containing 20 mM Tris pH 7.5, 20%
glycerol, 150 mM NaCl, and 10 pg Chicken Egg Albumin followed by three washes with wash buffer containing 20
mM Tris pH 7.5, 150 mM NaCl and 0.1% Triton-X. HEK293T cells were scraped and collected in ice-cold PBS followed
by lysis on ice in a buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, imM MgClz, 1% Triton X-100, and cOmplete
protease inhibitor cocktail (Roche). To separate cell debris, the lysates were cleared by centrifugation at 4°C for 15
min at 16000 g and 10 % of each lysate was saved as input control. Cell lysates were incubated with pre-blocked
streptavidin beads for 60 min at 4°C followed by five washes with the buffer containing 20 mM Tris pH 7.5, 150 mM
NaCl and 0.1% Triton-X. Streptavidin beads were pelleted and boiled in 2x Laemmli sample buffer. Protein lysates
and pull down of both bait and prey proteins were analyzed by Western blotting.

Protein Purification

All KIF5B, SNAP(Alexa647)-labeled proteins and mCherry-MAP7-Ct used for in vitro reconstitution assays were
purified from HEK293T cells using Strep(Il)-streptactin affinity purification. Cells were harvested 24-40 hrs post
transfection. Cells from a 15 cm cell culture dish were lysed in 800 pL of lysis buffer containing 50 mM HEPES pH
7.4, 300 mM NaCl, 1 mM MgClz, 1 mM DTT and 0.5% Triton X-100, supplemented with cOmplete protease inhibitor
cocktail (Roche) on ice for 15 min. The supernatants obtained from cell lysates after centrifugation at 16000 x g for
20 min were incubated with 50 pL of StrepTactin Sepharose beads (GE Healthcare) for 1 hr. The beads were washed
5 times in a high-salt wash buffer containing 50 mM HEPES pH 7.4, 1.5 M NaCl, 1 mM MgClz, 1 mM EGTA, 1 mM
DTT, and 0.05% Triton X-100 and three times with an elution wash buffer containing containing 50 mM HEPES pH
7.4, 150 mM NaCl, 1 mM MgClz, 1 mM EGTA, 1 mM DTT and 0.05% Triton X-100. The proteins were eluted with
40-150 pL of elution buffer containing 50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM MgClz, 1 mM EGTA, 1 mM DTT,
2.5 mM d-Desthiobiotin and 0.05% Triton X-100. To label SNAP-tagged proteins with SNAP-Surface Alexa Fluor 647
(NEB), 20-40 uM dye was incubated with proteins on beads for 1hr between wash and elution steps. After extensive
washing, proteins were eluted in the elution buffer with 300 mM instead of 150 mM NaCl. The concentrations of
purified proteins were measured by BSA standard using SDS-PAGE. All purified proteins were snap frozen in liquid
nitrogen and stored in -80°C.

For protein purification of MAP7D3 constructs from bacteria, BL21 E.coli were transformed with the
respective MAP7D3 construct. Bacteria were grown till OD60o of 0.6 at 37°C after which protein expression was
induced with 1 mM IPTG for 1 hrat 37°C and 2.5 hrs at 200C. Bacteria were spun down and subjected to one freeze-
thaw cycle at -80°C to stimulate proper lysis. Bacteria were resuspended and sonicated at 4°C in cold lysis buffer
containing 50 mM sodium phosphate pH 8, 250 mM NaCl, 1 mM MgCl2, 1 mM DTT, 0.5% Triton X-100, imM PMSF
and cOmplete protease inhibitor cocktail (Roche). Lysates were centrifuged at 25000 x g for 45-60 min and the su-
pernatants were incubated with Strep-Tactin Superflow high-capacity beads (IBA Lifesciences) for 60 min at 4°C,
followed by 5 washes with a buffer containing 50 mM sodium phosphate pH 6.0, 250 mM NaCl, 1 mM MgCI* and 1
mM DTT. The proteins of interest were eluted with a buffer containing 50 mM sodium phosphate pH 7.0, 250 mM
NaCl, 1 mM MgCl2 1 mM DTT and 5 mM d-Desthiotiotin. The eluted fractions were pooled and supplemented with
10% sucrose for preservation. Proteins were snap frozen and stored at -80°C. The concentrations of purified proteins
were measured by BSA standard using SDS-PAGE.

For protein purification of the minimal MAP7, MAP7D3 and KIF5B fragments used for probing complex
formation (SEC-MALS and ITC), all protein constructs were fused to an N-terminal thioredoxin-6xHis cleavable
tag by restriction free positive selection into a pET-based bacterial expression vector. For expression, the, KIF5B
and MAP7D3 constructs were transformed using E. coli expression strain BL21(DE3), whereas for MAP7 construct
BL21-CodonPlus (DE3)-RIPL competent cells were chosen. All transformed cells were cultivated in LB containing
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50 pg/mL Kanamycin. Subsequently, upon reaching an OD600 of 0.4 to 0.6 the cultures were induced with 1 mM
isopropyl 1-thio-B-galactopyranoside (IPTG, Sigma) after cooling to 20°C for KIF5B and MAP7D3 or at 37°C for
MAP7 respectively. The KIF5B and MAP7D3 constructs were expressed at 20°C overnight whereas the MAP7 con-
struct was expressed for 4 h at 37°C. Cells were harvested by centrifugation at 4000 x g at 4°C followed by sonication
for lysis in the buffer containing 50 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM Imidazole, 10% Glycerol, 2 mM
B-mercaptoethanol, proteases inhibitors (Roche) and DNAsel (Sigma). The lysate was cleared by centrifugation at
18000 x g for 20 min and subsequent filtration through a 0.45 pm filter. All constructs were purified by immobilized
metal-affinity chromatography (IMAC) on HisTrap HP Niz2+ Sepharose columns (GE Healthcare) at 4°C according
to the manufacturer’s instructions. The elutions were cleaved by 3C protease during dialysis against the same buffer
as above lacking protease inhibitors and DNAse I. The cleaved constructs were separated from tag and protease by
a reverse IMAC run followed by a gel filtration run on a HiLoad Superdex 200 16/60 size exclusion chromatography
column (GE Healthcare) in the buffer containing 10 mM Tris HCl, pH 7.5 and 150 mM NaCl. Fractions containing
the constructs were pooled and concentrated by ultracentrifugation before being flash frozen and stored at -80°C.
For recombinant protein production of MAP7-Ct(mini), BL21(DE3) Rosettaz E. coli cells (Novagen) con-
taining a pET24a vector (Novagen) encoding a SUMO-MAP7-Ct(mini) construct were cultured. 2 L culture, in LB
medium supplemented with the antibiotics 10 g/L kanamycin (Sigma-Aldrich) and 33 g/L chloramphenicol (Sig-
ma-Aldrich), were grown until OD60o of ~0.8-1, after which protein production was induced with 0.1 mM IPTG
(Thermo Scientific). Protein production was performed overnight at 18°C. Cells were harvested by centrifugation
and subjected to one freeze-thaw cycle at -80°C to initiate cell lysis. The pellet was thawed and resuspended in 50
mM sodium phosphate buffer pH 8.0, 150 mM NaCl, cOmplete protease inhibitor cocktail (Roche) and 5 mM B-mer-
captoethanol. The cells were then disrupted by an EmulsiFlex-C5 (Avestin) cell disruptor. The lysate was cleared by
centrifugation (55,000 g, 45 min), filtered through a 0.22 pm polypropylene filter (VWR) and mixed for 15 min with
Protino® Ni-IDA resin (Macherey-Nagel) at 4°C. After centrifugation, the protein was eluted with 50 mM sodium
phosphate pH 8.0, 250 mM imidazole, 150 mM NaCl, cOmplete protease inhibitor cocktail (Roche) and 5 mM
B-mercaptoethanol. To cleave off the SUMO tag, the eluate was then digested with Ulp1 overnight at 4°C while dia-
lyzed against 50 mM phosphate buffer, pH 8.0 with a 6 kDa cut-off membrane (Spectrum Laboratories). The protein
was loaded on a POROS® 20HS (Thermo Fischer Scientific) cation exchange column in the same dialysis buffer,
using an AKTA® Purifier chromatography system (GE Healthcare). The protein was eluted by a linear gradient up
to 2 M KCl over 15 CV (Carl Roth); fractions of 0.5 mL were collected. Fractions of interest were then concentrated
and exchanged against 25 mM HEPES buffer pH 7.5 with 75 mM KCl, 75 mM NaCl and 10 mM DTT using a Vivaspin
column (cut-off: 6 kDa). The final concentration was determined by an ND-100 spectrophotometer (Nanodrop
Technologies). Purity was confirmed by SDS-PAGE and the protein was aliquoted and stored at -80°C.

Mass spectrometry

After streptavidin purification, beads were resuspended in 20 pl of Laemmli sample buffer (Biorad) and superna-
tants were loaded on a 4-12% gradient Criterion XT Bis-Tris precast gel (Biorad). The gel was fixed with 40% meth-
anol/10% acetic acid and then stained for 1 hr using colloidal Coomassie dye G-250 (Gel Code Blue Stain Reagent,
Thermo Scientific). After in-gel digestion, samples were resuspended in 10% formic acid (FA)/5% DMSO and ana-
lyzed using an Agilent 1290 Infinity (Agilent Technologies, CA) LC, operating in reverse-phase (C18) mode, coupled
to an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Peptides were loaded
onto a trap column (Reprosil C18, 3 pm, 2 ¢cm x 100 pm; Dr. Maisch) with solvent A (0.1% formic acid in water) at a
maximum pressure of 8oo bar and chromatographically separated over the analytical column (Zorbax SB-C18, 1.8
pm, 40 cm x 50 pm; Agilent) using 9o min linear gradient from 7-30% solvent B (0.1% formic acid in acetonitrile)
at a flow rate of 150 nL/min. The mass spectrometer was used in a data-dependent mode, which automatically
switched between MS and MS/MS. After a survey scan from 350-1500 m/z the 10 most abundant peptides were
subjected to HCD fragmentation. MS spectra were acquired in high-resolution mode (R > 30,000), whereas MSz
was in high-sensitivity mode (R > 15,000). Raw files were processed using Proteome Discoverer 1.4 (version 1.4.0.288,
Thermo Scientific, Bremen, Germany). The database search was performed using Mascot (version 2.4.1, Matrix Sci-
ence, UK) against a Swiss-Prot database (taxonomy human). Carbamidomethylation of cysteines was set as a fixed
modification and oxidation of methionine was set as a variable modification. Trypsin was specified as enzyme and
up to two miss cleavages were allowed. Data filtering was performed using percolator, resulting in 1% false discovery
rate (FDR). Additional filters were; search engine rank 1 peptides and ion score >20.

Size exclusion chromatography followed by multi-angle light scattering (SEC-MALS) experiments
SEC-MALS experiments were conducted in a buffer containing 10 mM Tris HCI, pH 7.5 supplemented with 150
mM NaCl at 20°C using a Superdex 200 10/300 analytical size exclusion chromatography column (GE Healthcare)
coupled to a miniDAWN TREOS light scattering and Optilab T-rEX refractive index detector (Wyatt Technology).
A volume of 30 pL of protein samples at 5 mg/mL was injected and data was analyzed with the software provided
by the manufacturer.

Isothermal titration calorimetry (ITC)

The proteins were dialyzed against a buffer containing 10 mM Tris HCl, pH 7.5, supplemented with 150 mM NaCl
overnight at 4°C. ITC experiments were conducted on an iTC200 instrument at 25°C, using an injection volume of 2.1
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uL at a reference power of 7 and stirring speed of 700 rpm. For probing the MAP7-KIF5B interaction, the MAP7 frag-
ment was used as titrant at a concentration 576 pM against the KIF5B fragment at 15 pM in the cell. The MAP7D3-
KIFs5B interaction was probed with 300 pM MAP7D3 fragment as titrant and 30 pM KIFsB fragment in the cell. The
resulting enthalpograms were integrated and fitted using the standard one-site-model of Origin (OriginLab).

In vitro reconstitution assays
MT seeds were prepared by incubating 20 pM porcine tubulin mix containing 70% unlabeled, 18% biotin-tubulin
and 12% rhodamine-tubulin with 1 mM guanylyl-(e,)-methylenediphosphonate (GMPCPP) at 37°C for 30 min.
Polymerized MTs were separated from the mix by centrifugation in an Airfuge at 119,000 g for 5 min. MTs were
subjected to one round of depolymerization and polymerization in 1 mM GMPCPP, and the final MT seeds were
stored in MRB8o buffer (8o mM K-PIPES pH 6.8,1 mM EGTA, 4 mM MgCl2) containing 10% glycerol. In vitro recon-
stitution assays were performed in flow chambers assembled from microscopy slides and plasma cleaned coverslips.
The chambers were treated with 0.2 mg/mL PLL-PEG-biotin (Surface Solutions, Switzerland) in MRB8o buffer for
5 min. After washing with the assay buffer, they were incubated with 1 mg/mL NeutrAvidin for 5 min. MT seeds
were attached to the biotin-NeutrAvidin links and incubated with 1 mg/mL k-casein. The in vitro reaction mixture
consisted of 20 pM tubulin, 50 mM KCl, 0.1% methylcellulose, 0.5 mg/mL k-casein, 1 mM GTP, oxygen scavenging
system (20 mM glucose, 200 pg/mL catalase, 400 pg/mL glucose-oxidase, 4 mM DTT), 2 mM ATP, 0.2 - 10 nM of
respective kinesin (concentrations were calculated for monomeric proteins) and MAP7 or MAP7D3 at indicated
concentrations. After centrifugation in an Airfuge for 5 min at 119,000 g, the reaction mixture was added to the
flow chamber containing the MT seeds and sealed with vacuum grease. The experiments were conducted at 30°C
and data were collected using TIRF microscopy. For some experiments without mCherry-labeled MAP7/MAP7D3,
the reaction mixture was composed of 19.5 pM tubulin supplemented with 0.5 uM rhodamine-labeleld tubulin. All
tubulin products were purchased from Cytoskeleton Inc.

For MT pelleting assays a reaction containing 37.5 pM porcine brain tubulin supplemented with 1 mM
GTP, 1 mM DTT and 20 pM Taxol in MRB80o was prepared at 300C for 30 min. The reaction was divided and supple-
mented with MRB8o buffer with or without mCherry-MAP7-Ct at a final tubulin concentration of 30 pM. Also a con-
trol without tubulin was included. Subsequently, all reactions were incubated for another 15 min at 30°C. Pelleting
was performed in an Airfuge at 119000 g with a pre-warmed rotor for 10 min. Supernatants were removed and pellets
were resuspended in MRB8o buffer on ice by regular pipetting for 40 min. All samples were supplemented with 4x
Laemmli sample buffer, boiled and analyzed by SDS-PAGE.

Image acquisition

Fixed cells were imaged with a Nikon Eclipse 8oi upright fluorescence microscope equipped with Plan Apo VC
N.A. 1.40 oil 100x and 60x objectives, or Nikon Eclipse Ni-E upright fluorescence microscope equipped with Plan
Apo Lambda 100x N.A. 1.45 oil and 60x N.A. 1.40 oil objectives microscopes, Chroma ET-BFP2, - GFP, -mCherry, or
-Cys filters and Photometrics CoolSNAP HQ2 CCD (Roper Scientific, Trenton, NJ) camera. The microscopes were
controlled by Nikon NIS Br software.

FRAP and LEXY optogenetic experiments were done using spinning disk microscopy, which was per-
formed on an inverted research microscope Eclipse Ti-E with the Perfect Focus System (Nikon), equipped with Plan
Apo VC 100x N.A. 1.40 and Plan Apo 60x N.A. 1.40 oil objectives, a Yokogawa CSU-X1-A1 confocal head with 405-
491-561 triple-band mirror and GFP, mCherry, and GFP/mCherry emission filters (Chroma), ASI motorized stage
MS-2000-XYZ with Piezo Top Plate (ASI), a Photometrics Evolve 512 electron-multiplying charge-coupled device
(CCD) camera (Photometrics), and controlled by MetaMorph 7.7 software (Molecular Devices). The microscope was
equipped with a custom-ordered illuminator (MEY10021; Nikon) modified by Roper Scientific France/PICT-IBiSA,
Institut Curie. Cobolt Calypso 491 nm (100 mW) and Cobolt Jive 561 nm (100 mW) lasers (Cobolt) were used as light
sources. To keep cells at 37°C, we used a stage top incubator (model INUBG2E-ZILCS; Tokai Hit).

All in vitro reconstitution assays were imaged on an inverted research microscope Nikon Eclipse Ti-E
(Nikon) with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100 x 1.49 N.A. oil ob-
jective (Nikon, Tokyo, Japan), Photometrics Evolve 512 EMCCD (Roper Scientific) and Photometrics CoolSNAP
HQz2 CCD (Roper Scientific) and controlled with MetaMorph 7.7 software (Molecular Devices, CA). The microscope
was equipped with TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut
Curie. For excitation lasers we used 491nm 100mW Stradus (Vortran), 561nm 100mW Jive (Cobolt) and 642nm
nomW Stradus (Vortran). We used an ET-GFP 49002 filter set (Chroma) for imaging of proteins tagged with GFP,
an ET-mCherry 49008 filter set (Chroma) for imaging X-Rhodamine labelled tubulin or mCherry-tagged proteins
and an ET-405/488/561/647 for imaging SNAP-Alexa647. For simultaneous imaging of green and red fluorescence
we used an Evolvesi12 EMCCD camera (Photometrics), ET-GFP/mCherry filter cube (59022, Chroma) together with
an Optosplit III beamsplitter (Cairn Research Ltd) equipped with double emission filter cube configured with
ETs525/50m, ET630/75m and T585lprx (Chroma). For simultaneous imaging of green, red and far-red fluorescence
we used an Evolvesi2 EMCCD camera (Photometrics), quad TIRF polychroic ZT405/488/561/640rpc (Chroma) and
quad laser emission filter ZET405/488/561/635m (Chroma), mounted in the metal cube (Chroma, 91032) together
with an Optosplit III beamsplitter (Cairn Research Ltd) equipped with triple emission filter cube configured with
ETs525/50m, ET630/75m, ET700/75m emission filters and T585lprx and T660lprx dichroic (Chroma). To keep in vitro
samples at 30°C, we used a stage top incubator (model INUBG2E-ZILCS; Tokai Hit).
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Image processing and analysis

Images and movies were processed using Image]. All images were modified by linear adjustments of brightness and
contrast. Maximum intensity projections were made using z projection. Kinesin velocities, run lengths and landing
frequencies were obtained from kymograph analysis, using Image] plugin KymoResliceWide v.0.4. https://github.
com/ekatrukha/KymoResliceWide; copy archived at https://github.com/elifesciences-publications/KymoReslice-
Wide). Kinesin runs < 0.5 s were included for landing frequency analysis but not analyzed for run length and veloc-
ity. Kinesins running on GMPCPP MT seeds were excluded from our analysis as much as possible. Kinesin runs >2.0
sec were analyzed for MAP7/MAP7D3 co-transport events.

For quantifying mitochondria in different HeLa cell knockdown/knockout conditions, we classified mi-
tochondria as “clustered” when ~ 80% of the cytochrome c signal was localized in a dense cluster around the nucle-
us, whereas all other localization patterns with more spread mitochondria were classified as “spread”. K560-GFP was
classified as localized on corner MTs when clear enrichment of fluorescent signal was seen at MT ends near the cell
periphery over MTs that are localized in between the boundary and the cell center.

Line scan analysis of MT localization of MAP7 linker truncations was performed on widefield images of
HeLa and COS7 cells overexpressing GFP-tagged constructs co-stained for a-tubulin. Average fluorescence inten-
sities were measured from 1-3 micron line scans along MTs stained for a-tubulin and an adjacent line 5 pixels away
from the same MT as a background intensity measurement. Next, the ratio was calculated by dividing fluorescent
intensity of the MT line scan by the fluorescent intensity of the control line scan at the same region. No enrichment
of the GFP-tagged construct on MTs would result in an intensity ratio of 1. Per condition, 30 MTs were analyzed form
10 cells (3 MTs per cell).

Imaging of MT plus ends with EB3-GFP as a marker was performed on a TIRF microscope. Imaging was

performed at 2 frames per s for 50 s. Per cell, approximately 10-30 EB3 comets were traced and average growth veloc-
ity/duration was calculated and analyzed per cell using SigmaPlot.
FRAP measurements were performed by bleaching a 10 x 10 um square region in a cytoplasmic region between the
nucleus and cell cortex followed by 8.5 min imaging with a frame interval of 3 s. Mean fluorescence intensities were
measured from a 4 x 4 pm square region within the original photobleached region to avoid analyzing non-bleached
MTs that could slide into the analyzed region. The mean intensity of this region was double corrected for back-
ground fluorescence and photobleaching (Phair et al., 2004).

Optogenetics experiments with blue light-inducible K560-LEXY kinesin were performed using spinning
disk microscopy. Prior to imaging, a round of MT disassembly was performed to promote nuclear import of K560-
LEXY by treating the cells with 10 uM nocodazole (Sigma-Aldrich) for 1 h at 37°C, followed by 1 h at 4°C, followed by
an extensive washout with pre-warmed medium to re-assemble MTs. Acquisitions were done with a frame interval of
5 sec after sequential exposure with green light 561 nm laser (to image kinesin) followed by blue light 491 nm laser (to
image MAPs and activate K560-LEXY simultaneously). Exposure times of ~ 1s per interval with the 491 nm laser were
sufficient to induce active export of LEXY-tagged motors from the nucleus. For measuring fluorescence intensity
changes at cell corners, a maximum intensity projection of the K560-LEXY channel over time was made using Im-
age], followed by Gaussian blurring and thresholding to select cell corners to analyze. Mean fluorescence values for
GFP-MAP7/MAP7D3 and K560-LEXY were obtained from the same cell corners over time, background subtracted
and normalized to the mean fluorescence in that region at t = o min. Changes in mean fluorescence intensity were
plotted per cell corner.

Single molecule intensity analysis

Single molecule fluorescence histograms of monomeric GFP (control) or kinesins moving on MT lattices were built
from acquisitions made on a TIRF microscope. To ensure identical imaging conditions, a single imaging slide (with
a plasma cleaned coverslip) was used containing two or three flow chambers to image GFP (control) and K560-GFP
(with or without MAP7 proteins) (Fig. S4C) or K370-GFP and K560-GFP (Fig. S5D). For purified GFP, the protein
was diluted in MRB8o and added to an imaging flow chambers; chambers were subsequently washed with MRB8o,
leaving a fraction of the GFP proteins immobilized on the coverslip. Protein dilution was optimized to provide imag-
es of approximately o0.01 fluorophores per pm?* for GFP control conditions. To estimate the number of GFP molecules
per kinesin, an in vitro reconstitution assay with K370-GFP or K560-GFP moving on MTs in the presence or absence
of MAP7 proteins was set up in the other flow chambers as described before. After sealing with vacuum grease to
prevent evaporation, samples were imaged at 30°C. For monomeric GFP, approximately 100 images were acquired
at different positions on the coverslip to avoid pre-bleaching. For moving kinesins, approximately 5-10 movies were
obtained where only the first 10 frames were analyzed to prevent analyzing partially photobleached motors. All ac-
quisitions were obtained under identical laser power, exposure time and TIRF angle. Image] plugin Comdet v.0.3.6.1
and DoM_Utrecht v.1.1.5 https://github.com/ekatrukha/DoM_Utrecht) were used for detection and fitting of single
molecule fluorescent spots as described previously (Yau et al., 2014). In short, individual spots were fitted with 2D
Gaussian, and the amplitude of the fitted Gaussian function was used as a measure of the fluorescence intensity
value of an individual spot. The histograms were fitted to lognormal distributions using GraphPad Prism 7.

Statistical analysis
Statistical significance was analyzed either using the Mann-Whitney U test or Student’s ¢ test, as indicated in figure
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legends. For the t test, data distribution was assumed to be normal, but this was not formally tested. Statistical
significance was determined using GraphPad Prism software (version 7.04). Fitting of run lengths with the sum
of two or three exponential decays was performed on the raw data using maximum likelihood estimation method
implemented in mle function of MATLAB R2oub (The MathWorks, Natick, 2om).

Online supplemental material

Video 1and 2 show HeLa cells transfected with K560-LEXY, GFP-MAP7 (Video 1) or GFP-MAP7D3 (Video 2). Expo-
sure with blue light induces nuclear export of K560-LEXY. Total video length is 4 min. Fig. S1 shows the analysis of
MT organization and dynamics in MAP7 depleted cells, the distribution of MAP7D3-Ct in HeLa cells, uncropped
images of the MT pelleting assay from Figure 2B and in vitro assays with mCherry-MAP7-Ct. Fig. S2 illustrates the
overexpression of GFP-tagged MAP7 linker constructs in COS7 cells and overexpressed Nt and Ct constructs of
MAP7, MAP7D1 and MAP7D3 together with K560-GFP in HeLa cells depleted of all three MAP7 proteins. Fig. S3
provides an overview of all purified proteins used in this study, the analysis of kinesin purification contaminants
and velocity parameters of full-length KIF5B. Fig. S4 and S5 include additional control conditions for the ITC ex-
periments, illustrate binding of MAP7 proteins to MTs in in vitro reconstitution assays as well as quantifications of
kinesin behavior from Fig. 5-9.
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Figure S1 - Effects of the depletion MAP7 family proteins on the MT network and characterization
of their MT binding domains (A-B) Control or MAP7 KO + siMAP7D1/D3 HelLa cells were stained for
a-tubulin and imaged on a wide field microscope (A) to quantify MT intensity per cell (B); n =123 cells (WT
+ siLuciferase) and n = 115 cells (MAP7 KO + siMAP7D1/D3) from three independent experiments, Student’s
t- test: P = 0.054. (C) Live cell imaging of EB3-GFP in control or MAP7 KO + siMAP7D1/D3 Hela cells on a
TIRF microscope. Color-coded maximum intensity projections, zooms of the white boxed area and illustra-
tive kymographs of growing EB3-GFP comets are shown per condition. (D, E) Quantification of EB3-GFP
dynamics: growth rate (D) and growth duration (E). n = 358 comets from 27 cells (WT + siLuciferase) and n =
289 comets from 27 cells (MAP7 KO + siMAP7D1/D3) from three independent experiments, Mann-Whitney
U test: (D) p = 0.078 and (E) p = 0.138. (F) Wide field images of overexpressed GFP-MAP7D3-Ct in MAP7
KO + siMAP7D1/D3 Hela cells stained with MitoTracker and DAPI to visualize mitochondria and nuclei.
(G) Unprocessed Coomassie blue-stained SDS-PAGE gel of the MT pelleting assay shown in Fig. 2B. Two
gels were loaded with different input quantities: 40 and 2.5% of total samples. The positions of tubulin and
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Figure S1 (continued) mCherry-MAP7-Ct truncation on the gel are indicated on the right. (H) Images
showing in vitro polymerized MTs, with HiLyte 488-labeled tubulin, Rhodamine-labeled MT seeds and
mCherry-MAP7-Ct. Images were obtained on a TIRF microscope. Rhodamine labeled GMPCPP-stabilized
MT seeds are indicated (red arrow). The mCherry-MAP7-Ct image (also showing MT seeds) is shown on the
right with linearly increased brightness/contrast (Image] software).
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Figure S2 - Kinesin-1 recruitment to MTs by the C-termini of MAP7 family proteins (A) COS7 cells
overexpressing indicated GFP-tagged MAP7 constructs co-stained for a-tubulin. Zooms are indicated with
red boxes. (B) Wide field images of MAP7 KO + siMAP7D1/D3 HelLa cells overexpressing K560-GFP with
mCherry-tagged MAP7-Nt and -Ct constructs. Enlargements of images indicated with a red squared box are
shown in the panel row below. A schematic and representative drawing of K560-GFP localization for each

condition is shown at the bottom.
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Figure S3 - Overview and analysis of purified proteins

(A) Proteins purified from HEK293T cells used in this study analyzed by SDS-PAGE. (B, C) Western blot
analysis of purified kinesins washed with low (0.3 M) or high-salt (1.5 M NaCl). Antibodies against GFP, KLC,
MAP7 and MAP7D3 were used, GFP serves as a loading control for both experiments. (D, E) Mass-Spectrom-
etry analysis of purified kinesins washed with low (0.3 M) or high-salt (1.5 M NaCl) buffer. (F) Proteins puri-
fied from E. coli used in this study analyzed by SDS-PAGE. (G) Histograms of full-length kinesin-1 velocities
in control conditions or in the presence of 20 nM MAP7 or MAP7D3. Red lines show fitting with Gaussian
distributions, mean values +SD are indicated in the plot; n = 71 (control), n = 542 (MAP7), n = 568 (MAP7D3),
from two or three independent experiments.
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Figure S4 - Velocities and oligomerization state of kinesin constructs in different conditions

(A) Images showing increasing concentrations of SNAP(Alexa647)-tagged MAP7 or MAP7D3 on dynamic
MTs in vitro. Images were obtained with identical laser power and exposure time on a TIRF microscope. Pan-
els on the right show replicate images from the left with linearly increased brightness/contrast (ImageJ soft-
ware).(B) Histograms of K560-GFP velocities in control conditions or in the presence of indicated proteins.
Red lines show fitting with Gaussian distributions, mean values with standard deviation are indicated in the
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Figure S4 (continued) plot, n = 241 (control), n = 351 (MAP7, 2 nM), n = 614 (MAP7, 5 nM), n = 361 (MAP7,
20 nM), n =257 (MAP7D3, 2nM), n = 436 (MAP7D3, 5 nM) and n = 303 (MAP7D3, 20 nM) from two inde-
pendent experiments. (C) Histograms of fluorescence intensities of single GFP molecules (immobilized on
coverslips) and K560-GFP moving on MTs with or without mCherry-MAP7D3-FL (purified from E. coli) in
two separate chambers on the same coverslip (dots) and the corresponding fits with lognormal distributions
(lines). n = 858 (GFP), n = 1640 (K560-GFP) and n = 4137 molecules (K560-GFP + mCherry-MAP7D3-FL);
fluorophore density was approximately 0.01 pum-2 for GFP and K560-GFP proteins were analyzed from 2-10
MTs per movie. Dashed lines show corresponding relative median values. (D) Representative kymographs of
11 mixed K560-GFP (green) and K560-SNAP(Alexa647) (magenta) moving on dynamic MTs with or without
mCherry-MAP7D3-FL (purified from E.coli). Maximum intensity projections show rhodamine-labeled MTs
(control) or mCherry-MAP7D3-FL labeled MTs in red. (E-G) Control ITC experiments of KIF5B, MAP7D3
and MAP7. Top panels: Enthalpograms of the respective titrations. Lower panel: Black dots represent the
integrated heat change.
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Figure S5 - Kinesin motility parameters
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Figure S5 (continued)

(A) Images showing increasing concentration of mCherry-tagged MAP7D3 full-length or Ct (purified from
E.coli) on dynamic MTs in vitro. Images were obtained with identical laser power and exposure time on a
TIRF microscope. Panels on the right show replicate images from the left with linearly increased brightness/
contrast (Image] software).(B) Histograms of K560-GFP velocities in the presence of indicated MAP7D3 pro-
teins (purified from E. coli). Red lines show fitting with Gaussian distributions; mean values with standard
deviation are indicated in the plot, n = 271 (MAP7D3-FL) and n = 209 (MAP7D3-Ct).(C) Quantification of
K560-GFP run length in control condition or in the presence of the indicated MAP7D3 proteins (purified
from E.coli). *** p<o.001, Mann-Whitney U test. n = 241 (control), n = 271 (MAP7D3-FL, 20 nM), n = 209
(MAP7D3-Ct, 20 nM). (D) Histograms of fluorescence intensities of K370-GFP and K560-GFP motors mov-
ing on MTs in two separate chambers on the same coverslip (dots) and the corresponding fits with lognormal
distributions (lines). n = 639 (K370-GFP) and n = 1337 molecules (K560-GFP); motor proteins were analyzed
from 2-10 MTs per movie. Dashed lines show corresponding relative median values. (E, H, K) Histograms of
kinesin velocities. Red lines show fitting with Gaussian distributions; mean values with standard deviation
are indicated in the plot, (E) n = 404 (control) and n = 648 (MAP7-Ct(mini)), (H) n = 804 (saK560) and n =
380 (saK560(A)), (K) n =723 (K370) and n = 241 (K560). (F, G, I, J, L, M) Kinesin run lengths were quantified
and are shown as a histogram distribution with a fitted exponential decay curve (red), with indicated rate
constants (tau) as a measure of mean run length (F, [, L) or with a bar graph (G, J, M) ** p <o.01, * p <0.05,
Mann-Whitney U test. n numbers correspond to those of the preceding panels showing kinesin velocities.
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Chapter 3

Abstract

Intracellular transport relies on different types of kinesins, but it is poorly understood which
kinesins are present on a particular cargo, what their specific roles are and whether they can
act simultaneously on the same cargo. Here, we show that Rab6-positive secretory vesicles
are transported from the Golgi apparatus to the cell periphery by kinesin-1 KIF5B and ki-
nesin-3 KIF13B, which determine the location of secretion events. KIF5B plays a dominant
role, whereas KIF13B helps Rab6 vesicles to reach freshly polymerized microtubule ends, to
which KIF5B binds poorly, likely because its cofactors, MAP7-family proteins, are slow in
populating these ends. Sub-pixel localization demonstrated that during microtubule plus-
end directed transport, both kinesins localize to the vesicle front and can be engaged on the
same vesicle. When vesicles reverse direction, KIF13B relocates to the middle of the vesicle,
while KIF5B shifts to the back, suggesting that KIF5B but not KIF13B undergoes a tug-of-war
with a minus-end directed motor.

Introduction

Intracellular transport is driven by the collective activity of multiple motors. Transport to-
wards microtubule (MT) plus ends depends on several kinesin families, whereas minus-end
directed movement in animal cells is mostly driven by cytoplasmic dynein (Akhmanova and
Hammer, 2010; Hirokawa and Tanaka, 2015). Different types of kinesins can participate in
transporting the same cargo, but for many cellular organelles it is currently unclear which
motors contribute to motility, what their specific roles are and whether different types of
motors can be engaged in transport simultaneously. Furthermore, a common feature of
many cellular cargoes is their bidirectional transport along MTs, and it is well established
that both kinesins and dynein can operate on the same cargo. Motors of opposite polarity
can engage in a tug-of-war, be switched on and off in a coordinated fashion or even depend
on each other for motility (Gross, 2004; Hancock, 2014; Welte, 2004). Distinguishing these
mechanisms requires the detection of motor activity on cellular cargo, which in many situ-
ations proved to be highly challenging.

Carriers of constitutive secretion represent a convenient and functionally impor-
tant cellular model to study intracellular transport. Members of the plus-end directed ki-
nesin-1 family (KIF5A/B/C) and kinesin-3 (KIF13A, KIF13B) have been implicated in the
transport of Golgi-derived carriers to the cell surface in different cell types (Astanina and
Jacob, 2010; Burgo et al., 2012; Jaulin et al., 2007; Nakagawa et al., 2000; Yamada et al., 2014).
In both constitutive and inducible secretion assays in mammalian cells, exocytotic carriers
positive for different exocytotic cargoes, such as NPY or temperature sensitive VSV-G, can
be readily labeled with the small GTPases Rab6 and Rab8 (Grigoriev et al., 2007; Grigor-
iev et al., 2011; Jasmin et al., 1992; Miserey-Lenkei et al., 2010; Wakana et al., 2012). Recent
work conclusively demonstrated that the majority of post-Golgi carriers, irrespective of the
marker used, are positive for Rab6, which appears to be a general regulator of post-Golgi se-
cretion and thus represents an excellent marker for secretory vesicles (Fourriere et al., 2019).
It was further shown that cytoplasmic dynein drives transport of Rab6-positive membranes
to MT minus ends, whereas kinesin-1 KIF5B and the kinesin-3 family members KIF1B and
KIF1C have been implicated in the plus-end directed motility (Grigoriev et al., 2007; Lee et
al., 2015; Matanis et al., 2002; Schlager et al., 2010; Schlager et al., 2014; Short et al., 2002;
Wanschers et al., 2008). Moreover, KIF1C was shown to interact with Rab6 directly (Lee et
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al., 2015). However, siRNA-mediated co-depletion of KIF5B, KIF1B and KIFiC was not suffi-
cient to block MT plus-end directed movement of Rab6 vesicles in HeLa cells (Schlager et
al., 2014), and it is thus possible that additional kinesins are involved. For example, it has
been proposed that the Golgi derived carriers named CARTS (carriers of the TGN to the cell
surface), which are labeled with Rab6, Rab8 and a protein cargo pancreatic adenocarcinoma
up-regulated factor (PAUF) are driven by the mitotic kinesin-5 family member KIFu1/Egs
(Ferenz et al., 2010; Wakana et al., 2012; Wakana et al., 2013), but the exact contribution of
this motor requires further clarification.

Another important question concerns the specific roles of different kinesins on
the same cargo. An increasing body of evidence suggests that different kinesins can pref-
erentially bind to specific MT tracks, and the presence of different kinesins on the same
cargo might thus help these cargos to navigate heterogeneous MT networks. For example,
kinesin-1 shows a strong preference for more stable MT populations enriched in acetylated
and detyrosinated tubulin, whereas kinesin-3 prefers dynamic, tyrosinated MTs (Cai et al.,
2009; Guardia et al., 2016; Konishi and Setou, 2009; Liao and Gundersen, 1998; Lipka et al.,
2016; Tas et al., 2017). These kinesins also require different MT-associated proteins (MAPs)
for their activity: kinesin-1 critically depends on MAP7 family proteins whereas the activity
of kinesin-3 is stimulated by doublecortin and doublecortin-like kinase (Chaudhary et al.,
2019; Hooikaas et al., 2019; Lipka et al., 2016; Liu et al., 2012; Metivier et al., 2019; Metzger et
al., 2012; Monroy et al., 2018; Pan et al., 2019). Whether and how the MAP-kinesin cross-talk
contributes to motor selectivity is currently unknown.

In addition to kinesin preferences for specific tracks, other differences in the prop-
erties of the motors can affect their collective behaviors. In vitro and cellular studies have
shown that kinesin-3 motors are faster than kinesin-1, but detach more easily from MTs, and
therefore, when the two motors are combined in vitro, kinesin-1 predominates (Arpag et al.,
2019; Arpag et al., 2014; Norris et al., 2014). In cells, the situation is more complex, because
the presence of MAPs and post-translational tubulin modifications can affect MT-motor
interaction and thus determine which motor will dominate (Gumy et al., 2017; Norris et al.,
2014). It was also proposed that in situations where kinesin-1 is dominant, kinesin-3 can en-
hance overall transport efficiency by preventing cargo detachment from MTs and helping to
navigate around obstacles (Arpag et al., 2019; Norris et al., 2014). Importantly, much of what
is known about motor preferences for specific tracks and the details of their individual and
collective properties is based on the observation of kinesin rigor mutants or kinesin frag-
ments, either unloaded or recruited to artificial cargo (Arpag et al., 2019; Arpag et al., 2014;
Guardia et al., 2016; Kapitein et al., 2010a; Norris et al., 2014; Tas et al., 2017), whereas much
less is known about the behavior of motors attached to endogenous cargo by their natural
adaptors.

Here, by using gene knockout and rescue experiments, we dissected the composi-
tion and behavior of the motor machinery responsible for the transport of secretory vesicles
from the Golgi complex to the cell surface. We showed that the transport of Rab6/PAUF ves-
icles to the cell periphery relies on kinesin-1 KIF5B and the kinesin-3 KIF13B. In the absence
of both kinesins, the efficiency of secretion was not perturbed, but exocytotic vesicles fused
with the plasma membrane close to the Golgi and not at the cell periphery. KIF5B plays a
dominant role in the secretory vesicle transport, and this transport is also strongly affected
by the depletion of its co-factors, MAP7 family members. MAP7 proteins are more abun-
dant on perinuclear MTs, likely because freshly polymerized MT ends, which are enriched
at the cell periphery, are populated by these MAPs with some delay. Accordingly, KIF5B
shows less activity on newly grown MT segments compared to the older MT lattices. In con-
trast, KIF13B can reach newly grown MT ends efficiently and contributes to the transport of
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Rab6 vesicles to these ends.

Rabé6 vesicle transport in kinesin knockout cells could be rescued by fluorescently
tagged versions of KIF5B and KIF13B. High-resolution imaging of these kinesins on moving
vesicles showed that when only one type of kinesin was present, it was enriched at the front
of a vesicle moving to the cell periphery. When the two kinesins were present on a vesicle
simultaneously, the faster KIF13B was located in front of the slower KIF5B. When vesicles
reversed direction, KIF13B re-located to the vesicle center, whereas KIF5B was positioned at
the back, suggesting that KIF5B but not KIF13B undergoes some mechanical competition
with dynein. Our work thus provides insight into the spatial regulation and function of
multimotor assemblies during bidirectional cargo transport.

Results

The Kinesin-3 KIF13B associates with Rab6-positive secretory vesicles

To image secretory carriers, we used the small GTPase Rab6, which was shown to be a highly
robust and ubiquitous marker of exocytotic vesicles (Fourriere et al., 2019; Grigoriev et al.,
2007). In non-neuronal cells, Rabé6 is represented by the Rab6A and Rab6A’ isoforms that
will be collectively called Rab6; in this study, the Rab6A isoform was used in all live imaging
experiments. While testing colocalization of Rab6 vesicles with different kinesins, we found
that KIF13B, as well as its motorless tail region, were abundantly present on Rab6-positive
vesicles in both fixed and live HeLa cells (Figure 1A-D). In contrast, its closest homologue
KIF13A displayed little binding to Rab6 vesicles (Figure 1C, Figure 1 - figure supplement 1A),
in line with previous work showing that KIF13A specifically binds to recycling endosomes by
associating with the Rabu family members RabuiA, RabuiB and Rabzs (Delevoye et al., 2014).
The kinesin-5 Egs5/KIFu has been previously implicated in the transport of the Golgi-de-
rived carriers named CARTS, which are also positive for Rab6 and Rab8 (Wakana et al., 2012;
Wakana et al., 2013). We analyzed the colocalization between the CARTS cargo protein,
PAUF-mRFP and Rab6 and found that they indeed colocalized both in fixed cells stained for
endogenous Rab6 (Figure 1 - figure supplement 1B), and also in live cells (Figure 1E). Only
a sub-population of Rab6-positive vesicles contained PAUF (~60% and 50% in fixed and
live cells, respectively) (Figure 1 - figure supplement 1B). This suggests that Rab6 vesicles
may serve multiple exocytotic routes, with PAUF utilizing one of these routes. In line with
this view, in secretion assays, less than 20% of PAUF vesicles contained the classic secretion
marker, the temperature-sensitive VSV-G (Wakana et al., 2012), while a high degree of colo-
calization of VSV-G and Rab6 has been observed (Grigoriev et al., 2007). Even though we
were able to confirm that PAUF-positive carriers are labeled with Rab6, we could not detect
any colocalization between Rab6 and GFP-Egs, both in fixed and in live cells (Figure 1 -
figure supplement 1C,D), in contrast with a previous report (Wakana et al., 2013). However,
PAUF colocalized with KIF13B, as 50.7 + 22.3 % of PAUF-mRFP-positive vesicles were labeled
with GFP-KIF13B (determined from 10 cells), and kymograph analysis of PAUF/Rab6-pos-
itive vesicles clearly showed that they move together (Figure 1F). These results support our
observation on KIF13B/Rab6-vesicle colocalization and show that KIF13B is involved in the
transport of secretory vesicles containing both PAUF and Rabé.

Analysis of vesicle fusion with the plasma membrane by total internal reflection
fluorescence microscopy (TIRFM) revealed that KIF13B persists on the vesicles until the
actual fusion event takes place and then disappears together with the Rab6 signal (Fig-
ure 1G). By performing fluorescence recovery after photobleaching (FRAP) experiments, we
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Figure 1 - KIF13B localizes to Rab6-positive secretory carriers
(A) Imaging of a GFP-KIF13B expressing HeLa cell stained for Rab6. The insets correspond to magnified
views of the boxed areas. (B) Signal intensity profile of GFP-KIF13B (green) and endogenous Rabé6 (red) along
the white line in panel A. (C) Quantification of the percentage of TagRFP-T labelled Rab6A vesicles colocaliz-
ing with GFP-KIF13B, GFP-KIF13B Amotor and GFP-KIF13A. n=14 (GFP-KIF13B, GFP-KIF13B Amotor) and n=5
cells (GFP-KIF13A). (D) Maximum intensity projections (300 consecutive frames, 100 ms interval) illustrat-
ing imaging of HeLa cells expressing GFP-KIF13B and TagRFP-T-Rab6A using TIRFM. Magnifications of the
boxed area and kymographs illustrating the movement of co-labeled vesicle are shown below. (E) Maximum
intensity projections with magnified views of the boxed areas illustrating TIRFM imaging of HeLa cells trans-
fected with GFP-Rab6A and PAUF-mRFP. (F) Kymographs illustrating the movement of vesicles labeled with
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Figure 1 (continued) and mcherry-Rab6A vesicles before and during fusion. 0.0 s corresponds to the sharp
increase of fluorescent signal associated with vesicle docking at the plasma membrane. (Bottom) Two ex-
amples showing the average fluorescence intensity of a single vesicle labelled with GFP-KIF13B and mCher-
ry-Rab6A plotted versus time. Vesicle appearance in the focal plane is indicated by an arrowhead. Arrow
points to the peaks of fluorescence intensity prior to vesicle fusion with the plasma membrane. An additional
example is shown. (H) (Top) TIRFM imaging combined with FRAP was performed in HeLa cells containing
exocytotic vesicles labeled for GFP-Rab6A and mCherry-KIF13B. The mCherry signal was photobleached
(frames labeled FRAP) on moving vesicles labelled with GFP-Rab6A. Arrows indicate the same vesicle over
time. Kymographs are shown to illustrate the absence of fluorescence recovery of mCherry-KIF13B on the ves-
icle. (Bottom) Quantification of the signal intensity of mCherry-KIF13B (red) on moving GFP-Rab6A vesicle
(green) over time after FRAP. n=6 vesicles in 4 cells. (I) Scheme of the GFP-KIF13B deletion constructs used
in this study. The constructs were transfected in HeLa cells and colocalization with TagRFP-T-Rab6A-positive
vesicles was determined by live cell imaging. The amino acid positions in KIF13B are indicated. MD, motor
domain; FHA, forkhead-associated domain, MBS, MAGUK binding stalk; DUF, domain of unknown func-
tion; CC, coiled coil. (J) Live images of HeLa cells expressing TagRFP-T-Rab6A and the indicated GFP-KIF13B
deletion construct using TIRF microscopy.

observed that GFP-KIF13B does not exchange on exocytotic vesicles (Figure 1H), similar to
what we have previously observed for Rab6 and Rab8 (Grigoriev et al., 2007; Grigoriev et al.,
2011). Our data indicate that the motor is stably bound to the vesicles, and its detachment is
not required prior for vesicle fusion with the plasma membrane.

Next, we mapped the region of KIF13B responsible for the binding to Rab6 vesicles
by testing the ability of KIF13B deletion mutants to associate with Rab6 vesicles in live cells.
KIF13B contains an N-terminal motor domain (MD), a forkhead-associated (FHA) domain,
several predicted coiled-coil regions (CC), a MAGUK binding stalk (MBS), two predicted
domains of unknown function (DUF3694) and a C-terminal cytoskeleton-associated pro-
tein-glycine-rich (CAP-Gly) domain. The MBS and a region containing a coiled-coil and the
DUF3694 domains were necessary and sufficient for the binding to Rab6 vesicles, whereas
the CAP-Gly domain and the motor domain were dispensable for the binding (Figure 1L,]).
Together, our results show that kinesin-3 KIF13B robustly and specifically interacts with
PAUF/Rab6-positive exocytotic vesicles.

KIF5B and KIF13B are the main drivers of Rab6 vesicle transport in HeLa cells

To critically test the role of different kinesins in the transport of secretory vesicles, we used
CRISPR/Casg technology to knock out kinesin-encoding genes in HeLa cells. We generated
gene knockout cell lines lacking KIFsB, KIF13B, KIF5B and KIF13B together (KIF5B/KIF13B-
KO), or KIFsB, KIF13B, KIF1B and KIF1C (4X-KO), and observed that the silencing of these
kinesin genes led to the loss of the respective proteins (Figure 2A). All obtained cell lines
were viable and showed no proliferation defects. For kinesin-1 KIF5B knockout, these data
are in line with previous genetic inactivation work in mice, which showed that although
the mouse is embryonically lethal, extraembryonic cells are viable (Tanaka et al., 1998).
Different kinesin knockout cells could spread normally as formation of focal adhesions was
not perturbed, though the total cell area showed some variability between different cell
lines, possibly due to clonal effects (Figure 2 - figure supplement 1A,B). The microtubule
cytoskeleton was somewhat less focused around the microtubule-organizing center in all
cells lacking KIF5B, whereas the staining for EB1 comets appeared normal (Figure 2 - fig-
ure supplement 1A). Endosomes showed increased perinuclear clustering, particularly in
the 4X-KO cells, and their number appeared reduced in this cell line, although we cannot
exclude that this effect was due to the fact that strongly clustered endosomes are more diffi-
cult to count (Figure 2 - figure supplement 1A,C). Furthermore, mitochondria were shifted
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towards the perinuclear region in all cell lines lacking KIF5B (Figure 2 - figure supplement
1 A,D), as described previously (Hooikaas et al., 2019; Tanaka et al., 1998). Altogether, we
generated a robust cellular system to study the individual contribution of several kinesin
motors to intracellular transport.

To quantify the effects of kinesin knockouts on Rab6 vesicle motility, we performed
automated vesicle tracking using an improved version of a particle tracking algorithm de-
scribed previously (Yao et al., 2017) (Figure 2B). Trajectories of individual Rab6 vesicles
consisted of alternating periods of diffusive “jiggling” movement and persistent direction-
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Figure 2 - Transport of Rab6 vesicles in HeLa cells is driven by KIF5B and KIF13B

(A) Western blots of HeLa cell extracts showing the knockout of the different kinesins, using the indicated
antibodies. Ku8o antibody was used as loading control. KIF13B-KO clone #1, KIF5B-KO clone #1, KIF5B/
KIF13B-KO clone #1 and 4X-KO clone #2 have been used in latter experiments. (B) A maximum intensity
projection over 500 frames (100 ms exposure with no delays) illustrating mCherry-Rab6A vesicle movement
imaged by TIRFM and automated tracking using the SOS/MTrack] plugin of mCherry-Rab6A labeled vesi-
cles in the same HeLa cells. (C,E) Examples of automatic tracking of mCherry-Rab6A labeled vesicles using
the SOS/MTrack] plugin in the indicated knockout HeLa cells (C), or in 4X-KO cells expressing the indicated
kinesins. (D) Analysis of the number of vesicle runs in the conditions depicted in (C). n=29, 27, 30, 27, 22
and 21 cells, respectively, in 3 independent experiments. Mann-Whitney U test: ***p=0.0001; **p=0.0015; s,
no significant difference. (F) Analysis of the number of vesicle runs in the conditions depicted in (E). n=40,
30, 30, 30, 30 and 30 cells in 3 independent experiments for each condition except for Egs (2 independent
experiments). Mann-Whitney U test: ****p<o0.0001; ns, no significant difference.

8l




Chapter 3

al motion, which we attributed to the active transport along MTs. From complete vesicle
tracks we extracted the segments of directional movement (here termed “runs”) using the
velocity vector as a directional correlation measure as described previously (Katrukha et al.,
2017). We compared the average numbers of vesicle runs, which report on active displace-
ment along MTs, in control and in the different knockout cell lines (Figure 2C,D; Figure
2 - figure supplement 2A). In KIF13B-KO cells, the number of vesicle runs was very similar
to control. Since some compensatory changes could have occurred during cell line selection
of the clonal line, we also included in the analysis the population of cells that were used
for KIF13B-KO clone selection (KIF13B-KO mixed population). These cells were transfected
with a vector co-expressing a puromycin resistance gene, the single guide RNA sequence
specific for KIF13B and Casg, subjected to puromycin selection for 2 days and left to recover
for 5 days before analysis (Figure 2A; “KIF13B KO mixed”). Also these cells did not show a
major reduction in the number of runs, similar to KIF13B knockout clones (Figure 2C,D).
In contrast, a very strong reduction in the number of runs was observed in the KIF5B-KO
cells. Interestingly, the double knockout of KIF5B and KIF13B (KIF5B/KIF13B-KO) had a
synergistic effect, as the number of Rabé6 vesicle runs was reduced compared to the single
KIF5B-KO (Figure 2C,D). These results indicate that both kinesins cooperate in the trans-
port of Rabé6 vesicles, with KIF5B being the major player. This is also in line with our previ-
ous observations showing that siRNA-mediated depletion of KIF5B had a strong impact on
the post-Golgi transport of Rab6 vesicles (Grigoriev et al., 2007). The 4X-KO cells did not
show a stronger reduction in the number of runs compared to the double KIF5B/KIF13B-KO
(Figure 2C,D, Figure 2 - figure supplement 2A), suggesting that KIFiB and KIF1C are not
sufficient for Rab6 vesicle transport.

Next, we performed rescue experiments using the 4X-KO cells. We re-expressed
in these cells KIF5B, KIF13B, a combination of KIF1B and KIF1C, or Egs/KIFu, and analyz-
ed Rab6 vesicle motility. Expression of KIF5B restored the number of vesicle runs to val-
ues similar to control, and the same was observed when KIF13B was re-expressed (Figure
2E, F). It has been previously shown that the knockdown of kinesin-1 heavy chain reduces
the levels of kinesin light chains (KLC) (Zhou et al., 2018). Using immunofluorescence cell
staining and Western blotting, we confirmed this observation (Figure 2 - figure supplement
2B). KLC levels were restored by transiently re-expressing GFP-KIF5B in the KIF5B-KO line
(Figure 2 - figure supplement 2C).

Interestingly, simultaneous re-expression of KIF1B and KIF1C did not rescue Rab6
vesicle motility in 4X-KO cells (Figure 2E,F). Importantly, these kinesins were functional,
as their expression could rescue the localization of Rabui-positive endosomes: compared to
control cells, the distribution of Rabu carriers was strongly shifted towards the Golgi area
in the 4X-KO cells, and this phenotype was reversed upon simultaneous re-expression of
KIF1B and KIF1C (Figure 2 - figure supplement 2D). Furthermore, expression of Egs in the
4X-KO did not restore vesicle movement (Figure 2E,F), consistent with our observations
that Egs does not localize to Rab6-positive vesicles (Figure 1 - figure supplement 1C,D). In
agreement with these data, the number of vesicle runs was not affected by siRNA-mediated
depletion of Egs (Figure 2 - figure supplement 2E,F). Together, these data indicate that Egs
and KIF1B/1C make no major contribution to the motility of Rab6 vesicles, whereas KIF5B
and KIF13B are the main drivers of this process in HeLa cells.

KIF5B and KIF13B have different velocities and set the speed range of Rab6 vesicles
Next, we used automated vesicle tracking to examine how the presence of KIF5B and KIF13B
affects different parameters of vesicle movement. Vesicle speeds obtained from the auto-
mated analysis were very similar to those determined manually from the analysis of kymo-
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graphs drawn along Rab6-positive tracks, as we described previously (Grigoriev et al., 2007;
Schlager et al., 2014) (Figure 3 - figure supplement 1A). Taking this approach, we examined
the speed of the residual vesicle movements in different knockout cell lines. While the aver-
age Rabé vesicle speed in KIF13B-KO cell clones and the mixed KIF13B-KO population was
mildly but significantly reduced compared to control, the few Rab6 vesicles that still moved
in the KIF5B-KO, KIF5B/KIF13B-KO and 4X-KO cells displayed speeds much higher than
those in control cells, an effect that was particularly obvious when speeds of all individual
tracks rather than average velocities per cell were plotted (Figure 3A,B; Figure 2 - figure
supplement 2A). Interestingly, we observed the appearance of vesicles moving with speeds
exceeding 3 pm/s, which were very rare in control cells but could be readily detected in
KIF5B-KO, KIF5B/KIF13B-KO and 4X-KO cells (Figure 3B, Figure 3 - figure supplement 1B).
The residual, faster movements of Rab6 vesicles in cells lacking KIF5B and KIF13B could be
driven by another kinesin or by dynein, as our previous work has shown that dynein-de-
pendent Rab6 vesicle movements can occur with velocities of 2-4 pm/s (Schlager et al., 2014;
Splinter et al., 2012). We also analyzed other parameters of Rab6 vesicle motility, namely the
duration and length of individual vesicle runs. We found that run duration was relatively
constant in all conditions (Figure 3 - figure supplement 1B). Loss of KIF13B had no signif-
icant impact on run length, indicating that this motor does not significantly contribute to
the processivity of vesicle movement driven by KIF5B. Interestingly, the residual runs ob-
served in the absence of KIF5B were significantly longer than those in control cells (Figure
3 - figure supplement 1B), possibly reflecting the strong sensitivity of this motor to obstacles
(Telley et al., 2009).

We next analyzed the distribution of Rab6 vesicle speeds in more detail, focusing
on the conditions where the number of vesicle movements was reasonably high (4X-KO
cells and their rescues with KIFiB/C and Egs were not included in this analysis because
the overall number of Rab6 vesicle movements in these cells was too low to fit speed dis-
tributions in a reliable manner). If only one motor were involved in vesicle movement, one
Gaussian curve would be expected to fit the data. However, in most cases, the distributions
of vesicle speeds matched much better the sum of two Gaussians (Figure 3 - figure supple-
ment 1C, Figure 3C, D), indicating that there are at least two populations of vesicles with
different average speeds per run. In control, there is a slower vesicle population with speed
1.20 + 0.26 um/sec (average + SD), and a faster one with a value of 1.71 £ 0.49 pum/s (average
+ SD) (Figure 3 - figure supplement 1C, Figure 3C,D). The fraction of higher speed runs
was reduced in the clonal and mixed KIF13B-KO cells, while it was increased in the KIF5B-
KO and KIF13B rescue of 4X-KO (Figure 3C,D, Figure 3 - figure supplement 1C). The speed
distributions were quite similar in KIF13B-KO cells and in 4X-KO cells rescued with KIF5B
(Figure 3C, second plot), in line with idea that KIF5B is the major motor on both cases.

In contrast, Rab6 vesicles in 4X-KO cells rescued by expressing KIF13B moved sig-
nificantly faster than those in cells rescued with KIF5B (Figure 3C,D, Figure 3 - figure sup-
plement 1C). It is important to emphasize that in cells rescued by expressing either KIF5B or
KIF13B, vesicle tracks were distributed throughout the whole cytoplasm (Figure 2E). Thus,
the observed speed difference could not be explained by differences in cell regions where the
movement took place, such as cell thickness or interference with other organelles. However,
the observed difference in vesicle speeds can be explained by previous observations show-
ing that KIF13B is a faster motor compared to KIF5B (Arpag et al., 2014; Norris et al., 2014).
Indeed, single-molecule imaging of dimeric motor-containing fragments lacking the cargo
binding tails, KIF13B-380-LZ and KIF5B-560, in 4X-KO cells confirmed that KIF13B moves
significantly faster than KIF5B (Figure 3E). To show that this difference is also observed
when these kinesins are linked to cargo, we next used the FRB-FKBP chemical dimeriza-
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Figure 3 - KIF5B and KIF13B have distinct speeds

(A) Analysis of the mean speed of automatically tracked mCherry-Rab6A-positive vesicles per cell in the in-
dicated conditions. n=29, 27, 30, 27, 22, 21, 30, 30, 30 and 30 cells, respectively, in 2 independent experiments
for Egs and 3 independent experiments in all other conditions. Unpaired t-test: ****p<0.0001; ***p=0.0002;
*p<0.025, ns, no significant difference. (B) Violin plots showing the speed of individual automatically
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Figure 3 (continued) tracked mCherry-Rab6A-positive vesicles in the indicated conditions. Doted lines
represent the mean. n=29, 27, 30, 27, 22, 21, 30, 30, 30 and 30 cells, respectively, in 2 independent experi-
ments for Egs and 3 independent experiments in all other conditions. Same data as shown in Figure 3A, but
displayed here for individual vesicle runs rather than averaged per cell. Mann-Whitney U test: ****p<o.0001;
***p=0.0002; **p=0.0064. (C) Combinations of sums of two Gaussian fits to the distribution of Rab6 vesicles
run speeds for the indicated conditions (see Figure 3 - figure supplement 1C). (D) Parameters of “slow” (light
grey) and “fast” (dark grey) Gaussians components from fits in Figure 3 - figure supplement 1C. Crosses
correspond to the mean value and error bars to the standard deviation of fitted Gaussians. The area of the
circles corresponds to the fraction of runs associated with “slow” and “fast” components, i.e. represents the
area under the curve of each Gaussian (total sum of areas for each condition is the same). n=7099 runs
in 29 cells, 6682 runs in 27 cells, 8192 runs in 30 cells, 1772 runs in 27 cells, 7616 runs in 30 cells and 5651
runs in 30 cells, respectively. (E) Speed of kinesin-positive particles imaged with TIRF microscopy in 4X-
KO HelLa cells expressing KIF5B-560-GFP (n=30 cells, 3 experiments) or KIF13B-380-LZ-GFP (n=22 cells, 2
experiments). (F) A scheme of inducible peroxisome trafficking assay performed by the rapalog-dependent
recruitment of FRB-tagged KIF5B(1-807) or KIF13B(1-444) to FKBP-tagged PEX3, a peroxisome protein. (G)
Kymographs illustrating peroxisome movements in cells transfected with the indicated FRB-tagged KIF-
5B(1-807):KIF13B(1-444) plasmid ratios. (H) MRCs cells were co-transfected with PEX3-mRFP-FKBP and the
indicated ratios of FRB-tagged KIF5B and KIF13B plasmids mentioned in (F) simultaneously, while the total
amount of DNA was kept constant. Peroxisomes were imaged by TIRF or SD microscopy and their speeds
were measured at 10-40 min after rapalog addition. n=15, 15, 15, 15 and 20 cells, respectively in 3 experiments
(Kif13B alone - in 4 experiments).

tion system in combination with rapalog (an analog of rapamycin) to trigger the binding
of KIF5B(1-807)-GFP-FRB and/or KIF13B(1-444)-GFP-FRB motor-containing fragments to
peroxisomes, which are relatively immobile organelles (Kapitein et al., 2010b; Splinter et
al., 2012)(Figure 3F-H). We used different ratios of KIF5B and KIF13B-expressing plasmids
as a way to manipulate the relative motor abundance on peroxisomes and observed that
peroxisome speed increased when the KIF5B:KIF13B plasmid ratio decreased (Figure 3G,H),
similar to what we described previously for KIF5B and KIF1A (Gumy et al., 2017). Kymo-
graphs of peroxisome movements showed that when the two kinesins were co-expressed,
intermediate velocities were observed, suggesting simultaneous engagement or very rapid
switching between the two types of motors (Figure 3G). This behavior is different from
that previously described for the kinesin-1/kinesin-3 motor pairs connected by a stiff linker,
where typically only one of the two kinesins was engaged at a given moment (Norris et al.,
2014). Interestingly, a significant excess of KIF13B-encoding plasmid was needed to shift
peroxisome speeds to highervalues (Figure 3G,H), in agreement with in vitro gliding assays,
which indicated that the slower kinesin-1 predominated when combined with kinesin-3 ata
11 molar ratio (Arpag et al., 2014).

Next, we imaged fluorescent fusions of the full length KIF5B and KIF13B in 4X-KO
cells. The expression of GFP-tagged kinesins in combination with mCherry-Rab6A in 4X-
KO allowed us to directly determine the speeds of vesicles driven by a particular motor and
also to estimate the number of kinesins present on the vesicles in our rescue experiments
(Figure 4A-D). By manually measuring the speeds of mCherry-Rab6A labeled vesicles
decorated with either GFP-KIF13B or KIF5B-GFP in 4X-KO cells, we again confirmed that
KIF13B is the faster motor (Figure 4C,D). To determine the number of motors present on a
vesicle, we used KIF5B-560-GFP, a dimeric KIF5B fragment that lacks the tail and therefore
does not bind to cargo, as a fluorescence intensity standard (Figure 4A). We observed that
approximately 1-2 dimers of KIF5B-GFP and 3-5 dimers of KIF13B-GFP could be detected
on the vesicles (Figure 4A,B). Since these experiments were performed with overexpressed
full-length kinesins, these data suggest that the maximum number of KIF5B binding sites

85




Chapter 3

A Single frame * Scaled equally B
KIF5B-560 Kinesin Rab6 Kinesin Rab6
N e 7 *
£ i T KIF5B-560 KIF5B-FL KIF13B-FL
= o 815.9 = 437.6 1151.1 = 862.3 2565.5 = 1931.1
2 o 6 6 6
=] [ 5 5 5
£ 4 4 ! 4 4
o3 ! 3 3
< = 24l 2 2
S
i 2 e ! ! : skl
ES e 0 0 0 L1
Er?_ Q % 01000 3000 5000 7000 01000 3000 5000 7000 01000 3000 5000 7000
§ % E A Average intensity (a.u.)  Average intensity (a.u.) Average intensity (a.u.)
€13 um 3um
fo] = —
=
GFP-KIF13B KIF5B-GFP -
< £
s 2
& a
<3 7]
g H
S 3
= g
2 %
x
<
E F
___KIF5B-GFP
N =
-]
5]
x
o
w
o
o
o
[} <
o &
£ 2
< €
<
¢g g
5o %
15 E
23
@
gB8c
esE
N
§ 6s
o —_
. Q)
== €
=
& a
] +
& °
< %

mCherry-
KIF13B

0
P AP
Xq\\? X*\? X%:\(\L\?a%

4X-KO

Rab6
KIF5B
KIF13B

Figure 4 - KIF5B and KIF13B colocalize on moving vesicles

(A) Live TIRFM imaging of 4X-KO cells expressing either KIF5B-560-GFP alone or mCherry-Rab6A together
with the full-length (FL) KIF5B-GFP or GFP-KIF13B. A single frame and a maximum intensity projection of a
KIF5B-560-GFP movie is shown on the left, and single frames illustrating the localization of KIF5B-FL-GFP
and GFP-KIF13B-FL on mCherry-Rab6A-labeled vesicles is shown on the right. Insets show enlargement of
boxed areas. (B) Histograms showing the frequency distributions of the average intensity of the indicated
kinesin constructs in 4X-KO cells; for KIF5B-FL-GFP and GFP-KIF13B-FL, only the signal colocalizing with
Rabé6 vesicles were quantified. n=660 in 17 cells, 320 in 24 cells and 495 in 19 cells in 2 independent experi-
ments (KIF5B-560) and 3 independent experiments (KIF5B-FL and KIF13B-FL). Dashed lines mark intensity
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Figure 4 (continued) of 1, 2, 3, 4 and 5 kinesin molecules estimated from the average value of KIF5B-560
distribution. (C-D) 4X-KO HeLa cells expressing mCherry-Rab6A together with GFP-KIF13B-FL or KIF5B-
FL-GFP were imaged using TIRFM. Kymographs illustrating the movement of Rab6 vesicles positive for
KIF13B or KIF5B were drawn and used to manually measure the velocity of each motor. n=30 and 28 cells in
three independent experiments. Mann-Whitney U test: ***p<o.001. (E) Live confocal imaging of 4X-KO cells
co-expressing TagBFP-Rab6, full-length KIF5B-GFP and full-length mCherry-KIF13B. Kymographs of two
different moving vesicles and corresponding consecutive single frames (1 and 2) are shown to illustrate the
simultaneous localization of KIF5B-GFP and mCherry-KIF13B on moving TagBFP-Rab6-positive vesicles. (F)
A kymograph illustrating the movement of a particle co-labeled with KIF5B-GFP and mCherry-KIF13B and
expressed in a 4X-KO HelLa cell. (G) Automated analysis of speeds of Rabé vesicles colocalized with indicat-
ed full length kinesins in 4X-KO HeLa cells expressing either KIF5B-GFP and mCherry-KIF13B alone, or the
condition where two kinesins colocalize together. Same data and analysis as in Figure 5G,H. Dots show aver-
age speed per cell, bars represent mean and SD. n=82, 79 and 89 cells, same as in Figure 5G,H. Mann-Whitney
U test: ****p<0.0001; ***p=0.0006.

on Rabé6 vesicle is lower than that of KIF13B. However, it is likely that in the endogenous
situation the KIF13B abundance is low and the KIF13B binding sites are not saturated. This
would explain why overexpressed but not endogenous KIF13B can rescue Rab6 vesicle mo-
tility in the absence of KIF5B. This would also explain why Rab6 vesicle speed distributions
in KIF5B-KO cells and 4X-KO cells rescued with KIF13B differ: in 4X-KO cells rescued with
KIF13B this motor predominates, while in KIF5B-KO cells, the population of vesicles moving
with the speed characteristic of KIF13B is relatively small, whereas the other residual move-
ments in these cells are driven by even faster motors such as dynein (Figure 3C,D, Figure
3 - figure supplement 1C).

Finally, we co-expressed KIF5B-GFP and mCherry-KIF13B together and found that
they could be present simultaneously on the same Rab6-positive vesicle (Figure 4E,F). We
developed an algorithm to automatically detect movements of two colocalized markers (see
next section and Materials and Methods) and used it to measure vesicle speeds. In cells
where the two kinesins were expressed separately, this analysis showed that KIF5B-GFP and
mCherry-Rab6A-positive vesicles moved slower than the GFP-KIF13B-positive ones, where-
as in co-expressing cells, the particles that contained both motors had speeds that were
intermediate between those of KIF5B and KIF13B (Figure. 4F,G), in agreement with the data
on the recruitment of these two motors to peroxisomes (Figure 3H).

KIF5B and KIF13B are differently distributed on moving Rab6 vesicles

We next set out to test whether the distribution of the motors on moving cargo correlates
with the movement direction and therefore can be used to infer motor activity. We reasoned
that the motors linked to the lipid bilayer will redistribute to the front of the vesicle if they
are pulling it, will localize at the rear of the vesicle if they generate a hindering force or
will display no shift if they are not engaged. We co-expressed GFP-KIF13B or KIF5B-GFP
together with mCherry-Rab6A in 4X-KO HeLa cells and imaged vesicle motility using TIR-
FM (Figure 5A,B). PAUF-mRFP, in combination with GFP-Rab6A, was used as a control of
localization of a vesicle marker lacking motor activity. The positions of the centers of two
fluorescent signals on each vesicle were determined with sub-pixel localization precision
using 2D Gaussian fitting. The alignment of the two fluorescent channels and the sub-pixel
correction of chromatic aberrations were performed using a calibration photomask (Figure
5 — figure supplement 1A). Vesicle and motor trajectories (Figure 5C) were separated into
phases of directed and random movement (Figure 5D,E), and only the periods of colocal-
ized directional runs were used for further analysis. To describe the relative positions of the
fluorescent markers during movement, we determined the projection of the vector I be-
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Figure 5 - Kinesins exhibit distinct distributions on Rab6 vesicles

(A) A representative example of maximum intensity projection (400 consecutive frames, 100 ms interval) of
4X-KO HelLa cells expressing mCherry-Rab6A and GFP-KIF13B to visualize events of Rab6-vesicle movement.
Chromatic aberration of the red channel (mCherry-Rab6A) was corrected based on calibration, as illustrated
in Figure 5 - figure supplement 1A. (B) A kymograph from the movie shown in (A) illustrating the movement
of a mCherry-Rab6A-labeled vesicle positive for GFP-KIF13B. (C) Automatically extracted trajectories of
mCherry-Rab6A- and GFP-KIF13B-positive particles (detected independently) from the movie shown in (A).
(D) Segmentation of trajectories into periods of random and directed motion. (Left) An example of Rab6
vesicle trajectory with color-coded time. (Middle) Definition of directional movements: Movement was clas-
sified as directional when a cosine of the angle 8 between two consecutive velocity vectors (t3-t2 and t2-t1)
was larger than 0.6. (Right) Final segmentation result with directional (red) and random (blue) periods of
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Figure 5 (continued) movement. (E) Directional segments of the tracks shown in (C), with colocalizing
tracks labeled in yellow. (F) Schematics of the parameters used to characterize the distribution of two mark-
ers on the same vesicle. The projected distance d is calculated as a projection of distance between the centers
of motor and cargo fluorescent signals (1) onto the axis defined by the instant velocity vector (v) of the cargo.
The angle o is defined as the angle between the distance and velocity vectors. (G,H) The averaged histograms
of the instantaneous projected distance (G) and the angle a (H) for GFP-KIF13B (black), KIF5B-GFP (red)
with respect to FKBP-mCherry-Rab6A, PAUF-mRFP with respect to GFP-Rab6A (purple) and for KIF5B-GFP
with respect to mCherry-KIF13B (green). Each dot and bar represent the average and SEM over several inde-
pendent experiments, each including 8-20 cells. KIF13B (N=6 independent experiments, 82 cells, 11333 runs,
55129 time points), KIF5B (N=6, 79 cells, 2826 runs, 10023 time points), KIF5B and KIF13B (N=7, 89 cells, 1558
runs, 4371 time points) and PAUF (N=2, 20 cells, 5807 runs, 21359 time points). (I) Plots of projected dis-
tance between Rab6A and KIF13B (left) or KIF5B (right) signals against speed for four different vesicles/runs
(two different vesicles with distinct maximum projected distances, likely reflecting different vesicle sizes, are
shown for each kinesin). (J,K) Histograms of the distance between the indicated markers (J) and Rab6A area
(K) averaged per run and pooled together for all experiments. Same statistics as in (G,H). (L) Extraction of
opposite polarity runs from Rab6 vesicle trajectories. On the left, an example of a trajectory with color coded
time; on the right, the same trajectory where the color denotes movement characteristics, directed (red) or
random (blue). For each processive segment (run) the average direction of the velocity vector (dashed ar-
rows) and average projected distance value (di) are calculated. Within one trajectory, the algorithm searches
for all possible pair combination and keeps only those where the average movement direction is opposite.
Within each pair a run with the higher average projected displacement is assigned to be the “forward” run
and the other one the “backward” run. (M) Instantaneous (per frame) projected displacements for pairs of
opposite runs, average + SEM for the denoted conditions. The data are the same as in (G-K); for KIF13B, 664
opposite run pairs found, 3262 forward and 3122 backward time points; for KIF5B, 83 run pairs, 289 forward
and 274 backward time points.

tween the two signals on the axis defined by vesicle’s velocity vector and termed it projected
distance d (Figure sF). This value is positive if a marker is at the front of a moving vesicle
and negative if it is at the back. As expected, the projected distances between Rab6 and
PAUF were symmetrically distributed around zero (Figure 5G). In contrast, the projected
distances between KIF5B or KIF13B and Rab6 were strongly skewed towards positive values,
with a median value of 76 and 56 nm, respectively (Figure 5G). The angles between the line
connecting the centers of the two fluorescent signals (the distance vector) and the velocity
vector (angle «, Figure 5F) were distributed randomly when the positions of Rab6 and PAUF
were analyzed. In contrast, in the case of Rab6 and the two kinesins, the angles close to
zero predominated, as can be expected if the kinesins were accumulating at the front of the
moving vesicles (Figure 5H).

Analysis of individual vesicles showed that the maximal projected distance be-
tween Rab6 and KIF5B or KIF13B signals observed for a given vesicle varied from a few tens
of nanometers to ~500 nm (Figure s5l), as expected given that vesicles can have different
sizes. Since the average projected distances between KIF13B and Rab6 signals were smaller
than those between KIF5B and Rab6 signals (Figure 5G), it appears that smaller vesicles
are generated when the 4X-KO cells are rescued with KIF13B compared to KIF5B. This ob-
servation was confirmed when we measured absolute distances between Rab6 and other
markers without projecting them on the velocity direction (Figure s5J).Importantly, vesicles
detected by imaging PAUF and Rab6 , without overexpressing any motors, were in the same
size range as those found in 4X-KO cells rescued with KIF5B, whereas vesicles in 4X-KO
cells rescued with KIF13B were smaller (Figure 5J). In addition, more vesicles with larger
areas were observed when 4X-KO cells were rescued with KIF5B compared to KIF13B (Figure
5K). These data suggest that KIF5B, which is normally the main motor transporting Rab6
vesicles, is important for controlling vesicle size, a function that cannot be compensated
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by KIF13B, possibly because it performs less well under hindering load (Arpag et al., 2019;
Arpag et al., 2014). We could not detect any dependence of the distance between Rab6 and
the kinesins on vesicle speed (Figure 51; Figure 5 - figure supplement 1B).

Next, we compared the distribution of KIF5B-GFP and mCherry-KIF13B when they
were colocalized on the same moving particle (Figure 5G,H, green line). Interestingly, in
this situation, KIF5B was shifted to the rear compared to KIF13B, which would be consistent
with the idea that KIF5B, which is slower and has a lower detachment probability under load
(Arpag et al., 2019; Arpag et al., 2014), exerts a drag force, whereas the faster KIF13B accu-
mulates at the front of the vesicle. This is consistent with the fact that the average speeds of
particles bearing both motors are slower than those transported by kinesin KIF13B alone,
but faster than those moved by KIF5B (Figure 4G).

As the large majority of Rab6 vesicles are transported towards cell periphery and
thus MT plus ends, we assumed that most of the displacements we analyzed represent ki-
nesin-driven runs. However, there is a small fraction of Rab6 vesicles that are transported to
the MT minus-ends by dynein (Grigoriev et al., 2007; Matanis et al., 2002) and, therefore, we
next analyzed in more detail the behavior of kinesins on vesicles moving in the minus-end
direction. To identify such runs, we automatically selected trajectories where a vesicle un-
derwent a clear and acute switch of direction, and split such tracks into pairs of runs (for
example, run1 and runz or run2 and run3) where average movement direction was opposite
(Figure 5L and Methods). We then calculated the projected distance d between the kine-
sin and Rab6 signals for each directional run within the run pair. The run with the higher
projected distance d was assigned as the forward run, and the other run as the backward
run (Figure 51,M). The projected distance between kinesins and Rab6 in the forward runs
was positive, as expected, and similar to that observed in the full dataset shown in Figure
5G, where the tracks were not selected for the presence of opposite polarity runs. Interest-
ingly, for the backward runs, the average displacement was close to zero for KIF13B (~ 3.5
nm) and was slightly negative (~ - 34.1 nm) for KIF5B (Figure 5M). These data suggest that
when a vesicle switches to dynein-driven motility, KIF13B does not undergo any tug-of-war
with dynein, whereas KIF5B might be exerting some hindering force. These data would be
consistent with the observations that a kinesin-3 is readily detached under force while kine-
sin-1 is more resistant to force (Arpag et al., 2019; Arpag et al., 2014). Overall, our sub-pixel
localization analysis suggests that both kinesins can actively engage on the vesicle when it
moves towards MT plus end, but only KIF5B can oppose dynein.

Kinesin-driven Rabé6 vesicle transport spatially regulates secretion in mammalian
cells

We next analyzed the functional importance of kinesin-mediated transport for secretion in
HelLa cells. Previous work showed that partial depletion of KIF5B did not have a major effect
on the overall secretion of neuropeptide Y (NPY), a soluble cargo present in Rab6 vesicles
(Grigoriev et al., 2007). Now that we have established a system (the 4X-KO line) where Rab6
vesicle motility was dramatically suppressed, we reassessed the impact of kinesin-based
transport of post-Golgi vesicles on the secretion levels. We took advantage of the retention
using selective hooks (RUSH) system (Boncompain et al., 2012) to synchronize secretion.
The interaction of SBP-GFP-E-Cadherin with streptavidin-KDEL (Hook) allows for the re-
tention of E-Cadherin-GFP at the ER and its subsequent release for transport towards to
the Golgi apparatus and the plasma membrane upon biotin addition (Figure 6A). We per-
formed the RUSH assay by overexpressing SBP-GFP-E-Cadherin and streptavidin-KDEL in
control or 4X-KO HelLa cells, and induced secretion by adding biotin. We performed live
imaging and observed similar E-Cadherin accumulation at the plasma membrane in both
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conditions (Figure 6B). To quantify this, we specifically labelled surface-exposed E-Cadher-
in using a primary GFP/secondary Alexa641-conjugated antibody pair and used flow cytom-
etry to analyze the intensity of the surface staining of E-Cadherin (Alexa641) against its total
expression (GFP) (Figure 6 - figure supplement 1). One hour after the addition of biotin, the
surface staining of GFP in 4X-KO cells was similar to that in control cells (Figure 6C, Figure
6 - figure supplement 1). To confirm these results, we used a different version of the RUSH
system and analyzed the synchronized secretion of soluble-GFP upon biotin addition (Fig-
ure 6A). Similarly, control or 4X-KO HeLa cells expressing soluble GFP-SBP and streptavi-
din-KDEL were treated with biotin and analyzed by flow cytometry. We did not observe any
difference in the secretion of soluble GFP two hours after biotin addition (Figure 6D).

We also used TIRFM to investigate the spatial distribution of exocytosis sites using
NPY-GFP, a soluble Rab6 vesicle cargo. Events of NPY-GFP exocytosis are characterized by a
burst of fluorescence followed by rapid signal disappearance (Grigoriev et al., 2007) (Figure
6E). We did not observe significant differences in the number of exocytotic events in the
4X-KO compared to control cells (Figure 6F). However, whereas in control cells these events
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Figure 6 - Kinesins control the spatial distribution but not the efficiency of exocytosis
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Figure 6 (continued) (A) A scheme depicting the RUSH assay used in this study. The interaction of SBP-
GFP-E-Cadherin or soluble-GFP-SBP with streptavidin-KDEL (Hook) allows for the retention of E-Cadher-
in-GFP or soluble-GFP in the ER and their release for transport to the Golgi and the plasma membrane
(PM) upon the addition of biotin, which competes with SBP for streptavidin binding. (B,C) RUSH assay was
performed by expressing SBP-GFP-E-Cadherin and streptavidin-KDEL from the same bicistronic expression
plasmid in control or 4X-KO HeLa cells. Cells were treated with biotin and imaged using time-lapse spin-
ning-disk confocal microscopy (B, GFP-E-Cadherin signal) or subjected to surface staining with anti-GFP
antibody to specifically label plasma membrane-exposed E-Cadherin followed by flow cytometry analysis
(C). Plot shows the fold change of Alexa641 mean intensity (surface staining) in E-Cadherin expressing cells
before and after biotin addition (1 h). n=4 independent experiments. Mann-Whitney U test: ns, no signifi-
cant difference. (D) Control or 4X-KO HeLa cells expressing soluble-GFP-SBP and streptavidin-KDEL were
treated with biotin and analyzed by flow cytometry to quantify the fold change of GFP mean intensity after
biotin addition. n=4 independent experiments. Mann-Whitney U test: ns, no significant difference. (E,F)
TIRF microscopy was used to visualize and analyze exocytosis events in control or 4X-KO HeLa cells express-
ing NPY-GFP. Exocytotic events, defined by a fast burst of fluorescence followed by the disappearance of the
signal were visually identified, confirmed by kymograph analysis and counted per cell and per surface area
and per duration of movie (50s) (F) n=20 cells in 2 independent experiments. Mann-Whitney U test: ns, no
significant difference. Individual time frames in (E) illustrate representative exocytotic events; their localiza-
tion is indicated by white arrows, and the corresponding kymographs are shown. (G) Analysis of the spatial
distribution of the NPY exocytotic events shown in (E). Schematized positions of NPY exocytosis events (red
circles) compared to the position of the Golgi (blue) are shown on the left (sum of 20 cells) and frequency
distributions of the distance between the center of the Golgi and the sites of exocytosis in control and 4X-KO
HeLa cells are shown on the right. n=109 and 93 tracks from 20 cells in 2 independent experiments.

were distributed along the entire radius of the cell, with many events at the cell periphery,
in 4X-KO cells exocytotic events were restricted to the vicinity of the Golgi (Figure 6G).
Kinesin-driven Rab6-vesicle transport is thus not essential for secretion efficiency, but it is
required for the correct spatial distribution of exocytotic events.

Combination of KIF5B and KIF13B allows Rab6 vesicles to reach growing MT plus
ends

Next, we set out to investigate the spatial regulation of the activity of the kinesins associ-
ated with Rabé6 vesicles. Previous work has shown that KIF5B depends on the members
of MAP7 family for its activation (Hooikaas et al., 2019; Metzger et al., 2012; Monroy et al.,
2018; Pan et al., 2019), while kinesin-3 is inhibited by MAP7 (Monroy et al., 2018; Monroy et
al., 2020). We used a previously described MAP7-KO HelLa cell line either alone or in com-
bination with siRNAs against MAP7D1 and MAP7D3 to inhibit the expression of all three
MAP7 homologues expressed in HeLa cells (Hooikaas et al., 2019) (Figure 7A). The number
of Rabé vesicle runs was not significantly affected in MAP7-KO cells, but it was significantly
reduced in cells lacking all MAP7 proteins (Figure 7B,C). These results are similar to those
observed in KIF5B-KO cells (Figure 2C,D). The speed of Rab6 vesicle movement was simi-
lar in control and MAP7-KO cells, but increased in cells lacking all MAP7 proteins (Figure
7D), consistent with the results obtained in KIF5B-KO cells (Figure 3A-D; Figure 3 - figure
supplement 1B,C).

Simultaneous labeling of MTs with antibodies against o-tubulin and MAP7,
MAP7D1 or MAP7D3 showed that the MAP7/tubulin intensity ratio decreases along the cell
radius (Figure 8A). We reasoned that MAP7 enrichment may contribute to the activation of
KIF5B in the central part of the cell, and, given the fact that KIF5B is a slower motor com-
pared to KIF13B, this would result in slower velocity of Rabé6 vesicle transport close to the
Golgi compared to the cell periphery. Indeed, the increase of Rab6 vesicle velocity observed
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Figure 7 - MAP7 family proteins are required for the transport of Rabé vesicles

(A) Western blot analysis of the extracts of control or MAP7 knockout (MAP7-KO) HeLa cells or MAP7-KO
cells transfected with siRNAs against MAPD1 and MAP7D3 (MAP7-KO+MAP7D1/3-KO) with the indicat-
ed antibodies. (B-D) GFP-Rab6A was expressed and imaged using TIRFM in Hela cells described in (A).
Automatic tracking using the SOS/MTrack] plugin (500 consecutive frames, 100 ms interval) of the Rab6A
signal (B), number of Rab6 vesicle runs per cell, n=20 cells in 2 experiment in each condition (C) and the
frequency distributions of Rabé vesicle speeds after automatic tracking annotated with the mean + SD (D)
are shown. n=5038, 4056 and 2366 tracks from 20 cells in 2 independent experiments. Mann-Whitney U test:
***p=0.0002, ns, no significant difference.

in cells lacking MAP7 proteins was more pronounced in the center of the cell compared to
the cell periphery (Figure 8B). Furthermore, the absence of KIF13B, the faster motor, led to a
decrease in Rab6 vesicle speed at the cell margin (Figure 8B), where the contribution of this
motor would be expected to be more substantial.

The gradient of MAP7 protein distribution along the cell radius could be caused
by MT dynamics: freshly polymerized MT segments are enriched at the cell periphery, and
they can be expected to be less populated by MAP7 proteins if MAP7 binding to MTs is rela-
tively slow. Indeed, live cell imaging showed that MAP7 displays a delay in binding to freshly
grown, EB3-positive MT ends (Figure 8C,D). Also KIF5B followed this localization pattern:
the dimeric motor fragment KIF5B-560 was significantly less abundant on EB3-positive MT
ends compared to older, EB3-negative MT lattices (Figure 8E,F). In contrast, the motor-do-
main containing fragment of KIF13B, KIF13B-380, was enriched at the growing MT ends
(Figure 8G,H). Based on these results, we hypothesized that in the absence of KIF13B, Rab6
vesicles will be less efficient in reaching the newly grown, EB3 positive MT ends and found
that this was indeed the case (Figure 81,]). This effect was obvious in KIF13B mixed KO
but was less apparent in the clonal KIF13B cell lines, possibly because some compensatory
changes have occurred during clone selection. Altogether, our results suggest that the com-
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bined action of KIF5B and KIF13B allows Rab6 vesicles to efficiently navigate different MT
populations. MAP7 proteins contribute to the spatial regulation of exocytotic vesicle trans-
port by promoting the activation of KIF5B and possibly by inhibiting KIF13B on older MTs.
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Figure 8 - KIF13B promotes Rab6 vesicle transport to freshly polymerized MT ends

(A) Staining of HeLa cells for endogenous MAP7, MAP7D1 or MAP7D3 together with a-tubulin and quan-
tification of the relative enrichment of MAP7 signal intensity over the tubulin signal calculated and plotted
against the distance from the cell center. n= 50, 48 and 42 cells, respectively, from 4 independent experi-
ments. (B) Automatic tracking of GFP-Rab6A or mCherry-Rab6A labeled vesicles was performed on data
obtained by TIRFM imaging in control, KIF13B-KO or MAP7-KO+MAP7D1/3-KD HelLa cells. Tracking results
were analyzed using the SAID plugin of MTrack] as described in the Methods to extract the velocity of the
Rab6 runs in relation to their distance from the Golgi. n= 49, 47, 30 and 4o cells, respectively, in 5, 5, 3 and
4 independent experiments. Mann-Whitney U test: **p=0.0079, *p<0.032, ns, no significant difference. (C,
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E, G) Kymographs illustrating the dynamics of a MT labeled with EB3-mRFP together with MAP7-GFP (C),
KIF5B-560-GFP (E) or KIF13B-380-LZ-GFP (G) imaged using TIRFM. (D, F, H) Quantification of the average
intensity of MAP7-GFP (D), KIF5B-560-GFP (F) and KIF13B-380-LZ-GFP (H) on old (further than 3 um from
plus end) and new (within 2 pm from plus end) MT segments visualized with EB3-mRFP (mean = SD). D:
n=109 (14 cells in 2 independent experiments) and n=47 (14 cells in 2 experiments). F: n=u15 (19 cells in 2
independent experiments) and n=71 (19 cells in 2 experiments). H: n=24 (15 cells in 3 experiment) and n=24
(15 cells in 3 experiment). Mann-Whitney U test: ***p<0.0001, ns, no significant difference. (I) Maximum
intensity projections (500 consecutive frames, 100 ms interval) of control or KIF13B-KO mixed HeLa cells ex-
pressing mCherry-Rab6A and EB3-GFP. Magnified views of the boxed areas are shown on the right. Colors in
the merged images were inverted for display purposes. (J) Quantification of the percentage of EB3-GFP-posi-
tive MT segments colocalizing with mCherry-Rab6A vesicles. Measuring has been performed in MetaMorph
software using Measure Co-localization option on Threshold images. n=24 and 30 cells, respectively, in 3
independent experiments. Mann-Whitney U test: ***p<0.0003.

Discussion

In this study, we have dissected kinesin-driven transport of Rab6-positive secretory carri-
ers and the behavior of kinesins on these carriers. We showed that in HeLa cells, kinesin-1
KIF5B and kinesin-3 KIF13B are the main motors driving secretory vesicle motility. Rab6
vesicle transport was profoundly perturbed in a knockout cell line (4X-KO) lacking KIFsB,
KIF13B, KIF1B and KIF1C and could be restored by re-expression of KIF5B and KIF13B but
not KIF1B or KIF1C. KIF5B is the predominant motor driving Rab6 vesicle motility in HeLa
cells: its knockout impairs vesicle movement much stronger than that of KIF13B, and the
average speed of Rab6 vesicle movement in control cells is more similar to that of KIF5B
than of KIF13B. This is likely due to the relatively low abundance of KIF13B in HeLa cells,
because when overexpressed, KIF13B alone can restore Rab6 vesicle motility, in line with
the previous studies showing that KIF13B and its Drosophila counterpart, Kinesin-73, are
super-processive kinesins that can drive long-distance cargo transport (Huckaba et al., 2011;
Siddiqui and Straube, 2017; Soppina et al., 2014). Efficient rescue of Rab6 vesicle movement
with KIF13B in 4X-KO cells suggests that defective motility of Rab6 vesicles is due to the lack
of motors attached to these vesicles rather than indirect effects caused the lack of KIF5B and
its impact on MTs or other organelles.

Rabé6 represents a robust marker of a broad variety of post-Golgi carriers (Fourriere et al.,
2019; Grigoriev et al., 2007). Such vesicles are likely to be heterogeneous, and the composi-
tion of motors controlling their motility is expected to be cell type-specific. Indeed, our pre-
vious work established the involvement of KIF1A/B/C family in the transport of Rab6-pos-
itive carriers in neurons and Vero cells (Gumy et al., 2017; Schlager et al., 2010). Kinesin
recruitment to the vesicles depends on the expression of specific adaptor proteins. KIF5B
was recently shown to be bound to different membranes including Rab6 vesicles by the
Dopey1-Mon2 complex, which functions as a lipid-regulated cargo-adaptor (Mahajan et al.,
2019). KIF1C was shown to interact with Rab6-positive membranes directly (Lee et al., 2015)
and also by associating with a cell-specific adaptor protein BICDR-1, which is absent from
HeLa cells (Schlager et al., 2010). How KIF13B is recruited to Rab6 vesicles is currently un-
clear. Interestingly, our experiments with overexpression of fluorescently tagged kinesins in
4X-KO cells indicate that the number of KIF5B binding sites on a Rab6 vesicle is more limit-
ed than that for KIF13B, suggesting that the two kinesins use different adaptors. It is possible
that the adaptor complexes for KIF5B and KIF13B on Rab6 vesicles have some overlapping
components, similar to lysosomes, where the BORC/Arl8 complex recruits KIF5B through
the interaction with SKIP and KLC and binds to kinesin-3 KIF1A/B directly, through the in-
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teraction with the coiled-coil domains of the motors (Guardia et al., 2016). However, spatial
segregation of KIF5B and KIF13B present on the same vesicles (see below) suggests that they
are not part of the same molecular complex.

Performing rescue experiments in kinesin knockout cells allowed us to generate cells where
all kinesins driving Rab6 vesicle transport were fluorescently labeled, thus enabling us to
study their distribution on cargo. We found that when expressed separately in 4X-KO cells,
both KIF5B and KIF13B localized at the front of moving vesicles; however, when the two mo-
tors were co-expressed, KIF5B tended to be positioned behind KIF13B on moving particles.
This can be explained by the distinct speeds of kinesin-1 and kinesin-3, described in previ-
ous studies (Arpag et al., 2014; Guedes-Dias et al., 2019; Soppina et al., 2014) and confirmed
here: KIF13B, being a faster motor, relocates to the front of the vesicle, while KIF5B, being
slower, stays behind. The higher resistance of KIF5B to detachment under load, which is
thought to be the main determinant of motor behavior in a mixture of motors (Arpag et al.,
2014), also likely contributes to this distribution. The reported interaction between KIF5B
and the dynein adaptor BICDz2 (Grigoriev et al., 2007) or some additional interactions be-
tween KIF5B and the dynein-dynactin complex could in principle control the localization
of this kinesin on the vesicle. Importantly, we find that KIF5B tends to move to the rear of
the vesicle when it switches directions and is presumably driven to MT minus ends by cyto-
plasmic dynein. These data are incompatible with the idea that KIF5B and dynein are part
of the same protein complexes on secretory vesicles. Our data further suggest that KIF5B,
which is attached to the vesicles independently of dynein, is engaged when dynein is driving
transport towards the minus ends, and this could also be explained by KIF5B’s resistance
to hindering load. Thus, unlike KIF13B, which detaches under hindering load, KIF5B can
engage in a tug-of-war with the dynein motor.

The generation of 4X-KO cells also allowed us to critically test the functional importance of
kinesin-mediated transport for constitutive secretion. In line with previous work showing
that drug-mediated MT disassembly does not block post-Golgi trafficking (Fourriere et al.,
2016; Hirschberg et al., 1998; Rindler et al., 1987; Rogalski et al., 1984; Van De Moortele et
al., 1993), we found that the efficiency of secretion was normal is cells lacking four kinesins.
Previous work suggested that kinesin-1 contributes to the generation of Rab6 vesicles by
pulling membrane tubules before their fission from the Golgi apparatus (Miserey-Lenkei et
al., 2010). While our data indicate that such contribution is not essential for the formation
of secretory carriers, we did find that Rab6 vesicles generated in the presence of KIF13B
alone were smaller than those formed when KIF5B was also expressed. As indicated above,
KIF5B detaches less readily under load than KIF13B (Arpag et al., 2019; Arpag et al., 2014),
and could be more efficient in pulling out a longer membrane tube before its fission.

An obvious function of kinesins in secretory vesicle transport, confirmed by our work, is
the control of the spatial distribution of exocytosis events. In HeLa cells, Rab6 vesicles
preferentially fuse with the plasma membrane at the cell periphery in the vicinity of focal
adhesions (Fourriere et al., 2019; Grigoriev et al., 2007; Stehbens et al., 2014). Exocytosis
preferentially occurs at the sites where dynamic MT plus ends are attached to the cell cortex
by the complex of CLASPs, LL53, KANK1 and ELKS, which together with MICAL3 regulates
vesicle fusion (Grigoriev et al., 2011; Lansbergen et al., 2006). Such spatial organization can
contribute to cell migration by directing secretion of new membrane and extracellular ma-
trix proteins to the leading edge of the cell and also by controlling focal adhesion turnover
(Schmoranzer et al., 2000; Stehbens et al., 2014).

Our data suggest that KIF13B, being a minor player in Rab6 vesicle transport in HeLa cells,
likely due to its low abundance, nevertheless makes some contribution to the spatial organ-
ization of exocytosis by bringing the vesicles to the tips of dynamic MTs. Cargo unloading
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at dynamic MT ends could be a general property of kinesin-3 family members, as it was also
recently proposed for KIF1A (Guedes-Dias et al., 2019). KIF5B, which strongly dominates
Rab6 vesicle transport, is in contrast restricted to the older, more stable MT population (Cai
et al., 2009; Guardia et al., 2016; Tas et al., 2017). The underlying mechanisms of kinesin-1
selectivity are complex, and might involve the ability of the motor to regulate the properties
of the tracks on which it walks (Shima et al., 2018). Importantly, KIF5B shows a very strong
dependence on MAP7 family members, which control both kinesin recruitment to the MT
and its activation (Hooikaas et al., 2019; Metzger et al., 2012; Monroy et al., 2018; Pan et al.,
2019). MAP7 and its homologues are more abundant on older MTs, apparently because of
their slow association with growing MTs. In COS7 cells, where MTs are more dynamic than
in HeLa cells studied here, overexpressed GFP-MAP7 was reported to form a sharp bound-
ary along the MT shaft, associated with the end of the stable MT segment (Tymanskyj and
Ma, 2019). It can be expected that in cells with highly dynamic MTs, Rab6 transport to MT
plus ends will be more dependent on kinesin-3 family members.

To summarize, our work demonstrated how the cooperation of two different kinesins pro-
motes efficient cargo transport along complex MT networks. Furthermore, our study shows
that direct visualization of motors on moving cargo, which in future work could be extend-
ed to cargo adaptors, provides insight into the motor activity and can be used to study the
relationships between different players during bi-directional multimotor MT-dependent
transport.

Methods

Constructs, antibodies and reagents
GFP-Rab6A construct (Matanis et al., 2002), GFP-Egs (Jiang et al., 2012), pRactin-PEX3-mRFP and KIF5B(1-807)-
GFP-FRB (Kapitein et al., 2010b), GFP-Rabu1 (Hoogenraad et al., 2010), NPY-GFP (Schlager et al., 2010), KIF13B(1-
444)-GFP-FRB (Lipka et al., 2016), KIF13A-GFP (Schou et al., 2017) and FKBP-mCherry-Rab6A (Schlager et al., 2014)
were described previously. The addition of FKBP to the N-terminus of mCherry in the mCherry-Rab6 fusion had no
detectable effect on the behavior of this marker (Schlager et al., 2014), and it is termed mCherry-Rab6A throughout
the paper. GFP-KIF13B was a gift from Dr. Athar Chishti (University of Illinois College of Medicine, Chicago, USA)
and used as a template for GFP-KIF13B deletion constructs prepared by PCR-based strategy. PCR products were sub-
cloned in pEGFP expression vectors (Clontech). KIF13B was amplified by PCR from GFP-KIF13B and inserted into a
Bio-mCherry-Ci vector to make mCherry-KIF13B. Expression constructs for KIF5B, KIF1B and KIF1C were obtained
by inserting the corresponding human ¢DNA (image clone 8991997 and KIAA1448 and KIAAo706 cDNAs, a gift
from Kazusa DNA Research Institute Foundation (Kikuno et al., 2004)) into pPactin-GFP vector (KIF5B) or pEGFP
vector (Clontech) with excised GFP (KIF1B and KIF1C) by PCR-based strategies.

PAUF-mRFP (Wakana et al., 2012) was a gift from Dr. Vivek Malhotra (Centre for Genomic Regulation,
Barcelona, Spain), TagRFP-T-Rab6A a gift from Dr. Yuko Mimori-Kiyosue (RIKEN Center for Developmental Biol-
ogy, Japan) and streptavidin-KDEL-SBP-GFP-E-Cadherin and streptavidin-KDEL-solubleGFP-SBP (Boncompain et
al., 2012) were a gift from Dr. Franck Perez (Institut Curie, Paris, France).

The following antibodies were used in this study: mouse monoclonal antibodies against Rab6 (Schiedel et al.,
1995) and Ku8o (BD Biosciences, Cat#61360, RRID:AB_398882), mouse polyclonal antibody against MAP7 (Ab-
nova, Cat#H00009053-Bo1P, RRID:AB_10714227), rabbit polyclonal antibodies against KIF1B (Bethyl, Cat#A3o01-
055A, RRID:AB_2131416), KIFiC (Cytoskeleton, Cat# AKINu-A, RRID:AB_10708792), KIF5B/UKHC (Santa Cruz
Biothnology, Cat# SC28538, clone Hs0, RRID:AB_2280915), Egs (Abcam, Cat#ab619g, RRID:AB_g941397), KLC-1
(Santa Cruz Biotechnology, Cat# sc25735, clone H7s, RRID:AB_2280879), MAP7D1, (Atlas Antibodies, Cat#
HPA028075, RRID:AB_10603778), MAP7D3 (Atlas Antibodies, Cat# HPA035598, RRID:AB_10671108) and GFP (Ab-
cam, Cat# ab2go, RRID:AB_303395), and rat monoclonal antibody against a-tubulin YL1/2 (Abcam, Cat#ab6160,
RRID:AB_305328). The anti-KIF13B polyclonal antibody was produced by immunizing rabbits with a purified GST-
KIF13B protein (amino acids 1096-1143) expressed in BL21 E. coli using the pGEX-5X-3 vector (GE Healthcare). The
antiserum was affinity purified using the antigen coupled to Dyna M-280 Streptavidin beads (Life Technologies).
For immunofluorescence and flow cytometry experiments we used Alexa488-, Alexa568- and Alexa-641
conjugated goat secondary antibodies (Invitrogen/Molecular probes). For Western blotting we used IRDye 680LT
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and 800CW goat anti-mouse and anti-rabbit antibodies (Li-Cor Biosciences).
Thymidine and biotin were from Sigma-Aldrich and rapalog was from Clontech.

Cell culture and treatment

HeLa (Kyoto) and MRC5 cell lines were cultured in DMEM/Ham’s Fio medium (50/50%) supplemented with 10%
fetal calf serum, penicillin and streptomycin and were routinely checked for mycoplasma contamination (LTo7-518
Mycoalert assay, Lonza).

Plasmid transfection was performed using FuGENE 6 (Promega) according to the manufacturers’ protocol 24 hours
before experiments whereas HiPerfect (Qiagen) reagent was used for transfecting 10 nM siRNA per target 72 hours
before experiments. The siRNAs used in this study were synthesized by Sigma and were directed against the follow-
ing sequences:

Control/Luciferase: 5-CGTACGCGGAATACTTCGA-3’
Egs: 5-GAGCCCAGATCAACCTTTA3
MAP7D1: 5-TCATGAAGAGGACTCGGAA-3’
MAP7D3: 5-AACCTACATTCGTCTACTGAT-3’

For Egs-related experiments, HeLa cells were treated with 2mM thymidine 12 hours after transfection (with control
and Egs siRNA) until the end of the experiment.

HeLa knockout lines were generated using the CRISPR/Casg method (Ran et al., 2013) by transfecting pSpCasg-2A-
Puro (Addgene) vectors containing the following targeting sequences for gRNAs:

KIF13B: 5 TGCGGATACGACCCATGAAC-3’
KIFsB: 5-CCGATCAAATGCATAAGGCT-3
KIF1B: 5-GCTGGTCTCTCGAGAATTGA-3
KIF1C: 5-GCTGGTCTCACGGGCGTTAA-3
MAP7: 5-CGCCCTGCCTCTGCAATTTC-3

One day after transfection, cells were treated with 2 pg/ml puromycin for 2 days and allowed to recover for 5 days.
Selected cells were then diluted in 96-wells plates for growing single cell colonies that were tested by Western blot-
ting. Alternatively, the polyclonal population obtained right after puromycin selection and recovery was tested by
Western blotting, aliquots were frozen and used within 2 months after thawing (KO mixed population).
For RUSH assays (Boncompain et al., 2012), 24 hours after transfection with Streptavidin-KDEL-SBP-GFP-E-Cad-
herin and Streptavidin-KDEL-solubleGFP-SBP, HeLa cells were treated with 40 pM biotin for synchronization of
secretion before live imaging or flow cytometry analysis.

For inducible peroxisome trafficking assay (Kapitein et al., 2010b), MRC5 cells were treated with 100 nM
rapalog for kinesin recruitment before live imaging, which was performed ~10-40 min later .

Western blotting

Extracts of HeLa cells were prepared in RIPA buffer (10 mM Tris-HCI pH 8, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 0.1% SDS, protease inhibitor cocktail (Complete - Sigma)). SDS-PAGE and Western blot analysis
were performed according to standard procedures and developed with the Odyssey Infrared Imaging system (Li-Cor
Biosciences).

Immunofluorescence cell staining

HelLa cells were fixed in 4% paraformaldehyde for 10 min at room temperature or with 100% methanol for 10 min
at -20°C for tubulin staining, permeabilized with 0.15% Triton X-100 in phosphate buffered saline (PBS) for 5 min,
blocked in 2% bovine serum albumin/0.07% Tween 20 in PBS and sequentially incubated with primary and second-
ary antibodies in blocking buffer for 1 hour at room temperature. Cells were washed three times with 0.07% Tween
20 in PBS after each labeling step. Slides were then air-dried and mounted in Vectashield mounting medium, which
in some cases was supplemented with DAPI (Vector laboratories).

Flow cytometry

After biotin treatment for the indicated time, HeLa cells were harvested and surface immunostaining was performed
on ice. Cells were labeled with anti-GFP antibody for 45 min, fixed with 2% paraformaldehyde for 10 min, washed
with PBS, incubated with Alexa641-conjugated secondary antibody, washed with PBS again and analyzed using a
FACS Canto Flow Cytometry System (BD Biosciences). Viable cells were selected using FSC and SSC parameters, and
signals for “cellular” GFP (intrinsic GFP signal) and “surface-expressed” GFP (from staining with the Alexa641-con-
jugated secondary antibodies) were collected per cell. Cells positive for E-cadherin expression were gated using the
GFP channel and the geometric mean of the Alexa641 signal intensity was calculated for this population. This value
was quantified before and 1 hour after biotin treatment and the fold change was calculated. The same procedure
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was applied to quantify the decrease in soluble GFP cellular content using the GFP signal without immunostaining.

Image acquisition

Images of fixed cells were collected with a wide-field fluorescence microscope Nikon Eclipse 8oi equipped with
C-HGFI Fiber llluminator “Intensilight” (Nikon), Plan Apo VC 100x N.A. 1.40 oil objective (Nikon) and ET-DAPI
(49000, Chroma), ET-GFP (49002, Chroma), ET-mCherry (49008, Chroma) and ET-GFP/mCherry (59022, Chroma)
filters and a CoolSNAP HQ2 CCD camera (Photometrics) or with a confocal fluorescence microscope LSM 700
(Zeiss) equipped with a Plan-Apochromat 63x/1.40 (oil) objective (Zeiss).

For live cell imaging Total Internal Reflection Fluorescence microscopy (TIRFM) and Spinning Disc confocal fluo-
rescent microscopy were used.

TIRFM was performed on an inverted research microscope Nikon Eclipse Ti-E (Nikon), equipped with the perfect
focus system (Nikon), Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon) and Nikon TIRF-E motorized TIRF il-
luminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie (currently Gataca Systems). The system
was also equipped with ASI motorized stage MS-2000-XY (ASI), Photometrics Evolve 512 EMCCD camera (Photo-
metrics) and controlled by the MetaMorph 7.8 software (Molecular Devices). 491nm 100omW Calypso (Cobolt) and
561nm 100omW Jive (Cobolt) lasers were used as the light sources. We used ET-GFP filter set (49002, Chroma) for
imaging of proteins tagged with GFP; ET-mCherry filter set (49008, Chroma) for imaging of proteins tagged with
mCherry; for simultaneous imaging of green and red fluorescence we used ET-GFP/mCherry filter set (59022, Chro-
ma) together with Optosplit III beamsplitter (Cairn Research Ltd, UK) equipped with double emission filter cube
configured with ET525/50m, ET630/75m and T585LPXR (Chroma). 16-bit images were projected onto the EMCCD
chip with intermediate lens 2.5X (Nikon C mount adapter 2.5X) at a magnification of 0.063 pm/pixel. To keep cells
at 37°C we used stage top incubator (model INUBG2E-ZILCS, Tokai Hit).

Azimuthal spinning TIRFM was performed on an inverted research microscope Nikon Eclipse Ti-E (Nikon),
equipped with the perfect focus system (Nikon), Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon) and iLas2
system (Dual Laser illuminator for azimuthal spinning TIRF (or Hilo) illumination and Simultaneous Targeted
Laser Action) from Roper Scientific (Evry, France; now Gataca Systems ) with a custom modification for targeted
Photoablation using a 532 nm pulsed laser. The system was also equipped with ASI motorized stage MS-2000-XY
(ASI), Photometrics Evolve Delta 512 EMCCD camera (Photometrics) and controlled by the MetaMorph 7.8 software
(Molecular Devices). Stradus 405 nm (10omW, Vortran), Stradus 488 nm (150 mW, Vortran) and OBIS 561 nm (100
mW, Coherent) lasers were used as the light sources. We used ET-GFP filter set (49002, Chroma) for imaging of
proteins tagged with GFP; ET-mCherry filter set (49008, Chroma) for imaging of proteins tagged with mCherry; for
simultaneous imaging of green and red fluorescence we used ET-GFP/mCherry filter set (59022, Chroma) together
with Optosplit III beamsplitter (Cairn Research Ltd, UK) equipped with double emission filter cube configured
with ET525/50m, ET630/75m and T585LPXR (Chroma). For simultaneous imaging of blue, green and red fluores-
cence we used ZT405/488/561/640rpc ZET 405/488/561/635m filter set (TRF899o1, Chroma) together with Optosplit
III beamsplitter (Cairn Research Ltd, UK) equipped with triple emission filter cube configured with ET460/50m,
ETs525/50m, ET630/75m, T495LPXR and T585LPXR (Chroma). 16-bit images were projected onto the EMCCD chip
with intermediate lens 2.5X (Nikon C mount adapter 2.5X) at a magnification of 0.065 pm/pixel. To keep cells at 37°C
we used stage top incubator (model INUBG2E-ZILCS, Tokai Hit).

For time-lapse fluorescence imaging of GFP-E-Cadherin, images were collected with spinning disk confocal micros-
copy on inverted research microscope Nikon Eclipse Ti-E (Nikon), equipped with the perfect focus system (Nikon)
Nikon Plan Apo 60x N.A. 1.40 oil objective (Nikon) and a spinning disk-based confocal scanner unit (CSU-X1-A1,
Yokogawa). The system was also equipped with ASI motorized stage with the piezo plate MS-2000-XYZ (ASI), Pho-
tometrics Evolve Delta 512 EMCCD camera (Photometrics) and controlled by the MetaMorph 7.8 software (Mo-
lecular Devices). 491nm 100mW Calypso (Cobolt) laser was used as the light sources. We used ET-GFP filter set
(49002, Chroma) for imaging of proteins tagged with GFP; 16-bit images were projected onto the EMCCD chip with
intermediate lens 2.0X (Edmund Optics) at a magnification of 11 um/pixel. To keep cells at 37°C we used stage top
incubator (model INUBG2E-ZILCS, Tokai Hit).

Fluorescence Recovery After Photobleaching (FRAP) experiments have been performed on either TIRF
or Spinning Disc microscopes, equipped with iLas or iLas2 platforms and using Targeted Laser Action options of
iLas or iLas2 and controlled with iLas / iLas2 softwares (Roper Scientific, now Gataca Systems).

Image analysis

To prepare images for publication, we used ImageJ to perform adjustments of levels and contrast and generate
maximum intensity projections. Two color-intensity profiles along a line were made using the ‘plot profile’ option
in Image] for each channel.

For manual analysis, kymographs of Rab6 and kinesin tracks were made using MetaMorph 7.8 software (Kymograph
option). Kymographs have been analyzed in MetaMorph software. Two parameters have been measured for the
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segments of kymograph representing particle displacements, the angle and the length, and these parameters were
used to calculate the speed of movement in SigmaPlot software.

The distribution of MAP7 and a-tubulin signals along the cell radius was determined using the ‘Radial Profile An-
gle’ plugin of Image] with an integration angle of 45°. Each intensity profile was then normalized according to:
(xx_min)/(x_max-x_min ) and the profile of the ratio between the normalized values for MAP7 and o-tubulin was
calculated per cell.

For analyzing the distribution Rabu-positive endosomes, the ratio between the mean signal intensity in the perinu-
clear region (obtained by scaling-down the cell outline by 25%) and in the whole cell was calculated using maximum
intensity projections over time of GFP-Rabu signal and expressed in percent.

Kinesin-GFP fluorescence intensities were analyzed by measuring the mean GFP intensity in circles of 7 pixels in
diameter centered on the GFP dots and correcting it for the mean intensity in circles of the same size positioned just
next to the fluorescent spot. For full-length kinesins, only GFP spots colocalizing with Rab6 vesicles were selected.

The NPY exocytosis events were analyzed by visually inspecting TIRF imaging of NPY-GFP and looking for a fast
burst of fluorescence followed by the disappearance of the signal and confirming it by kymograph analysis. The
position of NPY exocytosis was determined by measuring the distance between the exocytosis spot and the center of
the Golgi region (determined based on the morphology of NPY signal).

Automatic tracking of Rabé6 vesicles

TIRFM images of Rabé vesicles were analyzed using Image] software with the recently developed SOS plugin (Yao
etal., 2017), where we combined ‘SOS detector 3D module’ as particle detector and ‘SOS linker (NGMA) module’ for
particle linking. MT] (MTrack]) Simple Track Segment module was applied to the resulting tracks to find segments
of directional movement (runs) inside each trajectory. For this analysis, only tracks of 20 or more frames were con-
sidered. A segment was assigned to be a directional run if the cosine of angle between all two consecutive velocity
vectors was above 0.6 and it lasted more than 6 frames. If inside such a segment there were more than 3 consecutive
displacements of one pixel or less per frame, at this point the segment was further split into two. Duration and length
of each directional run was extracted and its speed was calculated using the complementary SAID plugin (Yao et
al., 2017).

The resulting speeds were expressed in two ways: either the mean of the speed was calculated per cell or a frequency
distribution of the speed of all individual runs was built.

The fitting of the distribution of Rab6 velocity with either one Gaussian or the sum of two Gaussian curves, as well as
their comparison using extra sum-of-squares F test method were performed using GraphPad Prisms.

Analysis of kinesin distribution on moving vesicles

Detection. For simultaneous two-color imaging of vesicles labeled with Rab6, motor proteins and PAUF, we used
OptoSplit I1I beamsplitter (Cairn Research Ltd, UK) equipped with double emission filter cube projecting two chan-
nels on the camera chip simultaneously. To account for chromatic aberrations of the objective, images of a calibra-
tion photomask with round 500 nm features positioned equidistantly at 2 pm distance (Compugraphics, UK) were
acquired simultaneously in GFP and mCherry channels using transmitted bright-field illumination using the pro-
cedures described in (Aher et al., 2018; Maurer et al., 2014). Based on feature detections we made sub-pixel channel
alignment and non-linear registration using B-spline transform implemented in our Detection of Molecules Image]J
plugin and described earlier (version 1.1.6, https://github.com/ekatrukha/DoM_Utrecht, (Chazeau et al., 2016)).
The plugin provided sub-pixel localized coordinates of spots in the “green” channel and corrected for chromatic
aberration coordinates of spots in the “red” channel.

Colocalization and tracking. To determine colocalization, for each time frame we imported “green” co-
ordinates as frame 1 and “red” coordinates as frame 2 to Matlab (MathWorks, 20ub, Natick, 2011). We used Sim-
pleTracker routine by Jean-Yves Tinevez (https://www.github.com/tinevez/simpletracker), implementing nearest
neighbor search with a distance threshold of 8 pixels (0.52 pm) to assemble “short” two frame tracks. Linked de-
tections were considered colocalized, and for each detection average x and y coordinates between two channels
were calculated and stored. For each colocalization detection, we kept records of the original coordinates in each
channel. On the next step, we used those averaged coordinates to assemble tracks of colocalized particles over the
duration of the whole movie using the same SimpleTracker routine with a distance threshold of 10 pixels (0.65 pm)
and the maximum number of gap closing frames equal to 5. From those tracks we extracted segments of persistent
directional movement (runs) as described earlier (Katrukha et al., 2017). In short, for each track, an array of instant
velocity vectors was generated as a difference between two positions of a vesicle in two consecutive frames divided
by the time between frames. A cosine of the angle between two consecutive velocity vectors was used as a directional
correlation measure. For every trajectory we filtered segments where the value of cosine was above defined thresh-
old. To find runs we used the lower threshold value of 0.6, corresponding to an approximately 100° cone facing in the
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direction of movement. Only runs longer than 0.3 s and with displacement above 0.5 pm were considered. For the
directional filtering of GFP-KIF13B/KIF5B-GFP and mCherry-Rab6A pairs, we used coordinates of mCherry-Rab6A.
For PAUF-mRFP and GFP-Rab6A pair we used GFP-Rab6A, and for KIF5B-GFP and mCherry-KIF13B pair we used
averaged coordinates. The projected distance was calculated as a dot product between the velocity vector and the
vector from the cargo to the motor, divided by the length of the velocity vector.

Analysis of opposite polarity runs. For each directional movement segment with colocalizing signals of
the two markers, we first calculated the average velocity vector vi, coordinates of the center of mass and the average
value of the projected distance. For trajectories with more than one run we listed all possible different run pairs. For
each pair we calculated the cosine between average velocity vectors. If the cosine value was below -0.6 (i.e. angle
between the velocity vectors was larger than 125 degrees), we considered these runs to have opposite polarity. As an
additional constraint, we only considered pairs where the distance between the centers of mass was smaller than 1
pm. The run with the larger average projected distance was considered the “forward” run, while the other one was
assigned to be the “backward” run.

FRAP analysis

To measure the KIF13B turnover on moving Rab6 vesicles, GFP-Rab6A stably expressing cells were transfected with
mCherry-KIF13B. We used Targeted Laser Action option of iLas platform (Roper Scientific, now Gataca Systems)
installed on Nikon-based TIRF microscope. Using FRAP-on-Fly option of iLas software we photobleached mCher-
ry-KIF13B with a 561 laser (100%) in a ~ 0.5 pm circle area surrounding a moving vesicle. Keeping unaffected green
signal of GFP-Rab6A as a reference, we measured the intensities of both GFP-Rab6A and mCherry-KIF13B in ~ 0.5
um circle area of a vesicle over time after bleaching. We subtracted the background (measured in the ~ 0.5 pm circle
area next to the vesicle). Next, we normalized the measured intensities to the average of intensities at 10 time points
before photobleaching. We then averaged all measured vesicles.

Statistics

Statistical analyses were performed using GraphPad Prism 5 and significance was assessed using Mann-Whitney U
test. The sample size is indicated in the figure legends. All graphs show mean +SD, except in Figure 1H that depicts
mean + SEM. No explicit power analysis was used to determine sample size and no masking was used for the analysis.

Data and software availability

All data that support the conclusions are available from the authors on request, and/or available in the manuscript
itself. The custom software used for data analysis in this manuscript can be found at http://smal.ws/wp/software/
sosplugin/ (Yao et al., 2017).
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Figure 1 - figure supplement 1. Analysis of localization of different markers to Rab6 vesicles

(A) Maximum intensity projections (300 consecutive frames, 100 ms interval) of a HeLa cell expressing KI-
F13A-GFP and TagRFP-T-Rab6A imaged using TIRFM. (B) Imaging of HeLa cells expressing PAUF-mRFP and
stained for endogenous Rab6. The insets correspond to magnified views of the boxed areas. The plot shows
quantification of the percentage of PAUF-mRFP positive vesicles colocalizing with endogenous Rab6 or with
GFP-Rab6A. n= 10 and 12 cells, respectively, in 2 independent experiments. (C) Imaging of a GFP-Egs-ex-
pressing HeLa cell stained for Rab6. Panels at the bottom correspond to magnified views of the boxed areas.
The graph displays the signal intensity profile of GFP-Egs (green) and Rab6 (red) along the white dashed
line. (D) Maximum intensity projections (100 consecutive frames, 100 ms interval) of a HeLa cell expressing
GFP-Eg5 and mCherry-Rab6A imaged using TIRFM.
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Figure 2 - figure supplement 1: Validation of kinesin knockout cell lines

(A) Representative immunofluorescence images showing the effect of the knockout of different kinesins on
the microtubule cytoskeleton, EBi-positive microtubule plus ends and distribution of focal adhesions, early
endosomes and mitochondria. (B-D) Quantification of cell area (B), number of EEA1-positive vesicles (C)
and percentage of cells of with clustered mitochondria (D) in the different knockout lines. B: n=104, 81, 45, 81
and 81 cells, respectively. C and D: n=20 in all conditions. Mann-Whitney U test: ****p<o0.0001, ***p=0.0009,
*p=0.02, 11s, no significant difference.
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Figure 2 - figure supplement 2. Characterization of kinesin knockout cell lines

(A) Table summarizing parameters of Rab6 runs (number and speed) in 2 independent HeLa cell clones
for each kinesin knockout. Data for the mixed population of KIF13B-KO cells is included for comparison.
KIF13B-KO clone #1, KIF5B-KO clone #1, KIF5B/KIF13B-KO clone #1 and 4X-KO clone #2 have been used
in latter experiments. (B) Impact of KIF5B-KO on the expression of kinesin light chain (KLC) assessed by
immunostaining with KLC antibody and Western blotting. (C) Representative images of KIF5sB-KO HeLa
cells expressing a KIF5B-GFP construct and stained for KLC. (D) Analysis of Rabu tracks in control and
4X-KO HelLa cells or 4X-KO cells expressing KIF1B and KIF1iC. Maximum intensity projections (500 con-
secutive frames, 100 ms interval) of GFP-Rabu were used to calculate the enrichment of Rabu signal in
the perinuclear region as described in Methods. n=30 cells for each condition in three independent exper-
iments. Mann-Whitney U test: ****p<0.0001, *p=0.0225. (E) Automatic tracking with SOS/MTrack] plugin
of GFP-Rab6A labeled vesicles imaged by TIRFM and quantification of the number of Rab6 vesicle runs in
HeLa cells transfected with control or Egs siRNA and treated with thymidine to prevent mitotic entry. Num-
ber of runs in control is a bit high compared to controls in Figure 2D, F. We attribute this difference to the
transfection of control Luciferase siRNA and slightly different acquisition settings. n=22 and 24 cells in two
independent experiments. Unpaired t-test: ns, no significant difference. (F) Western blot demonstrating Egs
knockdown efficiency in HeLa cells using an antibody against Egs.
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Figure 3 - figure supplement 1. Characterization of Rab6 vesicle motility in kinesin knockout lines

(A) Analysis of Rab6 vesicle speeds per run using manual and automatic tracking in HeLa cells expressing
mCherry-Rab6A and imaged using TIRF microscopy. The speed of Rab6 vesicles was calculated either man-
ually based on kymograph analysis or automatically using the SOS/MTrack] plugin, as shown in Figure 2B.
Plots show frequency distribution histograms annotated with the mean +SD. n=205 and 1213 tracks from the
same 5 cells. (B) Histograms of the run speed, run duration and run length distributions of Rab6-positive
vesicles in the indicated conditions. n=7099 in 29 cells, 6682 in 27 cells, 8192 in 30 cells, 1772 in 27 cells, 707
in 22 cells and 617 in 21 cells in 3 independent experiments each condition. (C) Distribution of Rab6 run
speeds (dots) and their fit to sum of two Gaussians model (red solid line). Light and dark grey dashed lines
represent “slow” and “fast” Gaussian components of fits. For all condition data represents 3 independent
experiments. n=7099 runs in 29 cells, 6682 runs in 27 cells, 8192 runs in 30 cells, 1772 runs in 27 cells, 7616
runs in 30 cells and 5651 runs in 30 cells, respectively. For all conditions the sum of two Gaussian functions
describes distributions better than one, according to extra sum-of-squares F test (all conditions p<0.0001).
Same data as shown in Figure 3C,D.
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Figure 5 - figure supplement 1. Analysis of kinesin distribution on Rabé vesicles

(A) Scheme depicting the workflow for subpixel localization of kinesins. Pairs of fluorescent markers were
expressed in 4X-KO cells (for all kinesin constructs) or control HeLa cells (PAUF) and imaged using TIRFM.
The acquired signals were corrected for chromatic aberrations using a grid of fluorescent beads as described
in Methods, and vesicle runs were automatically tracked and processed. Processive runs with both markers
present were used to calculate the parameters of movement: the distance vector between the center of the
two fluorescent signals (mCherry and GFP spots) was projected onto the Rab6 instant velocity vector to
determine the projected displacement (d) (blue segment). a is the angle between the distance and velocity
vector. (B) The projected displacement and the angle as described in Figure 5 - figure supplement 1A plotted
as heat maps against speed. Same data as shown in Figure 5G,H.
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Figure 6 - figure supplement 1. Quantification of secretion using flow cytometry

RUSH assay was performed in control or 4X-KO HeLa cells expressing SBP-GFP-E-Cadherin and streptavi-
din-KDEL and analyzed by flow cytometry as shown in Figure 6C. The dot plots show the intensity of the
signal of GFP-E-Cadherin (GFP) plotted against the signal of the surface staining (Alexa 641) per cell. Scale
is logarithmic.
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Chapter 4

Abstract

MAP?7 proteins are essential co-factors of kinesin-1 that recruit and activate this motor to
drive transport of various cargoes. Among the four mammalian MAP7 family members,
MAP7D2 was shown to be specifically involved in promoting kinesin-1 activity in axons.
Here, we identified novel binding partners of all MAP7 proteins and found that MAP7D2
can directly bind clathrin through a conserved clathrin-box motif. Overexpressed MAP7D2
can tether clathrin to microtubules and increase clathrin accumulation in the proximal axon
of hippocampal neurons. Clathrin shows punctuated distribution in the proximal axon, and
this localization is severely reduced by MAP7Dz depletion. We confirmed that there is a
direct interaction between clathrin and the tail of kinesin-1, which might suggest that clath-
rin triskelia can be directly transported by this motor. We propose that future experiments
should investigate a model where axonal MAP7D2 serves as a microtubule-bound loading
factor for clathrin assemblies to promote their entry and transport in a kinesin-1-dependent
manner.

Introduction

Neurons are highly polarized cells where the axon and the somatodendritic compartment
have strikingly distinct organization and function. The axon initial segment (AIS) plays an
essential role in keeping these two cellular compartments separated. Diffusion of mem-
brane-bound receptors and lipids is limited by transmembrane proteins according to the
“pickets and fences” model (Nakada et al., 2003). Here, the fences are formed by a dense ac-
tin- and protein-network inside of the AIS; the pickets are the AIS-transmembrane proteins
that are part of, or linked to the inner-axon fences forming highly dense structures at the
AIS membrane thereby impairing membrane diffusion (Leterrier, 2018). What happens to
large soluble proteins and protein complexes that need to pass through the dense AIS fences
is less well understood.

Past studies have used variously sized molecules such as bovine serum albumin
(BSA), green fluorescent protein (GFP) and dextrans to study diffusional transport in axons.
The use of non-specific proteins limited the possibility that their localization was deter-
mined by selective transport. Overexpressed GFP (~27 kDa), or a related derivative, is often
used as a “fill” to label both axons and dendrites, where labelling is observed within a day
after transfection. Macromolecules such as dextrans can be fluorescently labeled and mi-
cro-injected into the soma after which their diffusion into neurites can be traced over time.
Small dextrans (~10 kDa) rapidly entered the axon within 30 min, whereas larger dextran
assemblies (~70 kDa) and fluorescently labeled BSA (~go kDa) were mostly excluded from
the axon, but only when it contained an AIS structure (Song et al., 2009; Sun et al., 2014).
These experiments suggest that axonal entry of larger proteins and protein assemblies is
either slow or selective. Indeed, a growing body of evidence suggests that the axon contains
multiple complementary mechanisms that determine the entry of molecules, vesicles and
organelles (Gumy and Hoogenraad, 2018; Leterrier, 2018). After entry, soluble proteins often
still have a long journey ahead of them since presynaptic structures can up to a meter away
from the cell body in some type of neurons (Guedes-Dias and Holzbaur, 2019). Early studies
that used pulse-chase radiolabeling have established that axonal transport includes two
populations of cargoes, fast transport generally represented by membranous vesicles and
slow transport responsible for axonal distribution of cytoplasmic proteins and protein as-
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semblies (Black, 2016; Roy, 2020). More recent studies involving neurofilaments and clath-
rin have revealed that slow axonal transport comprises stationary phases alternated with
phases of fast movement (Ganguly et al., 2020; Roy et al., 2000; Wang et al., 2000). These
phases of fast movement were dependent on the presence of microtubules (MTs), which
would suggest that these movements are motor dependent. This view is supported by ve-
locity measurements of synapsin, CamKIIo and clathrin as these were observed to be in the
range of kinesin- and/or dynein-dependent motility parameters (Ganguly et al., 2020; Scott
et al., 2011; Tang et al., 2013). Normally, cytosolic clathrin consists of triskelia containing
three copies of both clathrin heavy chain (CHC) and light chain (LC), with a total molecu-
lar weight of ~650 kDa. However, in axons clathrin forms larger protein assemblies named
“clathrin-packets”, which are associated with the plasma membrane but are rather found
in close proximity to MTs and are presumably important for axonal transport of clathrin to
synapses (Ganguly et al., 2020). This would suggest the presence of cytoskeletal linkers that
may directly recruit clathrin to the MT network.

Apart from clathrin’s well-described role in clathrin-mediated endocytosis, clath-
rin has a non-endocytic function during mitosis to stabilize kinetochore MTs. As a result,
clathrin depletion leads to defects in spindle integrity and chromosome alignment during
metaphase (Royle et al., 2005). MT binding of clathrin is mediated by a complex of Trans-
forming Acidic Coiled-Coil-containing protein 3 (TACC3) and the MT polymerase ch-TOG
that bind to each foot of the clathrin triskelion. Via this complex, clathrin can bind MTs and
organize them into bundles (Royle, 2012). In addition, clathrin binds to GTSE4, an intrinsi-
cally disordered protein which in turn sequesters the MT depolymerizing kinesin MCAK to
promote stability of spindle MTs (Rondelet et al., 2020). Despite, the direct role of clathrin
to structurally support the mitotic spindle via specific adaptor proteins, no such MT-bind-
ing partners have been described in interphase cells.

Members of the MAP7 protein family are well-known activators of kinesin-1. In
flies, MAP7 is represented by a single homologue (ensconsin) and it is firmly established
that this MAP is essential for all kinesin-1 activity (Barlan et al., 2013; Metivier et al., 2019;
Sung et al., 2008). Recent studies have shown that this is also true for mammalian MAP7
(Chaudhary et al., 2019; Metzger et al., 2012; Monroy et al., 2018; Tymanskyj et al., 2018);
however, the protein family is more diverse in mammals and contains four homologues
that display redundancy: MAP7, MAP7D1, MAP7D2 and MAP7D3 (Hooikaas et al., 2019;
Pan et al., 2019; Serra-Marques et al., 2020). MAP7 family proteins have a similar structural
organization with two conserved domains that are predicted to be helical (Luo et al., 2020;
Sun et al., 2011). The N-terminal helical domain strongly binds to MTs, while the C-terminal
domain, also referred to as the MAP7-homology domain, binds kinesin-1. In addition, it has
been demonstrated that the binding affinities of these domains for both MTs and kinesin-1
can differ between MAP7 homologues (Hooikaas et al., 2019). In non-neuronal cells, MAP7
family proteins are represented by MAP7, MAP7D1 and MAP7D3 that act redundantly to
activate kinesin-1. MAP7D2 is brain specific (Niida and Yachie, 2011) and is localized to
the proximal part of the axon in hippocampal neurons where it is the sole MAP7 required
for entry of kinesin-1-dependent cargoes (Pan et al., 2019). MAP7 and MAP7D1 are also
expressed in neurons, but their localization seems to be more dominant in the somatoden-
dritic compartment of hippocampal neurons (Pan et al., 2019), although it has also been
reported that MAP7 and MAP7D1 are involved in axon development of other neuronal cell
types (Koizumi et al., 2017; Tymanskyj and Ma, 2019; Tymanskyj et al., 2017; Tymanskyj et
al., 2018). So far, there has been increasing understanding of how MAP7 family proteins
regulate kinesin-1 activity, but the biochemical and functional differences between the four
mammalian MAP7 family members are poorly understood. It is possible that such differenc-
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es may offer opportunities for fine-tuning of kinesin-1 activity or enable the recruitment of
specific protein partners for transport and other processes.

In this study, we screened for novel binding partners of all MAP7 family mem-
bers and found clathrin as a unique interaction candidate for the neuron-specific MAP7D2.
Overexpression of MAP7D2 induces strong recruitment of clathrin to MTs in both COS-7
cells and the proximal axon of hippocampal neurons. Binding to clathrin is dependent on
the C-terminal tail of MAP7D2 which contains a conserved clathrin binding motif that has
been well characterized for many other clathrin adaptors. Clathrin can also interact with
kinesin-1, either directly or in a triple protein complex together with MAP7Dz. Depletion
of MAP7D2 reduces the number of clathrin assemblies in the proximal axon and this could
be rescued by re-expression of full-length MAP7Dz2. Future experiments in neurons and the
use of in vitro reconstitution assays with purified clathrin, kinesin-1 and MAP7D2 should
clarify how the interplay between these proteins may be important for the entry and trans-
port of clathrin into the axon.

Results

MAP7D2, but not the other mammalian MAP7 family members, can associate with clathrin
To identify novel binding partners of all mammalian MAP7 family members (Figure 1A),
we performed pull down assays from HEK293T cells followed by mass spectrometry analy-
sis and made a list of the Top 10 interactors after filtering (Figure 1B and S1A). As expected
based on previous work (Hooikaas et al., 2019; Pan et al., 2019), we found kinesin-1 heavy
and light chain proteins to interact with all MAP7 family proteins. In addition, several novel
interaction candidates were found that bound to several MAP7 homologues such as Kinase
D-interacting substrate of 220 kDa (KIDINS220), CEPs5, Pericentrin and A-kinase anchor
protein 9 (AKAPg) which are all involved MT-based processes. However, MAP7D2 showed
unique interaction candidates such as clathrin heavy chain (CHC) and the associated light
chains o and . Surprisingly, also several neurofilament polypeptides were found (Figure
1B). We followed up on clathrin by performing pull down assays and immunofluorescence
(TF) experiments and validated that MAP7Dz2, but not the other MAP7 proteins, binds CHC
(Figure 1C, D). In agreement with these data, MAP7Dz efficiently recruited endogenous
CHC to MTs when overexpressed at both low (decoration of single MTs) as well as high
(dense MT bundling) levels (Figure 1D, S1B). In addition, we confirmed that this MT-asso-
ciated CHC was still able to bind to LCa, required for triskelia formation, which suggests
that MT-bound CHC is represented by triskelia (Figure S1C). Next, we investigated whether
MAP7D2 could form a triple complex between CHC and kinesin-1 by performing a pull
down assay with a truncated KIF5B mutant “K560” (aa 1-560) that is still able to move on
MTs and bind MAP7 proteins. We found that K560 did not bind endogenous CHC by itself
but could efficiently pull down CHC when full-length MAP7D2 was overexpressed, indicat-
ing that forming a triple complex is sterically possible (Figure 1E). Furthermore, we found
that CHC could also directly bind, albeit weakly, to kinesin-1 via its tail domain (KIF5B aa
808-963) (Figure 1F). This interaction was also reported in a recent study describing a role
of direct binding by the kinesin-1 KIF5B in the uncoating of clathrin-coated vesicles (Ni et
al., 2018). Altogether, we have identified clathrin as a novel MAP7Dz2-specific interaction
partner and showed that these proteins can form a triple complex together with kinesin-1.
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Figure 1 - MAP7D2 binds and recruits clathrin to MTs

(A) Schematic representation of full length MAP7 family proteins used in this chapter. The MT-binding do-
main is indicated in green, the kinesin-1 (KIF5B) binding domain is indicated in magenta. (B) Identification
of binding partners of Bio-mCherry full length MAP7D2 by streptavidin pull-down assay from HEK293T cells
co-expressing BirA followed by mass spectrometry. Results table shows the top 10 interactors after contami-
nants were filtered out. (C) Streptavidin pull-down assay with extracts of HEK293T cells expressing BirA and
the indicated Bio-mCherry-labeled full length MAP7 family proteins (bait) analyzed by Western blotting us-
ing antibodies against mCherry and endogenous CHC. (D) Widefield images of COS-7 cells overexpressing
mCherry-labeled full length MAP7 family proteins stained for endogenous CHC. Dotted line (orange) indi-
cates the position of the line scan for Cherry and CHC shown on the right. (E) Streptavidin pull-down assay
with extracts of HEK293T cells expressing BirA and the indicated (Bio-) GFP-labeled proteins (bait) analyzed
by Western blotting using antibodies against GFP and endogenous CHC. (F) Streptavidin pull-down assay
with extracts of HEK293T cells expressing BirA, Bio-GFP-CHC full length (bait) and the indicated GFP-labe-
led KIF5B fragments (prey) analyzed by Western blotting using an antibody against GFP.
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The MAP7D2 C-terminus binds the N-terminal domain of clathrin

Next, we mapped the minimal binding regions for the MAP7Dz2-clathrin interaction. The
MAP7D2 N-terminus, containing the MT-binding domain, was not able to recruit endog-
enous CHC to MTs in cells as seen with full length MAP7D2 (Figure 1D, S1B, S2A). There-
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Figure 2 - MAP7D2 interacts with the clathrin N-terminus through a conserved motif

(A) Schematic representation of full length MAP7D2 and MAP7D2 fragments used in this figure. The
MT-binding domain is indicated in green, the kinesin-1 (KIF5B) binding domain is indicated in magenta.
The ability of MAP7D2 fragments to bind to CHC is indicated on the right. (B) Streptavidin pull-down as-
say with extracts of HEK293T cells expressing BirA and the indicated Bio-GFP-labeled MAP7Dz2 fragments
(bait) analyzed by Western blotting using antibodies against GFP and endogenous CHC. (C) Schematic rep-
resentation of full length CHC and CHC fragments used in this figure. The N-terminal domain is indicated
in orange, the LC-binding domain is indicated in blue. The ability of CHC fragments to bind to MAP7D2
is indicated on the right. (D) Streptavidin pull-down assay with extracts of HEK293T cells expressing BirA,
Bio-mCherry-labeled full length MAP7D2 (bait) and GFP-labeled CHC fragments (prey) analyzed by West-
ern blotting using antibodies against mCherry and GFP. (E) Amino acid sequence alignment of the clath-
rin-box motifs of various clathrin-binding proteins. Amino acids that are part of the consensus sequence are
indicated in pink. The consensus sequence of the CBM is indicated below the sequence alignment where ¢
indicates hydrophobic residues and X any residue. (F-G) Amino acid sequence alignment of the MAP7D2
CBM #1 (A) and #2 (B) motifs of various vertebrate species. Amino acids that are part of the consensus se-
quence are indicated in pink. The consensus sequence of the CBM is indicated below the sequence alignment
where ¢ indicates hydrophobic residues and X any possible residue.
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fore, we made deletion constructs of the MAP7D2 C-terminus and found that a C-terminal
82 amino acid construct (aa 691-773) was sufficient to pull down endogenous CHC from
HEK293T cell lysates (Figure 2A, B and S2B). Using full length MAP7Dz2 bait constructs,
we performed pull down assays to find the minimal binding domain of CHC. We found
that both full length CHC isoforms bound efficiently to MAP7D2, while the N-terminal
domain (NTD) fragment (aa 1-330) and an extended fragment (aa 1-1074) showed weaker
binding (Figure 2C, D). This is likely due to the oligomerization state of the CHC deletion
constructs. Because full length CHC self-organizes into triskelia, a single MAP7D2 protein,
assuming that it is monomeric, can pull down three heavy chains by binding just one foot
of a triskelion. The NTD cannot form trimers and can thus only bind MAP7Dz in a 1:1 ratio.

MAP7D2 contains an atypical, but conserved clathrin-box motif

The clathrin NTD has a 3D-structure of a f-propeller and forms the binding hub for clathrin
adaptor proteins, which are important for clathrin’s binding to membranes and the forma-
tion of clathrin-coated vesicles. The NTD contains four specific interaction sites: the clathrin
box, W-box, arrestin box and Royle box. These sites are located in between the blades of the
[B-propeller and recruit binding partners containing the appropriate short linear sequence
motif. However, there is some flexibility observed in this binding as some adaptor protein
motifs that are predicted to bind the arrestin box, are also capable of binding the clathrin
box (Muenzner et al., 2017). We screened all four MAP7 family proteins for clathrin-bind-
ing short linear motifs and found that both MAP7 and MAP7D3 contained a single and
MAP7D2 contained two (sequence A and B) putative Clathrin-Box Motif (CBM) sequences
(Figure S2C) (Gouw et al., 2018); which showed resemblance to the LOX®[DE] (® = a hydro-
phobic residue and X = any amino acid) CBM consensus sequence (Dell’Angelica et al., 1998;
ter Haar et al., 2000). Since we validated that only the most C-terminal part of MAP7D2
can bind CHC (Figure 2A, B, S2B), we concluded that the MAP7, MAP7D3 and MAP7D2
“A” putative CBM motifs are not capable of binding CHC efficiently. We next compared the
MAP7D2 “B” CBM motif with that of well-known clathrin adaptor proteins and found that
it has an unusual threonine at the fifth position that usually consists of negatively charged
aspartic or glutamic acid (Figure 2E). Whether this threonine can gain a negative charge by
phosphorylation and how this might modulate clathrin binding has not been investigated.
However, this specific threonine site has not been identified as a phosphorylation target
in PhosphoSitePlus (Hornbeck et al., 2015). The MAP7D2 CBM “B” sequence including its
threonine shows strong sequence conservation among many vertebrate species, contrary to
sequence “A” which is less conserved and more variable among species, supporting the ob-
servation that it does not contribute to clathrin binding (Figure 2F, G). Altogether, we found
a conserved amino acid sequence, a CBM, in the C-terminal tail of MAP7Dz2 that mediates
binding to one of the adaptor protein interaction sites within the clathrin NTD.

Localization of clathrin in the proximal axon depends on MAP7D2

To investigate the functional relationship between MAP7D2 and clathrin in a relevant cel-
lular context we chose to look at axons of hippocampal neurons as was done before to study
the role of MAP7D2 in kinesin-1 activity (Pan et al., 2019). To analyze clathrin localization
at endogenous levels we used ORANGE, a CRISPR/Casg-based knock-in strategy (Willems
et al., 2020) to label endogenous clathrin light chain o (LCa) with GFP and found that in
control conditions, clathrin localizes in the axon shaft in a punctuated manner (Figure
3A). Overexpression of a full length MAP7D2 construct showed enrichment of clathrin at
the proximal axon where MAP7D2 is localized, perhaps similar to the MT recruitment ob-
served in COS-7 cells (Figure 1D, S1B, 3A). Next, we performed a depletion experiment with
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Figure 3 -MAP7D2 is required for the axonal localization of clathrin

(A) Widefield images of control (left) and mCherry-MAP7D2 overexpressing (right) hippocampal neurons
at DIV 14 expressing endogenously tagged GFP- LCa stained for the axonal marker TRIM46. Line scans show
normalized intensities for indicated proteins. (B-C) Confocal images of GFP- LCa-overexpressing hippocam-
pal neurons at DIV 1 at indicated conditions. The number of GFP- LCax puncta per condition are quantified
in C, fora 20 pm distance, starting 5 pm away from the soma.

MAP7D2 shRNA that had been validated before (Pan et al., 2019), and counted the number
of clathrin puncta in the proximal axon. MAP7D2-depleted neurons showed a reduction in
axonal clathrin puncta and this could be rescued by re-expression of full-length MAP7D2
(Figure 3B, C).

Generation of tools to study MAP7Dz2 and clathrin in neurons and in vitro

To further dissect the role of MAP7Dz2 in neurons using depletions and rescue constructs,
we designed CHC- and kinesin-binding mutants of full-length MAP7Dz2 (Figure 4A). A ki-
nesin-1-binding mutant (KIF-mut) was designed by replacing five conserved amino acids
of the kinesin-binding domain with alanines (Hooikaas et al., 2019; Monroy et al., 2018).
Similarly, a clathrin-binding mutant was designed by replacing the novel identified CBM
sequence “B” by five alanines as well. We also generated a double mutant (C+K-mut). The
mutants were validated by IF and pull down assays and all constructs displayed binding
or loss of binding according to their design (Figure 4B, C). These constructs can be used
in future to rescue MAP7Dz2 depletion to dissect the relative importance of kinesin-1 and
clathrin-binding sites for MAP&D2 function and clathrin localization in neurons.

In addition, we designed a strategy to perform in vitro reconstitution assays with
purified MAP7D2, kinesin-1 and clathrin. While MAP7 proteins and kinesin-1 are easy to
purify from HEK293T cells (Hooikaas et al., 2019; Hua and Jiang, 2020), such an approach
is unlikely to succeed for the purification of clathrin triskelia, which is normally performed
by differential centrifugation steps using sucrose gradients (Giovedi, 2018). Since we would
wish to use for our reconstitution assays fluorescently tagged clathrin, we generated a Strep-
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tag-eGFP-containing CRISPR/Casg donor plasmid to endogenously tag the LCa gene with
a purification and fluorescent tag (Figure S2D, E). Purification of endogenous clathrin light
chains under mild buffer conditions should yield intact triskelia containing GFP-tagged
light chains. This approach can be optimized by using low kDa cut-off filters to remove
non-triskelia bound Streptag-GFP-LCo and by selection of a homozygous Streptag-GFP-
LCa HeLa cell clone to enhance GFP-labelling of all clathrin triskelia.

A C GFP-MAP7D2:
WT endogenous CHC ~ MAP7D2/CHC Line scan: MAP7D2/CHC
19

~

Binding: f \\ f
MAP7D2: KIFSB CHC —— { | { )
MT binding binding KIF5B CHC / <) = ('\
binding RLERK LLDFT % “
W, se—— e + o+ | N a
AAAAA LLDFT { \
KIF-MUt: e ——e +

RLERK AAAAA KIF mutant endogenous CHC
CHC-MUt: se—— + -

AAAAA AAAAA
CHK-MUL:  e——— = =

o

Intensity (au)

o
o

Distance (pm)

Intensity (au)
= -

2 4
Distance (um)

o
o

CHC mutant

KIF5B- [=
K560 --!- - -

100 Q\
CHclf SEERE —= |-150 @ ,)

B 10% input pulldown
S GFP-MAP7D2 5 GFP-MAP7D2 / - 4
£ S - E 5 = / SO B
8 3Ef8 it " Sl =
o T O v oo T O v A\ =
. L T L T 2
Ble:%gxoéﬁgxoam- 8
€
MAP7D2| , --—_} (o ¥ =0
: - 150 0 2 4 6
CHC+KIF mutant
37
GFP @ [
(control) [~ S -

GFP

Intensity (au)
o cas

o
-
IS
o

Distance (um)

Figure 4 - Generation of MAP7D2 binding mutants

(A) Schematic representation of full length MAP7D2 proteins used in this figure. MAP7D2 mutants were
made by substituting the core binding motifs for KIF5B and/or CHC by 5 alanines. The MT-binding do-
main is indicated in green, the kinesin-1 (KIF5B) binding domain is indicated in magenta and the minimal
CHC-binding domain is indicated in cyan. The ability of these MAP7D2 proteins to bind to KIF5B or CHC
is indicated on the right. (B) Streptavidin pull-down assay with extracts of HEK293T cells expressing BirA,
Bio-GFP-labeled full length MAP7D2 mutants (bait) and GFP-labeled KIF5B-560 (prey) analyzed by Western
blotting using antibodies against GFP and endogenous CHC. (C) Widefield images of COS-7 cells overex-
pressing GFP-labeled full length MAP7D2 mutants stained for endogenous CHC. Dotted line (orange) indi-
cates the position of the line scan for GFP and CHC shown on the right.
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Discussion

In this study, we have systematically screened for new interaction candidates of all MAP7
family members in order to explore additional roles of this protein family. We found clathrin
as a unique hit in the mass spectrometry analysis of MAP7Dz interactome. The C-terminus
of MAP7D2 contains a CBM that can potently recruit CHC to MTs and to the proximal axon
of neurons. To our knowledge, MAP7D2 is the first example of a protein that recruits clath-
rin to MTs in interphase cells.

MAP7D2 is exclusively expressed in brain tissue (Niida and Yachie, 2011) and spe-
cifically localizes to the proximal part of the axon where it is required for kinesin-1-depend-
ent entry of cargo (Pan et al., 2019). Whether clathrin is part of kinesin-1-dependent cargo
transport in neurons has not been investigated. Axonal clathrin is assembled in “packets”
that are not associated to the plasma membrane, but localized in close vicinity to MTs (Gan-
guly et al., 2020). These assemblies are mostly static; but when motile, they move at veloc-
ities of ~0.6 - 0.7 pum/s with an anterograde bias (Ganguly et al., 2020). Such velocities are
typical for kinesin-1 motor-driven cargo. Therefore, it is possible that a direct association of
kinesin-1 with clathrin is used for directed transport of clathrin assemblies, although the
involvement of other MT motors cannot be ruled out. With the current data and available
literature, we hypothesize that MAP7D2 and kinesin-1 may be required for proper transport
of clathrin into axons (Figure 5). Apart from its role in activating kinesin-1, MAP7D2 may
tether clathrin to MTs either by binding single triskelia or by binding to (non-)membra-
nous clathrin assemblies (Figure 5B). We propose a multi-step mechanism for this axonal
clathrin transport. First, MAP7D2 has an active role in promoting kinesin-1 activity at the
proximal axon. Second, MAP7Dz is responsible for tethering clathrin to axonal MTs where
clathrin can subsequently be loaded onto moving kinesin-1 motors. This transfer might
involve formation of a triple complex; kinesin-1 motor activity would subsequently release
clathrin from MAP7D2 to facilitate anterograde transport of clathrin (Figure 5C).

Future experiments should unravel whether the hypothetic model is correct.
We developed MAP7D2 binding mutants which can be used for rescue experiments in
MAP7D2-depleted neurons. Such mutants can be used to dissect whether MAP7Dz2 is
required for clathrin recruitment and/or motility and whether this is dependent on the
presence of kinesin-1. Other cellular experiments may involve measuring endocytosis effi-
ciencies in MAP7D2-depleted neurons or the use of kinesin-1 depletions and rescue experi-
ments with kinesin-1 motors that lack the clathrin binding region at the tail. We identified a
CBM sequence in the MAP7D2 C-terminus, but unlike all other clathrin adaptor proteins, it
contains a threonine instead of an aspartic or glutamic acid at the fifth position of the CBM.
Phosphorylation of this threonine may enhance its affinity for clathrin and can add a regu-
latory layer to the binding. Pulldown assays combined with a phosphatase treatment or the
use of phosphomimetic and phosphomutant MAP7D2 variants can be used to investigate
this notion.

To gain mechanistic insight in clathrin recruitment by MAP7Dz2 and its potential transport
by kinesin-1, we propose to set up in vitro reconstitution experiments involving purified
clathrin, MAP7D2 and kinesin-1. We need to experimentally address whether clathrin is still
recruited to MTs by MAP7D2 in a minimal system, establish whether kinesin-1 is a clath-
rin-transporting motor and, if so, how MAP7D2 may play a role in promoting this process.
So far, all kinesin-1-related experiments involved the ubiquitously expressed KIF5B motor;
yet, neurons mainly express KIF5A and KIF5C. Therefore, it is important to assess whether
clathrin is also capable of binding these closely related kinesin paralogues. Clathrin was
described to be assembled into “packets” at the axon (Ganguly et al., 2020); such assemblies
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Figure 5. Proposed model of motor-driven clathrin transport facilitated by MAP7D2

(A) Cartoons depicting clathrin, MAP7D2 and kinesin-1 and indicated protein domains relevant for this
study. (B) Model of how MAP7D2 may recruit clathrin to the MT. Recruitment may involve direct associa-
tion of a clathrin triskelion to the MAP7D2 C-terminus (left). Clathrin may also be recruited to the MT in
an assembly of multiple clathrin triskelia, either in a non-membranous fashion (middle) or associated with
a vesicle (right). Additional adaptors or linking proteins may be involved in the assembly of such “clathrin
packets” (not depicted here). (C) Model of how kinesin-1-dependent transport of clathrin might be steered
by MAP7D2. MAP7Dz2 has a prominent role in kinesin-1activation and the recruitment of clathrin or clathrin
assemblies to MTs. MAP7D2 may be a loading platform where a triple complex is formed between MAP7D2,
kinesin-1 and clathrin. Such a complex would enable the transfer of MT-tethered clathrin onto a moving
kinesin-1 motor to initiate anterograde transport into axons. Note that a triple complex can be formed in two
ways, indicated in red.

may promote motor-driven transport and explain why soluble triskelia are perhaps poorly
transported in non-neuronal cells. How “clathrin packets” are formed in unclear, but for in
vitro reconstitution experiments, such assemblies may be artificially made with antibodies
against clathrin or GFP to form larger clathrin complexes.
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It has been proposed that selective decoration of MT subsets by specific MAPs (a
“MAP code”) has the capacity to bias directed motor transport and thus help in the sorting of
motors and cargo in neurons (Monroy et al., 2020). Distinct roles of individual MAP7 family
members may contribute to this code, as we have shown that these MAPs differ significantly
in their properties to bind MTs, kinesin-1 and additional binding partners (Hooikaas et al.,
2019). MAP7Dz2 is the only family member that is found in the axon and is essential for all
kinesin-1-dependent movement in this neuronal compartment (Pan et al., 2019). Here, we
show that MAP7D2 has the unique property of binding and recruiting clathrin to MTs and
that this MAP is important for the localization of clathrin in the axon. Kinesin-1 can also
bind clathrin directly (Ni et al., 2018); we therefore hypothesize that MAP7D2 has a dual
role in steering kinesin-1 transport and loading cargo onto the motor. Future experiments
may resolve how large cytosolic protein complexes such as clathrin and neurofilaments are
sorted and transported, and how specific MAPs can contribute to this process in a spatially
regulated manner.

Materials & Methods

Cell culture

Human embryonic kidney (HEK293T) and African Green Monkey SV4o-transformed kidney fibroblast (COS-7)
cell lines were cultured in medium that consisted of 45% Ham’s Fi0, 45% DMEM and 10% fetal calf serum (FCS)
supplemented with streptomycin and penicillin. The cell lines were checked for mycoplasma contamination using
LTo7-518 Mycoalert assay (Lonza). HEK293T cells were transfected with plasmids using polyethylenimine (Poly-
sciences), for streptavidin pull-down assays and immunoprecipitation. COS-7 cells were transfected with plasmids
using FuGENE 6 (Promega) for immunofluorescence staining experiments.

Dissociated hippocampal cultures were prepared from embryonic day 18 (E18) rat brains of both genders.
Dissociated neurons were plated on @18-mm coverslips coated with poly-L-lysine (37.5 pg/ml, Sigma-Aldrich) and
laminin (1.25 pg/ml, Roche Diagnostics) at a density of 100,000 neurons per well. Neurons were grown in Neurobasal
medium (NB) supplemented with 1% penicillin and streptomycin (pen/strep), 2% B27, 0.5 mM L-glutamine (all
from Gibco) , and 15.6 mM glutamate (Sigma-Aldrich) (NB-complete medium) at 37°C in 5% COz2.

Neurons were transfected at DIV 4-7 using Lipofectamine 2000 reagent (Invitrogen). Briefly, for one
?18-mm coverslip covered with 100,000 neurons, 1-2 pg DNA was mixed with 3.3 pl Lipofectamine in 200 pl NB
medium and incubated for 30 minutes at room temperature (RT). Next, 500 pl conditioned medium was transferred
to a new culture plate. The DNA mix was added to the neurons and incubated at 37°C and 5% COz. After go-120
minutes, neurons were transferred to the new culture plate with conditioned medium and 500 pl new NB medium
supplemented with L-glutamine, B27, and pen/strep and kept at 37°C and 5% COz for at least 5 days.

DNA constructs

All MAP7D2 and CHC constructs were cloned by a PCR-based strategy into a pBio-mCherry-C1, mCherry-Ci, or
pBio-EGFP-C1 vector. The Bio-tag consisted of the coding sequence MASGLNDIFEAQKIEWHEGGG, the substrate
of biotin ligase (BirA). MAP7D2 (cDNA) was derived from the IMAGE clone 3063898 (SourceBioscience). MAP7D2
truncations and binding mutants were generated by a PCR-based strategy. Biotin ligase BirA expression construct
(Driegen et al., 2005) was a kind gift from D. Meijer (University of Edinburgh, Edinburgh, UK). Bio-mCherry MAP7
family protein constructs were described before (Hooikaas et al., 2019); human GFP-tagged CHC and LC« con-
structs were described before (Royle et al., 2005). A rat specific Halo- LCa construct was used for overexpression; a
rat specific GFP-Clathrin LCa pOrange plasmids was used for endogenous tagging, as described before (Willems et
al., 2020). A twin-Streptag (SII) containing human specific SII-GFP-Clathrin LCa pORANGE construct was cloned
using the novel ORANGE strategy for CRISPR/Casg-based knock-in. In short, a 20 basepair PAM-containing target
sequence was identified and oligonucleotides containing this sequence were annealed and ligated into the Bbsl
restriction sites of a pPORANGE plasmid. Primers for the SII-eGFP-containing donor sequence were flanked by two
Casg target sites matching the genomic target site. The GFP sequence is flanked on both sides by a linker region:
GSLPVAT (N-terminal) and SGRNGSSS (C-terminal). The donor sequence was amplified using PCR and ligated into
the multiple cloning site of the target sequence-containing pPORANGE plasmids using HindIII and Xhol restriction
sites.
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Target sequences for ORANGE knock-ins:

Gene Species  Protein Target sequence (PAM is underlined)
Clta rat Clathrin light chain « GGATCCAACTCAGCCATGACGG
Clta human  Clathrin light chain o CCATGGCTGAGCTGGATCCGTTC

Donor PCR primers (5" - 3'):

Knock-in  GFP-Clathrin LCa (rat)

Forward: ATAAAGCTTGGATCCAACTCAGCCATGAGGGCAGGTAGCGGAGTGAGCAAGGGCGAGGA
Reverse: ATACTCGAGCCCTCATGGCTGAGTTGGATCCTCCGCTACCCTTGTACAGCTCGTCCATGC

Knock-in  SII-GFP-Clathrin LCa (human)
Forward: ATAAAGCTTGAACGGATCCAGCTCAGCCAGGGGTTCTTGGAGTCATCCACAATTT
Reverse: ATACTCGAGCCCTGGCTGAGCTGGATCCGTTCCTGCCTGACTTGTACAGCTCGTCCATGC

For depletion experiments, a RAT MAP7D2 shRNA (#1) was used:
Sequence: 5-GGAACCTCCTATGAGTAAA-3

Antibodies, Western blotting and immunofluorescence cell staining

For Western blotting and immunofluorescence cell staining rabbit polyclonal antibodies were used against GFP
(ab2go; Abcam), mouse monoclonal antibodies against mCherry (632543; Clontech) and against clathrin heavy
chain (610499; BD Transduction Laboratories). The following secondary antibodies were used: IRDye 800CW/680LT
goat anti-rabbit, and anti-mouse for Western blotting and Alexa Fluor 488- and 594--conjugated goat antibodies
against mouse or rabbit IgG (Molecular Probes). F-actin was stained using AlexaFluor 594-conjugated phalloidin
(Life Technologies).

Total HeLa cell extracts were prepared in a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
MgCl2, 1% Triton X-100, and cOmplete protease inhibitor cocktail (Roche).

For immunofluorescence cell staining of COS-7 and HeLa cells, cells were fixed in —20°C methanol for
10 min and stained for CHC. In the case of phalloidin staining, cells were fixed with 4% PFA in PBS for 10 min and
not washed with ethanol at the final steps. Cells were then permeabilized with 0.15% Triton X-100 in PBS for 2 min;
subsequent wash steps were performed in PBS supplemented with 0.05% Tween-20. Epitope blocking and anti-
body labelling steps were performed in PBS supplemented with 0.05% Tween-20 and 1% BSA. Before mounting in
Vectashield mounting medium (Vector Laboratories), slides were washed with 70% and 100% ethanol and air-dried.

For immunofluorescence cell staining of dissociated hippocampal neurons, cells were fixed with 4% PFA
(paraformaldehyde) for 10-15 minutes, washed 3 times with PBS (phosphate buffer saline), and incubated with pri-
mary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer) overnight at
4°C. Cells were then washed with PBS for 3 times, incubated with secondary antibodies in GDB buffer for 45 minutes
at room temperature, followed by washing 3 times with PBS and mounting with Vectashield mounting medium
(Vector Laboratories).

Image acquisition

Imaging of fixed neurons was performed using an LSM700 confocal laser-scanning microscope (Zeiss)
equipped with a Plan-Apochromat 63xN.A.1.40 oil DIC objective, using 405 nm, 488 nm, 555 nm, and 633 nm laser
lines.

Imaging of fixed COS-7 and Hela cells was performed using a Nikon Eclipse 8oi upright fluorescence
microscope equipped with Plan Apo VC NA 1.40 oil 100x and 60x or Plan Fluor 40x NA 1.30 oil objective, or a Nikon
Eclipse Ni-E upright fluorescence microscope equipped with Plan Apo Lambda 100x NA 1.45 oil and 6ox NA 1.40
oil objectives microscopes, Chroma ET-BFPz, -GFP, -mCherry, or -Cys filters, and a Photometrics CoolSNAP HQz2
charge-coupled device (CCD) camera (Roper Scientific). The microscopes were controlled by Nikon NIS Br software.

Live imaging of neurons was performed on a Nikon Eclipse TE2000E inverted microscope equipped with
Evolve 512 EMCCD camera (Roper Scientific), spinning disk confocal (Roper Scientific), with Plan Apo VC 100x 1.40
NA oil objective (Nikon), incubation chamber (Tokai Hit) and MetaMorph 7.7.5 software (Molecular Device). Neu-
rons were maintained in 37°C /5% CO2.

Streptavidin pull down assays

Streptavidin pull down assays were performed from HEK293T cell lysates by coexpressing biotin ligase BirA with
mCherry- or GFP-tagged constructs containing a biotinylation site. For some pull downs the prey protein was co-ex-
pressed, other pull downs would target endogenous expressed proteins as indicated per experiment. Constructs
were transfected together into HEK293 cells using polyethylenimine with a 24-h incubation time for protein ex-
pression. M-280 Streptavidin Dynabeads (Invitrogen) were blocked in a buffer containing 20 mM Tris, pH 7.5, 20%
glycerol, 150 mM NaCl, and 10 pg chicken egg albumin followed by three washes with wash buffer containing 20 mM
Tris, pH 7.5, 150 mM NaCl, and 0.1% Triton X-100. HEK293T cells were scraped and collected in ice-cold PBS followed
by lysis on ice in a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgClz, 1% Triton X-100, and cOmplete
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protease inhibitor cocktail (Roche). To separate cell debris, the lysates were cleared by centrifugation at 4°C for 15
min at 16,000 g, and 10% of each lysate was saved as input control. Cell lysates were incubated with pre-blocked
streptavidin beads for 60 min at 4°C followed by five washes with the buffer containing 20 mM Tris, pH 7.5, 150 mM
NaCl, and 0.1% Triton X-100. Streptavidin beads were pelleted and boiled in Laemmli sample buffer. Protein lysates
and pull down of both bait and prey proteins were analyzed by Western blotting.

Mass spectrometry

Samples of streptavidin-purified proteins were ran on a SDS-PAGE gel. Gel pieces were reduced, alkylated and di-
gested overnight with trypsin. Peptides were extracted with acetonitrile and dried down in a vacuum centrifuge.
The resuspended peptides were subjected to LC-LC MS/MS using an Agilent 1290 Infinity coupled to an Orbitrap
Q Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides were first trapped (Dr Maisch
Reprosil C18, 3 um, 2 cm x 100 pm) before being separated on an analytical column (Agilent Poroshell EC-C18, 2.7
pm, 50 cm x 75 pm). Trapping was performed for 10 min in solvent A (0.1 M acetic acid in water), and the gradient
was as follows: 13-44% solvent B (0.1 M acetic acid in 80% ACN) in 35 min, 44-100% in 3 min and 100% for 1 min.
Flow was passively split to 300 nL. min™ . The mass spectrometer was operated in data-dependent mode. Full-scan
MS spectra from m/z 375-1600 were acquired at a resolution of 30 000 at m/z 400 after accumulation to a target value
of 3 x 106 . Up to 15 most intense precursor ions were selected for fragmentation. HCD fragmentation was performed
at a normalized collision energy of 27.

Raw files were processed using Proteome Discoverer (version 1.4.0.288, Thermo Scientific, Bremen, Ger-
many). Database searching was performed using Mascot (version 2.5.1, Matrix Science, UK) against a Swiss-Prot
human database (downloaded 29th of January 2016). Carbamidomethylation of cysteines was set as a fixed modifi-
cation and oxidation of methionine as a variable modification. Trypsin was specified as enzyme and up to two miss
cleavages were allowed. Data filtering was performed using percolator, resulting in 1% false discovery rate (FDR).
Additional filters were; search engine rank 1 peptides and ion score>20.

Proteomics analysis

Proteomics analysis of MAP7D2 amino acid sequence conservation across species was performed with
Clustal Omega sequence alignment tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The amino acid sequences
were obtained from UniProt, except for Callorhinchus milii (elephant shark), obtained from NCBI.

Nucleic Acids Res. 46:D428-D434.
Guedes-Dias, P, and E.L.F. Holzbaur. 2019. Axonal
transport: Driving synaptic function. Science. 366.
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Supplemental Figures

A Bio-mCherry-MAP7 FL # of unique
Accession Name peptides  Score  Coverage (%)
Q14244 Ensconsin 63 9036.19 70.09
QOULHO Kinase D-interacting substrate of 220 kDa 19 557.15 11.07
P33176 Kinesin-1heavy chain 10 243.43 13.29
P81947 Tubulin alpha-1B chain 9 514.33 30.16
P68399 Casein kinase Il subunit alpha 8 522.26 26.85
P40227 T-complex protein 1 subunit zeta 8 156.78 14.5
Q9BQE7 Gl ich WD repeat: ining protein 1 7 384.08 14.8
QoUBHGE Xenotropic and polytropic retrovirus receptor 1 7 269.82 12.64
095793 Double-stranded RNA-binding protein Staufen homolog 1 7 230.49 14.21
P05455 Lupus La protein 7 173.31 17.65
Bio-mCherry-MAP7D1 FL # of unique
Accession Name peptides  Score  Coverage (%)
Q3KQu3 MAP7 domain-containing protein 1 67 8111.44 57.79
095714 E3 ubiquitin-protein ligase HERC2 20 551.9 5.01
095613 Pericentrin 14 379.3 5.07
P05455 Lupus La protein 13 526.39 277
Q99996 A-kinase anchor protein 9 12 311.06 3.32
QYULHO Kinase D-interacting substrate of 220 kDa 11 266.89 536
P62261 14-3-3 protein epsilon 1 768.1 57.65
094763 Unconventional prefoldin RPBS interactor 1 10 277.78 22.62
P21333 Filamin-A 10 266.79 495
Q9EMX6 WD repeat-containing protein 92 9 385.37 25.49
Bio-mCherry-MAP7D3 FL # of unique
Accession Name peptides  Score  Coverage (%)
Q8wc1 MAP7 domain-containing protein 3 78 18302.56 55.71
P33176 Kinesin-1 heavy chain 25 1835.32 31.15
Q99996 A-kinase anchor protein 9 22 561.19 6.57
QSHOB6 Kinesin light chain 2 10 1138.4 19.77
Q07065 Cytoskeleton-associated protein 4 9 405.94 18.94
Q9ULHO Kinase D-interacting substrate of 220 kDa 9 320.72 5.99
QO96SN8 CDKS regulatory subunit-associated protein 2 8 492.14 5.65
094763 Unconventional prefoldin RPB5 interactor 1 8 357.28 15.7
095613 Pericentrin 8 315.44 291
QINSKO Kinesin light chain 4 7 517.17 16.32
B Cc
mCherry-MAP7D2 GFP-CHC MAP7D2/CHC mCherry-MAP7D2 GFP-LCa MAP7D2/LCa

High expression
(forms MT bundles)

Low expression
(decorates single MTs, little bundles formed)

5 um

Supplemental Figure 1 - Mass spectrometry analysis of MAP7 proteins and analysis of clathrin re-
cruitment to MTs by MAP7D2

(A) Identification of binding partners of Bio-mCherry full length MAP7, MAP7D1 and MAP7D3 by streptavi-
din pull-down assays from HEK293T cells co-expressing BirA followed by mass spectrometry. Results table
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Figure S1 (continued) shows the top 10 interactors after contaminants were filtered out. (B) Widefield im-
ages of COS-7 cells overexpressing mCherry-labeled full length MAP7D2 and GFP-labeled full length CHC.
Upper panel shows an example of high MAP7D2 expression levels. Lower panels show an example of low
MAP7D:2 expression, a zoom (indicated in orange) is shown below. (C) Widefield images of COS-7 cells over-
expressing mCherry-labeled full length MAP7D2 and GFP-labeled full length LCa.

A B
mCherry-MAP7D2 endogenous CHC MAP7D2/CHC 10% input pulldown
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[ D E Polyclonal HelLa cell line: Sll-eGFP-LCa
GFP GFP/Actin/DNA
Protein: CBM sequence: "
o
MAP7 402 APLVKVEEA ((Q’\'
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MAP7D2 (B) 728 QDLLDFTGP S kD:
MAP7D3 786 HKLVFLEDG crp |
Consensus: L ¢ X ¢ D/E Tubulin 50

Clathrin-box motif

Supplemental Figure 2. Analysis of clathrin-MAP7D2 binding and generation of a stable cell line
with endogenously tagged LCax

(A) Widefield images of COS-7 cells overexpressing mCherry-labeled full length MAP7Dz2 or the MT-binding
MAP7D2 N-terminus (1-309) stained for endogenous CHC. (B) Streptavidin pull-down assay with extracts
of HEK293T cells expressing BirA and the indicated Bio-GFP-labeled MAP7D2 fragments (bait) analyzed by
Western blotting using antibodies against GFP and endogenous CHC. (C) Amino acid sequence alignment
of all CBM motifs present in the MAP7 protein family. Amino acids that rare part of the consensus sequence
are indicated in pink. The consensus sequence of the clathrin-box motif is indicated below the sequence
alignment where ¢ indicates hydrophobic residues and X any possible residue. (D) Western blot analysis of a
polyclonal GFP-sorted HeLa cell line expressing endogenously tagged Strepll-tag-GFP-labeled LCa. Protein
expression was analyzed using antibodies specific for indicated proteins. WT HeLa cells were used as a neg-
ative control. (E) Widefield images of polyclonal GFP-sorted HeLa cells with endogenously SII-GFP-tagged
LCa stained for GFP and actin (phalloidin). Zooms of the boxed areas (orange squares) are shown in the
bottom row panels.
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Chapter 5

Abstract

Microtubules are important components of the eukaryotic cytoskeleton. Their structural
organization is regulated by nucleotide binding and many microtubule-associated proteins
(MAPs). While cryo-EM and X-ray crystallography have provided detailed views of inter-
actions between MAPs with the microtubule lattice, little is known about how MAPs and
their intrinsically disordered regions interact with the dynamic microtubule surface. NMR
carries the potential to directly probe such interactions but so far has been precluded by
the low tubulin yield. We present a protocol to produce [13C, 15N]-labeled, functional mi-
crotubules (MTs) from human cells for solid-state NMR studies. This approach allowed us
to demonstrate that MAPs can differently modulate the fast time-scale dynamics of C-ter-
minal tubulin tails, suggesting distinct interaction modes. Our results pave the way for in-
depth NMR studies of protein dynamics involved in MT assembly and their interactions
with other cellular components.

Introduction

In eukaryotic cells, microtubules (MTs) are cytoskeletal polymers essential for many biolog-
ical processes, including cell division, migration, polarization, and intracellular trafficking.
MTs are assembled from o/f-tubulin heterodimers and are intrinsically polarized, with the
highly dynamic, -tubulin-exposed plus end, which rapidly switches between growth and
shrinkage in a process termed “dynamic instability” (Desai and Mitchison, 1997). The dy-
namic instability of MTs is caused by GTP binding and hydrolysis on tubulin dimers.

Many MT-associated proteins (MAPs) regulate MT structure and function by in-
teracting with MT lattices and/or MT ends (Akhmanova and Hoogenraad, 2015; Akhmano-
va and Steinmetz, 2008). Cryo-electron microscopy (EM) has made substantial progress to
elucidate the interaction between MAPs and the MT lattice (Alushin et al., 2014; Nogales
and Zhang, 2016), including the cryo-EM reconstruction of the MAP tau binding to MTs
(Kellogg et al., 2018). However, the direct observation of dynamic regions of tubulin, includ-
ing the unstructured C-terminal tails that are critical for binding of different MT-associated
proteins such as tau (Kellogg et al., 2018) has remained challenging due to their intrinsic
flexibility. To model such tubulin regions computational approaches were used, for example
in the context of tau binding to MTs (Kellogg et al., 2018) or, more recently, to determine
the effect of a-tubulin acetylation on MT structure and stability (Eshun-Wilson et al., 2019).
Given the wide-spread relevance of protein dynamics for MT function and, in particular,
of tubulin tails for cellular processes and human disorders (Gadadhar et al., 2017), direct
experimental insight into the dynamic interaction of MTs with MAPs is hence of significant
interest.

Nuclear magnetic resonance (NMR) spectroscopy has been shown to provide
unique structural insights into heterogeneous and dynamical systems at atomic resolution
and on different time scales (see, e.g., (Peng, 2012; Quinn and Polenova, 2017; Renault et al.,
2010; Wright and Dyson, 2015)). Previously, solid- and solution-state NMR have been used
to study the interactions between MTs and isotope-labeled MAPs or small drugs (Atherton
et al., 2017; Atherton et al., 2019; Kadavath et al., 2018; Kesten et al., 2019; Kubo et al., 2013;
Kumar et al., 2010; Yan et al., 2015). However, these studies were restricted to studying lig-
ands that could be isotope labeled using bacterial expression systems. Thus far, the direct
study of functional MTs from human cells that carry NMR-active labeling was precluded
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due to insufficient protein amounts. In addition, solution-state NMR studies on intact MTs
are hampered by protein size and insufficient molecular tumbling. In the following, we de-
scribe a solid-state NMR (ssNMR) approach to directly study the interaction of labeled MTs
with their binding partners. In particular, this method enables us to probe the dynamics of
intact MTs. Moreover, we examine the influence of two different MT-associated proteins
upon the C-terminal tail dynamics. We investigate the binding of the CKK domain that is
important for the minus-end recognition of the calmodulin-regulated spectrin-associated
protein (CAMSAP) (Atherton et al., 2017; Atherton et al., 2019). Furthermore, we exam-
ine the effect of the microtubule-binding domain (MTBD) of the MAP7 family of proteins,
which play an important role in regulating kinesin-based intracellular transport and for
which the structural details of MT binding are currently unknown (Chaudhary et al., 2019;
Hooikaas et al., 2019; Monroy et al., 2018; Pan et al., 2019). Our results suggest that MAP-tu-
bulin tail interactions can involve both fast-time scale interactions between mobile chains
as well as slow-time scale binding/unbinding events within stable MT-MAP complexes.

Results

Functional MTs for ssNMR studies

To obtain milligram quantities of human MTs we used HelLa S3 cells that not only grow as
adherent culture but also in suspension, thereby increasing the efficiency of large-scale cul-
tures (Souphron et al., 2019). In addition, HeLa S3 cells express only a few tubulin isotypes
(Davis et al., 2010; Newton et al., 2002) resulting in comparatively homogeneous samples.
We isolated tubulin from cell lysates by using a polymerization and depolymerization cycle
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Figure 1 - MT preparation from HeLa S3 cells and sample characterization.

(A) Schematic overview of the sample preparation. (B) SDS-PAGE analysis from each purification step. M:
protein marker; S: supernatant; P: pellet; first poly: first polymerization; depoly: depolymerization; Taxol
poly: polymerization with Taxol. The uncropped gel is provided as a Source Data file. (C) Functional charac-
terization of purified HeLa S3 tubulin. Kymograph (left) and movie stills (right) of an in vitro polymerized
MT imaged for 10 min on a TIRF microscope correspond to Fig. S1C. Time points and MT plus (+) and minus
(-) ends are indicated. (D) Characterization of morphology of HeLa MTs before and after MAS NMR exper-
iments by EM.
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to remove contaminations (Fig. 1a, b). Subsequently, we polymerized tubulin into MTs with
high concentration of 1,4-piperazinediethanesulfonic acid (PIPES) to remove MAPs binding
and stabilized MTs with Taxol (Weaver, 2014). As demonstrated by sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis, Taxol-stabilized MTs showed a purity of 90%
(Fig. 1b). To check functionality, we incubated our prepared MTs with a fluorescently tagged
MTBD of MAP7 domain-containing protein 3 (MAP7D3, in the following abbreviated by
MAP?7), which served as a MT-binding probe, and found that the purified MTs were decorat-
ed by this protein fragment (Supplementary Fig. 1A, B, left). Notably, the binding of MAP7
induced some bundling of MTs (Supplementary Fig. 1A, B). However, the MT bundling does
not affect the structure and the dynamics of tubulin C-terminal tails of each individual MT
(Walczak and Shaw, 2010), and hence did not interfere with our ssNMR experiments pre-
sented below. We also investigated whether HeLa S3-derived tubulin can polymerize with-
out Taxol and shows dynamic instability by preparing an additional sample without Taxol,
leading to soluble tubulin after a subsequent depolymerization. The resulting tubulin was
used in an in vitro reconstitution assay where MTs are polymerized from stable MT seeds
with GFP-tagged end binding protein 3 (EB3) as a marker for growing ends. The tubulin we
prepared polymerized into MTs and showed phases of growth and shortening (Fig. 1c and
Supplementary Fig. 1C, Movie 1), demonstrating that the purified tubulin remains polym-
erization-competent using our protocol. Taken together, this protocol allowed us to purify
functional tubulin from mammalian cells that could form MTs, thus providing the basis for
our NMR experiments described below.

To obtain isotope-labeled MTs for ssNMR studies, we grew HeLa S3 cells in 2L [13C,
15N] labeled medium and obtained isotope-labeled, Taxol-MTs (in the following abbreviat-
ed by MTs) using the procedure described above. The sample was then packed into a 1.3 mm
MAS NMR rotor and subjected to extended measurement periods using fast MAS rates. To
ensure sample integrity under such conditions, we used transmission EM and TIRF micros-
copy that confirmed that our MT samples remained intact (Fig. 1d and Supplementary Fig.
1B).

MT samples as seen by 13C and 31P ssNMR spectroscopy

To evaluate the sample quality, we first recorded a 2D 13C-13C dipolar-based correlation
spectrum using radio frequency-driven recoupling (RFDR) (Bennett et al., 1998) recoupling
and compared our data to chemical-shift predictions for MTs (PDB ID: 5SYF) using FAN-
DAS 2.0 (Narasimhan et al., 2018). Overall, the spectrum agreed with in silico estimates
(Fig. 2a, left). For example, in Ca—~Cp regions of serine, threonine and alanine residues,
signals were observed in qualitative agreement with predictions for a-helical and [-strand
conformations (Fig. 2a, right). Interestingly, alanine signals that were not observed (Fig. 2a,
top right) resided in random-coil conformation and related to residues in tubulin loops.
The latter observation would be consistent with the occurrence of loop motion as discussed
elsewhere (Eshun-Wilson et al., 2019) at the experimental temperature (~298 K) in our di-
polar-based experiments. While residue-specific analysis of such effects will require the
extension to 3D ssNMR spectroscopy, possibly in combination with amino acid specific la-
beling1, the spectral resolution observed in Fig. 2 for such a large complex hence speaks in
favor of a homogenous sample of polymerized MTs.

This notion was further confirmed by 31P NMR signals stemming from nucleotides
binding to MTs. In general, o/B-tubulin dimers contain two nucleotide-binding sites. The
GTP molecule bound to o-tubulin is non-hydrolysable, whereas, the nucleotide bound to
B-tubulin is exchangeable, and GTP is hydrolyzed to GDP upon MT polymerization (Me-
nendez et al., 1998) (Fig. 2b, left). Indeed, we observed ssNMR signals from both GTP and
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Figure 2 - SSNMR spectra of [13C, 15N]-labeled MTs.

(A) The 2D 13C-13C radio frequency-driven recoupling (RFDR) experiment was performed at 270K set tem-
perature with a MAS rate of 44 kHz with zoom in’s on serine, threonine and alanine Ca~Cp regions. Crosses
indicate the chemical shift predictions for MTs from SHIFTX2 (Han et al., 2011) and FANDAS 2.0 (Narasim-
han et al., 2018) based on the EM structure (PDB 5SYF). Red and green crosses represent predictions for
a-tubulin and B-tubulin, respectively. (B) Schematic representation of the GTP/GDP binding to tubulin in
MTs (left), and 1D H-31P CP experiment at ambient temperature with MAS rate of nkHz allows to observe
GTP and GDP bound to MTs.
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GDP in 1D 31P CPMAS spectrum (Fig. 2b, right) that were well resolved compared to previ-
ous results on lyophilized MTs (Lee et al., 2015). The observed spectral resolution allowed
us to distinguish NMR signals from both molecules (Supplementary Table 1) (Lee et al.,
2015; Spoerner et al., 2017). Integrated peak intensities (Supplementary Table 1) correlated
well with the notion that the molar ratio of GDP:GTP was 1:1, which is in agreement with
previous studies (Alushin et al., 2014; Menendez et al., 1998)further supporting the idea that
our ssNMR preparations were well folded and functional. Interestingly, we also observed
an additional broad peak at —2.7 ppm, which may result from co-purified lipids (Kaur et al.,
2016).

Probing tubulin tails by ssNMR

To probe mobile MT protein segments including the C-terminal tubulin tails (Fig. 3a), we
carried out a series of scalar-based (J-based) ssNMR experiments (Alam and Holland, 2006)
that previously revealed flexible parts within large biomolecules (Andronesi et al., 2005;
Damman et al., 2019; Ward et al., 2015; Xiang et al., 2018). As discussed elsewhere (Andron-
esi et al., 2005; Schmidt-Rohrand Spiess, 1994), significant molecular motions with correla-
tion times in the range of 107 to 107s must be present to generate NMR signals in such ssN-
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Figure 3 - Flexible tubulin C-terminal investigated by J-based ssNMR.

(A) The sequences of N- and C-termini of tubulin. Underlined residues showed sequential correlations in
our ssNMR data sets. The protein sequences of ca and 1 tubulin isotypes were used for analysis based on
previous results (Davis et al., 2010). (B) 2D 15N-HSQC of [13C, 15N]-labeled MTs showed the flexible tubulin
tails. (C) 2D 13C-HSQC of [13C, 15N]-labeled MTs showing the residues present in the tubulin tails. Due to the
high flexibility, the signals from side chains of leucine, lysine as well as buffer compounds and lipids were also
observed. (D) Strips of a 3D 15N-edited 1H-1H spin diffusion experiment showing the connections between
13C-HSQC and 15N-HSQC.
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MR correlation experiments. Slower motions (in the range of milliseconds or slower) will,
on the other hand, lead to signal loss (vide infra). In the current context, a 2D 15N-HSQC
spectrum contained several signals with a limited spectral dispersion (Fig. 3b), in line with
the presence of a mobile unstructured protein region. Using additional 2D 13C-HSQC (Fig.
3¢, d) 15N-edited 1H-1H spin diffusion spectra (Fig. 3d), we could confirm that correlations
observed in the 15N-HSQC spectrum are mainly due to glycine, glutamate, and alanine,
which are the most abundant residues in the tubulin tails (Fig. 3a). Moreover, the corre-
sponding resonance frequencies seen in the 2D 13C-HSQC reflected random-coil chemical
shifts of these amino acids. Note that the latter spectrum contained additional signals from
mobile side chains as well as correlations stemming from residual lipids (Fig. 2b) and buffer.

We could further identify correlations stemming from glutamate and alanine
residues by tracing HN to Hf or Hy correlations. Interestingly, one glutamate NH signal
showed correlations to the Ha of glycine, indicating that the corresponding glutamate resi-
dues are next to glycine residues (Fig. 3d, second strip). Such correlations are only expected
for the a-tubulin C-terminal tails (Fig. 3a). On the other hand, the other glutamate peak
showed no contacts to glycine Ha (Fig. 3d, third strip), suggesting that these correlations
most likely reflect glutamate residues of the f-tubulin C-terminal tail (Fig. 3a). In addition,
we detected two glycine signals with an approximately 3:1 intensity ratio in line with three
glycine residues in EGE motifs of the a-tubulin tail and one glycine representing the FGE
motif of the B-tubulin. These tentative assignments were in good agreement with previous
solution-state NMR studies(Lefevre et al., 2011) of a peptide that contained C-terminal res-
idues of human a-tubulin and enabled us to tentatively assign the most C-terminal residue
of a-tubulin, i.e., Tyr451 (Fig. 3a). Moreover, we could identify one alanine correlation which
most likely reflects the last residue of the B-tubulin based on its high 15N chemical-shift
value, and the correlations from its amide proton to the Hp of Ala and Glu. Lastly, two cor-
relations which may at least in part stem from the N-terminal residues (Fig. 3a) remained
unassigned due to lack of cross peaks in the 3D spectrum (Fig. 3b, peaks indicated by as-
terisks). The corresponding resonance frequencies would speak against posttranslational
modifications (PTMs) seen in previous solution-state NMR on Tetrahymena thermophila
tubulin (Wall et al., 2016). Indeed, earlier work showed that HeLa tubulin mostly lacks
PTMs on tubulin tails (Barisic et al., 2015). Taken together, our results suggested that both
o- and B-tubulin tails are disordered and highly mobile on a nanosecond time scale.

Tubulin tail dynamics are modulated by the CKK domain

In our previous work we could decipher molecular properties that enable CKK domains of
the CAMSAP protein family to preferentially associate with the transition zone between
curved protofilaments and the regular MT lattice at MT minus ends (Atherton et al., 2017;
Atherton et al., 2019). We found that the CKK domain that consists of folded protein core
and disordered termini associates with the groove between two laterally attached tubulin
dimers and discovered that CKKs can subtly differentiate specific tubulin conformations to
enable MT minus-end recognition (Atherton et al., 2019). However, these studies did not
reveal how tubulin tails, which are important for CKK binding (Atherton et al., 2017) are
involved in these events. Using our ssNMR protocol, we in the following investigated the
influence of CKK binding upon the C-terminal tubulin tails. For this purpose, we purified
the unlabeled CAMSAP1 CKK N1492A mutant that exhibits reduced minus-end selectivity
and binds with higher affinity to MTs compared to wild-type CKK (Atherton et al., 2017;
Atherton et al., 2019)We then added unlabeled CKK to [13C, 15N]-labeled MTs and repeated
our 15N-HSQC experiments. Compared to free [13C, 15N]-labeled MTs, we observed strong
changes in the 2D correlation spectrum (Fig. 4a) that relate to arginine residues of MTs as
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Figure 4 -Tubulin C-terminal tail dynamics are modulated by the CKK domain.

(A) Comparison of 2D 15N-HSQC spectra obtained from [13C, 15N]-labeled MTs (black) and unlabeled
CAMSAP1 CKK Ni492A in complex with [13C, 15N]-labeled MTs (magenta). (B) Zoom-in on arginine resi-
dues found in the CKK-MT cryo-EM structure (PDB 5M5C), ref. 15) that are located on a-tubulin (yellow) and
B-tubulin (gray) and within 6 A to CKK domain (magenta). (C) Top: amino-acid sequences of CKK termini
with last residues observed in the cryo-EM structure (PDB 5Ms5C) indicated by stars. Bottom: C-terminal tails
of a-tubulin and B-tubulin with last residues detected the cryo-EM structure (PDB 5M5C) are indicated by
yellow and black stars, respectively. (D) Dynamic (indicated by double-headed arrows) C-terminal tubulin
(dashed black and yellow lines) and CKK (magenta) tails. Blue lines measure the distance between the last
residues observed in the cryo-EM structure of both tubulin tails (indicated by black and yellow stars) to the
last CKK C-terminal residue observed in cryo-EM (magenta star).

well as to the C-terminal residues of a-tubulin and of B-tubulin. In the following, we discuss
our ssNMR spectral findings and their relationship to previous results for each of these
three aspects.

Firstly, signals for the side chains of arginine residues were strongly reduced com-
pared to free MTs. This observation confirmed our previous findings that arginine residues
of both «- and B-tubulin tubulin are located in the binding region of the CKK domain (Ath-
erton etal., 2017) (Fig. 4b). Furthermore, our recent studies also showed that the binding of
CKK induces protofilament skew leading to a reduced lateral space between tubulin dimers
(Atherton et al., 2017; Atherton et al., 2019). Arginine residues located in regions distant
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from the CKK binding epitope but involved in these lateral interactions between tubulin
may hence also become less dynamic (Zhang et al., 2015).

Secondly, several correlations including the last C-terminal residue of pB-tubulin,
A444, disappeared after CKK was bound to MTs and correlations appeared in the alanine,
glycine and tyrosine regions (Fig. 4a). These spectral changes would be consistent with con-
formational exchange on the fast time scale (Peng, 2012) upon CKK binding. Interestingly,
glycines in the FGE segment and alanine residues are only found in the C-terminal tail of
[B-tubulin suggesting that the B-tubulin tail is involved in this dynamic interaction. Notably,
the C-termini of both B-tubulin (17 residues, Fig. 4¢) and of the CKK domain (13 residues,
Fig. 4c) were not observed in the previous cryo-EM structure (Atherton et al., 2017). Most
likely, the CKK C-terminus hence retains conformational variability upon binding to MTs.
Assuming fully extended backbone conformations, both CKK and tubulin C-terminal tails
could sample a distance range of at least 60 and 45A (Ainavarapu et al., 2007), respectively,
which would readily allow for such dynamic interactions between both mobile tails as in-
dicated in Fig. 4d. Notably, previous EM and ssNMR experiments suggested that the N-ter-
minus of CKK (g residues) could interact with the C-terminal part of B-tubulin (Fig. 4c, e),
which would be in line with our NMR data.

Thirdly, we also observed changes in ssNMR signal frequencies and intensities af-
ter CKK binding for glycine in EGE segments and residue Y451, respectively, that are both
found in the C-terminal tail of o-tubulin (Fig. 4a). As shown in Fig. 4c, d, the C-terminal tail
of a-tubulin with its 12 residues could hence also dynamically interact with the C-terminus
of CKK.

Taken together, our results strongly suggest that that the C-terminal tubulin tails
dynamically interact with CKK domain on the nano- to microsecond time scale. Combi-
nation of these results with our previous EM and ssNMR data further refines this notion,
suggesting that the CKK C-terminus interacts with both a- and B-tubulin while the CKK
N-terminus engages in fast interactions with the C-terminus of B-tubulin. Future ssNMR
experiments may allow us to further dissect the details of these dynamic interactions, in-
cluding the more precise determination of motional time scales in a residue-specific man-
ner.

MAP7-binding reduces MT tail dynamics
The MAP7 family of proteins plays an important role in regulating kinesin-based intra-
cellular transport. However, the structural details of MAP7-MT interaction are currently
unknown (Chaudhary et al., 2019; Monroy et al., 2018; Pan et al., 2019). A secondary-struc-
ture prediction of MAP7 on the basis of its amino acid sequence as well as preliminary
NMR experiments on free MAP7 in solution suggest that the MAP7 domain adopts a highly
a-helical structure separated by a short loop comprising Ri44 to T146 and flanked by un-
structured termini (Fig. 5a).

To obtain insight into the interaction of MT tails with bound MAP7, we repeated
our J-based experiments on [13C, 15N]-labeled MTs after adding unlabeled MAP7 in a 221
ratio ensuring full decoration of MTs (see Methods). Interestingly and unlike in the case
of binding of the CKK domain to MTs, we did not detect any frequency changes in the 2D
15N-HSQC ssNMR correlation spectrum (Fig. 5b, cyan) compared to the case of free MTs.
Instead, signals from both C-terminal tubulin tails, including the identified EGE and FGE
segments as well as other E residues were strongly attenuated (Fig. 5¢ and Supplementary
Fig. 2) compared to the most C-terminal residues of a- and B-tubulin, Y451 and A444, re-
spectively. These observations can be explained by a slow exchange process (millisecond
time scale or longer) between freely mobile a- and B-tubulin tail conformations (visible in
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Figure 5 - Tubulin C-terminal tails interact with MAP7.

(A) Secondary structure prediction of MAP7-MTBD by JPred (Drozdetskiy et al., 2015). (B) Spectral compar-
ison of 2D 15N-HSQC spectra obtained from [13C, 15N]-labeled MTs (black) and unlabeled MAP7-MTBD in
complex with [13C, 15N]-labeled MTs (cyan). (C) Signal intensity ratios of resolved peaks in 15N-HSQC be-
tween MAP7-MTBD bound MTs and free MTs. Error bars were calculated based on the NMR signal to noise
ratio of each peak in the two spectra. Signal intensity ratios are provided as a Source Data file.

the spectra) and C-terminal tails directly bound to MAP7. Note that the latter states would
be invisible in our J-based experiments. In a simple two-state model, the relative amount
of bound populations would be given by Pbouid=1 - Jbound/[fiee (gee, e.g. (Lakomek et al., 2019;
Peng, 2012)) seen in Fig. 5c leading to values of up to a 80% bound tail residues around the
EGE and FGE terminal segments in o and f tubulin tails, respectively, and decreasing to
around to a 65% and 25% bound population for the most C-terminal residues of a-tubulin
(Tyr4s1) and of B-tubulin (Alag44), respectively. Unlike the case of CKK where dynamic
tubulin C termini retain fast dynamics, these observations hence suggested that the MT
termini directly bind to MAP7 at a time scale of milliseconds or longer. At the same time the
formation of the MT-MAP7 complex also leads to the reduction of Arg side-chain dynamics
which are apparent from our experimental data (Fig. 4b) and reminiscent of our findings in
the case of CKK binding.
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Discussion

Protein dynamics are critically involved in MT organization including the stochastic switch-
ing between growing and shrinking states as well as in the regulation of MTs by MAPs and
other cellular factors. NMR carries the potential to directly probe such processes provided
that functional and NMR-active MTs can be obtained. We have shown that high-resolution
ssNMR spectra can be recorded on [13C, 15N] labeled MTs obtained from human cells. The
MTs were polymerized from tubulin in functional form (Souphron et al., 2019), as con-
firmed by in vitro MT dynamics assays. In addition, our protocol allows obtaining purified,
functional tubulin if Taxol is not included in the second polymerization (see Fig. 1c). Such
preparations allow for NMR studies of human tubulin in solution (or after depolymeriza-
tion), e.g., to study MT nucleation and its regulation by different MAPs and potentially re-
lated phase transitions (Hernandez-Vega et al., 2017). The narrow 31P NMR lines indicated
homogenous binding of nucleotides on tubulin subunits that resulted in correctly polymer-
ized MTs. This notion was further confirmed by 2D dipolar-based correlation experiments
that are in qualitative agreement with a MT lattice as seen in cryo-EM structures. The ab-
sence of loop signals in our 2D ssNMR dipolar based data possibly points towards enhanced
dynamics in protein loop regions as expected for tubulin domains, which are critical for MT
dynamic instability or involved in PTMs such as the a-tubulin loop of residues P37-D47
(also known as aK40 loop7). Further ssNMR studies, possibly using three- or higher-di-
mensional ssNMR experiments may, in combination with tailored labeling, reveal the exact
details of these motions.

Complementary to these experiments, proton-detected scalar-based 2D and 3D
ssNMR experiments allowed us to directly study the disordered, flexible tubulin tails that
are critically involved in MAP binding (Lefevre et al., 2011) and which are invisible in all
available high-resolution structures. In the current context, we tracked the effect of bind-
ing of the CKK domain of CAMSAP and of MAP7 for the dynamics of o- and B-tubulin
C-terminal tails. Our data suggest that MAP-tubulin tail interactions can take place over
a remarkably wide time scale. In the case of CKK, the dynamics of both o- and -tubulin
C-terminal tails are rapidly (in the nano to microsecond scale) modulated by the CKK do-
main, confirming our previous finding that tubulin C-terminal tails are important for CKK
binding. Combination of these experiments with results of our earlier cryo-EM and ssNMR
studies (Atherton et al., 2017; Atherton et al., 2019) provided further insight regarding the
details of these dynamic interactions and suggest that the disordered termini of CKK are
involved in these interactions. On the other hand, MAP7 binding to MTs is characterized by
tubulin C-terminal tails that exchange between bound (major state) and free (minor state)
conformations on a much slower (millisecond or longer) time scale.

The remarkable difference between CKK and MAP7 binding to the tubulin tails
may be related in part to the structural and dynamical properties of the MAP itself. For
example, the mobile CKK termini comprise several positively charged amino acids (Fig. 4¢),
whereas, in the case of MAP7, such residues are mostly found in the putatively structured
core of MAP7 (Fig. 5a). In addition, the molecular details of the MAP binding epitope on
MTs may play a role in defining tail interactions. As we have shown earlier (Atherton et al.,
2017; Atherton et al., 2019), CKK binding takes place between protofilaments. On the other
hand, MAP7 is known to compete for binding to MTs (Monroy et al., 2018) with the protein
tau and hence is likely to be associated with the protofilament crest as seen for tau (Kellogg
et al., 2018). Further ssNMR studies may help to dissect these dependencies, including the
exact CKK and MAP7 regions interacting with the C-terminal tails. Such studies may in-
volve isotope labeled MAPs or mixed labeled (Etzkorn et al., 2004) MAP-MT preparations.
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Moreover, the presented approach could be readily extended to study the interactions of
longer variants of MAPs that, in addition to the minimal MT binding region, comprise in-
trinsically disordered protein domains as well as the Kinesin-1 binding domain (Pan et al.,
2019). As we have shown recently for the case of mRNA processing bodies (Damman et al.,
2019), such studies not only could target bona fide MTs but they could also reveal dynamic
interactions leading to the compartmentalization of the MT lattice by condensation of tau
or other MAPs (Hernandez-Vega et al., 2017; Siahaan et al., 2019; Tan et al., 2019). Combi-
nation of such NMR experiments with data obtained from cryo-EM and fluorescence mi-
croscopy experiments could lead to a comprehensive view on the structural and dynamical
aspects that define the interaction between MT and MAPs or other cellular players that
regulate MT function.

Methods

Preparation of MTs for ssNMR experiments and in vitro assays

The HeLa S3 cell line (ATCC® CCL2.2™) was used for culturing. [13C, 15N] labeled DMEM medium was prepared in
the same way as described in a previous study (Kaplan et al., 2016) except that we used 3.5g/L glucose in order to
maintain cell viability in suspension culture. The cells were first cultured in the labeled medium on two 150 mm cell
culture dishes, and then transferred into 12 dishes with the same medium. When the culture reached a confluence of
~80% on the plates, cells were trypsinized and transferred into 2 L labeled medium and cultured in 7 1L Erlenmeyer
shaker flasks (Corning) until the cell density reached ~1.2-1.5x106/mL. Cells were then harvested by centrifugation
at 500xg for 20min at 4°C. The cell pellet was collected and resuspended in phosphate-buffered saline and centri-
fuged again at 500 x g for 15min at 4°C and used for MT preparation.

The purification of Taxol-stabilized MTs was performed based on the published protocols (Guedes-Dias
et al., 2019; Nirschl et al., 2016) with minor modifications. Harvested cells were first resuspended with 1g cell/mL
lysis buffer (8o mM PIPES pH 6.8, 1mM EGTA, 1mM MgCl2, 1mM B-mercaptoethanol, 1mM PMSF and protease in-
hibitors (Roche) and lysed on ice by passing through a French Press homogenizer 3 times at 1000 psi. Subsequently,
lysed cells were spun down at 120,000 x g at 4°C for 30 min and the supernatant was collected. The supernatant was
centrifuged again at 5000 x g at 4°C for 15min to remove the remaining cell debris and then a half volume of glycerol
and 1mM GTP were added and mixed well. MT polymerization was carried out by incubating the mixture at 30°C
for 30 min. Subsequently, the crude MT pellet was spun down at 150,000 xg (Type 70.1 Ti, Beckman Coulter) at 30°C
for 30omin and placed on ice. The pellet was then resuspended in BRB8o buffer (8o mM PIPES pH 6.8, imM EGTA,
1mM MgCl2) supplemented with protease inhibitors and kept on ice for 30 min to allow for MT depolymerization.
For a more efficient depolymerization, the solution was resuspended frequently and then centrifuged at 150,000xg
(Type 70.1 Ti, Beckman Coulter) at 4°C for 30 min, and the supernatant was collected. An equal volume of high con-
centration PIPES buffer (1M PIPES pH 6.8, 10 mM MgClz, 20 mM EGTA), together with an equal volume of glycerol
and 1mM GTP were then added to the supernatant and mixed well. MT polymerization was again performed at 30°C
for 3omin. Subsequently, 20 uM Taxol (Paclitaxel, Sigma) was added to the reaction and incubated for 20 min to
generate Taxol-stabilized MTs. Taxol-stabilized MTs were then spun down at 150,000 xg (TLA-55, Beckman Coulter)
at 30°C for 30 min washed with BRB8o containing 20 uM Taxol and protease inhibitors.

For all in-vitro assays, Taxol-stabilized MTs were prepared in the same way as described above. Regarding
the sample used in the in vitro dynamics assay, the preparation of tubulin was similar except that Paclitaxel was not
included during the second MT polymerization. After the second MT polymerization, MTs were spun down and
resuspended in ice cold BRB8o supplemented with protease inhibitors. The second depolymerization was done on
ice for 30 min and then centrifuged at 150,000 x g at 4°C for 30 min. Purified tubulin was aliquoted and snap-frozen
in liquid nitrogen, stored at —-80°C until use.

In vitro assays

MT seeds were prepared by incubating 20 uM porcine tubulin mix containing 70% unlabeled, 18% biotin-tubulin
and 12% HiLyte488-tubulin with 1mM guanylyl-(e,8)-methylenediphosphonate (GMPCPP) at 37°C for 30 min. Po-
lymerized MTs were separated from the mix by centrifugation in an Airfuge for 5 min. MTs were subjected to one
round of depolymerization and polymerization in imM GMPCPP, and the final MT seeds were stored in MRB80o
buffer (8o mM K-PIPES pH 6.8, 1mM EGTA, 4 mM MgCl2) containing 10% glycerol.

In vitro reconstitution assays were performed in flow chambers. Flow chambers were assembled by stick-
ing plasma-cleaned glass coverslips on microscopic slides with double-sided tape. Assays with Taxol-stabilized HeLa
MTs were performed in MRB8o prewashed chambers. The in vitro reaction mixture consisted of 15uM HeLa MTs
(stabilized by 20 pM Taxol) that were either before or after MAS at 44 kHz for 24 h, 150nM MAP7D3-MTBD, 50 mM
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KCl, 0.1% Methylcellulose, 0.5 mg/ml k-casein, 1mM GTP, oxygen scavenging system (20 mM glucose, 200 pg/ml cat-
alase, 400 pg/ml glucose-oxidase, 4mM DTT). After centrifugation in an Airfuge for 5min at 119,000 x g, the reaction
mixture was added to the flow chamber and sealed with vacuum grease.

Dynamic MT assays were performed in flow chambers that were functionalized by sequential incubation
with 0.2mg/ml PLL-PEG-biotin (Surface Solutions, Switzerland) and 1mg/ml NeutrAvidin in MRB8o buffer for
s5min. MT seeds were attached to the biotin-NeutrAvidin links and incubated with 1mg/ml k-casein. The in vitro re-
action mixture consisted of 15 M HeLa tubulin (quantified using bovine serum albumin standard), 20nM GFP-EB3
and o0.5pM rhodamine-labeled porcine brain tubulin, 50 mM KCl, 0.1% methylcellulose, 0.5 mg/ml x-casein, 1mM
GTP, oxygen scavenging system (20 mM glucose, 200 pg/ml catalase, 400 pg/ml glucose-oxidase, 4mM DTT). After
centrifugation in an Airfuge for 5min at 19,000g, the reaction mixture was added to the flow chamber containing
the HiLyte-488 MT seeds and sealed with vacuum grease. HiLyte488- and rhodamine-tubulin were purchased from
Cytoskeleton Inc.

All in vitro experiments were conducted at 30°C. Data were collected using total internal reflection fluorescence
(TIRF) microscopy on an inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus system
(Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon, Tokyo, Japan), Photometrics
Evolve 512 EMCCD (Roper Scientific) and Photometrics CoolSNAP HQ2 CCD (Roper Scientific) and controlled
with MetaMorph 7.7 software (Molecular Devices, CA). The microscope was equipped with TIRF-E motorized TIRF
illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. For excitation lasers we used 491nm
100mW Stradus (Vortran), 561nm 100 mW Jive (Cobolt) and 642 nm 11omW Stradus (Vortran). We used an ET-GFP
49002 filter set (Chroma) for imaging of proteins tagged with GFP and an ET-mCherry 49008 filter set (Chroma)
for imaging X-rhodamine labeled tubulin amd mCherry-labeled MTBD of MAP7D3. For simultaneous imaging
of green and red fluorescence we used an Evolvesi2 EMCCD camera (Photometrics), ET-GFP/mCherry filter cube
(59022, Chroma) together with an Optosplit Il beamsplitter (Cairn Research Ltd.) equipped with double emission
filter cube configured with ET525/50m, ET630/75m, and T58slprx (Chroma). To keep in vitro samples at 30°C, we
used a stage top incubator (model INUBG2E-ZILCS; Tokai Hit). Images were processed using ImageJ. All images
were modified by linear adjustments of brightness and contrast. Kymographs were generated using Image] plugin
KymoResliceWide v.0.4. https://github.com/ekatrukha/KymoResliceWide; copy archived at https://github.com/
elifesciences-publications/KymoResliceWide).

Transmission EM

Taxol-stabilized MTs were prepared with and without MAS spinning as described above. The protein samples were
negatively stained with 2% uranyl acetate on glow-discharged carbon coated copper grids. Images were recorded on
a Tecnai 20 electron microscope with a LaB6 filament, operating at 200kV with a BM Eagle 4 K CCD camera (Ther-
moFisher, Eindhoven, The Netherlands). Images were acquired with a defocus of approximately 5 um The magnifi-
cation used at 19,000 x g resulting in an effective pixel size of 1.14 nm on the specimen level.

Preparation of CAMSAP1 CKK N1492A in complex with MTs

[13C, 15N] labeled MTs were prepared as described above. The purification of CKK domain and preparation of CKK-
MT complexes were performed based on the method published in (Atherton et al., 2017). CKK was first purified by
a AKTA pure system with a POROS™ MC column that was saturated with Niz+. The column was first equilibrated
using washing buffer (50 mM phosphate buffer, pH 8, 500mM NaCl, 1mM B-mercaptoethanol and 20 mM imida-
zole). The protein was eluted with the same buffer but containing 400 mM imidazole. Subsequently, the protein was
loaded onto a SEC HiLoad Superdex 75 26/60 column (GE Healthcare) equilibrated with 40 mM phosphate buffer,
pH 7, supplemented with 1i50mM NaCl and 1mM DTT. The purified protein was then concentrated and used for
ssNMR sample preparation. CKK N1492A was then added to a final concentration of 65.3puM (4:1 CKK/tubulin) and
incubated with labeled MTs at 37°C for 30 min. The pellet was centrifuged down at 180,000 xg (Beckman TLA-55
rotor) at 30 °C for 30 min and washed with BRB8o, without disturbing the pellet. The pellet was then transferred and
packed into a 1.3 mm rotor.

Preparation of MAP7-MTBD and of MAP7-MTBD- MT complexes
The ¢cDNA of human MAP7-MTBD (residues 59-170) was cloned into the pLICHIS vectors with the gene encoding
a N-terminal His tag-Maltose-binding protein (MBP)-thrombin cleavage site by using ligation independent clon-
ing (de Jong et al., 2006).Transformation was done with Escherichia coli Rosetta 2 cells and grown in 1L unlabeled
Mg medium. Induction of the protein was done when OD60o reached 0.6 with 0.3mM IPTG at 20°C for 16 h. The
cultures were then centrifuged with 4000 x g at 4°C for 20 min to harvest cells. Cell pellets were washed with 50 mM
sodium phosphate buffer, pH 8, 500 mM NaCl, 1mM p-mercaptoethanol and 20 mM imidazole and store at —-80°C.
For protein purification, cell lysis was done by sonication on ice and the cell lysate was collected by cen-
trifugation of 40,000xg at 4°C for 30 min. Subsequently, the proteins were purified by a AKTA pure system with a
POROS™ MC column that was saturated with Ni2+. The column was first equilibrated with the same buffer as above
mentioned. The cell lysate was then loaded onto the column and the column was washed with 20 column volumes
with the same buffer. Proteins were eluted with 50 mM sodium phosphate buffer, pH 8, 150 mM NaCl, 1mM B-mer-
captoethanol and 400mM imidazole supplemented with protease inhibitors. The protein was concentrated and
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then diluted with 40 mM sodium phosphate buffer, pH 6.5 to reach a final concentration of imidazole of 20-30 mM.
Subsequently, a cation exchange purification was performed with the Hitrap HP SP chromatography column (GE
Healthcare Life Sciences). The column was first equilibrated with buffer A (40 mM sodium phosphate buffer, pH
6.5). The sample was then loaded onto the column and washed 5 column volumes with buffer A. A gradient elution
was used by combining buffer A and buffer B (40 mM sodium phosphate buffer, 1M NaCl, pH 6.5) to elute the pro-
tein. The protein was then concentrated and stored at 4 °C. Finally, thrombin was used to cleave the MBP fusion and
then supplemented with protease inhibitors.

A 10mg/ml porcine brain tubulin was diluted in BRB80o buffer (3o mM K-PIPES, pH 6.8, 1mM EGTA,
1mM MgCl2) to 2mg/ml. After the addition of 1mM GTP, the sample was incubated on ice for 5min. MT polymer-
ization was performed at 30°C for 20 min. Subsequently, 20 pM taxol was added and incubated for 15min at 30°C.
MT pelleting assays in the presence of MAP7-MTBD were performed by mixing with different molar ratios of
MAP7-MTBD:MTs. As control treatments, taxol-stabilized MTs or MAP7-MTBD was applied alone. All the samples
were then centrifuged at 180,000 x g for 30 min at 30°C, an aliquot was taken from the supernatant. After removal of
the supernatant, the pellet was resuspended in SDS sample buffer. Samples of supernatant and pellet fractions were
loaded and analyzed on Coomassie-stained 12.5% SDS gels.

Before sample preparation for ssNMR, the purified unlabeled MBP-MAP7-MTBD was first incubated
with 5 U thrombin at 4°C for 16h to cleave the fused MBP protein. Protease inhibitors were then added to the
proteins. To prepare MAP7-MTBD-MT complexes, 2mg of purified [13C, 15N] labeled MTs were prepared and resus-
pended in warm BRB8o buffer with 20 uM taxol. MAP7-MTBD was then added to molar ratio of 2:1 for MAP7-MTB-
D:MT and incubated at 30°C for 30 min. The pellet was centrifuged down at 180,000 xg (Beckman TLA-55 rotor) at
30°C for 30 min and washed with warm BRB8o buffer with 20 utM taxol and protease inhibitors, without disturbing
the pellet. The pellet was then transferred and packed into a 1.3 mm rotor.

ssNMR experiments

NMR experiments of [13C, 15N] labeled MTs (free MTs, CKK-bound MTs and MAP7-bound MTs) were performed
on a standard-bore 700 MHz, a wide-bore 500 MHz (Bruker Biospin). SSNMR experiments on 700 MHz included
2D 13C-13C RFDR29, 1H-13C/15N HSQC and 3D 15N-edited 1H-1H spin diffusion experiments3s (set temperature
270K, MAS rate 44 kHz). The actual temperature during the ssNMR experiments for both apo as well as MAP-bound
microtubular samples was 293 K. The 13C-13C mixing was 3ms in the RFDR experiment. The PISSARRO decou-
pling (Weingarth et al., 2011) scheme of 120 kHz was employed on the 1H channel during the RFDR mixing and the
detection of 13C. The proton spin diffusion time was 200ms. In all proton-detected experiments, the PISSARRO
decoupling scheme was applied at 1kHz on 1H, 13C and 15N channels. 31P NMR experiment was conducted on the
500 MHz spectrometer (set temperature 290 K, MAS rate nkHz). The CP MAS experiment was recorded using a
100-50% ramp on 1H-channel of 95.4kHz, and 71.7kHz on the 31P-channel, with 1.2 ms CP contact time. A SPINAL
decoupling (Fung et al., 2000) of 1H during the acquisition of 31P was applied at gokHz. 31P chemical shifts were
referenced externally using phosphate buffer, pH 7 and set the signal at oppm.

Supplementary Movie 1 - Dual-color video of a polymerizing MT using HeLa S3 purified tubulin

A low percentage of rhodamine-labeled porcine tubulin (3%) and 20 nM GFP-EB3 was used to visualize the MT
lattice and ends respectively. MTs were grown from stable HiLyte-488- labeled GMPCPP MT seeds. Images were
collected using a TIRF microscope at a 2 interval. Video is sped up go times and time is shown in the format of
minutes.
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Supplementary Figure 1 - Functional characterization of purified tubulin

(A) MTs were observed by TIRF microscopy using purified mCherry-labeled MAP7D3-MT binding domain
(150 nM) as labeling agent. The MT sample was stabilized by 20 uM Taxol. (B) Characterization of function-
ality of HeLa MTs after MAS NMR experiments. Taxol-stabilized MTs were incubated with purified mCher-
ry-labeled MAP7D3-MTBD (150 nM) before or after MAS spinning and observed by TIRF microscopy. (C)
Kymographs of MT growth at the plus (+) and minus (-) end from a HiLyte-488 seed with 20 nM GFP-EB3
and 3% rhodamine-labeled tubulin together with purified HeLa S3 tubulin. The panel corresponds to the
merged kymograph image shown in Figure 1C of the main text.
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Supplementary Figure 2 - The effect of MAP7 binding on 15N-HSQC data on labeled MTs state.
1D slices taken from the 15N-HSQC experiments of MTs (red) and MAP7-MTBD in complex with MTs
(black). The labels of the peaks are indicated as shown in Figure 5A.NMR intensities are provided as a Source

Data file.
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Pellet Supernatant
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Supplementary Figure 3 - Microtubule pelleting assay with MAP7 analyzed by SDS-PAGE.

The MT pelleting assay was performed with different molar ratios of MAP7-MTBD:tubulin as indicated above
the SDS-PAGE gel. As a result, a molar ratio of MAP7-MTBD:MTs=2:1 was used for sample preparation for
ssNMR studies to allow maximum decoration of MAP7-MTBD on MTs. Uncropped protein gel is provided
as a Source Data file.

Supplementary Table 1 - Spectral analysis and results of 31P ssNMR

S (ppm) Integrations
Paand P’ -10.08 and -11.6 0.6589 and 0.639
Pyand Pp’ -7.18 and -8.15 1.0000 and 1.1272
PB -19.9 0.5762
Co-purified lipids -2.7 2.1469

Supplementary Table 2 - Primer sequences used for MAP7-MTBD and CKK con-
structs

Primer name Primer sequence (5 -3’

MAP7_59fw TGCCTGTGTTACGTGTTGATGAC

MAP7_59fwl GCCGCGCGGCAGCCTGCCTGTGTTACGTGTTGATGAC
MAP7_170rv TCAAGGGCTCCCATGGAGAGAGC

MAP7_170rvl CAAGAAGAACCCCTCAAGGGCTCCCATGGAGAGAGC

CKK:CAM1-1474F_BamHI CGGGGATCCGGTCCCAAGCTCTTTAAG
CKK:CAM1-1613R_Sall ~ ACGCGTCGACTCATTTACGAGTCTGGGCC
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Chapter 6

Summary

During cytokinesis, signals from the anaphase spindle direct the formation and position of
a contractile ring at the cell cortex (Green et al., 2012). The chromosomal passenger complex
(CPC) participates in cytokinesis initiation by signaling from the spindle midzone and equa-
torial cortex (Adriaans et al., 2019), but the mechanisms underlying the anaphase-specific
CPC localization are currently unresolved. Accumulation of the CPC at these sites requires
the presence of microtubules and the mitotic kinesin-like protein 2, MKLP2 (KIF20A), a
member of the kinesin-6 family (Cesario et al., 2006; Gruneberg et al., 2004; Hummer and
Mayer, 2009; Kitagawa et al., 2013; Murata-Hori and Wang, 2002), and this has led to the
hypothesis that the CPC is transported along microtubules by MKLP2 (Gruneberg et al.,
2004; Hummer and Mayer, 2009; Kitagawa et al., 2013; Murata-Hori and Wang, 2002). How-
ever, the structure of the MKLP2 motor domain with its extended neck-linker region sug-
gests that this kinesin might not be able to drive processive transport (Atherton et al., 2017;
Landino et al., 2017). Furthermore, experiments in Xenopus egg extracts indicated that the
CPC might be transported by kinesin-4, KIF4A (Nguyen et al., 2014). Finally, CPC-MKLP2
complexes might be directly recruited to the equatorial cortex via association with actin and
myosin II, independent of kinesin activity (Kitagawa et al., 2013; Landino et al., 2017). Using
microscopy-based assays with purified proteins, we demonstrate that MKLP2 is a processive
plus-end directed motor that can transport the CPC along microtubules in vitro. In cells,
strong suppression of MKLP2-dependent CPC motility by expression of an MKLP2 P-loop
mutant perturbs CPC accumulation at both the spindle midzone and equatorial cortex,
whereas a weaker inhibition of MKLP2 motor using Paprotrain mainly affects CPC localiza-
tion to the equatorial cortex. Our data indicate that control of cytokinesis initiation by the
CPC requires its directional MKLP2-dependent transport.

Results and Discussion

The Extended Neck and Coiled Coil Domain of MKLP2 Binds to the CPC via the N
Termini of INCENP and Borealin

To test the hypothesis that mitotic kinesin-like protein 2 (MKLP2) is a chromosomal pas-
senger complex (CPC)-transporting motor, we first mapped the interaction between them.
The CPC consists of INCENP, Survivin, Borealin, and Aurora B (van der Horst and Lens,
2014), and previous work suggested that the C-terminal half of MKLP2 binds the N termi-
nus of INCENP (Hummer and Mayer, 2009; Kitagawa et al., 2014). We generated several
GFP-tagged fragments of MKLP2 and INCENP, expressed these in mitotic HEK293T cells,
and assessed their ability to immunoprecipitate endogenous CPC or MKLP2, respectively
(Figures 1A, 1B, and S1A-S1C). Although cyclin B-Cdki-dependent phosphorylation of either
INCENP or MKLP2 is thought to interfere with CPC-MKLP2 binding (Hummer and Mayer,
2009; Kitagawa et al., 2014), we consistently co-immunoprecipitated endogenous CPC with
MKLP2::GFP, as well as endogenous MKLP2 with INCENP::GFP from these mitotic extracts
(Figures S1A-S1C). In mitotic cells, a fraction of (overexpressed) INCENP and MKLP2 might
not be phosphorylated, and this could be the fraction we pulled down.

Interaction with the CPC depended on a small MKLP2 region (amino acids [aas]
513-765), composed of the extended kinesin neck and coiled coil domain (Figures 1A and
S1A). A recombinant N-terminal fragment of INCENP (aas 1-58; referred to as CEN-box; es-
sential for centromere targeting of the CPC via Borealin and Survivin) (Ainsztein etal., 1998;
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Figure 1 - The Extended Neck and Coiled Coil Domain of MKLP2 Binds to the CPC via the N Termini
of INCENP and Borealin

(A) Cartoon of full-length (FL) human MKLP2 protein and used MKLP2 fragments. C-term, C-terminal do-
main; motor, motor domain; NL, neck linker region. Their ability to pull down detectable amounts of endog-
enous CPC (Figure S1A) is indicated. (B) Cartoon of human INCENP and used INCENP deletion mutants.
CEN, centromere-targeting domain interacting with Borealin and Survivin; IN, IN box interacting with Auro-
ra B; PVVEI, HP1 binding motif; SAH, single o helix. Their ability to pull down detectable amounts of endoge-
nous MKLP:2 (Figures S1B and S1C) is indicated. (C and D) IF for GFP of HeLa cells expressing INCENP::GFP
or INCENP E35/36/39/40R::GFP (C) or expressing GFP::Borealin or GFP::Borealin Ri7/19E, K20E (D). DNA
is visualized by DAPI. Dotted line indicates line scan position for GFP and DAPI shown on the right. The
number of times the depicted localization was observed/total number of imaged cells is indicated. (E and
F) HEK293T cells were transfected with plasmids encoding: GFP, INCENP WT::GFP or E35/36/39/40R::GFP
(E) and GFP, GFP::Borealin WT or R17/19E, K20E (F). Immunoprecipitations were performed with GFP-Trap
beads. Samples were analyzed by western blotting. (G) Coomassie-stained SDS-PAGE gel of a pull-down as-
say with GST and GST::MKLP2 513-821 (red arrowhead). The CPC components expressed from a tricistronic
vector containing 6xHis::INCENP 1-100 (orange), Survivin (green), and Borealin (blue) were enriched from
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Figure 1 (continued) the input lysate using Ni-NTA beads. (H) Western blots of a pull-down with GST and
GST-tagged MKLP2 513-821 probed with the indicated antibodies. Time points indicate inputs of bacterial
lysates before and after IPTG induction. (I) Ribbon representation of the 3-helix-bundle structure of the CPC
core complex, consisting of INCENP (aas 1-58), Borealin (aas 10-109), and Survivin (aas 1-140) (Jeyaprakash
et al., 2007) with amino acid side chains E35/36/39/40 in INCENP and Ri7/19, K20 in Borealin indicated
(PDB: 2QFA). The hypothetical location of the C-terminal aas 59-100 of INCENP and N-terminal aas 1-9 of
Borealin is added to the crystal structure.

Jeyaprakash et al., 2007; Klein et al., 2006; Mackay et al., 1993) has been shown to interact
with recombinant MKLP2 (Kitagawa et al., 2014). However, we found that INCENP 1-63 did
not efficiently bind endogenous MKLP2, although a somewhat longer N-terminal fragment
of INCENP (aas 1-100) bound MKLP2 more efficiently (Figures 1B and Si1B). We therefore
conclude that there are additional interactions between MKLP2 and INCENP outside the
CEN-box. Deletion of the first 48 aas of INCENP (INCENP 49-918), which severely impaired
INCENP interaction with Borealin and Survivin (Figures 1B and SiC) (Jeyaprakash et al.,
2007; Klein et al., 2006; Vader et al., 2006), reduced the binding to endogenous MKLP2
as compared to full-length INCENP (Figure SiC), suggesting a potential contribution of
Borealin and/or Survivin to the interaction with MKLP2. To further define CPC-MKLP2
interaction sites, we mutated a conserved set of exposed glutamic acids in the N terminus
of INCENP to positively charged residues (E35/36/39/40R) or mutated several positive-
ly charged residues in the N terminus of Borealin to negatively charged residues (Ri7/19
and K20E). These mutations do not interfere with the interactions between CPC members
(Jeyaprakash et al., 2007) but do perturb the translocation of the CPC from chromosomes
in (pro)metaphase to the spindle midzone in anaphase, very similar to what is seen after
knockdown of MKLP2 (Gruneberg et al., 2004; Hummer and Mayer, 2009; Jeyaprakash et
al., 2007; Kitagawa et al., 2013) (Figures 1C, 1D, and S1D). The INCENP E35/36/39/40R mu-
tant was less efficient, and the Borealin R17/19, K20E mutant was deficient in precipitating
MKLP2 compared to their wild-type counterparts (Figures 1E and 1F). Finally, glutathione
S-transferase (GST):MKLP2 513-821 purified from bacteria, precipitated 6xHis::INCENP
1-100, Borealin, and Survivin expressed in bacteria (Figures 1G and 1H). This strongly sug-
gests that the interaction between the non-enzymatic CPC core members and MKLP2 is
direct.

INCENP 1-58, Borealin 10-109, and Survivin form a three-helix bundle structure
in vitro (Jeyaprakash et al., 2007). Based on this structure, the residues of INCENP and
Borealin involved in MKLP2 binding are clustered on one side of the three-helix bundle
(Figure 1I). Moreover, aas 63-100 of INCENP would be oriented toward the N terminus of
Borealin, and together, they could form the interface for binding MKLP2. Whether Survivin
also makes direct contacts with MKLP2 is currently unclear; it may contribute to MKLP2
binding by participating in the formation of the three-helix bundle with INCENP and Bore-
alin.

MKLP:2 Is a Motile Kinesin that Becomes More Processive in the Presence of the CPC
Next, we investigated whether MKLP2 can transport the CPC by using in vitro reconstitu-
tion assays in combination with total internal reflection fluorescence (TIRF) microscopy.
In these assays, dynamic microtubules were grown from GMPCPP-stabilized microtubule
seeds that are attached to a glass coverslip (Bieling et al., 2007; Mohan et al., 2013). Im-
aging was performed using fluorescently labeled proteins and (un)labeled tubulin (Hooi-
kaas et al., 2019). Full-length GFP-tagged human MKLP2 (MKLP2::GFP) was purified from
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HEK293T cells using Strepll-tag affinity purification (Figure S2A). Fluorescence intensity
measurements of single MKLP2::GFP molecules showed they were homodimers (Figure
S2B). Mass spectrometry analysis revealed MKLP2 as the main protein in the elution, al-
though some contaminants were present. Notably, a few KIF4A peptides were detected, but
intensity-based quantification estimated the KIF4A abundance to be at least 9,000 times
less than that of MKLP2 (Figure S2C). We used a similar approach to purify GFP::StreplI-
or mCherry::Strepll-tagged human CPC, but the complex containing full-length INCENP
was highly unstable. We therefore generated a recombinant “coreCPC” consisting of full-
length Survivin and Borealin with INCENP(1-100)::GFP/mCherry (Figures 2A and S2D). In
addition, we also generated a complex that contained full-length Survivin, Borealin, and
INCENP(1-100)-linker-INCENP(834-918)::GFP/mCherry. Because INCENP(834-918) inter-
acts with Aurora B (Honda et al., 2003; Sessa et al., 2005), it could be loaded with a wild-type
(WT) or kinase-dead (KD) variant of Aurora B (Figures 2A, S2E, and S2F). We refer to this
complex as “miniCPC.” Aurora B kinase activity in miniCPC containing WT Aurora B, but
not the KD mutant, was confirmed by an in vitro kinase assay (Figure S2G).

Single MKLP2::GFP molecules exhibited plus-end directed movement on micro-
tubules with an average run length of 1.1 + 1.2 pm and a velocity of 0.15 + 0.05 pm/s (Figures
2B-2D and S2H-S2]). Importantly, this velocity differs from that of the mouse (0.92 + 0.15
pum/s) and X. laevis (0.8 pm/s) KIF4A homologs (Bieling et al., 2010; Yue et al., 2018), mak-
ing it highly unlikely that the observed motility was caused by co-purified KIF4A. In fact,
similar to C. elegans MKLP1 (KIF23; ~ 0.2 pm/s), MKLP2 is relatively slow compared to
other processive kinesins (e.g., KIF1A, KIF5B, and KIF21A/B), which all move at velocities
higher than o.5 um/s (Hooikaas et al., 2019; Monroy et al., 2018; van der Vaart et al., 2013;
van Riel et al., 2017). In the presence of mCherry-tagged coreCPC, MKLP2::GFP became
more processive with an increased run length of 1.5 + 1.6 pm (Figures 2B, 2C, and S2I). This
value might be an underestimation because it is based on the analysis of “complete” motor
tracks, where both landing and dissociation of the motor were observed, and does not in-
clude “incomplete” tracks. In addition, coreCPC negatively affected the landing frequency
of MKLP2::GFP although velocities remained unchanged (Figures 2B, 2D, and S2K).

Next, we assayed the influence of Aurora B on MKLP2::GFP motility using mCher-
ry-tagged miniCPC complexes, with either WT or KD Aurora B. Although coreCPC caused
a modest increase of MKLP2::GFP processivity by 48.3%, the presence of miniCPC made
MKLP2::GFP motors hyperprocessive. For most tracks, no start and/or end point could be
detected, and run length could thus not be determined (Figures 2E and 2F). Furthermore,
MKLP2::GFP velocity was decreased to 0.08 + 0.03 pm/s by miniCPC(WT) and 0.10 + 0.04
pm/s by miniCPC(KD), respectively (Figures 2E, 2G, and S2L). Importantly, Aurora B kinase
activity had no clear effect on any measured motility parameter, as miniCPC(KD) showed
similar effects as miniCPC(WT) (Figures 2E-2G, S2L, and S2M). Thus, MKLP2 is a motile
kinesin that displays increased processivity in the presence of CPC, irrespective of Aurora B
kinase activity.

MKLP2 Transports the CPC along Microtubules In Vitro

In the absence of MKLP2, both core- and miniCPC showed some binding and diffusive
behavior on microtubules in vitro. Because the microtubule binding SAH (single « helix)
domain of INCENP is not present in our recombinant complexes (Ainsztein et al., 1998;
Mackay et al., 1993; Samejima et al., 2015; Tseng et al., 2010; van der Horst et al., 2015), their
ability to interact with microtubules most likely involves Borealin and the N terminus of
INCENP, in line with the fact that both co-pellet with microtubules in vitro (Trivedi et al.,
2019; Wheatley et al., 2001). Interestingly, the miniCPC bound microtubules significantly
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Figure 2 - MKLP2 Is a Motile Motor that Transports CPC ComplexesIn Vitro

(A) Cartoons of purified coreCPC and miniCPC complexes. FP, fluorescent protein (GFP or mCherry); SII,
Strepll-tag. (B) Representative kymographs of MKLP2::GFP on dynamic microtubules. Image acquisition: 10
frames per second (fps). (C) Histograms of MKLP2::GFP run length. Complete tracks: both landing and dis-
sociation of the motor were observed. Incomplete tracks: tracks exceed the go-s acquisition time or partially
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Figure 2 (continued) took place outside the acquisition area. Average run length + standard deviation (SD)
of complete tracks is indicated (Figure SzI); n = 1,145 and 1,137 kinesins from three experiments. (D) Gaussian
fits of MKLP2::GFP velocities. Histograms are in Figure S2J. (E) Representative kymographs of MKLP2::GFP
on dynamic microtubules in the presence of miniCPC::mCherry with active (WT) or inactive (kinase-dead
[KD]) Aurora B. Image acquisition: 10 fps. (F) Histograms of MKLP2::GFP run length in the presence of min-
iCPC::mCherry. n = 459 and 657 kinesins from two experiments. (G) Gaussian fits of MKLP2::GFP velocities
in the presence of miniCPC. Histograms are in Figure S2L. (H) Kymographs of core- and miniCPC::GFP
on dynamic microtubules + MKLP2::mScarlet. Image acquisition: 4 fps. (I) Representative images showing
core- or miniCPC on dynamic rhodamine-labeled microtubules. (J) Quantification of core- and CPC::GFP
intensities on dynamic microtubules. n = 20 microtubules/condition. *** p < 0.001 (t test). Error bars denote
SD. (K) Quantification of processive CPC events per microtubule normalized for microtubule length, time
of acquisition, and CPC concentration. n = 44, 48, 47, 40, 35, and 37 microtubules from three experiments.
*** p < 0.001 (Mann-Whitney U test). Error bars denote SD. (L) Gaussian fits of core- and miniCPC::GFP
velocities. Histograms are in Figure S2N. (M) Kymographs of dual-color in vitro reconstitution experiments
with MKLP2::mScarlet and coreCPC::GFP. Image acquisition: 2 fps.

better than coreCPC (Figures 2H-2]), suggesting that the INCENP C terminus together with
Aurora B increases microtubule binding affinity of the complex. Addition of MKLP2::mS-
carlet to both core- and miniCPC induced processive plus-end directed movement of CPC
on microtubules (Figures 2H, 2K, and S2A). CoreCPC movement was seen more frequently
than that of miniCPC, although Aurora B activity again did not seem to affect motility (Fig-
ures 2H and 2K). In agreement with the observation that miniCPC, but not coreCPC, slowed
down MKLP2.::GFP (Figures 2D and 2G), miniCPC::GFP moved at a lower velocity (WT: 0.07
+ 0.03 pum/s; KD: 0.08 + 0.03 pm/s) compared to coreCPC::GFP (0.11 + 0.03 pm/s) in the
presence of MKLP2::mScarlet (Figures 2L and S2N). These data suggest that the interaction
of miniCPC with microtubules promotes processivity of an MKLP2-CPC complex at the ex-
pense of velocity. Finally, using dual-color TIRF imaging, we confirmed that MKLP2 tracks
correspond to those of moving coreCPC on a single microtubule (Figure 2M). In summary,
we show that MKLPz2 is a motile kinesin capable of transporting a CPC complex along mi-
crotubules in vitro.

MKLP2 and INCENP Display Directional Motility toward the Midzone and Equato-
rial Cortex in Anaphase Cells

To investigate whether MKLP2 and CPC also show directional motility in cells, we analyzed
HeLa cells stably expressing either MKLP2::GFP or INCENP::GFP (Figures S3A-S3E) (van
der Horst et al., 2015). Live-cell imaging during anaphase revealed the presence of discrete
particles labeled with MKLP2::GFP or INCENP::GFP (Figures 3A and 3B ; Videos S1 and
S2). In line with previous work (Landino et al., 2017), we found that the majority of parti-
cles showed diffusive behavior or remained static. However, motile events displaying clear
directionality were also observed (Figures 3A and 3B; Videos S1 and S2). Quantification of
unidirectional events with a duration >2.5 s and a velocity >0.05 pm/s revealed that the
majority of these events (59% for MKLP2::GFP; 54% for INCENP::GFP) were oriented to-
ward the equatorial cortex (magenta tracks). Co-expression of B-tubulin::Halo showed that
MKLP2::GFP punctae were present on microtubules directed toward the equatorial cortex
(Figure 3C). Some of these punctae could correspond to protein localization to growing mi-
crotubule ends as described for D. melanogaster Aurora B (Verma and Maresca, 2019). Mo-
tile events directed toward the spindle midzone (orange tracks) constituted 28% (MKLP2)
and 33% (INCENP) of all directional tracks. This may be an underestimation because mo-
lecular crowding in the midzone area made it more difficult to discern motile events. The
remaining tracks showed no preferred direction (Figures 3A, 3B, 3D, and 3E; Videos S1 and
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Figure 3 - MKLP2 and INCENP Display Directional Motility in Cells

(A and B) Maximum intensity projections and corresponding zooms of HeLa cells in anaphase express-
ing MKLP2::GFP (A; Video Si; Figures S3A and S3C) or INCENP::GFP (B; Video S2; Figure S3B). A number
of representative particles were traced and categorized as non-directional (diffusive or static, turquoise) or
directional toward the equatorial cortex (magenta) or the spindle midzone (orange). Blue dotted line in
zoom indicates the cell cortex. Panels on the right (magenta box in max. projection) are stills of different
time points and corresponding kymograph of a directional event (magenta arrowheads) going toward the
equatorial cortex (blue arrowhead). Note that ectopically expressed INCENP::GFP was frequently detected
on chromatin in anaphases of otherwise untreated cells. See also (Landino et al., 2017). (C) Representative
stills and corresponding zooms of a HeLa cell in anaphase expressing MKLP2::GFP and co-transfected with
B-tubulin::Halo. Microtubules were visualized by fluorescent TMR ligand. Zooms show a microtubule close
to the cell cortex (solid arrowheads) positive for MKLP2::GFP (open arrowheads). (D) Cartoon of an an-
aphase cell with spindle midzone and equatorial cortex in black and arrows displaying the two main orienta-
tions of directional MKLP2::GFP and INCENP::GFP motility events: toward the equatorial cortex (magenta)
and midzone (orange). (E) Quantification of MKLP2::GFP and INCENP::GFP particle directionality. n = 107
events from 32 cells (MKLP2) and n = 94 events from 19 cells (INCENP). (F) Gaussian fits of MKLP2::GFP
(black) and INCENP::GFP (green) velocities. Histograms are shown in Figures S3F and S3G.

S2). Strikingly, the directional MKLP2 and INCENP events had similar velocities of 0.19 +
0.05 um/s and 0.19 + 0.06 pm/s, respectively (Figures 3F, S3F, and S3G). The MKLP2 and
INCENP velocities in cells were slightly higher compared to those measured in vitro (Figures
2D, 2G, 2L, S2J, S2L, and S2N), possibly because our in vitro assays were performed at 30°C,
whereas cell culture experiments were carried out at 37° C. Furthermore, the influence of
additional cellular factors on velocity cannot be ruled out. In short, we show that MKLP2
and INCENP show not only diffusive (Landino et al., 2017) but also directional motility in
cells during anaphase.

MKLP2 Motor Activity Specifies CPC Localization in Anaphase

To test whether MKLP2-mediated transport is involved in CPC localization in anaphase,
we used two approaches to perturb MKLP2 motor activity. First, we generated a P-loop mu-
tation (T167N), conserved among all kinesin families and described to lock kinesin-1 in a
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strong microtubule-binding (“rigor”) state (Nakata and Hirokawa, 1995) (Figures S4A and
S4B). Second, we made use of Paprotrain, an MKLP2-specific non-competitive ATPase in-
hibitor, which does not affect KIF4A and the two MKLP2-related kinesin-6 motors, MKLP1
and MPP1 (KIF20B) (Tcherniuk et al., 2010). MKLP2 in vitro motility on dynamic microtu-
bules was blocked by the T167N mutation and severely reduced by 50 pM Paprotrain (Figure
4A). Although WT and T167N motors showed similar microtubule-binding efficiencies, the
addition of Paprotrain reduced the number of motors landing on microtubules by 50%
(Figure 4B). Moreover, MKLP2 dwell time was reduced from 8.5 £ 9.3 s (WT) t03.7 £ 418
(T167N) and 3.1 £ 4.2 s (Pap; Figures 4C and S4C). Thus, MKLP2 T167N does not exhibit “rig-
or”-like, microtubule binding but is impaired in movement with an increased off rate. Pa-
protrain showed a dose-dependent effect on MKLP2 motility parameters; run length, land-
ing frequency, and velocity were reduced at increasing Paprotrain concentrations (Figures
S4D-S4H). Furthermore, 47% of motors were static in the presence of 50 pM Paprotrain
(Figures 4A, S4D, and S4I). The capacity of T167N and Paprotrain-treated MKLP2::mScarlet
motors to recruit coreCPC::GFP complexes to microtubules in vitro was reduced by 50%
and 56%, respectively, compared to WT MKLP2 (Figures 4D and 4E). Furthermore, most
coreCPC complexes were stalled in the presence of the T167N mutant (Figures 4F and 4G),
whereas the addition of 50 pM Paprotrain reduced the number of transport events as well as
the velocity of moving coreCPC complexes (Figures 4F, 4G, S4J, and S4K).

We subsequently knocked down endogenous MKLP2 by small interfering RNA
(siRNA) in HeLa cell lines expressing MKLP2(T167N)::GFP or WT MKLP2::GFP (Figures
4H, S3A, and S3C). Similar to WT MKLP2::GFP, MKLP2(T167N)::GFP was cytosolic in met-
aphase (Figure S3H). However, in anaphase, MKLP2(T167N)::GFP decorated the entire an-
aphase spindle instead of localizing to the spindle midzone and equatorial cortex (Figure
4H). Endogenous CPC (detected by immunofluorescence [IF] for Aurora B) followed the al-
ternative localization of MKLP2(T167N)::GFP in anaphase (Figure 4H). MKLP2(T167N)::G-
FP thus allows the relocation of the CPC from chromosomes to anaphase spindle micro-
tubules, but in the absence of motor activity, the CPC fails to concentrate at the spindle
midzone and equatorial cortex.

Addition of 50 pM Paprotrain 50 min after release from a Cdki inhibitor block also
allowed the relocation of either MKLP2 and CPC from the chromosomes to the anaphase
spindle (Figures 41, upper panel, and 4J). However, MKLP2 and CPC were absent from the
equatorial cortex, visualized by staining for Anillin (Figures 41, middle panel, and 4J), and
their localization on the spindle midzone, visualized by staining for PRC1, was reduced and
more dispersed (Figures 41 and 4J). Similarly, live-cell imaging of INCENP::GFP revealed
that, in the majority of the Paprotrain-treated cells, the midzone pool of INCENP::GFP was
detectable but somewhat more dispersed (Figures 4K and S3I; Videos S3 and S4), whereas
the cortical pool of INCENP::GFP was hardly detectable (Figures 4K, 4L, and S3I). Impor-
tantly, localization of the microtubule crosslinker PRC1, which concentrates on the antipar-
allel microtubule overlaps in the anaphase spindle midzone (Bieling et al., 2010; Mollinari
et al., 2002; Pamula et al., 2019; Zhu et al., 2006), was unchanged (Figure 41, lower panel).
This most likely explains why Paprotrain addition at this time point did not impair cleavage
furrow ingression (Figures S3I and S3J; Videos S3 and S4) and hardly affected the comple-
tion of cytokinesis (Figure S3K), as spindle midzone-derived signals can induce cytokinesis
even when MKLP2 is absent or Aurora B inhibited (Adriaans et al., 2019; Ahonen et al., 2009;
Guse et al., 2005). Taken together, strong suppression of MKLP2-dependent CPC motility
with the T167N mutant perturbs CPC accumulation at both the spindle midzone and equa-
torial cortex, whereas a weaker inhibition of MKLP2 motor using Paprotrain mainly affects
CPC localization to the equatorial cortex.
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Figure 4 - Inhibition of MKLP2 Activity Perturbs CPC Localization in Anaphase

(A) Representative kymographs of WT, T167N, and 50 pM Paprotrain-treated MKLP2::GFP on dynamic mi-
crotubules. Image acquisition: 10 fps. Quantifications of different motor properties are in Figures S4D-S41.
(B) Quantification of MKLP2::GFP landing frequency normalized for microtubule length, time of acquisi-
tion, and kinesin concentration. n = 29, 26, and 20 microtubules from two or three experiments. Error bars
denote SD. (C) Cumulative frequency plot of dwell times. n = 845 (WT), 929 (T167N), and 336 (WT+Papro-
train) kinesins from two or three experiments. (D) Representative images showing coreCPC::GFP on dy-
namic rhodamine-labeled microtubules in vitro. (E) Quantification of coreCPC::GFP intensities on dynamic
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Figure 4 (continued) microtubules. n = 42, 42, 47, and 45 microtubules from two experiments. Error bars
denote SD. (F) Representative kymographs of coreCPC::GFP on dynamic microtubules. Image acquisition:
4 fps. (G) Quantification of processive coreCPC events per microtubule normalized for microtubule length,
time of acquisition, and coreCPC concentration. n = 58, 40, 58, and 38 microtubules from two or three ex-
periments. Error bars denote SD. Data points for MKLP2 WT correspond to Figure 2K. (H) Representative IF
images of HeLa cells expressing MKLP2::GFP or MKLP2 (T167N)::GFP (Figures S3A and S3C). Endogenous
MKLP2 was depleted by siRNA (Figures S3D and S3E). Anaphase cells were stained for GFP and Aurora B,
DNA by DAPI. Dotted box and line in DAPI indicates respectively zoom area and position of the line scan
shown on the right. MKLP2::GFP (green), Aurora B (red), and DAPI (blue) are shown. (I) Representative IF
images of anaphase HeLa cells minus (DMSO) or plus 50 pM Paprotrain (10 min treatment; fixation 60 min
after Cdk: inhibitor release). Dotted box and line in DAPI indicates, respectively, zoom area and position
of the line scan shown on the right for, respectively, MKLP2, Anillin, and PRC1 (green) with Aurora B (red).
(J) Quantification of Aurora B intensity levels on the equatorial cortex, the spindle midzone, and on chro-
matin in anaphase cells treated with either DMSO or 50 uM Paprotrain. n, number of cells analyzed. Red
bars represent mean values. (K) Representative stills (corresponds to 02:30 [DMSO] and 03:00 [Paprotrain]
of Figure S3I and Videos S3 and S4) with zooms of HeLa cells expressing INCENP::GFP. Paprotrain (50 uM)
or DMSO was added after Cdki inhibitor release. Arrowhead indicates cortical localization. (L) Percentage of
living cells showing spindle midzone (Sm) or Sm plus cortical localization of INCENP::GFP.

Conclusions

Our combined in vitro and cell-based experiments indicate that MKLP2 functions as a pro-
cessive motor that focuses the CPC at the antiparallel microtubule overlaps of the anaphase
spindle midzone and transports the CPC along microtubules toward the equatorial cortex.
The MKLP2-CPC complex might subsequently dock at the cell cortex through interactions
with myosin Il and actin (Kitagawa et al., 2013; Landino et al., 2017). Despite the fact that
the motor domain of MKLPz has an atypical structure and mechanochemistry (Atherton
et al., 2017), full-length MKLP2 can move processively along microtubules. Furthermore,
our in vitro reconstitution experiments suggest that the interaction with the CPC promotes
processivity of MKLPz at the expense of its velocity and independently of Aurora B kinase
activity. This property is likely caused by direct interactions of different CPC components
with microtubules (Ainsztein et al., 1998; Mackay et al., 1993; Trivedi et al., 2019; Tseng
et al., 2010; van der Horst et al., 2015; Wheatley et al., 2001), although some effects on the
conformation of the MKLP2 molecule may also be involved. Because miniCPC, used in our
experiments, lacks the microtubule binding SAH domain of INCENP, we cannot exclude
that, in the presence of full-length INCENP, motor velocity is further reduced. However,
we deem it unlikely that MKLP2 is stalled by binding to full-length CPC in cells, as both
MKLP2 and INCENP exhibit directional motility with similar velocities in cells. Because of
the differences in ionic strength, temperature, and molecular crowding in cells versus the
in vitro conditions, it is possible that MKLP2 by itself would move in cells faster than in
our in vitro assays and that the CPC slows it down in cells, similar to what we observed in
vitro. Why only a subset of MKLP2-CPC complexes moves directionally in cells is currently
unclear. Post-translational modification of MKLP2, the CPC, or microtubules or the pres-
ence of specific microtubule-associated proteins may control the motility of MKLP2-CPC
complexes or their preference for specific microtubule tracks. Overall, our data provide a
mechanistic basis for the anaphase-specific CPC accumulation at the spindle midzone and
equatorial cortex.
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Materials & Methods

Cell lines and cell culture

HeLa Flp-In T-Rex (female) and human embryonic kidney 239T (HEK293T, female) cells were cultured in Dulbecco’s
modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 6% Fetal Calf Serum (FCS, Sigma-Aldrich),
2 mM UltraGlutamine (Lonza), 100 units/ml penicillin and 100 pg/ml Streptomycin (Sigma-Aldrich). HeLa Flp-In
T-Rex cells were additionally supplemented with 4 pg/ml Blasticidin (PAA Laboratories). Cell lines were cultured at
37°C with 5% CO2. Polyclonal HeLa Flp-In T-Rex cells with stable integration of GFP-tagged INCENP, GFP-tagged
Borealin and GFP-tagged MKLP2 were cultured in the presence of 800 pg/ml Hygromycin B (Sigma-Aldrich) and
6% Tet-approved HyClone Fetal Bovine Serum (GE Healthcare). Protein expression was induced with 1 pg/ml of
doxycycline (Sigma-Aldrich) for minimal 12 hr.

Plasmids

Full length MKLP2 (aa 1-890) was obtained by PCR from a human thymus ¢DNA library and was subsequent-
ly cloned into a pEGFP-N1 vector to generate MKLP2::GFP. This plasmid was used to generate the T167N MKLP2
mutant by site-directed mutagenesis, and to create the deletion mutants aa 1-513, aa 513-890, aa 513-821, aa 513-765
and aa 765-890 by PCR and restriction cloning into pEGFP-N1. MKLP2 deletion mutant aa 513-821, used for pro-
tein purification from E. coli, was inserted into a pGEX-6P-1 vector by PCR and restriction cloning. MKLP2 WT/
T167N::GFP was cloned into a cDNA5/FRT/TO-hygromycin B vector (Invitrogen) for stable cell line production. Full
length MKLP2 ¢DNA was also cloned into a pTTs vector (Novopro labs) containing a C-terminal GFP::Strepll- or
mScarlet::Strepll-tag used for protein purification. f-tubulin::Halo (TUBB5-Halo) was a gift from Yasushi Okada
(Addgene plasmid # 64691; http://n2t.net/addgene:64691; RRID:Addgene_64691) (Uno et al., 2014). Full length
VSV-tagged INCENP, INCENP 49-918 (delta CEN-box) and INCENP d539-747 (deletion of single alpha helix, SAH)
constructs were made as previously described (Vader et al., 2007; Vader et al., 2006; van der Horst et al., 2015).
Full length INCENP ¢DNA was used to generate the following INCENP fragments: aa 1-63, 1-100, 1-200 by PCR
and restriction enzyme-based cloning into pEGFP-Nu. Site directed mutagenesis was used to generate the INCENP
mutant R35/36/39/40E. INCENP WT and INCENP R35/36/39/40E were subsequently cloned into a pcDNAs5/FRT/
TO-hygromycin B vector (Invitrogen) for stable cell line generation. INCENP (aa 1-100) and INCENP (aa 1-100) linker
(GGGGS) INCENP (aa 834-918) were also cloned into a pTTs vector (Novoprolabs) with a C-terminal GFP::Strepll-
or mCherry::Strepll-tag for protein purification. A plasmid encoding full length Borealin (pCR3; Invitrogen), and
previously described (Vader et al., 2006), was used as a template for site directed mutagenesis to generate the GF-
P::Borealin mutant Ri7/19E, K20E. The N-terminally GFP-tagged Borealin WT and Borealin Ri7/19E, K20E were
subsequently cloned into a pcDNAs5/FRT/TO-hygromycin B vector (Invitrogen) for stable cell line production. Full
length Borealin, Survivin and Aurora B were amplified by PCR from previously described plasmids (Hengeveld et al.,
2012; Vader et al., 2007; Vader et al., 2006) and cloned into a pTTs5 vector lacking GFP and StreplI coding DNA (No-
voprolabs) and these were used for protein purification together with INCENP. The Aurora B (K106R), kinase dead,
mutant was generated by site directed mutagenesis of pTT5-Aurora B. All newly generated plasmids were checked
by DNA sequencing. Due to a point mutation in the stop codon of Aurora B K106R the protein has a short extension
of 15 amino acids which is visible by western blot in Figure S2F. Finally, a tri-cistronic pET28a vector expressing
6xHis::INCENP1-58-Survivin-Borealin (gift from PT Stukenberg) was used for bacterial expression of the coreCPC
after replacement of INCENP 1-58 for INCENP 1-100.

siRNA and plasmid transfection

HeLa Flp-In T-Rex cells were transfected with siRNAs for either INCENP (Dharmacon/3'UTR; GGCUUGGCCAG-
GUGUAUAUATAT), MKLP2 (Dharmacon/3'UTR; CCACCUAUGUAAUCUCAUGATAT) or Borealin (Dharma-
con/3-UTR; AGGUAGAGCUGUCUUCAJATAT) using HiPerfect Transfection Reagent (#301705; QIAGEN) and a
standard HiPerfect transfection protocol with a 1:3 ratio for siRNA:HiPerfect (37°C for 20 min) in Opti-MEM culture
medium. The final concentration of siRNAs was 20 nM for siINCENP and siBorealin, and 40 nM for siMKLP2. Cells
were analyzed 48 hr after siRNA transfection. Transient transfection of plasmids was performed with X-tremeGENE
9 DNA Transfection Reagent (Roche) according the manufacturer’s protocol. To generate stable cell lines with dox-
yeyclin-inducible expression of wild-type (WT) or E35/36/39/40R INCENP::GFP; WT or Ri7/19E, K20E GFP::Bo-
realin; or WT or Ti167N MKLP2::GFP, HeLa Flp-In T-Rex cells were co-transfected with pOG44 (Invitrogen) and
pcDNAs5/FRT/TO-hygromycin B plasmids encoding the indicated proteins. After transfection, cells were selected
in medium supplemented with 800 pg/ml hygromycin B and 4 pg/ml blasticidin (Invitrogen). Polyclonal cell lines
expressing the indicated GFP-tagged proteins were used for analysis. HEK293T cells were transfected with pTTs5
plasmids using Polyethylenimine (PEI, Polysciences) with a 1:3 ratio for plasmid:PEI. Alternatively, HEK293T were
transfected with pEGFP-N1 plasmids using a standard Calcium Phosphate transfection protocol.

Immunoprecipitation (IP)

HeLa Flp-In T-Rex cells were plated in 2.5 mM thymidine (Sigma-Aldrich) for 24 hr and released into 20 uM of the
Egs inhibitor S-Trityl-L-Cysteine (STLC, Tocris Bioscience) (DeBonis et al., 2004) for 16 hr. Where indicated, dox-
yeycline (1 pg/ml, Sigma-Aldrich) was added together with STLC to induce protein expression. HeLa Flp-In T-Rex
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cells or HEK293T cells transfected with plasmids encoding GFP-tagged MKLP2, INCENP and Borealin constructs
were collected and washed twice in ice-cold PBS. Since endogenous CPC proteins and MKLPz are poorly expressed
in interphase (Chang et al., 2006; Hill et al., 2000; Kimura et al., 2004; Li et al., 1998), we enriched for mitotic cells
by the addition of STLC. Cell pellets were lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5% NP-40, 0.1%
sodium deoxycholate, 40 mM glycerol phosphate, iomM NaF, 0.3 mM NaVO3, 100 uM ATP, 100 pM MgCl2, 100 nM
okaidic acid and supplemented with protease inhibitors (Roche)) with 4 U/ml MNase (New England Biolabs) and
30 pg/ml RNase (Sigma-Aldrich). After clearing debris by centrifugation, a standard Bradford assay was performed
to measure protein concentration, and cell lysates were incubated with 15 pl of GFP-Trap beads (Chromotek) for 2
hr at 4°C while rotating. Beads were washed three times with washing buffer (50 mM Tris-HCl, 400 mM NaCl, 0.5%
NP-40, 01% sodium deoxycholate, 40 mM glycerol phosphate, 10 mM NaF, 0.3 mM NaVOs3, 100 uM ATP, 100 uM
MgCl2, 100 nM okaidic acid and supplemented with protease inhibitors (Roche)). Proteins were eluted by adding
20 pl of standard SDS sample buffer and by boiling the samples for 5 min. Samples were stored at —20°C until SDS-
PAGE and western blotting.

Protein expression and pulldown from E. coli

For protein expression and purification from E. coli, BL21(DE3) cells were transformed with the respective GST-
tagged constructs: GST control and GST::MKLP2(513-821). Bacteria were grown to an OD60o0 of 0.6-0.8 at 37°C, after
which protein expression was induced with 0.1 mM Isopropyl B-d-1-thiogalactopyranoside (IPTG) for 20 hr at 25°C.
Bacteria were spun down and subjected to one freeze-thaw cycle using liquid nitrogen to stimulate proper lysis.
Bacteria were resuspended and sonicated on ice in cold lysis buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 5%
glycerol, 0.5 mM DTT, 0.5 mM PMSF and Complete protease inhibitor cocktail (Roche). Lysates were centrifuged
at ~ 18.000 g for 60 min, and the supernatants were incubated with Glutathione Sepharose beads (GE Healthcare)
for 4 hrat 4°C, followed by extensive washes on column with a wash buffer containing 50 mM Tris pH 7.5, 300 mM
NaCl, 5% glycerol and 0.5 mM DTT. The glutathione beads containing GST (control) or GST::MKLP2(513-821) bound
proteins were stored at 4°C and used for pulldown assay the same day.

For protein expression of CPC components from E. coli, Rosetta2(DE3) (Novagen) cells were transformed
with a tricistronic pET28a vector containing 6 x His:INCENP 1-100 Survivin and Borealin. Bacteria were grown to
an OD60o of ~0.8 at at 37°C in LB supplemented with 60 mgl™ ZnCI*> and 0.2% glucose, after which protein expres-
sion was induced with 0.45 mM IPTG for 20 hr at 18°C. Bacteria were spun down and subjected to one freeze-thaw
cycle using liquid nitrogen to stimulate proper lysis. Bacteria were resuspended and sonicated on ice in cold lysis
buffer containing 50 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 5 mM imidazole, 0.5 mM DTT, 0.5 mM PMSF and
Complete protease inhibitor cocktail (Roche). Lysates were centrifuged at ~18.000 g for 60 min and the supernatant
was kept for the subsequent pulldown assay. The stored glutathione beads containing the GST-tagged proteins were
incubated with the bacterial lysates containing the CPC components overnight at 4°C. The beads were washed with
a wash buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 5% glycerol and 0.5 mM DTT. To visualize CPC compo-
nents on Coomassie-stained SDS-PAGE gels, part of the CPC-containing supernatant was incubated with Ni-NTa
beads (QIAGEN) for 2 hr at 4°C, followed by extensive washes on column with a wash buffer containing 50 mM Tris
pH 7.5, 500 mM NaCl, 5% glycerol, 25 mM imidazole and 0.5 mM DTT. All pulldown beads and samples were sup-
plemented with Laemmli sample buffer, boiled, and analyzed by SDS-PAGE and western blotting.

Protein purification and Aurora B kinase assay

HEK293T cells transfected with single (WT or Ti67N MKLP2::GFP::Strepll or WT or T167N MKLP2::mScarlet-
t::Strepll) or multiple (coreCPC or miniCPC::GFP::Strepll or mCherry::Strepll, see Figure 2A) pTT5 plasmids were
collected and washed twice in ice-cold PBS. Cells were lysed in ice-cold lysis buffer (50 mM HEPES, 300 mM Na(l,
0.5% Triton X-100, pH 7.4) supplemented with protease inhibitors (Roche). After clearing debris by centrifugation at
4°C, cell lysates were incubated with StrepTactin beads (StrepTactin Sepharose High Performance, GE Healthcare)
for one hour at 4°C. Beads were washed three times with ice cold washing buffer (50 mM HEPES, 150 mM NaCl,
0.01% Triton X-100). For MKLP2 proteins, beads were washed an additional time with a high salt wash buffer (M
NaCl). The proteins were subsequently eluted in elution buffer (50 mM HEPES, 150 mM NaCl, 0.01% Triton X-100
and 2.5 mM desthiobiotin) for 10 min. Protein concentration was determined by SDS-PAGE and Coomassie Blue
staining using InstantBlue (Expedeon), using purified BSA titration as a reference. Purified proteins were snap-fro-
zen and stored at -80°C. A kinase assay was performed by adding 5 pg of purified miniCPC with either Aurora BWT
or KD, into a reaction mixture containing kinase buffer (10 mM MgCl2, 25 mM HEPES pH 7.5, 25 mM B-glycerophos-
phate, 0.5 mM DTT, 0.5 mM vanadate, 100 pM ATP), and 0.2 mg/ml Histone H3 as substrate (Roche Diagnostics).
Either DMSO or 2 pM Aurora B inhibitor (ZM447439, Tocris) was added to the reaction as well. After 30 min incuba-
tion at 30°C, the reaction was stopped by the addition of sample buffer. Samples were analyzed by western blot using
a primary antibody specific for phosphorylated Serine 10 in Histone H3 (H3S10ph).

Western blotting

Mitotic HeLa or transfected HEK293T cells were collected and lysed in standard Laemmli buffer. Protein concen-
tration was determined using a Lowry assay. Protein samples of either whole cell extracts, bacterial lysates or IP’s
were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked in 4% milk in
Tris-buffered saline containing 0.5% Tween-20 (TBST) and subsequently incubated with a primary antibody for 2 hr.
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Primary antibodies used were rabbit anti-MKLP2 (Bethyl (ITK) A300-879A), rabbit anti-Aurora B (Abcam 2254-100),
rabbit anti-Borealin (gift from Dr. S. Wheatley), rabbit anti-Survivin (R&D Systems AF886), mouse anti-INCENP
(Invitrogen 39-2800), rabbit anti-H3S10ph (Upstate 06-570), mouse anti-a-tubulin (Sigma, T5168), mouse anti-GFP
(Roche 1814460001), mouse anti-GST Bi4 (Tebu SC-138), and mouse anti-penta-His (QIAGEN 34660). Membranes
were washed three times with TBST, and subsequently incubated with goat anti-mouse or anti-rabbit horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad). An ECL chemiluminescence detection kit (GE
Healthcare) was used to visualize the protein-antibody complex.

Mass spectrometry

Eluted MKLP2::GFP::Strepll or GFP::Strepll samples (three technical replicates of each) were first denatured and
alkylated by adding alkylation buffer (10 mM tris(2-carboxyethyl)phosphine (TCEP), 40 mM 2-chloroacetamide
(CAA), 8 M urea, 1 M ammonium bicarbonate. After 30 min of incubation the samples were diluted fourfold with
1 M ammonium bicarbonate and 250 ng Trypsin/Lys-C protease (Promega) was added and followed by overnight
digestion at 37°C on a shaker. The samples were then cleaned up using homemade Ci18 stagetips (Rappsilber et al.,
2007), and a quarter was used for the analysis with LC-MS (Thermo Easy-nLC 1000, Thermo Orbitrap Fusion Tribrid)
running a 140 min gradient (300 nl/min, 30 cm, 1.9 pm C18 column) with 240k (at 200 m/z) full MS resolution and
a1s MS2 duty cycle (top speed, highest to low intensity, HCD fragmentation). Raw files were analyzed with Max-
quant software, version 1.6.3.4. For identification, the Human Uniprot database was searched with oxidation of and
carbamidomethylation of cysteine set as fixed modification, while peptide and protein false discovery rates were set
to 1%. The median intensity of the iBAQ values was then plotted as Log2 transformed values with a red line (x = o)
and a green line (x+5) added as visual aid.

Immunofluorescence microscopy

For immunofluorescence (IF) of anaphase cells, HeLa Flp-In T-Rex cells were plated in 2.5 mM thymidine (Sig-
ma-Aldrich) for 24 hr in 24 well plates containing 12 mm High Precision coverslips (Superior-Marienfeld GmbH &
Co) and subsequently released into medium containing 5 pM Cdki inhibitor RO3306 (Calbiochem) for another 16 hr
to synchronize cells in G2. Where indicated, doxycycline (1 pg/ml, Sigma-Aldrich) was added together with RO3306
to induce protein expression. Cells were released from the RO3306-induced G2 block by washing three times with
warm medium. Where indicated, 50 pM Paprotrain (Millipore) was added 50 min after the release from the Cdk:
inhibitor. After 10 min, cells were processed for IF. To identify binucleates, cells were released from Cdk: inhibitor,
Paprotrain was added 50 min after the release and cells were fixed 24 hr after release. Cells were fixed with 4% PFA
in PBS for 7 min and permeabilized in 0.25% Triton X-100 in PBS for 5 min. Cells were blocked in PBS containing
3% BSA and 0.1% Tween-20. Primary antibodies used were: rabbit anti-MKLP2 (Bethyl (ITK) A300-878A), rabbit
anti-PRC1 (Santa Cruz sc-8356), mouse anti-Aurora B (BD Transduction labs 611083), rabbit anti-Anillin (a kind
gift from Michael Glotzer) and mouse anti-GFP (Roche 11-814-460-001) or GFP booster ATTO-488 (Chromotec
GBA488). Secondary antibodies used were: goat anti-mouse or goat anti-rabbit IgG-Alexa 488, goat anti-mouse or
goat anti-rabbit IgG-Alexa 568 (Invitrogen). 4,6-Diamidino-2-Phenylindole (DAPI, Sigma-Aldrich) was used for
DNA staining. Phalloidin-Alexa 568 (Invitrogen, A12380) was used to visualize F-actin to facilitate scoring of bi-
nucleates. Coverslips were mounted in ProLong Antifade (Molecular Probes). Images were taken with a Personal
DeltaVision system (Applied Precision) equipped with a 100x / NA 1.40 UPLS Apo-UIS2 objective (Olympus) and a
CoolSNAP HQ CCD camera (Photometrics). Images were deconvolved in Softworx. For each experiment, all images
were acquired with identical illumination settings. Images are projections of deconvolved Z stacks, unless stated
otherwise.

In vitro microtubule dynamics assays

Doubly cycled GMPCPP microtubule seeds were prepared as described before (Mohan et al., 2013), by incubating a
tubulin mix containing 70% unlabeled porcine brain tubulin (Cytoskeleton), 18% biotin-tubulin (Cytoskeleton) and
12% rhodamine-tubulin (Cytoskeleton) at a total final tubulin concentration of 20 uM with 1 mM GMPCPP (Jena
Biosciences) at 37°C for 30 min. Microtubules were pelleted by centrifugation in an Airfuge for 5 min at 119,000 x g
and then depolymerized on ice for 20 min. This was followed by a second round of polymerization at 37°C with 1 mM
GMPCPP. microtubule seeds were then pelleted as above and diluted in MRB8o buffer containing 10% glycerol, snap
frozen in liquid nitrogen and stored at —-80°C.

Flow chambers, assembled from sticking plasma-cleaned glass coverslips onto microscopic slides with a
double sided tape were functionalized by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG, Swit-
zerland) and 1 mg/ml NeutrAvidin (Invitrogen) in MRB8o buffer (8o mM piperazine-N,N[prime]-bis(2-ethanesul-
fonic acid), pH 6.8, supplemented with 4 mM MgClz, and 1 mM EGTA. microtubule seeds were attached to the
coverslip through biotin-NeutrAvidin interactions. Flow chambers were further blocked with 1 mg/ml k-casein (Sig-
ma-Aldrich). The in vitro reaction mixture consisted of 18 pM tubulin, 50 mM KCl, 0.1% methylcellulose, 0.5 mg/ml
k-casein, 1 mM GTP, an oxygen scavenging system (20 mM glucose, 200 pg/ml catalase, 400 pg/ml glucose-oxidase,
and 4 mM DTT), 2 mM ATP, MKLP2 motors at indicated concentrations (concentrations were calculated for mon-
omeric proteins), and CPC protein complexes at indicated concentrations. After centrifugation in an Airfuge for 5
min at 119,000 x g, the reaction mixture was added to the flow chamber containing the microtubule seeds and sealed
with vacuum grease. The experiments were conducted at 30°C, and data were collected using total internal reflection
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fluorescence (TIRF) microscopy. For most experiments, the reaction mixture was composed of 17.5 pM tubulin sup-
plemented with 0.5 pM rhodamine-labeled tubulin to properly visualize microtubules in the assay. For assays where
we labeled growing microtubule ends, bacterial purified mCherry::EB3 (Montenegro Gouveia et al., 2010) was added
to the assay at a concentration of 20 nM. All tubulin products were purchased from Cytoskeleton Inc.

TIRF Microscopy

In vitro reconstitution assays were imaged on a TIRF microscope setup as described previously (Mohan et al., 2013)
or on an ILAS-2 TIRF setup. The former system consisted of an inverted research microscope Nikon Eclipse Ti-E
(Nikon) with the perfect focus system (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective
(Nikon) and controlled with MetaMorph 7.7.5 software (Molecular Devices). The microscope was equipped with
TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. To keep the in
vitro samples at 30°C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. For excitation, 491 nm 100
mW Calypso (Cobolt) and 561 nm 100 mW Jive (Cobolt) lasers were used. We used ET-GFP 49002 filter set (Chroma)
for imaging of proteins tagged with GFP or ET-mCherry 49008 filter set (Chroma) for imaging of rhodamine-labe-
led tubulin or proteins tagged with mScarlet or mCherry. For simultaneous imaging of green and red fluorescence,
we used an Evolvesi2 EMCCD camera (Photometrics) and ET-GFP/mCherry filter cube (59022; Chroma) together
with an Optosplit Il beamsplitter (Cairn Research Ltd) equipped with double-emission filter cube configured with
ET525/50 m, ET9630/75 m and T585lprx (Chroma). Fluorescence was detected using an EMCCD Evolve 512 camera
(Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adaptor 2.5X). The final magnification using
EMCCD camera was 0.063 pm/pixel.

ILAS-2 system (Roper Scientific, Evry, France) is a dual laser illuminator for azimuthal spinning TIRF (or Hilo)
illumination and with a custom modification for targeted photomanipulation. This system was installed on Nikon
Ti microscope (with the perfect focus system, Nikon), equipped with 150 mW 488 nm laser and 100 mW 561 nm
laser, 49002 and 49008 Chroma filter sets. For simultaneous imaging of green and red fluorescence, we used an
Evolvesi2 EMCCD camera (Photometrics) and ET-GFP/mCherry filter cube (59022; Chroma) together with an Op-
tosplit Il beamsplitter (Cairn Research Ltd) equipped with double-emission filter cube configured with ET525/50
m, ET9630/75 m and T585lprx (Chroma). Fluorescence was detected using an EMCCD Evolve mono FW DELTA
512x512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adaptor 2.5X). The setup was
controlled with MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro samples at 30°C, a stage top incu-
bator model INUBG2E-ZILCS (Tokai Hit) was used. The final resolution using EMCCD camera was 0.065 pm/pixel.

Single-molecule intensity analysis

Sample preparation for the fluorescence intensity analysis was performed by immobilizing diluted GFP or
MKLP2::GFP full length proteins non-specifically to the plasma cleaned glass coverslips in flow chambers. After
protein addition, the flow chambers were washed with MRB8o bulffer, sealed with vacuum grease and immediately
imaged with a TIRF microscope. Approximately 10 images of previously unexposed coverslip areas were acquired.
GFP and MKLP2::GFP full length proteins were located in different chambers of the same coverslip, so identical
imaging conditions could be preserved. All acquisitions were obtained under identical laser power, exposure time
and TIRF angle.

Live cell microscopy

Imaging of MKLP2::GFP and INCENP::GFP in HeLa Flp-In T-Rex cells was done in Lab-tek (8 well, Chambered Cov-
erglass W/Cover #1.5 Borosilicate Sterile, Thermo Fisher Scientific). Cells were blocked in late G2 by overnight Cdk:
inhibition (RO-3306) and released prior to imaging by 3x washing with Leibovitz’s medium (Sigma-Aldrich). DMSO
or Paprotrain was added 20 min after release from the Cdk: inhibition. To visualize microtubules, MKLP2::GFP
expressing HeLa cells were transfected with a B-tubulin::Halo construct. To label the expressed B-tubulin::Halo, the
imaging medium was supplemented with cell-permeable HaloTag TMR Ligand (Promega) 30 min prior to imaging.
Medium was changed to Leibovitz’s medium (Sigma-Aldrich) supplemented with 10% FCS (FBS, Sigma-Aldrich), 2
mM UltraGlutamine (Lonza) and 100 units/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich).

Spinning disk microscopy was performed on inverted research microscope Nikon Eclipse Ti-E (Nikon), equipped
with the perfect focus system (Nikon), Plan Apo VC 100x N.A. 1.40 oil objective (Nikon), spinning disk Yokogawa
CSU-X1-A1 with 405-491-561-642 quad-band mirror (Yokogawa). The system was also equipped with ASI motor-
ized stage with the piezo plate MS-2000-XYZ (ASI), Back-Illuminated Evolve 512 EMCCD camera (Photometrics)
or Back-Illuminated Prime BSI sCMOS camera (Photometrics) and controlled by the MetaMorph 7.10 software
(Molecular Devices). 49inm 10omW Calypso (Cobolt), 561nm 100mW Jive (Cobolt) and 642 nm 1o mW Stradus
(Vortran) lasers were used as the light sources. ET-GFP filter set (49002, Chroma) was used for imaging of proteins
tagged with green fluorescent marker; ET-mCherry filter set (49008, Chroma) was used for imaging of proteins
tagged with red fluorescent marker, ET-Cys filter set (49006, Chroma) was used for imaging of proteins tagged with
far-red fluorescent marker. For simultaneous imaging of green and red fluorescence we used ET-GFP/mCherry filter
set (59022, Chroma) together with DualView DV2 beam splitter (Photometrics). 16-bit images were projected onto
the Evolve 512 EMCCD camera with intermediate lens 2.0X (Edmund Optics) at a magnification of 0.066 pm/pixel or
onto Prime BSI sCMOS camera with no intermediate lens at a magnification of 0.063 um/pixel. To keep cells at 37°C
we used stage top incubator (model INUBG2E-ZILCS, Tokai Hit). Imaging of INCENP::GFP in HeLa Flp-In T-Rex
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cells with or without Paprotrain (50 pM) was performed on a Spinning Disk Microscope consisting of an inverted
research microscope Eclipse Ti2-E (Nikon), equipped with the Perfect Focus System (Nikon), CFI Plan Apo TIRF
60X oil objective (Nikon), spinning disk Yokogawa CSU-W1-T2. The system was also equipped with a Ti2-S-SE-E
motorized stage (Nikon) and the piezo insert NANO Z200-N2 (Mad City Labs), environmental chamber for temper-
ature (37°C) and COz control (OkoLab) and fully controlled with NIS-Elements-AR_vs.20 software (Nikon). Using
the 405-488-568-647quad-band Ex mirror (Yokogawa) in combination with the 561nm 10omW (Oxxius) laser as the
light source, the Em-filter 525/50 nm BrightLine (FFo3-525/50-25, Semrock) and the Zyla 4.2 Plus sCMOS camera
(Andor) we were able to detect INCENP::GFP.

Quantification and Statistical Analysis

Single molecule GFP counting assays

Image] plugin Comdet v.0.3.61 and DoM_Utrecht vi.1.1.5 (https://github.com/ekatrukha/DoM_Utrecht) were used
for detection and fitting of single molecule fluorescent spots as described previously (Yau et al., 2014). With this
method, individual spots were fitted with 2D Gaussian, and the amplitude of the fitted Gaussian function was used
as a measure of the fluorescence intensity value of an individual spot. These fitted peak intensity values were used to
build fluorescence intensity histograms which could be fitted to a Gaussian curve using GraphPad Prism 7.

Analysis of in vitro reconstitution data
Images and videos were processed and analyzed with Fiji image processing software (Image]). Maximum inten-
sity projections were made using z projection. Kinesin velocities, run lengths and landing frequencies were ob-
tained from kymograph analysis using Image] plugin KymoReslideWide v.0.4 (https://github.com/ekatrukha/Ky-
moResliceWide). Kinesin parameters were quantified for processive events that last > 1 s. Static events were not
included in velocity and run length quantifications. Quantification of landing frequencies was corrected for mi-
crotubule length, time of acquisition and kinesin concentration. Processive events were quantified and subdivided
into “complete” and “incomplete” tracks. Tracks where both kinesin landing and detachment were observed were
defined as complete, whereas incomplete tracks were tracks that exceeded the 9o s acquisition time or partially took
place outside of the acquisition area. In cases of hyperprocessive events (imaging of miniCPC::GFP, or MKLP2::GFP
in the presence of miniCPC) with many incomplete tracks, the observed event frequency per microtubule was quan-
tified instead of landing frequency. Again, these data were corrected for microtubule length, time of acquisition
and kinesin or CPC concentration. To distinguish directional and processive CPC events from diffusively behaving
particles, only unidirectional events with a duration > 2.5 s were quantified. CPC::GFP labeling intensities on in vitro
polymerized dynamic microtubules were measured from 2 pixel wide line scans along microtubules. An adjacent
line scan 10 pixels away from the same microtubule was used as a background intensity measurement. microtubule
labeling intensity was corrected by subtraction of this background intensity measurement. Imaging conditions were
kept identical for all samples in the same experiment.

For in vitro experiments with Paprotrain or the T167N mutant motor, kinesin dwell time and landing
frequency were quantified for all events that last > 1 s. For the in vitro experiments with Paprotrain, runs with a
velocity < 0.025 pm/s were classified as static events. The percentage of static events per microtubule was quantified
as a percentage of all kinesin events per microtubule. In the experiments with Paprotrain, non-motile (static) events
were included in velocity and run length quantifications. Kinesins running on GMPCPP microtubule seeds were
excluded as much as possible from the analysis.

Analysis of live cell imaging data

Image analysis was performed with Fiji image processing software (Image]). MKLP2 and INCENP velocities were
obtained from kymograph analysis using Image] plugin KymoReslideWide v.0.4 (https://github.com/ekatrukha/
KymoResliceWide). To distinguish directional MKLP2::GFP and INCENP::GFP events in cells from diffusive or stat-
ically behaving particles, only unidirectional events with a relatively constant velocity > 0.05 pm/s and a duration >
2.5 s were quantified. In addition, only events that could be measured using a kymograph were quantified in these
experiments.

Quantification of immunofluorescence

Images were deconvolved in Softworx (Applied Precision). For each experiment, all images were acquired with iden-
tical illumination settings. Images are projections of deconvolved z stacks. Image analysis was performed with Fiji
image processing software (ImageJ). To quantify and compare the mean fluorescence intensities (MFIs) of Aurora
B on the equatorial cortex (marked by Anillin), the spindle midzone (marked by PRC1), and on chromatin (DAPI),
a regions of interest (ROIs) were made on the basis of Anillin, PRC1 or DAPI localization. A random region of the
cytoplasm was used as background measurement, and background intensity per cell was subtracted from the fluo-
rescence intensity measured in the indicated ROIs. Line plots were performed with Fiji image processing software
(Image]J) and visualized in Graphpad Prism 7 software.

Protein sequence alignment
Protein sequences from several kinesin families were retrieved from Uniprot: kinesin-1, KIF5B (UniProt: P33176);
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kinesin-2, KIFr7 (UniProt: Q9P2E2); kinesin-3, KIF1A (UniProt: Q12756); kinesin-4, KIF4A (UniProt: O95239); ki-
nesin-5, KIFu (Egs) (UniProt: P52732); kinesin-6, KIF20A (MKLP2) (UniProt: 0O95235); kinesin-6, KIF20B (MPP-1)
(UniProt: Q96Q89); kinesin-6, KIF23 (MKLP1) (UniProt: Qo2241). These sequences were aligned and analyzed on-
line using ClustalOmega software.

Statistical analysis
Statistical significance was analyzed either using the Mann-Whitney U test, or t test, as indicated in the figure
legends. For the ¢ tests, data distribution was checked for normal distribution of the data. Kinesin and CPC veloc-
ities are represented using frequency distributions and Gaussian curve fits. For this fitting, data distributions were
assumed to be normal, but this was not formally tested. Statistical analysis was performed with Graphpad Prism 7
or Prism 8 software.

Description for Supllemental Videos
Video S1. Representative Movie and Corresponding Zoom of HeLa Cells in Anaphase with Stable Inducible Expres-
sion of MKLP2::GFP, Related to Figure 3A

Video S2. Representative Movie and Corresponding Zoom of HeLa Cells in Anaphase with Stable Inducible Expres-
sion of INCENP::GFP, Related to Figure 3B

Video S3. Representative Movie of HeLa Cells in Anaphase with Stable Inducible Expression of INCENP::GFP
(DMSO Control), Related to Figures 4K and S3l

Video S4. Representative Movie of HeLa Cells in Anaphase with Stable Inducible Expression of INCENP::GFP and
Treated with 50 pM Paprotrain, Related to Figures 4K and S3
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Figure S1 - Mapping of the MKLP2-CPC interaction, Related to Figure 1

(A, B) HEK293T cells were transfected with the indicated MKLP2 (A) or INCENP (B) plasmids. Immuno-
precipitations were performed with GFP-Trap beads, and samples were analyzed by Western blotting using
antibodies specific for the indicated proteins. (C) IPs of GFP-tagged INCENP full length (FL), INCENP-dSAH
(d539-747) and INCENP 49-918 from mitotic HeLa cells stably expressing the indicated doxycyclin-inducible
protein. Blots were stained for MKLP2, Aurora B, Borealin, Survivin and GFP. The anti-GFP antibody gave a
background band in the ‘empty’ HeLa cell line, which did not show up in the IP. (D) IF for GFP of HeLa cells
expressing INCENP::GFP or INCENP E35/36/39/40R::GFP (upper panel), and expressing GFP::Borealin or
GFP::Borealin Ri7/19E, K20E (lower panel) from a doxycyclin-inducible promotor. Cells were synchronized
in mitosis by addition of STLC. DNA was visualized using DAPI. Scale bar = 10 pm. Numbers on the left in-
dicate the number of times the depicted localization was observed/total number of cells that were imaged.
Scale bar = 10 um.
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Figure Sz - Analysis of purified MKLP2 and CPC, Related to Figure 2

(A) SDS-PAGE of full length MKLP2::GFP and MKLP2::mScarlet purified from HEK293T cells. Gels were
stained with Coomassie Brilliant Blue. (B) Histograms of peak-fitted fluorescence intensities of single GFP
(green dots) and MKLP2::GFP molecules (grey triangles) immobilized on coverslips in two separate cham-
bers on the same coverslip and the corresponding Gaussian fits (green and grey lines). Imaging conditions
were identical for both conditions. n = 1909 (GFP) and n = 324 (MKLP2::GFP) molecules. Fluorophore den-
sity was approximately 0.04-0.10 pm~-2. Mean values for each condition are indicated in the plot. (C) Scatter
plot of protein abundance comparison between MKLP2::GFP and GFP purified from HEK293T cells using LC
MS/MS. Enrichment of proteins is estimated using a linear model through all median iBAQ intensities of
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Figure Sz (continued) identified proteins (N = 3) (Red line). Green line indicates 25 times enrichment
based on the linear model. KIF20A(MKLP2) and KIF4A are indicated. Raw data/spectra can be found on
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD014665.

(D) SDS-PAGE of purified coreCPC::GFP (left panel) and coreCPC::mCherry (right panel). Gels were stained
with Coomassie Brilliant Blue. In the middle panel, individual proteins of coreCPC::GFP were visualized by
Western blot probed with the indicated antibodies. INCENP 1-100 is visualized with anti-GFP. *An additional
band around 25 kD appeared in the coreCPC::mCherry preparation, which corresponds to mCherry. (E) SDS-
PAGE of purified miniCPC::GFP (left panel) and miniCPC::mCherry (right panel) loaded with Aurora B WT.
Gels were stained with Coomassie Brilliant Blue. In the middle, individual proteins of miniCPC::GFP were
visualized by Western blot probed with the indicated antibodies. INCENP (1-100)-linker-INCENP (834-918)
is visualized with anti-GFP. *An additional band around 25 kD appeared in the coreCPC::mCherry prepara-
tion, which corresponded to mCherry. (F) Western blot of purified miniCPC loaded with either wild-type
Aurora B (WT) or kinase dead Aurora B (KD). Blots were probed with antibodies specific for GFP, Aurora B,
Borealin and Survivin. (G) In vitro kinase assay for purified miniCPC loaded with either WT or KD Aurora
B. The kinase reaction was separated by SDS-PAGE and Western blots were probed with antibodies specific
for Aurora B and phosphorylated serine 10 in Histone H3. Bottom panel is a Ponceau staining of Histone H3.
(H) Kymographs showing a dynamic microtubule growing from a stable rhodamine-labeled GMPCPP micro-
tubule seed. Addition of mCherry::EB3 marks growing microtubule-ends, MKLP2::GFP shows motility to-
wards the microtubule plus-end. Microtubule plus (+) and (-) ends could be identified by their characteristic
growth rates and are indicated in all images. Experiment was performed in the presence of 15 uM tubulin.
(I) Quantification of MKLP2::GFP run length in control condition or in the presence coreCPC::mCherry.
*** p < 0.001 (Mann-Whitney U test). n = 832 (control), n = 618 kinesins (coreCPC) from three independent
experiments. Mean values are indicated with red bars. (J) Histograms of MKLP2::GFP velocities. n = 1145 and
137 kinesin runs from three independent experiments. Histograms correspond to the velocity fits shown
in Figure 2D. (K) Quantification of MKLP2::GFP landing frequency in control condition or in the presence
coreCPC::mCherry normalized for microtubule length, time of acquisition and kinesin concentration. *** p
< 0.001 (Mann-Whitney U test). n = 37 microtubules (control), n = 49 microtubules (coreCPC) from three
independent experiments. (L) Histograms of MKLP2::GFP velocities. n = 459 and 657 kinesin runs from two
independent experiments. Histograms correspond to the velocity fits shown in Figure 2G. (M) Quantifica-
tion of MKLP2 event frequency corrected for microtubule length, time of acquisition and kinesin concen-
tration. n = 43 (WT) and n = 42 (KD) microtubules from three independent experiments. (N) Histograms
of CPC::GFP velocities. n = 708, 305 and 372 kinesin runs from three independent experiments. Histograms
correspond to the velocity fits shown in Figure 2L.
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Figure S3 - Characterization of MKLP2::GFP, MKLP2(T167N)::GFP and INCENP::GFP expressing cell
lines, their dynamics in HeLa cells in anaphase, and the effect of Paprotrain addition, Related to
Figure 3 and Figure 4

(A, B) Western blot of the MKLP2::GFP, MKLP2 (T167N)::GFP (A) and INCENP::GFP (B) expressing cell
lines probed with antibodies specific for MKLP2 (A) or INCENP (B) and a-tubulin (A,B). Expression of the
exogenous GFP-tagged proteins was induced by addition of doxycycline (dox). (C) The MKLP2::GFP and
INCENP::GFP expressing cell lines were released from a Cdki inhibitor-induced G2 block for 60 min and
fixed anaphases were scored for the presence of spindle midzone-localized GFP-tagged protein after IF using
anti-GFP. n = number of cells analyzed. (D) IF for GFP and Aurora B of HeLa cells in anaphase with or with-
out expression of MKLP2::GFP from a dox-inducible promotor. Cells were transfected with siRNAs targeting
either Luciferase (control) or MKLP2 (siMKLP2), and DNA was visualized using DAPI. Scale bar = 10 pm.
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Figure S3 (continued) (E) Cells shown in D) were scored for the presence of Aurora B at the spindle
midzone. n = number of cells analyzed.(F,G) Histograms showing the velocities of directional motility events
of MKLP2::GFP (F) and INCENP::GFP (G) measured in HeLa cells. n = 107 (F) and 94 kinesin (G) runs from
two or three independent experiments. Histograms correspond to the velocity fits shown in Figure 3F. (H)
IF for GFP and Aurora B of HeLa cells in metaphase with expression of MKLP2::GFP or MKLP2(T167N)::GFP
from a dox-inducible promotor. Endogenous MKLP2 was knocked down by siRNA. DNA was visualized using
DAPI. Scale bar = 10 pm.

(I) Still images of a HeLa cell going through anaphase with stable inducible expression of INCENP::GFP.
Paprotrain (50 uM) or DMSO was added 20 min after Cdki release. Still images correspond to Videos 3 and
4 and Figure 4K. (J) Timing of anaphase onset to full cleavage furrow ingression in presence or absence
of Paprotrain (added 20 min after a Cdki inhibitor release). Corresponds to Figure 4K,L and S3lI. ns = not
significant (t test). (K) Quantification of mono- and binucleated HeLa cells 24 hrs after release from a Cdk:
inhibitor-induced G2 block. DMSO or Paprotrain was added 50 min after Cdki inhibitor release. Fixed cells
were stained with Phalloidin-Alexa 568 to visualize F-actin and to facilitate scoring of binucleated cells. The
mean percentage of cells of two independent experiments are shown. Error bars indicate SEM. n = 77, 84
(DMSO), 48, 107 (Paprotrain) cells analyzed in two independent experiments. ns = not significant (t test).
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Figure S4 - Analysis of MKLP2 T167N motor, MKLP2 WT motor and CPCcore parameters in the pres-
ence of Paprotrain, Related to Figure 4

(A) Amino acid sequence alignment of the P-loops of various kinesins. Amino acids that are part of the
P-loop consensus sequence, are indicated in blue. The position of the putative “rigor” kinesin mutation is
indicated in red. (B) SDS-PAGE of full length MKLP2::GFP and MKLP2::mScarlet containing a T167N point
mutation purified from HEK293T cells. Gels were stained with Coomassie Brilliant Blue. (C) Quantification
of MKLP2::GFP dwell time. n = 845, 929 and 336 kinesins from two or three independent experiments. Mean
values are indicated with red bars. Datapoints correspond with the cumulative frequency plot shown in
Figure 4C. (D) Representative kymographs of MKLP2::GFP on dynamic microtubules in DMSO (control)
conditions or in the presence of increasing concentrations MKLP2 inhibitor Paprotrain. Image acquisition
was performed at 10 fps. (E) Quantification of MKLP2::GFP run length. n = 845, 626, 778 and 336 kinesins
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Figure S4 (continued) from two or three independent experiments. Mean values are indicated with red
bars. (F) Quantification of MKLP2::GFP landing frequencies per microtubule corrected for microtubule
length, time of acquisition and kinesin concentration. n = 29, 20, 27, 20 microtubules from two or three in-
dependent experiments. Mean values are indicated with red bars. (G, H) Histograms (G) and quantification
(H) of MKLP2::GFP velocities in DMSO or in the presence of increasing Paprotrain concentrations. n = 1262,
899, 1014 and 423 kinesins from two or three independent experiments. Mean values are indicated with red
bars (H). (I) Quantification of static MKLP2::GFP events per microtubule as a percentage of the total number
of MKLP2::GFP events observed per microtubule. Events were categorized as static when the velocity was <
0.025 pm/s. n = 29, 20, 27, 20 microtubules from two or three independent experiments. Mean values are
indicated with red bars.(J) Histogram of coreCPC::GFP velocities in the presence of 100 pM MKLP2::mScar-
let treated with 50 pM Paprotrain, n = 250 events from two independent experiments. (K) Gaussian fits of
coreCPC::GFP velocities. Histograms are shown in Figures S2N and S4J.
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Table S1
siRNA:

siINCENP
siBorealin
siMKLP2

Primers:

Description
F BsmBI-BgllI-kozak-atg-Mklp2 N-term

R Mklp2-no stop-Sall-BsmBI-89o

F Muta BsmBI and Sequencing primer
R Muta BsmBI and Sequencing primer
R Mklp2-no stop-Sall-BsmBI-513

F BsmBI-BgllI-kozak-atg-Mklp2 513-

F BsmBI-BgllI-kozak-atg-Mklp2z 765-
F MKLP2 -> pTT5 N1-GFP HindIII

R MKLP2 fl -> pTT5 N1-GFP EcoRI

R MKLP2 513R -> pTT5 N1-GFP EcoRI
R MKLP2 821 no stop

F Muta INCENP E35/36/39/40R

R Muta INCENP E35/36/39/40R

F Muta Borealin R17/19E K20E

R Muta Borealin Ri7/19E K20E

R100

R 200

F NHel --> pTTs5 Strepll

F HinDIII --> pTTs5

R Xbal --> pTTs

F HinDIIT --> pTT5

R Xbal --> pTTs

R HinDIII --> pTT5 1-100 GFP Strepll
F INCENP linker 834 HinDIII --> pTTs5
R INCENP no stop BamHI --> Ptt5
Fws13_MKLP2_pGEX_BamHI

Rv821_ MKLP2_pGEX_Xhol
Fwi.mScarlet. MKLP2

Rv.mScarlet-mRuby3
F muta T167N
R muta T167N

5’ primer for mutagenesis (Kio6Rmutant)
3’ primer for mutagenesis (Kio6Rmutant)

F AurB Nhel pTT5 C1
R AurB Sall --> pTT5 C1

Dharmacon/3’'UTR; GGCUUGGCCAGGUGUAUAUdTAT
Dharmacon/3’-UTR; AGGUAGAGCUGUCUUCAATAT
Dharmacon/3’'UTR; CCACCUAUGUAAUCUCAUGATAT

Primers (‘5-'3)
agagaCGTCTCagatctcACCatgtcgcaagggatcctttctee
AGAGACcgtctcGTCGACttgtactttttgccaaaaggceccaga
ctetgtegtatctaccteectagaggaca
gaggtagatacgacagagcagtctgatageagg
AGAGAcgtctcGTCGACttcataggtggggeatgeacaage
agagaCGTCTCagatctcACCatgcaactgggattcccatee
agagaCGTCTCagatctcACCatgagcactggggcaggaaaacttc
agagaAAGCTTcaccATGTCGCAAGGGATCC

tctct GAATTCcGTACTTTTTGCCAAAAGGCCCAG

tctct GAATTCgCATAGGTGGGGCATGCACAAGC
AGAGACcgtctcGTCGACttttggagtttcaacacagtatgatactgete
tgtggctteggeggatecaacggegggeegagegeatgttcace
tcggeeegecgttggatecgecgaagecacaccaagtecttattatecatg
tecttagagagggaggagetegectectttetgaaagactte
aggegagctectecctetetaaggagttggtettggecac
agagaGTCGACgggcgtcgggagcetcagetgge
agagaGTCGACggtggagtcggggacagagtgeg
agagaGCTAGCccaccatggggacgacggececaggg
agagaAAGCTTccaccatggetectaggaagggeagtagteg
agagaTCTAGAtcatttgtgggtccgtatgetgetge
agagaAAGCTTccaccatgggtgeccegacgttge
agagaTCTAGAtcaatccatggcagecagetge
agagaAAGCTTgcgtcgggagcetcagetgg
agagaAAGCTTggtggeggagggtctgatgaggeccatecceg
agagaGGATCCcagtgcttcttcaggetgtagge
TCCAGGGGCCCCTGGGATCCggcagtGGATCCatgcaactgggat
teccatecc
CGCGAGGCAGATCGCTCGAGTCAttggagtttcaacacagtatgatac
ACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACC Catggtgag
caagggegaggeag
AGCGCTGCCACTAGTcttgtacagetegtecatgeeg
AGGGAAAAaCCACACGATTCAAGGTACC
AATCGTGTGGtTTTTCCCTGAGTTAGTGACTCC
CATCGTGGCGCTCAGGGTCCTCTTCAAGTC
GACTTGAAGAGGACCCTGAGCGCCACGATG
agagaGCTAGCgccaccatggeccagaagg
agagaGTCGACtcaggcgacagattgaaggge
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Chapter 7

Abstract

When a T cell and an antigen-presenting cell form an immunological synapse, rapid
dynein-driven translocation of the centrosome towards the contact site leads to reorgani-
zation of microtubules and associated organelles. Currently, little is known about how the
regulation of microtubule dynamics contributes to this process. Here, we show that the
knockout of KIF21B, a kinesin-4 linked to autoimmune disorders, causes microtubule over-
growth and perturbs centrosome translocation. KIF21B restricts microtubule length by in-
ducing microtubule pausing typically followed by catastrophe. Catastrophe induction with
vinblastine prevented microtubule overgrowth and was sufficient to rescue centrosome po-
larization in KIF21B-knockout cells. Biophysical simulations showed that a relatively small
number of KIF21B molecules can restrict microtubule length and promote an imbalance of
dynein-mediated pulling forces that allows the centrosome to translocate past the nucleus.
We conclude that proper control of microtubule length is important for allowing rapid re-
modeling of the cytoskeleton and efficient T cell polarization.

Introduction

Large-scale reorganization of the microtubule (MT) cytoskeleton is essential for a variety of
processes, such as cell division, differentiation and polarization. In dividing cells, a balance
of dynein-dependent pulling forces and MT pushing forces determines the positioning of
the MT-based mitotic spindle (Howard and Garzon-Coral, 2017; Kotak and Goncezy, 2013).
In interphase cells with dense, non-centrosomal MT arrays, such as epithelial or neuronal
cells, polarization is a slow process that requires hours, if not days (reviewed in (Kapitein
and Hoogenraad, 2015; Meiring et al., 2020)). In contrast, interphase cells with sparse cen-
trosome-based networks can rapidly switch polarity and reposition their MTs. For example,
when a T cell encounters an antigen-presenting cell (APC), it translocates its centrosome
and associated MTs towards the APC-contact side (Geiger et al., 1982; Kupfer et al., 1983;
Stinchcombe et al., 2006; Yi et al., 2013) and forms an immunological synapse (reviewed in
(Dustin et al., 2010)), a highly specialized compartment encircled by an actin-rich ring. The
immunological synapse facilitates T-cell signaling and polarized secretion of cytokines or
lytic molecules towards the APC (Figure 1A). The process of centrosome repositioning takes
only a few minutes and is driven by membrane-associated dynein that pulls MTs with the
attached centrosome towards the synapse (Combs et al., 2006; Liu et al., 2013a; Martin-Cof-
reces et al., 2008; Nath et al., 2016).

Whereas the role of dynein as force generator in centrosome translocation in T
cells is firmly established, little is known about the properties of the MT network and MT
dynamics that facilitate this rapid cytoskeletal reorganization, and only a few MT regula-
tors participating in this process have been identified. Among them, MT-associated protein
MAP4 was shown to be required for centrosome translocation (Bustos-Moran et al., 2017),
potentially due its ability to regulate dynein (Samora et al., 2011; Semenova et al., 2014; Seo et
al., 2016). In addition, both acetylation and detyrosination of MTs and a complex of casein
kinase I8 with EB1 were suggested to be important for efficient centrosome polarization
(Andres-Delgado et al., 2012; Serrador et al., 2004; Zyss et al., 2o11). Finally, a study describ-
ing the knockout of stathmin/OP18, a MT-destabilizing protein, in mouse cytotoxic T cells
showed decreased centrosome polarization efficiency (Filbert et al., 2012). Yet, how these
cytoskeletal perturbations affect the MT network of T cells as a whole and how this would

180



Kinesin-4 KIF21B limits microtubule growth to allow rapid centrosome polarization in T cells

consequently hinder centrosome translocation is poorly understood.

An interesting candidate to regulate MT dynamics in immune cells is kinesin-4
KIF21B. Kinesin-4 family members are well known for their ability to limit MT growth in a
variety of cellular processes (Bieling et al., 2010; Bringmann et al., 2004; He et al., 2014; Yue
et al., 2018). Among them are two closely related motors KIF21A and KIF21B, which consist
of an N-terminal motor domain, several coiled-coil regions and a C-terminal WD40 domain
(Marszalek et al., 1999). KIF21A is expressed in many tissues; it is well studied because point
mutations impairing its auto-inhibition lead to congenital fibrosis of the extraocular mus-
cles type 1 (CFEOM1), a neurodevelopmental disorder that affects eye movement (Bianchi
et al.,, 2016; Cheng et al., 2014; Traboulsi and Engle, 2004; van der Vaart et al., 2013; Yamada
et al., 2003). In vitro, KIF21A slows down MT growth and suppresses catastrophes, whereas
in cells it prevents overgrowth of MTs at the cell cortex (van der Vaart et al., 2013).

KIF21B is expressed in brain, eyes and spleen (Marszalek et al., 1999). Several
studies have linked the KIF21B gene to neurodevelopmental and immune-related disor-
ders, including multiple sclerosis and inflammatory conditions such as Crohn’s disease
and ankylosing spondylitis (Anderson et al., 2009; Asselin et al., 2020; Barrett et al., 2008;
Garcia-Etxebarria et al., 2016; Goris et al., 2010; International Multiple Sclerosis Genetics,
2010; Kannan et al., 2017; Kreft et al., 2014; Li et al., 2017; Liu et al., 2013b; Robinson et al.,
2015; Yang et al., 2015). Kif21ib knock out mice are viable but show behavioral deficits and
defects in synaptic transmission (Ghiretti et al., 2016; Gromova et al., 2018; Morikawa et al.,
2018; Muhia et al., 2016). At the cellular level, KIF21B has been reported to be a processive
kinesin involved in neuronal transport (Ghiretti et al., 2016; Gromova et al., 2018; Labonte
et al., 2014) and Rac1 inactivation (Morikawa et al., 2018). Furthermore, similar to all other
kinesin-4 family members, KIF21B acts as a MT growth regulator both in vitro and in cells
(Ghiretti et al., 2016; Muhia et al., 2016; van Riel et al., 2017). However, the activity of this
kinesin is a matter of controversy, because one study reported that it acts as a positive reg-
ulator of MT dynamicity by increasing MT growth rate and catastrophe frequency; in these
assays, KIF21B was present at relatively high concentrations (50-300 nM) and was mainly
observed to bind to depolymerizing MT ends and lattices (Ghiretti et al., 2016). In contrast,
our own work showed that KIF21B walks to MT plus ends where it slows down MT growth
and potently induces MT pausing already at low nanomolar concentrations, with only one
or two KIF21B molecules being sufficient to block elongation of a MT plus end (van Riel et
al., 2017). Somewhat conflicting results have also been reported on the effects of the loss
of KIF21B on MT plus end growth in neurons: two different studies found opposite effects
on MT growth rates, although they agreed that KIF21B reduces MT growth processivity
(Ghiretti et al., 2016; Mubhia et al., 2016). Therefore, further analyses of KIF21B behavior and
function are required to elucidate its role in regulating MT dynamics.

Here, we have investigated the role of KIF21B in regulating MT organization and
dynamics in T cells. We generated KIF21B knockout (KIF21B-KO) Jurkat T cell lines, which
displayed defects during immunological synapse formation, particularly in translocating
their centrosome towards the synapse. These defects were rescued by KIF21B-GFP re-ex-
pression, and live-cell imaging of single KIF21B-GFP motors showed that they walked to MT
plus ends and often induced MT pausing followed by depolymerization, very similar to our
previous in vitro observations (van Riel et al., 2017). Using expansion microscopy, we visual-
ized three-dimensional MT organization in Jurkat T cells and found that MTs were longer in
KIF21B-KO cells. Interestingly, we could rescue centrosome polarization defects in KIF21B-
KO cells by mildly increasing MT catastrophe frequency with a low dose of vinblastine, a
MT-depolymerizing drug. These results were recapitulated in a two-dimensional compu-
tational model demonstrating that long MTs impaired centrosome polarization by alter-
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ing the balance of dynein-drive pulling forcing in a way that prevents symmetry breaking,
which could be restored by introducing more frequent catastrophes that limit MT length.
We conclude that proper control of MT growth plays a critical role in T cell polarization.

Results

KIF21B knockout T cells are defective in centrosome polarization after activation
To study MT reorganization during immune synapse formation, we used Jurkat T lympho-
cyte cells. We mimicked in vivo T-cell activation by exposing these cells to anti-CD3 coat-
ed surfaces, as described previously (Bunnell et al., 2001; Parsey and Lewis, 1993)(Figure
1A,B). We confirmed KIF21B protein expression in these cells by Western blotting (Figure
1C). Using CRISPR/Casg technology we generated KIF21B knockout cells and selected two
clones (#1 and #2) that were analyzed further. To perform rescue experiments, these two
knockout cell lines were infected with a lentivirus expressing full-length KIF21B-GFP and
the obtained polyclonal cell lines were sorted for GFP-positive cells and analyzed by West-
ern blotting (Figure 1C). KIF21B expression was lost in both knockout lines, whereas KIF21B-
GFP expression mildly exceeded endogenous KIF21B. In addition, we established that these
Jurkat T cell lines were responsive to stimulus by first confirming the presence of CD3g, a
subunit of the T cell receptor (TCR) (Figure 1C). Next, we stimulated control and KIF21B-KO
cells with phorbol 12-myristate 13-acetate (PMA) and ionomycin, which increase the down-
stream intermediates of TCR signaling, protein kinase C activity and intracellular calcium
levels, respectively. This stimulation regime upregulates Interleukin-2 (IL-2) mRNA expres-
sion, a hallmark of T cell activation, and we found that our knockout cell lines responded
similarly to control cells (Figure S1A, B).

To monitor immunological synapse formation, we added Jurkat cells to anti-CD3
coated coverslips, fixed the cells 10 min later and stained them with phalloidin to visualize
the peripheral actin ring (Figure 1B, D). We measured synapse size and noticed that KIF21B-
KO cell lines formed 28.4 % (KO #1) and 27.3 % (KO #2) smaller synapses compared to con-
trol cells and that this phenotype could be partially rescued by re-expression of KIF21B-GFP
(Figure 1E). The reduction in the size of immunological synapses in KIF21B-KO cells was not
due to smaller overall size of these cells, as their volume was the same as that of control cells
(Figure S1C, D). Live-cell imaging using Differential Interference Contrast (DIC) microsco-
py showed that synapse formation was slower in KIF21B-KO cells (Figure SiE-G).

Next, we analyzed the overall MT organization in these cells by Total Internal Re-
flection Fluorescence (TIRF) microscopy, which visualizes a thin optical section located
above the coverslip. In fully polarized cells, the centrosome-centered MT aster was visible
in the TIRF focal plane, whereas in cells that failed to polarize properly, the centrosome was
not visible by TIRF, and MTs located in the vicinity of the coverslip appeared disorganized
(Figure 1F). In this experiment, the centrosome was located in the plane of the synapse in
the majority of control (76 %) and KIF21B-GFP expressing cells (74.3 and 63.3 %), whereas
this was the case only in 45.5 % (KO #1) and 43.6 % (KO #2) of KIF21B-KO cells (Figure 1G).

During T cell activation, lysosomes cluster around the centrosome and relocate to-
gether with it towards the synapse (Figure 1A, B). Imnmunostaining of non-activated Jurkat
cells indeed showed that lysosomes were scattered throughout the cytoplasm, while after
activation, both control and knockout cells showed lysosome clustering, indicating that
KIF21B knockout does not affect the minus-end directed transport of lysosomes (Figure
1H, I). We then analyzed the position of the lysosome cluster relative to the coverslip using
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Figure 1 - Immunological synapse formation is impaired in KIF21B-KO Jurkat T cells

(A-B) Schematic representation of T cells forming an immunological synapse upon target recognition. In
vivo, T cells recognize an antigen-presenting cell (APC) via the T cell receptor (CD3)-complex which trig-
gers T cell activation. Upon activation, several organelles including lysosomes are transported to the centro-
some by dynein. Simultaneously, the centrosome and its associated organelle cluster polarize to the synapse
through MT pulling by membrane-anchored dynein at the synapse. B) To achieve spatiotemporal control on
T cell activation we used anti-CD3 coated glass surfaces to mimic the APC and induce T cell activation and
centrosome polarization. (C) Western blot analysis of the indicated Jurkat knockout (KO) cell lines with in-
dicated antibodies. KIF21B-KO clone #1 and #2 were transduced with a KIF21B-GFP construct to generate two
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Figure 1 (continued)

polyclonal cell lines re-expressing full-length KIF21B. (D) Phalloidin staining to show F-actin structures in
indicated Jurkat T cell lines imaged on a widefield microscope. (E) Quantification of synapse size expressed
as surface area based on a F-actin staining of indicated Jurkat T cells. n = 134, 218, 241, 185 and 194 cells from
three independent experiments. ** p < 0.01, *** p < 0.001, ns = not significant (Mann-Whitney U test). (F)
Immunostaining of Jurkat T cells showing two examples of MT organization at the immunological synapse.
Cells were stained for a-tubulin and CEP135 and were imaged on a TIRF microscope. (G) Quantification of
MT organization at immunological synapses. Cells were scored per condition either as “radial” or “disorgan-
ized” depending their MT organization as shown in Fig 1E. n = 4, 4, 4, 3 and 3 experiments. In total, 373, 389,
306, 367 and 354 cells were quantified per condition. ** p < 0.01, ns = not significant (t test). (H) Confocal
images of a non-activated Jurkat T cell on a poly-D-lysine coated coverslip stained for Lamtor4, F-actin and
DAPI. Single Z-plane images (upper panels) show the bottom part of the cell. The position of the single
Z-plane images is indicated in the average intensity z-projection (bottom panels) with a dashed line (orange)
labeled with “b” (bottom z-plane). (I) Confocal images of indicated Jurkat T cells stained for Lamtorg, F-actin
and DAPI. In addition, the anti-CD3 antibody with which the coverslip was coated was also stained with a
Alexa-dye-conjugated secondary antibody. Single Z-plane images (upper panels) show the top part of the cell
and the bottom synapse part (indicated in orange). Dashed lines (white) indicated the area of the average
intensity Z-projections shown in the bottom panels. The position of the single Z-plane images shown in the
upper panels is indicated with dashed lines (orange) labeled with “t” (top z-plane) and “b” (bottom z-plane,
synapse). (J-K) Quantification of lysosome positioning relative to the synapse-coverslip interface in indicat-
ed conditions. The z-positions of lysosome clusters were analyzed by identifying the peak Lamtor4 fluores-
cence intensity per cell analyzed from an average intensity side-projection of the cell. Cumulative frequency
distribution (J) shows the percentage of cells with fully polarized Lamtory4 clusters. A 2 pm threshold was
used to distinguish successful (green area) from failed (red area) Lamtor4 cluster polarization events. Dot
plot (K) shows all individual cells quantified in (J). n = 318, 284, 244, 216 and 281 cells from four independent
experiments. *** p < 0.001, ns = not significant (Mann-Whitney U test).

z-projections of these cells and found that only 52.4 % KIF21B-KO #1 and 50.4 % KIF21B-KO
#2 cells contained a polarized lysosome cluster compared to 71% in control cells (Figure 1l,
J). Again, we could rescue this phenotype by re-expressing KIF21B-GFP (Figure 1J, K). These
data suggest that KIF21B-KO Jurkat cells exhibit defects in immunological synapse forma-
tion: they are less efficient in polarizing their centrosome and the associated lysosomes.

MT organization is altered in KIF21B knockout T cells

We next examined the organization of the MT network of control and KIF21B-KO T cells in
more detail using Stimulated Emission Depletion (STED) microscopy. For optimal labelling
of MTs, cells were added to anti-CD3 coated coverslips for 7 min followed by pre-permeabi-
lization, cytoplasm extraction and fixation as described before (Tas et al., 2018). To compare
MT organization in the presence or absence of KIF21B we focused on fully polarized cells,
despite centrosome polarization often being impaired in KIF21B-KO cells (Figure 1F, G).
We found that while in control cells most MTs were organized in an aster-like pattern, the
knockout cells often contained circular MT bundles at the cell periphery. To analyze this
phenotype, we made use of a custom-developed Image]J plugin (Martin et al., 2018) to sepa-
rate our images into radial and non-radial components based on MT orientation in relation
to the centrosome (Figure 2B). This analysis showed that KIF21B-KO cells have an increased
proportion of non-radially oriented MTs, which are organized into peripheral MT bundles
at the immunological synapse (Figure 2A-C).

To analyze whether the MT network as a whole is affected by KIF21B depletion, we
used Expansion Microscopy (ExM) to visualize the complete MT network and distinguish
single MT polymers in 3D. With ExM, samples are physically magnified by embedding fixed
cells in a isotropically swellable polymer, giving an approximate 4.5x-fold increase in reso-
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Figure 2. Knockout of KIF21B causes MT overgrowth in Jurkat cells

(A-B) STED images of indicated Jurkat T cell lines stained for a-tubulin and F-actin. Orange boxes indicate
zoomed areas shown on the right. (B) Images were background subtracted and split into radial and non-ra-
dial components based on the MT orientation in relation to the centrosome. Radial intensity profiles were
made from a 45 degree sector starting from the centrosome and directed towards the farthest removed por-
tion of the cell periphery (white). The resulting heat maps were used to quantify the proportion of non-ra-
dially oriented MTs as described in Methods. (C) Quantification of the proportion of non-radially oriented
MTs analyzed per cell. n = 44, 45 and 52 cells from three independent experiments. ** p < 0.01, ns = not
significant (t test). (D-E) Volume renderings of indicated T cell lines stained for a-tubulin. T cells were fixed
2 min after activation on anti-CD3 coated coverslips. Samples were expanded ~ 4.5 times following an ExM
protocol and MTs were imaged using on a confocal microscope. Imaris software was used to create volume
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Figure 2 (continued) renders and analysis. MTs emanating from the centrosome were analyzed using a
spherical shell with a 10 pm inner diameter and a thickness of 1 pum (grey); filaments crossing the sphere are
highlighted (red). Zooms of the centrosome are shown from two different angles. (E) Fluorescence signal was
converted to a surface mask using Imaris software to analyze total tubulin intensity. Additional examples are
shown in Figure S2B. (F) Quantification of the total number of MTs per cell emanating from the centrosome
quantified at 5 um distance from the centrosome of indicated Jurkat T cell lines. n = 8 cells for all conditions.
* p < 0.05, ns = not significant (t test). (G) Quantification of estimated MT length per cell in indicated Jurkat
T cell lines. Fluorescence intensity of 1 pm filament length was measured for all MTs crossing a spherical shell
of 1 um width with a 5 pm inner radius located around the centrosome, as shown in Figure 2D. The average
MT length per cell was calculated by correcting the total fluorescence intensity per cell by the number of MTs
at the centrosome. n = 8 cells for all conditions. *** p < 0.001, ** p < 0.01, ns = not significant (t test).

lution in x, y, and z (Chen et al., 2015; Jurriens et al., 2020). To understand how the state of
the MT network before T cell activation may affect centrosome translocation, we looked at
the very early stage of immunological synapse formation. T cells were fixed after 2 min of
activation, when the majority of control cells did not yet fully polarize. We noticed that the
MT network appeared to be denser in KIF21B-KO cells compared to control cells (Figure
2D, E, Video S1-3). To exclude that this was caused by increased levels of MT nucleation,
we counted the number of MTs originating from the centrosome by analyzing the num-
ber of filaments passing through a 1 pm thick spherical shell with an inner radius of 5 pm
generated around the centrosome (Figure 2D, Video S1-3). We found that MT number was
slightly reduced in KIF21B-KO cells, by 21.7 % in KO #1 and 19 % in KO #2 (Figure 2F). Since
T cells have highly centrosome-focused MT arrays, we assumed that all MTs are anchored
to the centrosome and that these numbers thus represent the total number of MTs per cell.
Next, we estimated an average MT length per cell. We generated surface masks based on the
colocalization of the MTs and the 1 um-thick spherical shell around the centrosome (Fig
2D, red surfaces). Since MTs cross through the shell orthogonally to its surface, the mean
intensity corresponding to 1 pm MT was determined by averaging the fluorescence intensity
per surface adjusted for the number of MTs in each surface. We then used a surface mask
to determine the total fluorescence intensity corresponding to the complete MT network
and divided it by the MT intensity per micron and by the number of MTs. We found that
KIF21B-KO cells contain fewer MTs but they are on average longer than those in control cells
(Figure 2E-G). Since the overall MT mass is higher in KIF21B-KO cells (Figure S2A, B), the
concentration of free tubulin in these cells might be lower; this would diminish MT nucle-
ation at the centrosome, causing a reduction in MT number.

We furthermore examined the geometry of MTs in polarizing control and KIF21B-
KO cells (Figure S2B). Considering the immunological synapse as the basal side of the cell,
with nucleus located above it, the centrosome could be positioned on top or on the side
of the nucleus, or between the nucleus and the synapse. In agreement with the previously
described observations (Yi et al., 2013), a MT bundle directed from the centrosome to the
synapse (“stalk”) could be found in some cells (Figure S2C). We note that it was not obvious
from our images that all MTs in such a stalk terminated at synapse; rather it appeared that
many of them made side contacts with the membrane. In other cases, a single basally direct-
ed MT bundle could not be distinguished (Figure S2B), possibly because these cells were at
an earlier stage of centrosome polarization. In cells with apically located centrosomes, MTs
appeared to embrace the nucleus from all sides and then make lateral contacts with the
synapse surface. In KIF21B-KO cells, such MTs formed a dense network in the basal half of
the cell (Figure S2B).

To summarize, T cells that lack KIF21B show MT overgrowth at the immunological
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synapse. Using 3D ExM, we confirmed this observation and showed that KIF21B-KO cells
have overly long MTs that form dense arrays at the immunological synapse.

KIF21B is a processive motor that induces MT pausing and catastrophes

Next, we investigated the localization and dynamics of KIF21B by live-cell imaging of the
KIF21B-KO cell line rescued by re-expressing KIF21B-GFP. In HeLa cells, the closely related
paralogue KIF21A displays strong peripheral localization at cortical MT stabilizing complex-
es (CMSC), to which it binds through KANK proteins (Noordstra and Akhmanova, 2017;
van der Vaart et al., 2013). Structural studies have elucidated the binding interface of this
interaction, and it is clear that KIF21B does not possess the KANK-binding region required
for association with the CMSC (Guo et al., 2018; Pan et al., 2018; Weng et al., 2018). Like-
wise, KIF21B-GFP did not show any obvious cortical accumulation in T cells but was rather
diffusely distributed in the cytoplasm or associated to MTs on which it moved processively
(Figure 3A, Video S4). The average velocity of KIF21B-GFP puncta was 0.77 = 0.14 pm/s
(mean + SD) (Figure 3A, B), which is 1.2 and almost 4 times faster compared to velocities
measured for the full-length motor in COS-7 cells and hippocampal neurons, respectively
(Ghiretti et al., 2016; van Riel et al., 2017).

To investigate whether the observed KIF21B-GFP signals correspond to single kine-
sin dimers, we compared their fluorescence intensity to that of single GFP molecules, as de-
scribed previously for in vitro reconstitution assays (Aher et al., 2018; Hooikaas et al., 2019;
van Riel et al., 2017). We imaged dual chamber slides that contained purified monomeric
GFP in one chamber and activated KIF21B-GFP-expressing T cells in the other chamber. In-
tracellular KIF21B-GFP motors were detected using DoM software (see Methods for details)
and the detected signals were filtered for molecules belonging to tracks = 1s (Figure S3A).
We found that their signal was ~ 1.5 times brighter than that of monomeric GFP (Figure
3C, S3B). Given that the evanescent field used for excitation decays exponentially and the
KIF21B-GFP motors observed were localized intracellularly, one should take into account
the distance between the coverslip and fluorescent molecules. Although we could not meas-
ure this distance precisely, we assumed that the thickness of the plasma membrane, cortical
actin, cytoplasm and the 25 nm width of a MT would result, on average, in at least 50 nm
spacing. Given the penetration depth d in these imaged cells was calibrated at 180 nm, we
estimated that the corrected the KIF21B-GFP fluorescence signal intensity was ~ 2 times
brighter than that of monomeric GFP (~ 1.8 times assuming 50 nm distance from the covers-
lip or ~ 2.1 times assuming 75 nm distance) (Figure 3C, S3B). Most of the motile KIF21B-GFP
puncta in Jurkat cells thus likely corresponded to single kinesin dimers, which did not form
any clear accumulations.

Our previous in vitro work showed that single KIF21B molecules walked towards
a growing plus end and induced transient pauses ultimately followed by a catastrophe,
whereas multiple KIF21B molecules accumulated ata MT plus end induced prolonged paus-
es (van Riel et al., 2017). Consequently, we asked whether KIF21B behaves similarly in T cells
to regulate MT dynamics. To observe the interactions of KIF21B-GFP with MT plus ends in
Jurkat cells, we transfected them with EB3-mCherry, which labels growing MT ends and
shows some MT lattice decoration, and imaged these cells on a TIRF microscope. We traced
processive KIF21B-GFP motors and quantified events where the motor reached the tip of an
EB3-mCherry comet. Most of KIF21B-GFP molecules (56.7 %) transitioned to a paused state
upon reaching the plus end; some motors (29.5 %) dissociated from the MT and in a few
cases KIF21B tracked the MT tip and then either transitioned to a paused state (9.8 %) or
dissociated from the MT (4 %) (Figure 3D-G). It should be noted that even in cases where
KIF21B motor rapidly dissociated from the MT tip, we sometimes could observe a reduc-

187




Chapter 7

A KIF21B KO #2 + KIF21B-GFP
Single frame (movie)

B C
KIF21B velocity
0.77 £ 0.14 pm/s Single molecule GFP counting
1 15
5 1x GFP —GFP

- = 1.8x —KIF21B-GFP
S 10 S 10 121x (50 nm corr.)
3 3 X .

Max. Intensity Projection g’_ g’_ N - ggzn:r?;:o’r:r}:)’
o 5 o 5
I i

Kymograph 0 0 .
| L 0 05 10 15 20 0 2000 4000 6000 8000
Velocity (um/s) Fitted peak intensity (au)
ﬂ"-«___‘ R
el
2 pm
D KIF21B pausing
MT pausing & catastrophe MT pausing & growth re-initiation MT growth continuation
KIF21B EB3 KIF21B/EB3 KIF21B EB3 KIF21B/EB3 KIF21B EB3 KIF21B/EB3

L

»
N
E N ) ) .
Tip-tracking + MT pause induction
KIF21B  EB3 KIF21B/EB3 G KIF21B fate M Pausing
| —— B Tpackng + pausing
M Tip-tracking + detachment
0 20 40 60 80 100 M Dissociation
% of events
3 ; 3 3 H KIF21B pausing: MT-end fate Il Pausing + catastrophe
- 1 um — M Pausing + growth reinitiation
F Hm . . . . . [ Growth continuation (no pause)
KIF21B dissociation - no effect on MT ['J 2'0 4'0 6|0 8|0 1(')0 B Not determined

KIF21B EB3 KIF21B/EB3 % of events

1 Pause duration + SD

Figure 3 - KIF21B induces MT pausing and catastrophes in T cells

(A) Live imaging of Jurkat KIF21B-KO T cells stably overexpressing KIF21B-GFP. Images show a single movie
frame and a maximum intensity projection of a background-subtracted movie. Zoomed areas are indicated
(orange), and the kinesin track corresponding to the kymograph shown is indicated with red arrowheads.
(B) Frequency distribution of KIF21B-GFP velocity in cells measured from data obtained imaging of KIF21B-
KO #2 Jurkat T cell line stably overexpressing KIF21B-GFP on a TIRF microscope at 10 fps. Velocities were
measured by kymograph analysis and the numbers were fitted to a Gaussian (red curve). n = 464 events from
102 cells from four independent experiments. (C) Histograms (dots) of peak-fitted fluorescence intensities of
monomeric GFP immobilized on glass (green dots) and KIF21B-GFP motors imaged in Jurkat T cells (blue/
orange) in two separate chambers on the same coverslip and the corresponding lognormal fits (solid lines).
Imaging conditions were identical for both samples. KIF21B-GFP intensity values were corrected fora 50 and
75 nm distance from the coverslip, as illustrated in Figure S3B. n = 2601 (GFP) and n = 16523 (6 cells) (KIF21B-
GFP) molecules. Mean values relative to monomeric GFP are indicated in the plot. (D-I) Live-cell
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Figure 3 (continued) imaging of KIF21B-KO #2 Jurkat T cell line stably overexpressing KIF21B-GFP and
transiently overexpressing EB3-mCherry to label growing MT plus ends, imaged on a TIRF microscope at 10
fps. (D) Kymographs illustrating KIF21B-GFP motors switching from walking to a pausing state. Growing
MTs are visualized by EB3-mCherry overexpression. Examples show a growing plus end that undergoes paus-
ing after KIF21B-GFP arrival followed by a catastrophe event (left), or growth re-initiation when the pausing
KIF21B-GFP dissociates (middle). Some plus ends are not affected by the KIF21B-GFP motor pause event
(right). (E) Kymograph illustrating a KIF21B-GFP tip-tracking on a growing EB3-mCherry plus end followed
by a pausing event of both KIF21B-GFP and the MT plus end. (F) Kymograph illustrating two KIF21B-GFP
motors reaching a growing EB3-mCherry plus-end causing the motors to dissociate from the MT plus-end,
which continues growing, though EB3-mCherry signal is reduced. (G) Quantification of KIF21B-GFP fates
observed when a moving KIF21B motor reaches an EB3-mCherry-labeled MT plus end, as illustrated in Figure
3D-F. n = 224 events from two independent experiments. (H) Quantification of MT plus-end fates when a
KIF21B-GFP motor reaches a growing EB3-mCherry-labeled MT plus end and transitions to a paused state,
as illustrated in Figure 3D, E and S3C. n = 149 events from two independent experiments. (I) Quantification
of pause duration of KIF21B-GFP and EB3-mCherry-labeled MT plus ends, illustrated in Figure 3G and H. n
= 144 and 75 events from two independent experiments.

tion in EB3 comet intensity (Figure 3F), suggesting a transient MT growth perturbation. A
pausing KIF21B-GFP motor typically did affect MT plus end growth, and the events where
a MT first paused and ultimately switched to depolymerization were most frequent (55.7
%). In other cases, a MT first paused but then switched back to growth after the paused
KIF21B-GFP motor dissociated from the plus end (19.5 %). In a few cases (9.4 %), a growing
plus end kept growing after a KIF21B-GFP motor transitioned to pausing; often, such events
coincided with a reduced EB3 comet intensity (Figure 3D, G, H). On average, KIF21B-GFP
motors were paused for 3.0 + 2.7 s (mean + SD) (Figure 3I), whereas MT plus end pause
durations measured with EB3-mCherry were somewhat longer, 4.2 + 4.4 s (mean + SD)
(Figure 3I). This can be explained either by photobleaching of the GFP or by participation
of additional cellular factors that could stabilize paused MT ends after KIF21B dissociates.
In some cases, growing MT plus end appeared to be static; these events likely corresponded
to MTs growing against an obstacle, where MT tip remained stationary while the growing
MT shaft buckled and formed a loop (Figure S3C, D). Events where KIF21B-GFP dissociat-
ed from a MT end affected the growing MT plus end much less compared to KIF21B-GFP
pausing events; only a few of such events coincided with the initiation of a MT pause or a
direct catastrophe event (Figure S3E, F). All these data represent events where KIF21B-GFP
was observed to arrive to the MT tip by walking along the MT shaft. We also occasionally
observed events where KIF21B-GFP directly bound to the MT plus end and affected MT
growth, but such events were infrequent and were therefore were not quantified (Figure
S3G). We conclude that KIF21B is a fast and processive kinesin in T cells and that its activity
at the plus ends limits growth by inducing MT pausing and catastrophes.

MTs grow faster and more processively in cells lacking KIF21B

Since we directly observed MT growth perturbation by KIF21B-GFP, we next set out to per-
form a more global analysis of MT plus-end dynamics in Jurkat cells either expressing or
lacking this motor. To this end, we used lentiviral transduction to introduce EB3-GFP as a
MT plus-end marker into control and KIF21B-KO cell lines. We used these cells for live im-
aging of growing MT plus ends in cells that were polarized after activation (Figure 4A). We
found that the MT growth rate was on average increased by 18 % (KO #1) and 15 % (KO #2)
compared to control Jurkat cells (Figure 4A, B). These observations were in line with pre-
vious work showing that overexpression of KIF21B-GFP in COS-7 cells, which do not have
endogenous KIF21B, reduced MT growth rates by ~ 1.5 fold (van Riel et al., 2017). These data
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are also consistent with the observation of increased MT growth rate after transient KIF21B
depletion in neurons (Ghiretti et al., 2016), but contradict the analysis of MT growth speed
in Kif21b knockout neurons (Mubhia et al., 2016). Furthermore, we observed a decrease in MT
catastrophe rate in KIF21B knockout cells (Figure 4C), which fits well with previous studies
in neurons (Ghiretti et al., 2016; Muhia et al., 2016).

To further evaluate MT plus-end fate in cells lacking KIF21B, we infected control
and KIF21B-KO cell lines with a GFP-B-tubulin construct as a MT marker. These cells were
imaged on a TIRF microscope and we quantified events where the plus end of a radially
growing MT reached the cell periphery. In control cells, a small minority (9.8 %) of MTs un-
derwent a catastrophe or continued to grow by sliding along the cell cortex (Figure 4D, E).
However, most MTs paused in this region (44.2 %) or continued their growth and this led to
MT buckling, because MT plus end remained stationary whereas the increasingly long MT
shaft was pushed backwards and formed a loop (40.9 %) (Figure 4D, E). In KIF21B-KO cells,
MTs displayed less pausing at the cell periphery, whereas buckling became more frequent
(Figure 4E). A closer examination of MT pauses revealed that these events in control cells
were significantly more long-lived: 8.3 + 5.6 s (mean + SD) compared to those in KIF21B-KO
cells: 4.1+ 2.2 s (KO #1, mean + SD) and 4.3 + 2.4 s (KO #2, mean = SD) (Figure 4F, S4A). We
note that these pause durations are longer than those observed with EB3-mCherry (Fig. 31),
because the latter labels growing MTs, and its signal is gradually lost when MT plus ends
switch to pausing and lose the GTP cap that EB3 labels (Roostalu et al., 2020). Overall, these
data indicate that in T cells, KIF21B acts as a factor that inhibits MT growth and induces
pausing and catastrophes.

MT growth inhibition with vinblastine rescues the defects in KIF21B knockout cells
To establish a causal connection between MT overgrowth and defects in immune synapse
formation, we sought for a way to mildly inhibit MT growth in KIF21B-KO cells. Our pre-
vious work has shown that a low dose of vinblastine mildly perturbs growth and promotes
catastrophes but does not induce MT depolymerization (Bouchet et al., 2016; Mohan et al.,
2013). Indeed, at a low (0.5 nM) vinblastine concentration, MT network was preserved and
was similar to that in control cells but different from KIF21B-KO cells, as no circular MT
bundles were present at the cell periphery (compare Figure S4B to Figure 2A). MT organi-
zation in KIF21B-KO cells treated with 0.5 nM vinblastine was similar to that of KIF21B-KO
cells rescued with KIF21B-GFP (Figure S4B). In vinblastine-treated KIF21B-KO cells, MT
growth events visualized with EB3-GFP were less continuous, and the growth rates were
reduced approximately to the level seen in control Jurkat cells (Figure 4A-C). We also ex-
amined the effect of 0.5 nM vinblastine on the dynamics of MTs labeled with GFP-B-tubu-
lin and found that vinblastine application resulted in an increased catastrophe frequency,
while long-lived MT pauses were not restored (Figure 4E, F, S4A).

We next tested whether such a mild vinblastine-induced MT growth inhibition
would rescue the ability of the KIF21B-KO cells to polarize their centrosome. Jurkat cells
were added to anti-CD3 coated coverslips and stained for CEP135, a centriole marker, to ana-
lyze polarization using z-projections (Figure 4G). We scored polarization events as success-
ful when the centrosome was located within 2 pm from the coverslip and found that most
control cells (87.2 %) were polarized contrary to knockout cells (36.7 and 42.9 %) (Figure
4H). This phenotype could be partially rescued by re-expressing KIF21B-GFP in these cells
(58.9 and 51.7 %), and an even slightly better rescue was observed after applying 0.5 nM
vinblastine to both KIF21B-KO cell lines (65.4 and 66.9 %) (Figure 4H, I). Altogether, we
found that KIF21B depletion alters MT growth dynamics and that centrosome polarization
defects in KIF21B-depleted cells can be rescued by the application of a drug, vinblastine,
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that inhibits MT growth. This indicates that cell polarization defects caused by the absence
of KIF21B are due to its effect on MT dynamics rather than potential perturbation of trans-

port or signaling processes.
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Figure 4 - Mild inhibition of MT growth with vinblastine rescues centrosome repositioning in

KIF21B-KO cells

(A) Live-cell imaging of indicated EB3-GFP overexpressing Jurkat T cell lines, imaged on a TIRF microscope
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Figure 4 (continued) at 2.5 fps. Color-coded maximum intensity projections and illustrative kymographs
of growing EB3-GFP comets are shown per condition. KIF21B-KO cells were untreated or treated with 0.5 nM
vinblastine 30 min prior to imaging as indicated. A scale for the time-dependent color-coding is indicated
on the right. (B) Quantification of MT growth rates determined from imaging EB3-GFP in indicated Jurkat
T cell lines. Dashed line (magenta) indicates the average growth rate for control cells. n = 470, 478, 250, 255
and 267 events from three independent experiments. *** p < 0.001, ns = not significant (Mann-Whitney U
test). (C) Quantification of MT catastrophe frequencies determined from imaging EB3-GFP in indicated
Jurkat T cell lines. Dashed line (magenta) indicates the average catastrophe frequency for control cells. n =
178, 178, 170, 205 and 173 events from two independent experiments *** p < 0.001, ** p < 0.01, ns = not sig-
nificant (Mann-Whitney U test). (D) Live-cell imaging of B-tubulin-GFP overexpressing Jurkat T cell lines,
imaged on a TIRF microscope at 10 fps. Movie stills and kymographs show examples of MTs that undergo
sliding (pink arrowheads), buckling (cyan arrowheads), pausing (green arrowheads) or catastrophe (red ar-
rowheads) after reaching the cell periphery. Yellow arrowheads indicate growing MTs before the highlighted
events take place. Kymographs show the corresponding MT pausing and catastrophe events; the catastrophe
initiation (red arrowhead) and total pause time (green line) are indicated. (E) Quantification of MT plus-end
fates after reaching the cell periphery based on live-cell imaging of indicated pB-tubulin-GFP overexpressing
Jurkat T cell lines. n = 518, 508, 477, 544 and 409 events from 46, 49, 38, 37 and 32 cells obtained from three
independent experiments. (F) Cumulative frequency distribution shows pause duration of events quanti-
fied in Figure 4E based on live-cell imaging of indicated B-tubulin-GFP overexpressing Jurkat T cell lines.
A quantification of these data is shown in Figure S4A. n = 229, 110, 114, 117 and 101 events from 46, 49, 38, 37
and 32 cells obtained from three independent experiments. (G) Confocal images of indicated Jurkat T cells
stained for CEP135, F-actin and DAPI. In addition, the anti-CD3 antibody with which the coverslip was coat-
ed was also stained with a Alexa-dye-conjugated secondary antibody. Single Z-plane images (upper panels)
show the top part of the cell and the bottom synapse part. White dashed lines indicate the position of the
average intensity Z-projections shown in the bottom panels. Yellow arrowheads indicate the position of the
CEP135-positive centriole staining. The positions of the single Z-plane images shown in the upper panels are
indicated with dashed lines (orange) labeled with “t” (top z-plane) and “b” (bottom z-plane, synapse). (H-I)
Quantification of CEP135 distance from the synapse-coverslip interface for indicated conditions. Cumulative
frequency distribution (H) shows the percentage of cells with fully polarized centrosomes. A 2 pm thresh-
old was used to distinguish successful (green area) from failed (red area) centrosome polarization events.
Dot plot (I) shows the distance values for individual cells quantified in (H). n = 109, 119, 132, 150, 150, 133
and 175 cells from three independent experiments. *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not significant
(Mann-Whitney U test).

Biophysical simulation of MT dynamics suggests that a small number of KIF21B
molecules can limit MT overgrowth

To gain more insight into the regulatory effects of KIF21B and to explore possible mecha-
nisms explaining how overly long MTs hinder centrosome polarization, we constructed a
biophysical model based on Cytosim (Nedelec and Foethke, 2007). In contrast to previous
more coarse-grained computational studies (Kim and Maly, 2009) and less modular models
(Hornak and Rieger, 2020), we chose Cytosim to explicitly investigate the effects of KIF21B
on MT dynamics. Cytosim uses overdamped Langevin equations to simulate the cytoskele-
ton with associated proteins and organelles restricted in a defined space. To model a T cell,
we assumed a rotationally invariant space and simplified it to a two-dimensional object.
Our model cell contains a nucleus and a centrosome, which is confined to one side of the
cell and has 9o MTs attached. The cell boundary and the nucleus acted as elastic objects:
when deflected, they exert a restoring force. The centrosome was modeled as a rigid sphere
with uniformly spread MT anchoring points with a rotational elasticity (Figure 5A).

In our model, MTs are flexible polymers and their growth dynamics are described
by two states. In the growth state, fibers elongate with a force-dependent growth speed.
In the shrinkage state, fibers shorten with a constant shrinkage speed. The growth speed
decreases exponentially with the force exerted on the fiber’s tip, termed antagonistic force
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Figure 5 - Biophysical simulation shows how KIF21B affects MT network length

(A) AT cell is modeled as a circular cell with a nucleus (light blue) and centrosome confinement space
(red). The cell is 14 pm in diameter, the nucleus is 10 pm in diameter. (B) Description of modelled micro-
tubule dynamics using two models: a non-pausing model with MTs undergoing force-dependent growth
and transitioning to depolymerization stochastically with a constant catastrophe rate, and a KIF21B-pausing
model, in which MT growth and catastrophe are dependent on the antagonistic force exerted on the fiber’s
tip. Cropped snapshots of the initial state of the non-pausing model (left, catastrophe rate = 0.045 s™) and
KIF21B-pausing model (right, 10 KIF21B motors) are shown. Growing MT plus ends are indicated by yellow
arrowheads, depolymerizing MT plus ends are indicated by red arrowheads, and KIF21B units by orange
circles. (C) Snapshots of the non-pausing model after 300 s for different values of catastrophe rate: 0.0z s*
(left), 0.045 s* (middle) and o0.07 s* (right). (D) Trajectories (left) showing mean MT length per simulated
cell over a 300 s time period. Traces are colored according to the catastrophe rate (from k _ = 0.02 t0 0.07's").
Quantification (right) displaying mean MT length per simulated cell at steady state (t = 300 s) for indicated
values of the catastropherate (k_,). n = 30 simulated cells per condition. (E) Snapshots of the KIF21B-pausing
model after 300 s for different numbers of KIF21B motors: o (left), 4 (middle), and 10 (right). (F) Trajectories
(left) showing mean MT length per simulated cell overa 300 s time period. Traces are colored according to the
number of KIF21B motors present (ranging from o to 10 motors). Quantification (right) displaying mean MT
length per simulated cell at steady state (t = 300 s) for indicated number of KIF21B motors. n = 30 simulated
cells per condition.
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(Dogterom and Yurke, 1997). To describe the transition from growth to shrinkage, we dis-
tinguished two models: a basic ‘non-pausing’ model with a force-independent catastrophe
rate, and a ‘KIF21B-pausing’ model with a force-dependent catastrophe rate (Janson et al.,
2003) and KIF21B molecules that induce a paused state before the MT shrinks. To model
control or KIF21B-KO cells, the number of KIF21B molecules can be changed. In our simu-
lations, KIF21B motors freely diffuse in the cytosol, can bind to MTs and walk along them
towards the plus end. When the motor arrives at a growing plus end, it pauses the MT dy-
namics until it unbinds. After a KIF21B motor has detached from the tip of a MT, the MT
switches to the shrinkage state (Figure 5B).

To estimate numerical values for the parameters describing MT dynamics in our
system, we used the experimental data for the KIF21B-KO cells (Figure 4A-F, Table S1). In
this condition it is reasonable to assume that every catastrophe and pause is triggered by
force exerted on the MT tip, and not by KIF21B because it is absent (Figure SsA-D). Addi-
tionally, the KIF21B-induced mean pause time of a MT tip was set to 8.3 s, as experimentally
determined (Figure S4A). For the remaining parameters of our simulation that were unre-
lated to MT growth dynamics, we used numerical values found in the literature (see Table
S1).

Simulations of the non-pausing model with the force-independent catastrophe
rate implied that increasing the catastrophe rate decreased the mean length of the MTs
(Figure 5C). The mean MT length is a measure for MT density in the simulations, as we kept
the cell volume and number of MTs constant. The mean MT length reached a steady state
within 300 s and decreased more than 3-fold in the range of values for the catastrophe rate
we chose (Figure 5D). In the KIF21B-pausing model the fibers grew to a dense MT network
in the absence of KIF21B with the force-dependent catastrophe rate matched to the KIF21B-
KO (Figure sE). When we added KIF21B motors to mimic the control condition, MT length
decreased with an increasing number of KIF21B motors (Figure 5F). This decrease was ap-
proximately 2-fold between the KIF21B-KO-like and the control-like simulations between o
and 10 KIF21B motors.

These simulations confirmed that by changing the catastrophe rate either directly
or by explicitly modeling the behavior of the pause-inducing KIF21B motor, the average
length of the MTs can be regulated. Interestingly, in our simulations, a small number of
KIF21B motors was sufficient to prevent the overgrowth of the MT network.

Restriction of MT length helps to avoid a force balance that inhibits polarization
To investigate how an overgrown MT network impairs centrosome polarization and wheth-
er KIF21B can rescue this defect, we extended our simulations to describe polarization. We
converted our steady-state MT dynamics models to a polarizing system by releasing the
centrosome confinement and initializing a ‘synapse’. The synapse consists of a line with
curved ends to which 50 dynein motors are attached (Figure 6A). Dynein motors are uni-
formly distributed over the synapse. They can bind to a MT in their vicinity and walk along
them towards the centrosome. Their walking and unbinding dynamics were calculated in
a force-dependent manner. Because dynein motors are anchored, walking along a MT gen-
erates a pulling force. Consequently, the centrosome is able to polarize (Figure 6B, Video
Ss, 6).

In both the non-pausing as well as in the KIF21B-pausing model, the cells with
longer MTs needed more time on average to polarize (Figure 5D, F, 6C, D). Some KIF21B-
KO-like cells without KIF21B and some cells with a fixed catastrophe rate smaller than 0.03
s* did not polarize at the end of the simulation (800 s modeled time that we simulated after
the MT network reached steady state).
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Figure 6 - KIF21B prevents centrosome stalling induced by force balance during polarization by
limiting MT length

(A) The T cell model is initialized to a steady state MT network in 300 s (Phase I) and is then extended to
a polarizing model (Phase II). In this transition, the cell shape is changed to include a flat side with curved
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corners with 50 dynein units attached, and the centrosome confinement (red) is released to allow centro-
some movement and translocation. (B) Snapshots of modelled T cells during centrosome polarization in
the KIF21B-pausing model with the presence of 10 (top row) or o (bottom row) KIF21B motors. The simula-
tions were stopped after the centrosomes reached a polarized position < 2.5 pm away from the synapse. The
final snapshot in each row indicates the frame of the simulation when the centrosome was fully polarized.
Timepoints are indicated below each snapshot. (C) Quantification of polarization time (the time the cen-
trosome needs in Phase II to reach a polarization position) per simulated cell for the non-pausing model
at indicated catastrophe rates. Some cells did not polarize within the maximum simulation time (800 s)
as indicated in the upper part of the graph. n = 30 simulated cells per condition. (D) Quantification of po-
larization time (the time the centrosome needs in Phase II to reach a polarization position) per simulated
cell for the KIF21B-pausing model with indicated numbers of KIF21B motors present. Some cells did not
polarize within the maximum simulation time (800 s) as indicated in the upper part of the graph. n = 30
simulated cells per condition. (E) Trajectories showing the centrosome-synapse distance during Phase II
over time along the vertical axis of the simulated T cell. Trajectories are color coded for the number of KIF21B
motors present (see legend). Shown are 15 runs per condition. (F) Quantification of force imbalance within
the KIF21B-pausing model. Force imbalance is calculated from the forces experienced by dynein at a given
time point, projected on the horizontal axis. Force imbalance was characterized as the absolute difference of
projected forces pointing to the left and forces pointing to the right, normalized by the sum of all forces. This
quantity is determined for each timestep between o and the polarization time for every repeat and binned to
create the according histogram. Histograms are color coded for the number of KIF21B motors present in the
simulation (see legend). n = 30 simulated cells per condition. (G) Quantification of the mean number of MTs
that are bound by dynein to the synapse within the KIF21B-pausing model. Violin plot distributions show the
total number of MTs bound (purple), and the absolute difference (]MT -MT,|, yellow) between the number
of MTs bound on the right versus left side of the cell’s vertical axis. Within each violin, a boxplot indicates
the quartiles (black) with the inner quartile range (25 - 75%) indicated with the thickened region. Median
values are indicated for each violin (white dot). Values were obtained in the first 10 s of Phase II of each
simulation. n = 30 simulated cells per condition. (H) Trajectories of centrosome-synapse distance over time
(solid lines) plotted together with trajectories of the absolute difference [MTL-MTR| between the number
of MT bound to dynein and passing the nucleus on the left or on the right (dashed lines). in the same color
for the corresponding runs. To make the [MTL-MTR| more legible, the mean and 95% confidence interval is
plotted averaged over 3 frames (1.2 s). Trajectories are color coded for the number of KIF21B motors present
in the simulation (see legend).

We next analyzed the relation between MT length and polarization dynamics in
the KIF21B-pausing model, as this model describes our experimental data. Tracking the
time evolution of the centrosome-synapse distance for multiple runs provided insight into
the dynamics of centrosome translocation (Figure 6E). The centrosomes of late polarizing
cells did not travel more slowly, but rather were localized at the far opposite side of the syn-
apse for most of the time. Once these centrosomes left this position, they quickly moved
towards the synapse. This rapid polarization movement seemed independent of the num-
ber of KIF21B molecules. However, the trapped localization before the rapid repositioning
indicated that the system can be relatively stable in an unpolarized state. This state can ap-
parently be destabilized by decreasing MT length through an increasing number of KIF21B
molecules.

For our simulated cells to successfully polarize, the centrosome must travel past
the nucleus on either the left or the right side. A possible explanation for the stable unpolar-
ized state may be that the forces that dynein exerts to the left and the right are equal, thus
causing a mechanical equilibrium by force balance. To trigger polarization, this equilibrium
needs to be broken. We quantified force imbalance by determining all forces exerted by
dynein projected on the horizontal axis and sorting them according to their direction. We
calculated the sum of forces pointing to the right and the sum of forces pointing to the left.

196



Kinesin-4 KIF21B limits microtubule growth to allow rapid centrosome polarization in T cells

For any timestep, the absolute difference of these two sums, normalized by the total sum of
these forces indicates the force imbalance (Figure 6F, the non-normalized sum of force per
timestep is shown in S6). The resulting data revealed that dynein forces were more balanced
in the simulations with low KIF21B numbers and impaired polarization than in the simula-
tions where the number of KIF21B molecules was high and polarization occurred rapidly.
To understand the underlying mechanism, we counted the number of MTs that pass the
nucleus on either the right (MTR) or the left side (MTL) and are bound by dynein (Figure
6G). We only assessed the first 10 s after initiation of polarization to limit the situation to
a period when none of the runs are already actively polarizing. This analysis indicated that
with increasing number of KIF21B molecules, the mean number of MTs bound on the left
or on right decreases, while the difference between the two fractions averaged over time
increases. Tracking this difference as a function of time indicated that it changed together
with the centrosome position, and an increased fluctuation in this number seemed neces-
sary to trigger polarization (Figure 6H). Note that the dynamics of KIF21B together with the
MTs and the spatial restriction by the nucleus can lead to enrichment of KIF21B on one side
of the nucleus (Figure 6B). This specific localization could increase the difference between
the number of MTs on the left and right side of the nucleus that reach the synapse and en-
hance the force imbalance.

We conclude that by effectively increasing catastrophe frequency and restricting
MT length, KIF21B reduces the overall number of MTs reaching the synapse from different
sides of the nucleus. A smaller number of long MTs leads to larger fluctuations in the num-
ber of MTs coming from opposing sides, which enables the force asymmetry that is neces-
sary to trigger polarization when the centrosome is positioned behind the nucleus.

Discussion

In this paper, we set out to investigate which aspects of the regulation of MT organization
and dynamics are important during the formation of the immunological synapse and eluci-
date the role of kinesin-4 KIF21B in this process. MTs are typically quite short and sparse in
immune cells, and we found that this property is functionally important, as MT overgrowth
inhibited efficient centrosome translocation to the synapse (Figure 7). Furthermore, our
data strongly support the notion that KIF21B acts as a factor that prevents excessive MT
elongation.

Previous in vitro studies reported contradictory results regarding the activity of
KIF21B on MT ends. One study found that KIF21B promotes MT growth and catastrophe at
relatively high levels (Ghiretti et al., 2016). In contrast, our own work indicated that KIF21B
transiently blocks MT elongation and induces subsequent catastrophes at low levels, when
only one or two KIF21B molecules are present at the MT tip, and causes prolonged MT
pausing when present at a higher concentration, when multiple KIF21B motors accumulate
at the plus end (van Riel et al., 2017). In the current study, we showed that the function of
KIF21B in knockout cells can be rescued by KIF21B-GFP expressed at levels that were mildly
exceeding endogenous. Importantly, imaging of KIF21B-GFP in these cells did not reveal
any clear accumulations of the motor at MT plus ends. KIF21B behavior in Jurkat T cells
was very similar to that observed at low nanomolar concentrations in vitro (van Riel et al.,
2017): single KIF21B-GFP kinesin dimers walked processively along MTs, reached their ends
and perturbed MT plus end growth by triggering transient pauses followed by catastrophes.
Therefore, we conclude that whereas biochemically KIF21B can be described asa MT pausing
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factor, in T cells, it acts at concentrations that are insufficient to induce prolonged pausing
and effectively functions as a catastrophe inducer. This is likely explained by our previous
observation that a single KIF21B-GFP molecule can arrest dynamics of a few protofilaments
(van Riel et al., 2017). Blocking of even one MT protofilament can already perturb growth
of the remaining ones, and this can lead to the loss of the GTP cap and trigger catastrophe
(Doodhi et al., 2016). To induce a pause, blocking MT elongation must be accompanied by
inhibition of depolymerization of protofilaments lacking a GTP cap. Since a single KIF21B
dimer is unlikely to be able to stably block depolymerization of all MT protofilaments, a
catastrophe eventually ensues.

While KIF21B is a potent MT regulator, it has also been implicated in other func-
tions, such as MT-based transport and regulation of signaling (Ghiretti et al., 2016; Gromo-
vaetal., 2018; Labonte et al., 2014; Morikawa et al., 2018). While our study certainly does not
exclude that KIF21B engages in such functions in T cells, we show that centrosome polari-
zation defects observed in KIF21B knockout cells can be rescued by mildly perturbing MT
growth with a MT-destabilizing drug. These data strongly suggest that the primary defect
induced by the lack of KIF21B is excessive MT elongation. These data also argue against
direct participation of KIF21B in dynein-driven capture and shrinkage of MT ends that was
proposed to drive centrosome movement in T cells (Yi et al., 2013), although they do not
exclude indirect effects of overly long MTs on this process. Furthermore, since KIF21B is a
highly processive motor, it can be expected that it would target longer MTs more effectively,
like it has been previously shown for kinesin-8 (Gupta et al., 2006; Varga et al., 2006). This
would make KIF21B even more efficient in preventing excessive MT growth in T cells. The
finding that KIF21B acts as an inhibitor of MT growth is in agreement with the studies in
neurons, which showed that KIF21B reduces MT growth processivity (Ghiretti et al., 2016;
Mubhia et al., 2016).

To further substantiate the idea that KIF21B affects centrosome repositioning in
T cells by controlling MT length, we turned to modelling. Our simulations indicated that
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Figure 7 - Overview of the experimental results and a model of centrosome polarization in T cells
Centrosome polarization in T cells is driven by dynein attached to the immunological synapse. KIF21B is
a pausing and catastrophe-promoting factor that limits MT growth in T cells; its depletion results in MT
overgrowth. Cells with overly long MTs experience difficulties in centrosome polarization. Re-expression of
KIF21B-GFP or the application of a low-dose of MT-targeting agent vinblastine restores the centrosome po-
larization. Computational modelling suggests that an imbalance in MT pulling forces drives the centrosome
movement along the nucleus. Overly long MTs create additional connections to the synapse, resulting in a
balance of pulling forces on the two sides of the nucleus, thereby hindering centrosome translocation. Overly
long MTs may also directly inhibit force generation by dynein at the synapse.
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the ability of a relatively small number of KIF21B molecules to restrict MT length can be
readily recapitulated in silico. In the model, we assumed that all KIF21B molecules induce
a catastrophe, which differs from our experimental findings (Figure 3H). However, even if
only half of the KIF21B molecules induce catastrophe, as in our experimental data, the total
number of KIF21B molecules needed to significantly inhibit MT overelongation would still
be relatively small, and this would also likely be true even in a three-dimensional system,
where the diffusional space for the KIF21B molecules would be larger and the probability to
bind to a MT lower.

Furthermore, the simulations provided a possible mechanistic explanation for the
impairment of centrosome polarization by MT overgrowth. In cells where the nucleus is lo-
cated between the centrosome and the synapse, as would often be the case in T cells migrat-
ing towards a chemoattractant (Roig-Martinez et al., 2019), the centrosome needs to pass
it along one side to move to the synapse. This movement would require a force only on one
side and thus an asymmetric organization of MTs reaching the synapse from the different
sides of the nucleus. Such asymmetries likely originate from fluctuations in the number of
MTs contacting the synapse from different sides that occur more readily when the number
of MTs is low. The fluctuation-based mechanism of asymmetry generation could explain
why some KIF21B knockout cells do polarize and some fail to do so within the observation
period.

Although this mechanism for the impaired centrosome polarization in the absence
of KIF21B appears plausible, its generalization could be limited by our model assumptions.
To reduce complexity, we based our simulations on the force generation by dynein through
MT sliding rather than through a MT end-on capture-shrinkage mechanism (Yi et al., 2013).
Our model suggests that movement of the centrosome during polarization is a direct effect
of a non-zero force along the MT network on one side of the nucleus. The mechanism of
how this force is generated does not change the reliance on the force imbalance along the
nucleus. It is possible that the precise trajectory of the centrosome depends on the molec-
ular mechanism of how dynein generates the force (Hornak and Rieger, 2020). A compar-
ison between experimentally determined centrosome trajectories and simulation results
is beyond the scope of this study, and thus we cannot resolve the precise force generation
mechanism of dynein.

A necessary assumption to set up a computable Cytosim simulation was the de-
scription of a T cell as a two-dimensional system. It is possible that in a three-dimensional
system, the locked centrosome state is more unstable than we conclude from our two-di-
mensional simulations, because the third dimension provides an additional degree of free-
dom to break the force balance. However, a previous computational model in three dimen-
sions suggested that in a T cell with a static overgrown MT network the centrosome can
be trapped behind the nucleus (Kim and Maly, 2009), and in our ExM data we do observe
KIF21B-KO cells with an apically located centrosome and symmetric MT bundles extending
to the synapse from different sides (Figure S2B). It is important to note that in other cells
in our ExM samples the centrosome is located on the side of the nucleus, a situation that
would lead to rapid polarization in our simulations. Since a significant proportion of cells
shows a polarization delay in our experiments, it is unlikely that trapping of the centrosome
behind the nucleus is the sole explanation of the polarization defect. It is possible that also
in situations where the centrosome is positioned on the side of the nucleus, MT overgrowth
leads to force balance and prevents efficient centrosome translocation. Furthermore, other
mechanisms that are not included in the simulations likely contribute to the inhibition of
centrosome repositioning by overgrown MTs. Excessively long MTs could slow down cen-
trosome translocation by directly affecting dynein-mediated force generation, for example,
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by reducing the number of MT ends contacting the synapse and perturbing MT end capture
by dynein. Long MTs could also make MT depolymerization-driven “reeling in” of the cen-
trosome less efficient or create pushing forces and friction that would inhibit repositioning
of the MT network. We further note that even in cells that did relocate their centrosome,
the immunological synapses formed slower and were smaller, suggesting that the presence
of circular MT bundles might perturb synapse formation in some additional ways, for exam-
ple, by affecting signaling-based cross-talk between MTs and actin (Dogterom and Koen-
derink, 2019).

Taken together, our data show that the typical features of MT network organiza-
tion in T cells, with relatively short and sparse MTs, is functionally important and that its
maintenance depends on a dedicated regulatory factor, KIF21B, which restricts MT growth.

Materials & Methods

Cell culture, spreading assays and drug treatment

Jurkat T cells (clone E6.1) were grown in RPMI 1640 medium w/ L-Glutamine (Lonza) supplemented with 10% Fetal
Bovine Serum and 1% penicillin/streptomycin. Cells were a kind gift of Piero Giansanti. For all spreading assays,
coverslips were coated with Poly-D-Lysine (Thermo Fisher Scientific, A3890401), washed with phosphate buffered
saline (PBS) and incubated overnight at 4° C with a mouse monoclonal anti-CD3 (clone UCHT1, StemCell Technol-
ogies, #60011) 10 pg/mL in PBS, except for the not-activated conditions, here cells were incubated on Poly-D-Lysine
coated coverslips for 30 min prior to fixation. For live-cell imaging, Lab-Tek chambers (Thermo Fisher Scientific)
were incubated overnight at 4° C with anti-CD3 (Clone UCHT1, StemCell Technologies, #60011) 10 pg/mL in PBS.
Prior to spreading, cells were spun down for 4 min at 1000 rpm and resuspended in fresh pre-warmed RPMI 1640
medium.

Vinblastine (Sigma-Aldrich) treatment was performed by spinning down the cells for 4 min at 1000 rpm
and resuspending the cells in pre-warmed medium containing 0.5 nM vinblastine 30 min prior to fixation. For
live-cell imaging experiments, cells were resuspended in medium and 30 min prior to imaging, an equal amount of
medium with 1 nM vinblastine was added to the cells to achieve a final concentration of 0.5 nM vinblastine.

CRIPSR/Casg knockouts, lentivirus transduction and DNA constructs

KIF21B knock-out cell lines were generated in Jurkat cells (clone E6.1) using CRISPR/Casg technology. Jurkat T
cells were transfected using an Amaxa Cell Line Nucleofector® kit V (Lonza), program X-oos with the pSpCasg(B-
B)-2A-Puro (PX459) vector (Addgene, #62988) bearing the appropriate targeting sequence (KIF21B: 5’-caccgTGTGT-
GAGCAAGCTCATCGA-3)). Cells were selected using 2 pg/mL puromycin (InvivoGen).

cDNA for lentivirus constructs were derived from the following sources: human cDNA clone KIAA 0449
for KIF21B (Kazusa DNA Research Institute), the EB3-GFP coding sequence as described in (Stepanova et al., 2003),
and the B-tubulin coding sequence was provided by Prof. Dr. Kai Jiang. KIF21B-GFP and B-tubulin-GFP sequences
were cloned in pLVX-IRES-Puro vectors (Clontech), EB3-GFP was cloned in pLVX-IRES-Hygro vector (Clontech).
EB3-mCherry construct (Stepanova et al., 2003) was transiently transfected using Amaxa Cell Line Nucleofector kit
V (Lonza), program X-oor.

Lentiviruses were produced by MaxPEI-based transfection of HEK293T cells with the construct of in-
terest and the packaging vectors psPAX2 and pMD2.G (Addgene). Cell supernatant was harvested 48 and 72 hrs
after transfection, filtered through a 0.45 pm filter and incubated overnight at 4° C in a polyethylene glycol (PEG)
6000-based precipitation buffer containing 8o g/L PEG 6000 and 82 mM NaCl at pH 7.2. The precipitation mix was
centrifuged to concentrate the virus. The pellet containing the lentivirus was resuspended in PBS and Jurkat T cells
were transduced in complete medium supplemented with 8 pg/mL polybrene (Merck-Millipore) using a spinocula-
tion protocol: centrifugation of the transduction mix for 30 min at 2400 rpm at 32° C. Cells were selected using 2 pg/
mL puromycin or with 100 pg/mL hygromycin, five days after transduction.

Western blotting and antibodies

Jurkat T cells were lysed in a lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100 and cOm-
plete protease inhibitor cocktail (Roche). For Western blotting, we used the following polyclonal rabbit antibodies:
anti-KIF21B (Sigma-Aldrich, HPA027249), anti-GFP (Abcam, ab290); and the following mouse monoclonal antibod-
ies: anti-CD3 (Clone UCHT1, StemCell Technologies, #60011) and anti-Ku8o (BD Bioscience, 611360). The following
secondary antibodies were used for Western blotting: IRDye-800CW-conjugated goat antibody against mouse IgG
(#P/N 925-32210) and IRDye-680LT-conjugated goat antibody against rabbit IgG (#P/N 925-68021), both purchased
from Li-Cor Biosciences.
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For immunofluorescence staining, we used a rabbit polyclonal antibody against CEP135 (Sigma-Aldrich,
SAB4503685). A rabbit monoclonal antibody against Lamtor4 (clone D6A4V, Cell Signaling Technology, #12284)
and a-tubulin (clone EP1332Y, Abcam, ab52866). A mouse monoclonal antibody against a-tubulin (Sigma-Aldrich,
T6199), and a rat monoclonal antibody against a-tubulin (clone yLi/2, Abcam, ab6160). The following secondary
antibodies were used for immunofluorescence: Alexa-Fluor-488-conjugated goat antibodies against mouse and rab-
bit (#A27023 and #A-11034), Alexa-Fluor-594-conjugated goat antibodies against mouse, rabbit and rat (#A-11032,
#R37117 and #A-11007) and an Alexa-Fluor-647-conjugated antibody against mouse (#A-21240); all these antibodies
were purchased from Life Technologies. F-actin was stained using Alexa-Fluor-488 or 594-conjugated phalloidin
(Life Technologies, #12379, #12381).

T cell stimulation, RNA isolation and qRT-PCR analysis

T cells were stimulated with a combination of Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, P8139) and
ionomycin (Sigma-Aldrich, 10634) at indicated time points and concentrations. Cells were collected on ice and total
RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, 15596026) and cDNA synthesis was performed
using the iScript cDNA synthesis kit (Bio-Rad, 1708891). cDNA samples were amplified with SYBR Select mastermix
(Life Technologies, 44-729-19) using a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems) and the
following RT-PCR primer pairs: IL-2 forward 5-AACTCACCAGGATGCTCACATTTA-3, IL-2 reverse 5-TCCCTGG-
GTCTTAAGTGAAAGTTT-3" and GAPDH forward 5-CAACGGATTTGGTCGTATT-3" and GAPDH reverse 5- GAT-
GGCAACAATATCCACTT-3. The LIVAK method was used to calculate relative mRNA expression in respect to the
housekeeping gene GAPDH.

Immunofluorescence staining and image acquisition

For immunofluorescence staining of tubulin and CEP135 for TIRF microscopy;, cells were fixed in —20°C methanol
for 10 min, followed by washes with PBS and permeabilization with PBS supplemented with 0.15% Triton X-100 for
2 min. All subsequent wash steps were performed using PBS supplemented with 0.05% Tween-20. Epitope blocking
and antibody labeling steps were performed in PBS supplemented with 0.05% Tween-20 and 1% Bovine Serum Albu-
min (BSA). Before mounting in DAPI-containing Vectashield mounting medium (Vector Laboratories, H-1200-10),
slides were washed with 70% and 100% ethanol and air-dried.

For immunofluorescence staining of lysosomes (Lamtor4) and centrosomes (CEP135) for 3D analysis,
or labelling with Phalloidin, cells were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature (RT) for
10 min, followed by washes with PBS and permeabilization with PBS supplemented with 0.15% Triton X-100 for 2
min. All subsequent wash steps were performed using PBS supplemented with 0.05% Tween-20. Epitope blocking
and antibody labeling steps were performed in PBS supplemented with 0.05% Tween-20 and 1% BSA. Samples were
mounted using DAPI-containing Vectashield mounting medium (Vector Laboratories, H1200-10).

Widefield imaging on fixed cells was performed on a Nikon Eclipse Ni-E upright fluorescence micro-
scope equipped with Plan Apo Lambda 100x N.A. 1.45 oil and 6ox N.A. 1.40 oil objectives microscopes, ET-BFP2
(49021, Chroma), ET-GFP (49002, Chroma), ET-mCherry (49008, Chroma), ET-Cys5 (49006, Chroma) filter sets and
a Photometrics CoolSNAP HQ2 CCD (Roper Scientific, Trenton, NJ) camera. The microscope was controlled by
Nikon NIS Br software.

TIRF imaging on fixed cells was performed on an ILAS-2 system (Roper Scientific, Evry, France) with a
dual laser illuminator for azimuthal spinning TIRF (or Hilo) illumination and with a custom modification for target-
ed photomanipulation. This system was installed on Nikon Ti microscope (with the perfect focus system, Nikon),
equipped with 405 nm 100 mW Stradus (Voltran), 488 nm 150 mW Stradus (Voltran), 561 nm 100 mW Coherent
(OBIS 561-100LS) and 642 nm 110 mW Stradus (Vortran) lasers; and ET-BFP (49021, Chroma), ET-GFP (49002,
Chroma) and ET-mCherry (49008, Chroma) filter sets. Fluorescence signal was detected using an EMCCD Evolve
mono FW DELTA s512x512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 2.5X)
ora CCD CoolSNAP MYO M-USB-14-AC camera (Roper Scientific). The final resolution using EMCCD camera was
0.065 pm/pixel, using CCD camera it was 0.045 pm/pixel. The setup was controlled with MetaMorph 7.8.8 software
(Molecular Device).

Spinning disk microscopy was performed on inverted research microscope Nikon Eclipse Ti-E (Nikon),
equipped with the perfect focus system (Nikon), Plan Apo VC 100x N.A. 1.40 oil objective (Nikon), spinning disk
Yokogawa CSU-X1-A1 with 405-491-561-642 quad-band mirror (Yokogawa). The system was also equipped with ASI
motorized stage with the piezo plate MS-2000-XYZ (ASI), Back-Illuminated Evolve 512 EMCCD camera (Photomet-
rics) or Back-Illuminated Prime BSI sCMOS camera (Photometrics) and controlled by the MetaMorph 7.10 software
(Molecular Devices). 405 nm 100 mW Stradus (Voltran), 491 nm 100 mW Calypso (Cobolt), 561 nm 100 mW Jive
(Cobolt) and 642 nm 110 mW Stradus (Vortran) lasers were used as the light sources. The setting was equipped with
ET-BFP2 (49021, Chroma), ET-GFP (49002, Chroma), ET-mCherry (49008, Chroma) and ET-Cys5 (49006, Chroma)
filter sets to image blue, green, red and far-red fluorescence signals, respectively. 16-bit images were projected onto
the Evolve 512 EMCCD camera with intermediate lens 2.0X (Edmund Optics) at a magnification of 0.066 pm/pixel
or onto Prime BSI sSCMOS camera with no intermediate lens at a magnification of 0.063 um/pixel. Z-stacks of cells
were acquired with a step size of 0.1 pm.

Immunofluorescence staining and image acquisition for STED microscopy and ExM
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For all STED and ExM samples, 1.5 mm thick coverslips (Marienfeld, 107032) were used. Jurkat cells were added to
anti-CD3 coated coverslips for indicated time points. Cells were pre-extracted for 1 min with pre-warmed (37°C) ex-
traction buffer composed of MRB80o (80 mM K-PIPES pH 6.8, 4 mM MgCl2, imM EGTA) supplemented with 0.35%
Triton X-100 and 0.2% glutaraldehyde. After extraction, cells were fixed for 15 min with pre-warmed (37°C) 4% PFA in
PBS. All subsequent wash steps were performed using PBS supplemented with 0.2% Triton X-100. Epitope blocking
and antibody labeling steps were performed in PBS supplemented with 3% BSA. Labelling with primary antibodies
was performed overnight at 4°C. After washing with PBS, labelling with secondary antibodies was performed for 3
hrs at RT. For STED microscopy samples, cells were washed with PBS and MiliQ and air dried. Cells were mounted
in Prolong Gold (Thermo Fisher).

For ExM, we followed the procedures described by (Jurriens et al., 2020). Samples were post-fixed with
0.1 mg/mL acryloyl X-SE (AcX) (Thermo Fisher, A20770) in PBS overnight at RT. For gelation, monomer solution
was prepared containing 2M NaCl, 8.625% sodium acrylate (Sigma-Aldrich, 408220), 2.5% acrylamide (AA), 0.15%
N,N’-methylenebisacrylamide (BIS) in PBS. As a source of AA we used 37.5:11 AA/BIS solution (Sigma-Aldrich,
A3699) and supplemented it with BIS (Sigma-Aldrich, M1533) to reach final concentrations. Gelation of the mono-
mer solution was initiated with 0.2% ammonium persulfate (APS) and 0.2% tetramethylethylenediamine (TEMED)
and 170 uL was transferred to a silicone mold with inner diameter of 13 mm (Sigma-Aldrich, GBL664107) attached
to a parafilm-covered glass slide, with the sample put cell-down on top to close off the gelation chamber. After
incubation at RT for 1-3 min, the sample was transferred to a humidified 37°C incubator for at least 30 min to fully
polymerize the gel. After gelation, the gel was transferred to a 12-well plate and digested in TAE buffer (containing
40 mM Tris, 20 mM acetic acid and 1 mM EDTA) supplemented with 0.5% Triton X-100, 0.8 M guanidine-HCl and
7.5 U/mL Proteinase-K (Thermo Fisher, EO0491) for 4 hrs at 37°C. The gel was transferred to a Petri dish, water was
exchanged twice after 30 min and sample was left in water to expand overnight in 50 mL MiliQ. Prior to imaging the
cells were trimmed and mounted.

All STED and ExM images have been acquired using a Leica TCS SP8 STED 3X microscope equipped with
a HC PL Apo 100x/1.40 Oil STED WHITE objective for STED acquisition and a HC PL APO 86x/1.20W motCORR
STED (Leica 15506333) water objective for ExM. A pulsed white laser (80 MHz) was used for excitation, and when
using STED a 775 nm pulsed depletion laser was used. The internal Leica GaAsP HyD hybrid detectors were used
with a time gate of 1 < tg < 6 ns. The set-up was controlled using LAS X.

Live-cell imaging

Live-cell DIC imaging was performed on an inverted Nikon Ti microscope equipped a perfect focus system (Nikon),
a Plan Fluor 40x/1.30 Oil DIC objective, a CoolSNAP HQz CCD camera (Photometrics), a motorized stage MS-2000-
XYZ with Piezo Top Plate (ASI), and a stage top incubator (TokaiHit) set to 37° C. The microscope was controlled by
MicroManager software.

Jurkat cells were live imaged on an ILAS-2 system (Roper Scientific, Evry, France) is a dual laser illumi-
nator for azimuthal spinning TIRF (or Hilo) illumination and with a custom modification for targeted photoma-
nipulation. This system was installed on Nikon Ti microscope (with the perfect focus system, Nikon), equipped
with a Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon); 488 nm 150 mW Stradus (Voltran) and 561 nm 100 mW
Coherent (OBIS 561-100LS) lasers; and ET-GFP (49002, Chroma) and ET-mCherry (49008, Chroma) filter sets. For
simultaneous imaging of green and red fluorescence, we used an ET-GFP/mCherry filter cube (59022, Chroma)
together with an Optosplit I beamsplitter (Cairn Research Ltd) equipped with double-emission filter cube con-
figured with ET525/50m, ET9630/75m and T585lprx (Chroma). Fluorescence signal was detected using an EMCCD
Evolve mono FW DELTA s512x512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter
2.5X) ora CCD CoolSNAP MYO M-USB-14-AC camera (Roper Scientific) The setup was controlled with MetaMorph
7.8.8 software (Molecular Device). To keep cells at 37° C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit)
was used. Or on an inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus system (PFS)
(Nikon), equipped with Nikon CFI Apo TIRF 100 x 1.49 N.A. oil objective (Nikon). For excitation lasers we used
491nm 100 mW Stradus (Vortran). We used an ET-GFP 49002 filter set (Chroma) for imaging of proteins tagged with
GFP. Fluorescence signal was detected using an an Evolvesi2 EMCCD camera (Photometrics) or a CoolSNAP HQ2
CCD camera(Photometrics). The setup was controlled with MetaMorph 7.8.8 software (Molecular Device). To keep
cells at 37° C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used.

Image processing and analysis

Images and movies were processed using Image]. All images were modified by linear adjustments of brightness and
contrast. Average intensity projections and z-projections were made using the z projection tool. Kymographs were
made using the Image] plugin KymoResliceWide v.0.4 (https://github.com/ekatrukha/KymoResliceWide; copy ar-
chived at https://github.com/elifesciences-publications/KymoResliceWide).

Cell surface area
Cell surface area was measured manually by drawing the cell circumference using the freehand tool in Image]. For

KIF21B-GFP overexpressing rescue cell lines, very low expressing or GFP-negative cells were not measured.

Cell volumes
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Cell volumes were measured based on Phalloidin staining of 3D-imaged Jurkat cells imaged on a Spinning disk
confocal microscope. Imaris software (Bitplane/Oxford instruments, version 9.5.1) was used to manually create a
cell surface mask using the Isosurface Drawing mode set at 10% density. The cell outline was determined for > 10
positions in z-dimension to create a 3D volume rendering of the Jurkat cell from which the volume was determined
using the Statistics feature of the Imaris software.

MT organizing (TIRF microscopy)

For quantifying MT organization in T cells in different KIF21B-KO and rescue conditions, we classified MT networks
as “radial” when a clear aster-like MT pattern was observed with an obvious presence of a microtubule organizing
center or CEP135-positive fluorescent signal in the TIRF field. Other MT networks were classified as “disorganized”
when an aster-like organization indicative of a polarized centrosome was lacking.

3D analysis of lysosomes and centrosomes

To quantify polarization of lysosome clusters in T cells, the distance of these Lamtor4-positive clusters and the an-
ti-CD3-positive coverslip was measured in z. A reslice was made of the entire cell to have a z-projection from which
an average intensity projection was made to create a landscape of fluorescence intensities in z. The distance between
coverslip and lysosome cluster was determined by taking the distance between the coverslip and the pixel row in z
that contained the peak intensity value of all rows. A Lamtor4-stained lysosome cluster was quantified as “polarized”
when its peak intensity value was localized within 2 pm distance from the anti-CD3-stained coverslip.

For centrosome polarization quantifications, the distance between the CEP135-stained centrosome and
the anti-CD3-positive coverslip was measured in z. A line scan was drawn over the centrosome and a reslice was
made to make a z-projection of the cell at the location of the centrosome. The distance between coverslip and cen-
trosome was determined by drawing a line from the center to center of both fluorescence signals. A CEP135-stained
centrosome was quantified as “polarized” when it was localized within 2 pm distance from the anti-CD3-stained
coverslip.

STED microscopy

STED images of fluorescently labeled MTs were analyzed using ImageJ. Images were background subtracted using
the Background Subtraction tool with a rolling ball radius of 50 pixels and were separated into radial and non-radial
components using a customized Image] macro (https://github.com/ekatrukha/radialitymap)(Martin et al., 2018).
In short, we used the ‘Cubic Spline Gradient’ method and Tensor Sigma parameter of 8 pixels to calculate a radial
and a non-radial map image that illustrate the separated radial and non-radial components of the original picture.
For both the original image and images showing the separated components, radial intensity profiles were made from
the centrosome to the farthest removed portion of the cell periphery using the Radial Profile Angle plugin at a 45
degree integration angle. The output of the Radial Profile Angle plugin was normalized to (xi-MIN(xi))/(MAX(x-
i)-MIN(xi))*100. Because not all original images had the same size, the normalized output of the Radial Profile Angle
plugin was imported in MatLab (MathWorks) and resampled using a custom script to build mean radial intensity
profiles per condition using GraphPad PRISM. To quantify the non-radiality of the MT organisation per cell, the are-
as under the curve (AUC) of the radial intensity profiles of the original image (total intensity) and of the non-radial
map images were calculated using GraphPad PRISM. The non-radial intensity as percentage of the total intensity
was calculated using: (AUCnon-radial/AUCTotal intensity)*100.

ExM microscopy

For the ExM analyses and all 3D renders Imaris (Bitplane/Oxford instruments, version 9.5.1) was used. Using the Au-
tomatic Spot Detection algorithm (set to 10 pm), the centrosome was localized in the 3D renderings as the brightest
spot present; and a sphere was generated around the centrosome with a radius of 5 pm. A second sphere was generat-
ed with a radius of 6 pm using the Automatic Spot Detection (set to 11 um). From these two spheres, a spherical shell
was generated with an inner spacing thickness of 1 pm using the following steps: all voxels outside the surface of the
smaller sphere and all voxels inside the surface of the bigger sphere were set to the maximum intensity value (255).
Using the Colocalization function a colocalization channel of both masks was made which generated the spherical
shell used for all further quantifications.

To analyze MTs within this spherical shell, a colocalization channel was generated for the tubulin chan-
nel using the Colocalization function. Thresholds were adjusted to include all MTs. Based on this colocalization
channel, surface masks were generated for the tubulin signal using the Surfaces tool with Split Touching Objects
enabled (seed points diameter set at 0.45um). Seed points and generated surfaces were visually filtered so that all
MTs were included. To count the number of MTs, all generated surfaces were checked and the number of MTs were
counted manually per spherical shell. The mean intensity corresponding to 1 um MT was determined from the fluo-
rescence intensity per surface (using the Statistics feature of the Imaris software) corrected for the manually counted
number of MTs in each surface. To determine the total fluorescence intensity corresponding to the complete MT
network the Surfaces tool was used to generate a surface mask covering the entire MT network (Split Touching Ob-
jects setting disabled) and used an automatic threshold to discard very small nonspecific surfaces. To estimate the
average MT length, the total intensity as found (using the Statistics feature of the Imaris software) was divided by
the MT intensity per micron and by the number of MTs.
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Quantification of live-cell imaging

The duration of synapse formation imaged using DIC microscopy was quantified using kymographs. Kymographs
were generated using the ImageJ plugin KymoResliceWide v.0.4. along a line from the center of the cell to the cell
periphery showing least irregular cell spreading. Cells that exhibited drift on the coverslip during spreading were not
used for quantification. The initiation of synapse formation was determined as the moment where the cell started
to spread sideways. The synapse was at maximum size when sideway spreading became static (velocity < 0.5 pm/
min). The duration of synapse formation was determined as the duration at which the Jurkat cell exhibited sideward
spreading at a minimum mean velocity of 1 pm/min.

EB3-GFP growth rates were quantified using kymographs that were generated using the Image] plugin
KymoResliceWide v.0.4. The slope of EB3-GFP growth events in these kymographs were used to calculate growth
rates corrected for acquisition settings. Catastrophe rates were quantified by determining the inverse value of growth
time of EB3-GFP growth events.

Single molecule KIF21B velocities were quantified from TIRF-imaged KIF21B-GFP expressing T cells us-
ing kymographs that were generated using the ImageJ plugin KymoResliceWide v.0.4. The slope of motile KIF21B-
GFP events in these kymographs were used to calculate kinesin velocities corrected for acquisition settings. These
values were fitted to a Gaussian curve to determine mean KIF21B velocity.

Single kinesin events at MT plus ends were quantified using TIRF-imaged KIF21B-GFP expressing T cells
that were transfected with EB3-mCherry as a marker of growing MT plus ends. Events were quantified when a mo-
tile KIF21B-GFP molecule (> 0.1 pm/s velocity) reached the end of a growing EB3-mCherry-positive MT. KIF21B-
GFP behavior after a MT plus-end encounter was categorized as “pausing’, “tip-tracking” or “dissociation”. The
“tip-tracking” events, where KIF21B tracked a growing plus end at the same velocity as EB3 signal, were subsequently
sub-categorized into “tip-tracking + pausing” and “tip-tracking + dissociation” events. The state of the EB3-mCher-
ry-positive plus end was defined as “growing” (> 0.05 pm/s growth velocity) or “static” (< 0.05 pm/s growth velocity)
for KIF21B-GFP events that went into a paused state, regardless whether there was tip-tracking or not. The fate of
EB3-mCherry plus ends after encountering a pausing KIF21B-GFP molecule was divided into four categories: “paus-
ing + catastrophe”, “pausing + growth re-initiation”, “growth continuation without pausing” or “not determined”
for the events that were unclear or took place beyond acquisition time. The fate of EB3-mCherry plus ends after
encountering a KIF21B-GFP molecule that directly dissociated upon reaching the plus end was divided into three
categories: “no effect”, “coincided with MT pausing” or “coincided with MT catastrophe”. Pause times were quanti-
fied for KIF21B-GFP molecules that that appeared static (< 0.1 pm/s velocity and = 0.5 s duration) and underwent
pausing at an EB3-mCherry-positive MT plus end. Pause times were quantified for growing EB3-mCherry MT plus
ends that appeared static (< 0.05 pm/s growth velocity and = 0.5 s duration) and transitioned into a paused state
after an encounter with a KIF21B-GFP molecule. The end time of a pause coincided with either a catastrophe or a
growth re-initiation event.

For analysis of B-tubulin-GFP imaging, we scored the fate of growing MTs reaching the plasma mem-
brane into four categories: catastrophe, sliding along the cortex, MT buckling and pausing. Quantified events had
to meet the following criteria: 1) events at the MT plus end had to be preceded by a phase of growth before reaching
the plasma membrane; 2) the acquisition time had to include a complete pausing event or, in the case of a catastro-
phe, sliding or buckling event, the initiation of the event. Pause events and pause times were quantified for MT plus
ends that appeared static (< 0.05 pm/s growth velocity and = 0.5 s duration). For determining pause duration of a
MT reaching the plasma membrane, a kymograph was generated for the growing MT using the ImageJ plugin Ky-
moResliceWide v.0.4 and the length of the pause was determined by the number of vertical pixels in the kymograph
multiplied by the exposure time.

Single molecule intensity analysis
Single-molecule fluorescence histograms of monomeric GFP (control) or kinesins moving on MTs intracellularly
were built from acquisitions made on a TIRF microscope. To ensure identical imaging conditions, a single imaging
slide (with a plasma cleaned coverslip) was used containing two flow chambers to image GFP (control) and KIF21B-
GFP expressing T cells. For purified GFP, we used cell lysates from HEK293T cells overexpressing monomeric GFP.
The GFP protein was diluted in PBS and added to an imaging flow chamber; chambers were subsequently washed
with PBS, leaving a fraction of the GFP proteins immobilized on the coverslip. Protein dilution was optimized to pro-
vide images of ~ 0.05 fluorophores/um? for GFP control conditions. For T cells expressing KIF21B-GFP, the imaging
chamber was incubated overnight at 4° C with 10 pg/mL of a mouse monoclonal anti-CD3 (clone UCHT1, StemCell
Technologies, #60011) in PBS. The chamber was washed three times with PBS and one time with RPMI 1640 medium.
T cells expressing KIF21B-GFP were concentrated in RPMI 1640 medium and added to the chamber 2 min before
imaging. After sealing the chambers with vacuum grease to prevent evaporation, samples were imaged on a TIRF
microscope at 37° C. For monomeric GFP, ~ 40 images were acquired at 100 ms exposure time at different positions
on the coverslip to avoid pre-bleaching. For moving kinesins, ~ 5-10 cells were imaged using stream acquisition at a
100 ms exposure time per frame. All acquisitions were obtained under identical laser power and a TIRF angle with a
calibrated penetration depth d of 180 nm.

Image] plugin DoM_Utrecht v.1.1.6 was used to for detection and fitting of single molecule fluorescent
spots as described previously (Yau etal., 2014). In short, individual spots were fitted with 2D Gaussian and the ampli-
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tude of the fitted Gaussian function was used as a measure of the fluorescence intensity value of an individual spot.
For moving KIF21B-GFP molecules in T cells, Image] plugin DoM_Utrecht v.1.1.9 was used for detection and fitting
of single molecule fluorescent spots. Using this plugin, these particles were linked to tracks with a maximum dis-
tance to search over one frame of 3 pixels and a maximum linking gap of 2 pixels. Tracks were filtered for a duration
of = 1s. The histograms were fitted to lognormal distributions using GraphPad Prism 8. A correction factor (c) was
calculated for KIF21B-GFP fitted peak intensities (i) for a series (0-100 nm) of hypothetical distances (h) between the
coverslip and KIF21B molecule using the formula:

c=i/e*(-(h/180) )

Cytosim modeling

The T cell model was made in the agent-based modeling structure Cytosim (Nedelec and Foethke, 2007), which
solves overdamped Langevin equations to calculate the movement of the cytoskeleton and associated proteins. We
choose Cytosim to be able to explicitly model the dynamics of KIF21B and dynein and to ensure an easy reproduci-
bility of our results. Cytosim is open-source and together with our configuration file easy to run.

To set up a simulation of the MT network and the associated proteins of a T cell we used the following features and
elements.

Shape

The shape of the T cell is encoded as SpaceHemisphere. This space definition makes a circular (2D) or spherical
(3D) space, where a plane intersects the space at arbitrary height. In the T cell, this is at 0.9 of the full height. In the
space we use to confine the centrosome during initialization this is at 0.2 of the full height of the cell. The corners
of the plane are curved, to avoid infinitesimal corners. The curved corners are calculated by finding a smaller circle
that interpolates continuously between the synapse and the (circular) cell shape. Any interaction with the shape is
calculated by finding the closest point on the space surface and applying a linear force in this direction. If objects are
outside of the space, they are pushed inwards.

Steric Interactions

Because we simplified our T cell to a two-dimensional object, we needed to adjust the steric interactions. Fibers in
the simulations cannot enter the nucleus, but can cross one another to effectively mimic the third dimension. This
behavior is achieved by the‘ad-hoc’ steric interactions within Cytosim, in which we compare the position of each
fiber segment with the nucleus, and if the fiber segment is within the nucleus, a linear force is applied to push the
fiber out, similar to cell shape confinement.

Dynein

Dynein motors are uniformly distributed and anchored at the synapse. They bind to MT in their vicinity and walk
along them. The walking speed is characterized by a linear force-velocity relation as typically modeled in Cytosim.
This definition describes a cortically anchored dynein that slides MTs, which is different from the end-on capture
mechanism proposed by (Yi et al. 2013).

KIF21B
The KIF21B units are modeled as a new form of binding Hand in Cytosim: the Capper hand. They are able to bind
and walk on the fiber. When they reach a fiber’s tip, the fiber is set to a paused state, neither growing or shrinking.
The waiting time for the motor at a fiber’s tip is redrawn from a distribution to ensure that the pause length is cor-
rectly implemented, regardless of how long the Capper has already walked on the fiber. If a Capper unbinds, it sets
the MT to the shrinkage state. Subsequently, any other bound Cappers unbind.

As KIF21B is localized in the cytosol, we extended the ad-hoc steric interactions to Singles. Because
Singles are modeled as molecules with a negligible inertia displaying a random walk, we cannot easily apply elastic
forces to these objects. Thus, we model the KIF21B units to bounce off the nucleus, similar to its interaction with the
shape. If a good bounce location cannot be found after 1000 attempts (i.e. the molecule is in a tight corner between
nucleus and cell shape), the molecule is set to the edge of the nucleus.

Fitting KIF21B-KO MT dynamics

To match the parameterization of our model to the MT dynamics in the KIF21B-KO system we used a separate
Cytosim simulation to mimic the experimental data from the TIRF imaging of the MT dynamics at the synapse. Ul-
timately this approach suggested a linear relation between the free growing catastrophe rate and the growing force,
which is the characteristic force of the MT polymerization. This relation fulfills the constraint that 81% of the MT
in the TIRF data did not initiate catastrophe within 3.3 s, while satisfying the 0.3 s stalled catastrophe rate. More
details are included in Figure S5A-D.

In all simulations outside of fitting the KIF21B-KO MT dynamics, MTs are initialized with slightly differ-
ent lengths, pulled from an exponential distribution with the mean of 1 um. This was done so that even with very
small catastrophe rates, MT lengths would not be equal. Simulations were run in a slightly altered version of Cytosim
to be able to immobilize the centrosome in the center of the synapse (https://gitlab.com/oanegros/cytosim/-/tree/
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fix-aster-in-center).

Data and software availability
All data that support the conclusions are available from the authors on request, and/or available in the manuscript
itself. The code of our simulations is hosted on https://gitlab.com/oanegros/cytosim/-/tree/full-kif21b-model.

Supplemental videos

Video S1 - 3D volume render of an ExM imaged Jurkat control cell 2 min after activation.

Volume rendering of a control Jurkat cell fixed 2 min after activation on anti-CD3 coated coverslips stained for a-tu-
bulin. Samples were isotropically expanded using an ExM protocol and imaged on a confocal microscope. Images
were processed and analyzed using Imaris software. Microtubules emanating from the centrosome were analyzed
using a spherical shell with a 5 pm inner radius, filaments crossing the sphere are highlighted (red). Every square in
the grid corresponds to 5 x5 pm post expansion. Example corresponds to Figure 2D-E.

Video S2 - 3D volume render of an ExM imaged Jurkat KIF21B-KO cell (KO #1) 2 min after activation.
Volume rendering of a KIF21B-KO Jurkat cell (KO #:1) fixed 2 min after activation on anti-CD3 coated coverslips
stained for a-tubulin. Samples were isotropically expanded using an ExM protocol and imaged on a confocal micro-
scope. Images were processed and analyzed using Imaris software. Microtubules emanating from the centrosome
were analyzed using a spherical shell with a 5 pm inner radius, filaments crossing the sphere are highlighted (red).
Every square in the grid corresponds to 5 x5 pm post expansion. Example corresponds to Figure 2D-E.

Video S3 - 3D volume render of an ExM imaged Jurkat KIF21B-KO cell (KO #2) 2 min after activation
Volume rendering of a control KIF21B-KO Jurkat cell (KO #2) fixed 2 min after activation on anti-CD3 coated covers-
lips stained for a-tubulin. Samples were isotropically expanded using an ExM protocol and imaged on a confocal mi-
croscope. Images were processed and analyzed using Imaris software. Microtubules emanating from the centrosome
were analyzed using a spherical shell with a 5 pm inner radius, filaments crossing the sphere are highlighted (red).
Every square in the grid corresponds to 5 x5 pm post expansion. Example corresponds to Figure 2D-E.

Video S4 - KIF21B-GFP motors imaged at the immunological synapse of an activated Jurkat T cell.

Live imaging of a Jurkat KIF21B-KO T cell (KO #2) stably overexpressing KIF21B-GFP. Video corresponds to Figure
3A. Images were collected using a TIRF microscope at 10 frames per second. Video is sped up 2 times to 20 frames
per sec. Time is shown in seconds.

Video Ss. -Recording of a simulated T cell in the ‘non-pausing’ model with 10 KIF21B motors added.

The T cell simulation consists of two phases. At first, the model is initialized to a steady state MT network in the
first 300 s, during which the centrosome is confined to the red box at one side of the T cell. Next, the cell shape is
changed to include 50 membrane-anchored dynein motors (blue) at a flat immunological synapse surface, and
centrosome confinement is released to allow centrosome translocation. KIF21B motors are included throughout the
entire simulation (orange). Snapshots of this run are shown in Figure 6B (upper row). Growing MT plus ends are
indicated by yellow arrowheads, depolymerizing MT plus ends are indicated by red arrowheads, and KIF21B units
by orange circles.

Video S6 - Recording of a simulated T cell in the ‘non-pausing’ model with o KIF21B motors added.

The T cell simulation consists of two phases. At first, the model is initialized to a steady state MT network in the first
300 s, during which the centrosome is confined to the red box at one side of the T cell. Next, the cell shape is changed
to include 50 membrane-anchored dynein motors (blue) at a flat immunological synapse surface, and centrosome
confinement is released to allow centrosome translocation. Snapshots of this run are shown in Figure 6B (bottom
row). Growing MT plus ends are indicated by yellow arrowheads and depolymerizing MT plus ends are indicated
by red arrowheads.
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Supplemental Figures
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Supplemental Figure S1 - Characterization of KIF21B knockout cell lines.

(A-B) qRT-PCR measurements of IL-2 expression levels after stimulation at indicated timepoints. Indicated
Jurkat T cell lines were treated with 2 ng/ml PMA and 100 ng/ml ionomycin (A, mild stimulation) or 20 ng/ml
PMA and 1 pg/ml ionomycin (B, strong stimulation), after which RNA was isolated and cDNA was generated.
IL-2 expression was measured by qRT-PCR, and values were normalized to GAPDH levels. IL-2 expression is
shown in a logio scale. (C) Volume rendering of indicated T cells stained for F-actin (using phalloidin). Side
views (top panel row) and angled views (middle and bottom row) are indicated. Cell volume was measured by
converting F-actin fluorescence signal to a surface mask using Imaris software (isoline tool). xyz dimensions
correspond to 2 pm per block on the displayed grid. (D) Quantification of T cell volumes based on F-actin
staining. n = 33, 34 and 34 cells from three independent experiments, ns = not significant (Mann-Whitney U
test). (E) Live-cell imaging of Jurkat T cells forming immunological synapses on anti-CD3 coated glass sur-
face, imaged on a widefield microscope using DIC microscopy at 2.5 s per frame interval. Green boxed stills
indicate start of synapse formation, orange boxed stills show fully formed synapses at their maximum size.
Dotted line in the first movie still indicates the position of the kymograph in Figure SiF. (F) Kymographs of
immunological synapse formation corresponding to the movie stills shown in Figure SiE.
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Supplemental Figure S1 (continued) Landing of the Jurkat T cell on the anti-CD3 coated glass surface is
marked by the pink asterisk. The start of synapse formation (Start) is indicated in green, the moment a syn-
apse reaches its maximum size is indicated in orange (Max) and the white bar indicates time between Start
and Max. (G) Quantification of spreading time. n = 87, 107 and 91 cells from two independent experiments.
p <o0.001, ** p < 0.01, ns = not significant (Mann-Whitney U test).
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Supplemental Figure Sz - Characterization of MT network in polarizing T cells by ExM.
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Supplemental Figure S2 (continued) (A) Quantification of total estimated MT length per cell indicated in
indicated Jurkat T cell lines. Values were obtained by multiplication of total MT numbers by the estimated
average MT length per cell. n = 8 cells forall conditions. * p < 0.05, ** p < 0.01, ns = not significant (t test). (B)
Series of 5 exemplary volume renderings per indicated T cell lines stained for a-tubulin (related to Figure 2D,
E). T cells were fixed 2 min after activation on anti-CD3 coated coverslips. Samples were expanded ~ 4.5 times
following an ExM protocol and MTs were imaged using on a confocal microscope. Imaris software was used
to create volume renders. (C) Volume renderings of indicated T cell lines stained for a-tubulin to highlight
examples suggesting that a MT stalk is formed during the process of centrosome polarization. Centrosome
(cyan arrowheads) and MT stalks emanating from the centrosome towards the synapse are indicated (orange
arrowheads).
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Supplemental Figure S3 - Characterization of KIF21B motility in cells.

214



Kinesin-4 KIF21B limits microtubule growth to allow rapid centrosome polarization in T cells

Supplemental Figure S3 (continued) (A) Workflow for GFP (monomer reference) and KIF21B-GFP single
molecule counting. Imaging was performed in a dual-chamber microscope slide in a single imaging session
with identical microscope settings. Monomeric GFP was expressed in HEK293T cells and lysates were diluted
in PBS to single molecule densities in the first chamber. KIF21B-KO #2 Jurkat T cell line with stable overex-
pression of KIF21B-GFP were added to the second chamber, which was coated with anti-CD3 antibodies. Sin-
gle molecules were detected using DoM Image] plugin and for KIF21B-GFP motors in cells, single molecules
were only analyzed from kinesin tracks with a duration of > 1s. (B) Lognormal fits of peak-fitted fluorescence
intensities of monomeric GFP immobilized on glass (green dots) and KIF21B-GFP motors imaged in Jurkat
T cells corrected for a hypothetical range of distances between molecule and coverslip. The evanescent field
decays exponentially and KIF21B-GFP fluorescence is corrected for that given the TIRF laser angle was fixed
at a penetration depth d of 180 nm. (C) Kymograph illustrating KIF21B-GFP motors switching from walking
to a pausing state. Growing MT end is visualized with EB3-mCherry. A static plus end undergoes a catastro-
phe after a KIF21B-GFP pausing event (right). (D) Quantification of MT plus-end state when a KIF21B-GFP
motor reaches the EB3-mCherry-labeled MT plus end and transitions to a paused state, as illustrated in
Figure 3D and S3C. Numbers relate to the “Pausing” and “Tip-tracking + pausing” category of Figure 3G. n =
149 events from two independent experiments. (E) Kymographs illustrating a KIF21B-GFP motor reaching a
growing EB3-mCherry MT plus end where motor dissociation from the MT coincides with MT pausing (left)
or a catastrophe event (right).(F) Quantification of MT plus-end fate when a KIF21B-GFP motor reaches a
growing EB3-mCherry labeled plus-end and dissociates, as illustrated in Figure 3F and S3E. n = 75 events
from two independent experiments. (G) Kymograph illustrating a KIF21B-GFP motor directly associating to
an EB3-mCherry labeled growing MT plus end and affecting MT growth until KIF21B-GFP dissociates.
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Supplemental Figure S4 - KIF21B-depleted cells lack long MT pause events.

(A) Quantification of MT pause duration as shown in Figure 4F based on live-cell imaging of indicated B-tu-
bulin-GFP overexpressing Jurkat T cell lines. Pause durations are derived from MT pausing events described
in Figure 4D and E. n = 229, 110, 14, 117 and 101 events from 46, 49, 38, 37 and 32 cells obtained from three
independent experiments. *** p < 0.001, ns = not significant (Mann-Whitney U test).

(B) STED images of indicated Jurkat T cell lines stained for tubulin.
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Supplemental Figure S5 - Characterization of T cell force-dependent catastrophe

(A) Reverse cumulative distribution plot showing MT pause times for KIF21B-KO and control with the imme-
diate catastrophes at t = 0 s. The exponential fit (rate = mean pause time™) corresponds to a catastrophe rate
of 0.3 s in the KIF21B-KO and 0.15 s in the control. From the assumption that all pausing in the KIF21B-KO
cells is from antagonistic force, the stalled catastropherate k , _, can be set to 0.3 s™. From this rate follows a
characteristic time of 3.33 s (shaded area). (B) To match the parametrization of the MT dynamics to the ex-
perimental data, a Cytosim model is introduced that describes the fully spread synapse for the KO condition.
The space is meant to model the TIRF data of KIF21B-KO synapses after they have spread, thus the cell has a
radius of 9.57 pm and no nucleus. For ease of measurement, the centrosome is fixed in the center of the cell.
From the stalled catastrophe rate of 0.3 s follows that 63% of all catastrophe events happen in the first 3.33 s.
From the experimental data, it is known that only approximately 30% of the counted paused KIF21B-KO MTs
(under force) do not buckle or slide, but they are counted into the fraction of catastrophe events. Taking 30%
of the 63% gives us 19%: the percentage of catastrophe in 3.33 s. Therefore, we can use the constraint that 81%
of MTs survive under force for 3.33 s in our synapse model to match the two-state model to our KIF21B-KO
pause times. (C) Graph showing the number of surviving MTs in 3.33 s under force at indicated free-grow-
ing catastrophe rates (K _, ... ....,,) and characteristic force exerted by the MT polymerization growth (F, ).
Measurements (small dots) and linear fits (lines) are color coded for the value of Fgrow (see legend). The
large dots on the lines indicate the level at which 81% of the MTs survive, taken from the linear fit. (D) Graph
showing points (blue) from Figure S5C at which 81% MT survive in the synapse plotted as a function of the
free catastrophe rate (k__, ;.. .owine) a0 Of the growing force (F, ). A catastrophe rate is obtained from a lin-
ear fit (orange line) to the realistic, non-negative points, which gives a linear relationship between F__ and
k , where MT dynamics match that the KIF21B-KO cells.

cat,free-growing
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Supplemental Figure S6 - KIF21B affects the balance of force in T cell polarization

Histogram showing the force on dynein at every timestep. The forces on dynein along the x-axis are summed,
where left-pointing forces are taken as negative. This sum is taken for every recorded time between o and
the polarization time of the simulation and binned to create histograms. Histograms are color coded for the
number of KIF21B motors present in the simulation (see legend).
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Supplemental Table S1 - Parameters used for simulations

Parameter Value Description / Reference

MTs

Polymerization speed 0.3 um/s This study.

Depolymerization speed 1um/s This study.

Rigidity 20 pN/pm (Gittes et al., 1993)

Stall force 5pN Describes the modulation of growth speed and catastrophe

rate by antagonistic force (Dogetrom and Yurke, 1997)

Catastrophe rate 0.025% 0.3s8* Matched to TIRF GFP-B-tubulin data (Figure 4D-E)
Cell
Viscosity 01 pN.s/um*>  Internal viscosity of T cells, like most blood cells, is usually

estimated to be lower than that of somatic cells. Jurkat cell in-
ternal viscosity has been reported at different values (Daza et
al., 2019; Khakshour et al., 2015). Because there is no consen-
sus on the value, we used a viscosity such that the KIF21B-me-
diated polarization happens within the timescale measured

for polarization.

Elasticity 100 pN/pum The spring stiffness of the cell for all objects with inertia. This

same stiffness is used for interaction of MTs with the nucleus.

Radius 7 Hm This study, calculated from Figure S1C-D. T

Synapse fraction 0.9 his corresponds to a synapse cutting off 10% of the height of

the cell (1.4 pm).

Interpolation distance 1pm The curvature starts 1 pm under the synapse (at 2.4 Hm from

the top of the unpolarized cell).

Centrosome

First anchoring stiffness 500 pN/pm Rotational stiffness on the MTs at the center of the centro-

some, as proposed previously (Letort et al., 2016).

Second anchoring stiffness 500 pN/pm Rotational stiffness on the MTs exerted at the periphery of

the centrosome, as proposed previously (Letort et al., 2016).

Number of MTs 90
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Supplemental Table S1 (continued)

Dynein

Walking speed 1um/s Average value from MT gliding over dynein (Laan et al., 2012).

Number 50

Stall force 4 pN (Belyy et al., 2016)

Unbinding rate 1s? (Ohasi et al., 2019)

Initialization unifrom on Dynein is initialized on the synapse and part of the interpo-

synapse lated curve connecting the synapse to the rest of the cell. The

region is defined as being within 1.6 pm of the synapse along
the vertical axis.

Link stiffness 100 pN/pum Describes the elastic stiffness of the link between MT-binding
site and anchoring point (Letort et al., 2016).

KIF21B

Walking speed 0.71 Hm/s This study.

MT state after a KIF21B- shrinkage We inflate the effect of KIF21B to always cause catastrophe in

induced pause order to more clearly display the effect of KIF21B as a delayed
catastrophe inducer.

Capable of pausing a no This means that the KIF21B motors do not cooperatively

shrinking MT pause: if one of them unbinds, the fiber is set to shrinkage
and another bound KIF21B cannot pause this shrinking fiber.

System

Dimensionality 2D The overgrown KIF21B-KO MT system requires much compu-
tation per timestep, and thus we were not able to expand to
3D and keep our fit of the system.

Number of repeats 30 per In some figures, fewer repeats are shown for readability. If so,

condition the ones were chosen that were run first chronologically, to

avoid bias in run selection.
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Chapter 8

Microtubules in our cells resemble highways along which molecules, vesicles and even en-
tire organelles are being transported by two classes of motor proteins: kinesins and dyneins.
In this thesis, we tried to shed some light on how binding of microtubule associated pro-
teins (MAPs) and cargo regulates and stimulates kinesin activity. In Chapter 1, we reviewed
what kind of motors are responsible for microtubule-based transport and focused on how
kinesin motors may be regulated by cellular factors. We then took a closer look at a specific
family of MAPs, MAP7, and investigated how the members of this family regulate kinesin-1
activity (Chapter 2) and investigated their contribution to the multimotor transport of
exocytotic vesicles (Chapter 3). Novel interaction candidates were identified for all MAP7
proteins, and we have studied the MAP7D2-specific interaction with clathrin and its po-
tential role in axonal transport (Chapter 4). We have set up a novel tubulin purification
protocol that enabled us to study isotype-labeled microtubules with NMR. This approach
allows to study the dynamics of MAPs binding to microtubules and vice versa (Chapter 5).
Using in vitro reconstitutions and cellular experiments, we looked at the mitotic kinesin
MKLP2 and unraveled that it is a motile motor. Furthermore, we showed that this kinesin is
involved in the translocation of Chromosomal Passenger Complexes (CPC) during the tran-
sition from metaphase to anaphase (Chapter 6). The final experimental chapter is focused
on another kinesin, KIF21B, which acts as a regulator of microtubule dynamics. In T cells,
this motor is involved in restricting microtubule growth, which is important for the cell to
rapidly polarize the centrosome and the whole microtubule network during immunological
synapse formation (Chapter 7). In this final chapter, we will discuss our findings, put them
in a broader context and give direction for future experimental work.

Mechanistic aspects of kinesin-1 activation by MAP7 proteins
Kinesin-1 is the best studied plus-end directed motor protein, and many properties and
functions of this kinesin have been subject of intensive research. Activation of kinesin-1
is regulated by autoinhibition and cargo binding (Verhey and Hammond, 2009). In recent
years, it became widely accepted that the microtubule-bound MAP7/ensconsin is a positive
regulator of kinesin-1 (Barlan et al., 2013; Metivier et al., 2019; Monroy et al., 2018; Sung et
al., 2008; Tymanskyj et al., 2018), although the mechanistic details were not extensively
investigated. In Chapter 2, we sought to find molecular understanding of this mechanism
and discovered that kinesin-1 motility relies on a combination of microtubule recruitment
and allosteric activation by MAP7 proteins. Although activation by MAP7 can be mediated
without microtubule-binding, its tethering to microtubules makes the process much more
efficient. These in vitro data were also supported by in vivo experiments in Drosophila where
the kinesin-binding domain of ensconsin was sufficient to rescue the effect of ensconsin de-
pletion in several kinesin-1-dependent processes (Metivier et al., 2019). Combined with our
data, we therefore proposed that MAP7 proteins are microtubule-bound activation mod-
ules of kinesin-1, with which the kinesin transiently interacts as it walks over a microtubule.
Most studies involving kinesin-1 activation by MAP7 did not take into account the
role and alternative function of the other mammalian MAP7 family members: MAP7Ds,
MAP7D2 and MAP7D3. In Chapter 2, we investigated all four family members and found
redundancy among these MAPs in activating kinesin-1 in cells. In other words, removal
of all expressed MAP7 family members (MAP7, MAP7D1 and MAP7D3) was needed to af-
fect kinesin-1 activity. Despite the functional similarity between MAP7 proteins, we also
found differences between these MAPs when we studied MAP7 and MAP7D3 using cellular,
biochemical and in vitro reconstitution assays. MAP7 binds tightly to microtubules and
remains immobile on the microtubule lattice for several minutes (Monroy et al., 2018); yet,
MAP7 only displays a low affinity for kinesin-1. In contrast, MAP7D3 readily diffuses along
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microtubules, but shows a stronger binding to kinesin-1. Because of this combination of
affinities, MAP7D3 can be co-transported together with the kinesin. MAP7D3-bound kine-
sin-1 motors also have a reduced velocity because the MAP exerts some drag on the micro-
tubule. Although we were able to show this phenomenon using an optogenetic technique to
rapidly release a bulk of kinesin-1 motors, we deem it unlikely that MAP co-transport with
the kinesin plays a major role in cells: in control conditions we did not observe MAP7D3
accumulation in the vicinity of microtubule plus ends. However, these results imply that
MAP7 family proteins consists of microtubule- and kinesin-binding modules with different
affinities. Combining these modules affects the dynamic process of kinesin-1 activation and
determines whether the MAP binds MTs rigidly or is able to move together with the kinesin
over short distances. The affinity of MAP7D1 and MAP7D2 for microtubules and kinesin-1
was not analyzed in detail, but such analysis may aid in understanding the possible diver-
sification between these MAPs in their kinesin-activating role. Knowing the microtubule-
and kinesin-binding affinities of all these MAPs would offer the opportunity to perform
modelling studies on the dynamics of kinesin-1 activation by the different members of the
MAP7 protein family. This is of interest because different MAP combinations and expres-
sion levels can be employed by the cell to finetune kinesin-1 activity. In addition, analyzing
tissue-specific expression levels of MAP7 proteins might be predictive of how kinesin-1 is
regulated and distributed in a cell-type specific manner.

We found that the kinesin-binding domain of MAP7 proteins is sufficient to acti-
vate kinesin-1 in an allosteric manner. This discovery raises the question of how such bind-
ing to the kinesin stalk domain promotes activity of the motor. The most intuitive answer
would be that it involves the release of kinesin-1 auto-inhibition. Although this mechanism
may be involved when we look at activation of the full-length motor (Blasius et al., 2007;
Cai et al., 2007; Verhey and Hammond, 2009), the allosteric effect is still strongly observed
when the kinesin is truncated and lacks its auto-inhibitory tail domain. Although experi-
mental evidence is lacking, it might be possible that the kinesin stalk, to which MAP7 binds,
possesses a binding site for the kinesin motor domain. If so, the kinesin would have to adopt
a folded structure that enables the kinesin stalk to interact with the motor domains. It is
questionable whether such interaction precludes the known auto-inhibitory fold between
the kinesin tail and motor domain. Pull down assays with kinesin motor domain, stalk and
tail deletion constructs could be used to test this idea. In addition, it would be interesting
to perform single particle electron microscopy experiments to reveal the different 3D con-
formations that kinesin-1 may adopt natively and in the presence of the light chains and/or
MAP7. A second and more likely explanation for the allosteric MAP7 effect is that binding
to kinesin-1 induces a conformational change in the stalk itself or in the positioning of the
stalk in relation to the motor domains that would positively affect the engagement of the
kinesin with microtubules. Such a conformational change could be initiated in the stalk
region and could encompass rotation and/or separation of the two stalk coils upon MAP7
binding. This rearrangement would then need to be transferred to a conformational change
of the motor domain, neck linkers and/or coils to promote more efficient landing and in-
creased processivity of the kinesin. It is therefore be interesting to test whether substituting
these downstream kinesin structural elements with alternative coiled-coil domains, neck
linkers or a motor domain from a different kinesin family would abolish allosteric activation
by MAP7. Ultimately, such experiments would need to be supported by structural data to
determine the structural changes that MAP7 proteins induce when they bind to the kinesin
stalk.

Kinesin-1 motors are dimers, and it is therefore important to consider the stoichi-
ometry of an allosteric activation module at the stalk. Our data in Chapter 2 suggested that
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Figure 1 - MAP7 proteins are monomers at low concentration

(A) Histograms of peak-fitted fluorescence intensities of single GFP (green dots) and GFP-MAP7 molecules
(purple dots) immobilized on coverslips in two separate chambers on the same coverslip and the correspond-
ing lognormal fits (green and purple lines). Imaging conditions were identical for both conditions. n = 1042
(GFP) and n = 1002 (GFP-MAP7) molecules. Fold change of mean fluorescence intensity relative to mono-
meric GFP is indicated on top of the fits. (B) Movie stills and kymograph of single molecules of GFP-MAP7
on dynamic rhodamine-labeled microtubules in vitro. Acquisition was performed at high laser power to
induce photobleaching of GFP. Single molecules of MAP7 used for quantification in Figure 1C are indicated
with numbers. (C) Photobleaching time traces of individual GFP-MAP7 molecules. Bleaching molecules
correspond to those indicated in Figure 1B.

the kinesin stalk can bind two MAP7 molecules at the same time. The logical consequence
of this observation is to assume that MAP7 proteins are dimers as well. We tested this hy-
pothesis by comparing fluorescence intensity of single GFP-MAP7 molecules to that of sin-
gle GFP molecules. This technique was also used in Chapter 2, 6 and 7. Surprisingly, we
found that GFP-MAP7 signals were as bright as that of monomeric GFP (Figure 1A). We next
tested whether microtubule binding would force GFP-MAP7 to form dimers. We counted
the number of bleaching steps of microtubule-bound GFP-MAP7 at high laser power and
found that these molecules displayed one-step photobleaching, showing that these were
behaving as monomers (Figure 1B, C). These experiments were performed at single mole-
cule protein concentrations and it is therefore still possible that MAP7 can form weak di-
mers when they populate the microtubule lattice more densely. Nevertheless, these experi-
mental data currently suggest that MAP7 monomers allosterically activate kinesin-1 dimers
by binding to a single alpha helix of the kinesin stalk. It is therefore an interesting question
how asymmetric binding of MAP7 would induce a downstream conformational change in
the kinesin. Is one MAP7 molecule sufficient to alter the structure of the kinesin dimer or
do two MAP7 monomers need to bind? Or is asymmetric binding of MAP7 actually involved
in the first kinesin step by only changing the conformation of the leading motor domain?
Such questions could be addressed in the future with structural biology techniques. The bi-
ochemical and in vitro reconstitution techniques described in this thesis could be employed
to study domain swaps of kinesin-1 to understand the allosteric activation mechanism.

MAP7; behavior on the microtubule lattice

Until now, there is no comprehensive structural data available regarding any MAP7 proteins
and their binding site on microtubules. It has been established that MAP7 binds micro-
tubules tightly (Monroy et al., 2018)(Chapterz) and that MAP7 is capable of displacing
tau from microtubules through competitive binding (Monroy et al., 2018). Interestingly,
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tau is a potent inhibitor of kinesin-1 because it competes with its motor domain’s binding
site (Ebneth et al., 1998; Hagiwara et al., 1994; Shigematsu et al., 2018). These data suggest
that the MAP7 binding interface must overlap with that of tau. Furthermore, kinesin-3
motors are inhibited by tau and MAP7 (Monroy et al., 2018; Monroy et al., 2020). A mutat-
ed kinesin-1 motor domain containing the kinesin-3-specific K-loop also made this motor
sensitive to MAP7 inhibition, showing that positioning of the kinesin-3 motor domain is
blocked by MAP7 through this specific K-loop. Tau binds longitudinally along the crest of
a microtubule protofilament (Kellogg et al., 2018), partially overlapping with the kinesin-1
binding site at the crest. To displace tau, MAP7 may bind at a similar longitudinal interface,
but presumably deeper in the protofilament valley to not compete with the kinesin-1 motor
domain. How the positively charged K-loop of kinesin-3 is blocked by MAP?7 is not clear.
The microtubule binding domain of MAP7 contains many charged amino acid residues
which may repel the positive lysine charges of the kinesin-3 K-loop. Future efforts using
Cryo-electron microscopy (Cryo-EM) combined with solid-state NMR and other structural
and biophysical approaches will be needed to map out the binding of MAP7 proteins and
understand their (non-)competitive behavior with motors and other MAPs.

Some first steps in getting structural understanding of MAP7 binding to microtu-
bules was provided in Chapter 5. Here, we developed an efficient protocol to produce iso-
tope-labeled tubulin from HeLa cells that can be polymerized for solid-state NMR studies
on intact microtubules. The microtubule binding domain of MAP7 was used since it would
strongly decorate the microtubule lattice. In these experiments, we observed that MAP7 ri-
gidifies the C-terminal tails of both o- and B-tubulin. In addition, NMR experiments on free
MAP7 indicated that its microtubule binding domain likely adopts an a-helical conforma-
tion, which fits with structure predictions (Masson and Kreis, 1993). Although tubulin tails
exhibited less dynamic behavior in the presence of MAP7, it was not clear whether these
tails are essential for binding of MAP7 to the microtubule lattice. To test this, we generated
GMPCPP-stabilized microtubule seeds that were either untreated (control) or treated with
subtilisin to remove all tubulin tails. The efficiency of this treatment was analyzed using
Western blotting and SDS PAGE (Figure 2A). In addition, we visualized subtilisin-treated
seeds by adding a low percentage of Alexa488-labeled tubulin; control seeds were visual-
ized by immunofluorescence staining with an antibody specific for the EEY-motif present
on the a-tubulin tail (Figure 2B, C). To assess binding preference to seeds with or without
tubulin tails, we added full-length mCherry-MAP7D3, purified from E. coli, to a mix of both
seed types (Figure 2D, E). Comparing mCherry fluorescence intensities on these seed types
showed that MAP7D3 exhibited no preference for binding to microtubules with or without
tubulin tails (Figure 2E, F). One can argue that this is because we used MAP7D3 instead of
MAP7; this may be true since MAP7 binds microtubules more tightly than MAP7D3 (Chap-
ter 2). Another issue could be that we used GMPCPP (Figure 2) instead of Taxol (Chapter
5) to stabilize microtubules and that this caused a different effect on MAP7 binding and/or
tubulin tails. Nevertheless, these data suggest that tubulin tails are not essential for MAP7
binding to microtubules. Instead, MAP7 affects the dynamics of the tubulin tails which ex-
change between bound and free states at a millisecond time scale (Chapter 5). In contrast,
the CKK domain of CAMSAP:2 interacts at much faster time scales (nano to microsecond
scale)(Chapter 5) and it was shown that removing tubulin tails affects CKK’s affinity for mi-
crotubules (Atherton et al., 2017a). Therefore, measuring tubulin tail dynamics upon MAP
binding is an interesting approach to study how MAPs interact with microtubules as many
structural biology techniques, such as Cryo-EM, do not provide the ability to look at flexible
protein regions such as tubulin tails.
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Figure 2 - MAP7 does not require tubulin tails for microtubule binding

(A) Analysis of control and subtilisin-treated GMPCPP-stabilized microtubule seeds. Molecular weight
shifts of «- and B-tubulin were visualized on a Coomassie-stained gel (top). To separate the similar sized
o from B-tubulin a modified resolving gel was prepared at pH 9.8 using low-grade Sodium dodecyl sulfate
(SDS). Western blot (bottom) shows the presence of a-tubulin tails using a monoclonal antibody specific
for the C-terminal EEY motif of the o-tubulin tail. (B) Cartoon showing experimental setup of Figure 2C
for a dual microtubule seed assays. Subtilisin-treated microtubule seeds are marked with a low percentage
of A488-labeled tubulin (green). Regular microtubule seeds are kept unlabeled (black) but can be stained
with an antibody specific for the C-terminal EEY motif of the a-tubulin C-terminus which recognizes tubulin
tails (magenta). (C) Images of GMPCPP microtubule seeds imaged on a TIRF microscope. Subtilisin-treated
microtubule seeds are visualized with a low percentage of A488-labeled tubulin. Untreated and unlabeled
microtubule seeds are visualized using an on-stage immunofluorescence assay. Using flushing of the imaging
chamber, the anchored seeds were treated with a primary antibody specific for the C-terminal EEY motif of
a-tubulin for 2 min, followed by a wash step and incubation with an A594-conjugated secondary antibody for
2 min. (D) Cartoon showing experimental setup of Figure 2E for a dual microtubule seed assay. A488-labeled
subtilisin-treated microtubule seeds (green) and unlabeled microtubule seeds (black) were incubated with
bacterial purified mCherry-MAP7D3 and imaged on a TIRF microscope. (E) Images of GMPCPP microtu-
bule seeds and mCherry-MAP7D3 imaged on a TIRF microscope. Left image shows A488-labeled subtili-
sin-treated microtubule seeds. Right image shows mCherry-MAP7D3 on untreated (magenta arrows) and
subtilisin-treated microtubule seeds (green arrows). (F) Quantification of mCherry-MAP7D3 fluorescence
intensity on two types of microtubule seeds corresponding to Figure 2E. n = 39 and 34 microtubule seeds. ns
= not significant, (t test).

Altogether, the solid-state NMR approach described in this thesis has increased
the toolbox for structural biologists to study the relationship and dynamics between micro-
tubules and MAPs. Further NMR studies may involve isotope labeling of MAPs and kine-
sins, or even combined labelling of both the microtubule and cytoskeletal factor of interest.
Such experiments may be especially interesting for MAP domains that exhibit unstructured
regions or linkers that are impossible to crystallize or to be studied by electron microscopy.
Here, MAP7 is an interesting candidate since we have shown that its unstructured regions
possess microtubule affinity as well (Chapter 2). Mapping their interactions to the micro-
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tubule lattice and investigating whether and how phosphorylation might reduce binding
may be an exciting new line of research to follow.

How MAP7; proteins may contribute to kinesin-1 selectivity

It has been well established that kinesin-1 has a preference for a subset of stable, long-
lived microtubules. These tracks are often associated with post-translational modifications
(PTMs) of microtubules, such as acetylation and detyrosination (Dunn et al., 2008; Reed
et al., 2006). However, in vitro studies have shown that these PTMs alone do not solely
explain kinesin-1 lattice preference (Kaul et al., 2014; Walter et al., 2012). In Chapter 3, we
showed that the kinesin-1 KIF5B and the kinesin-3 KIF13B cooperate to transport exocytotic
vesicles to the cell periphery. Their tasks are well separated because KIF5B is most active on
perinuclear, long-lived microtubules and KIF13B takes the last steps towards the plus end
along freshly polymerized microtubule lattices. MAP7 has a slow on-rate (Tymanskyj et al.,
2018)(Chapter 2) and mainly populates perinuclear microtubules where KIF5B is most ac-
tive. Removal of MAP7 and its homologs diminished KIF5B activity, and this suggests that
crosstalk between this kinesin and MAPs might contribute to kinesin-1 selectivity. A novel
view is that kinesin-1 stepping modifies the microtubule via longitudinal lattice expansion
to create memory and promote binding of subsequent motors (Peet et al., 2018; Shima et
al., 2018). Such a mechanism may generate a positive feedback loop that, in the absence of
additional factors, can determine which microtubule will be favored by kinesin-1. The addi-
tion of a kinesin-1-activating factor, such as a MAP7 protein, can promote the generation of
these preferred tracks if MAP7s show selectivity as well. Whether MAP7 proteins show se-
lective binding to subsets of microtubules was not extensively studied in this thesis (Chap-
ter 2 and 3). This was mainly due to the moderate quality of the antibodies used to detect
endogenous proteins and the well-described effect that overexpression of a MAP results
in whole-lattice decoration and microtubule bundling artefacts. Ultimately, endogenous
tagging of each individual MAP7 family member may be an effective approach to determine
their binding dynamics and preference for specific microtubule subsets.

One interesting hypothesis that has not been addressed before is whether the mi-
crotubule binding domain of MAP7 by itself, independent of kinesin-1 recruitment, can
modify the microtubule lattice to promote kinesin-1 landing. In Chapter 2, we performed
rescue experiments with the microtubule binding domain of all MAP7 proteins, but found
that this was insufficient to rescue kinesin-1 activity in MAP7-depleted cells. These results
suggest, that microtubule binding of MAP7 proteins does not play a major role in promot-
ing kinesin-1 activity. Yet, it is not an improbable idea that an abundant MAP like MAP7
and its homologues could alter the physical properties of a microtubule, for example, via
lattice expansion, that would favor kinesin-1 binding to some extent. This idea could be
best tested with a minimal set of components using in vitro reconstitution assays. Such
experiments should involve measuring microtubule lattice expansion when MAP7 is added
to the system and measuring the additive effect on kinesin-1 motility in the presence of the
microtubule-binding component of MAP7. For the latter, it is important to realize that the
unstructured regions of MAP7 possess additional microtubule binding properties, which
likely contribute to the tight association of these MAPs to microtubules (Tymanskyj et al.,
2018)(Chapter 2). Whether the initial binding of MAP7 would also show selectivity or un-
dergo a positive feedback process of promoting its own binding would need to be addressed
experimentally.

Role of MAP7 proteins in microtubule organization
In Chapter 2, we briefly examined the effect of MAP7 depletion on microtubule density and

227




Chapter 8

growth rates in HeLa cells and found that these parameters were not affected. However, we
did notice that the overall microtubule network appeared to be altered (Chapter 2, figure
S1A). Whereas in control cells microtubules were strongly enriched in the perinuclear re-
gion, cells depleted of all MAP7 proteins lost this density and microtubules seemed to be
more evenly distributed throughout the cell. It is important to note that the centrosome in
HelLa cells is not a dominant factor in organizing microtubules (Jeffery et al., 2013; Lans-
bergen et al., 2006), but that this role is mainly fulfilled by the Golgi apparatus (Yang et
al., 2017). At this organelle, CAMSAP2 decorates and stabilizes microtubule minus ends
and these “caps” can be anchored at the Golgi through a protein complex of AKAP450 and
myomegalin (Wu et al., 2016). We thus hypothesized that in the absence of MAP7 pro-
teins this organization of non-centrosomal microtubules may be perturbed. To test this,
we stained control and MAP7/MAP7D1/MAP7D3-depleted HeLa cells for CAMSAP2 and
the Golgi marker GM130 and found that the Golgi-associated pool of CAMSAP2-decorated
minus ends was diminished in cells lacking MAP7 proteins (Figure 3). CAMSAP2-stabi-
lized microtubule minus ends did not disappear, but rather detached from the Golgi and
were more randomly distributed in the cytoplasm. Interestingly, this phenotype was also
observed when HelLa cells depleted of KIF5B, the only kinesin-1 isoform expressed in these
cells (Figure 3).

On the one hand, this suggests that minus-end attachment to the Golgi is depend-
ent on kinesin-1 activity. On the other hand, these data do not rule out that a stable complex
of MAP7 with kinesin-1 is required to anchor these minus ends. One could think of several
models on how this could work. First, kinesin-1 may be important for delivering Golgi-at-
tached factors that are important for anchoring CAMSAP2-decorated minus ends. Howev-
er, to our knowledge, none of these proteins have been shown to be a cargo of kinesin-1 and
the microtubules are not in the correct orientation for kinesin-1 to reach the Golgi. Second,
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Figure 3 - CAMSAP2-decorated minus-ends detach from the Golgi in cells depleted of kinesin-1 or
MAP7 proteins.

Immunofluorescence images of indicated HeLa cells stained for GM130 (cis-Golgi marker) and CAMSAP2.
Areas used for zooms are indicated in the merged images (orange). The location of an 8 pm wide line scan
(white dashed lines) is indicated in the zoom image. Lines scans on the right show normalized fluorescence
intensity of GM130 and CAMSAP:2 per condition.
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kinesin-1 may be involved in microtubule sliding to deliver microtubule minus-ends to the
Golgi. This sliding phenomenon may depend on the kinesin’s microtubule-binding tail do-
main or on binding to MAP7 proteins bound to cargo microtubules. Third, MAP7 proteins
may be required at the Golgi to anchor microtubules in a similar way as lattice-bound EB1/
EB3 and CLASPs (Yang et al., 2017). Yet, this model does not explain the requirement of
kinesin-1. Fourth, the latter mechanism might also involve kinesin-1 bound in a stable com-
plex with MAP7 protein at the Golgi to support the anchorage of minus-ends.

To some extent, our data may provide some preliminary support for the fourth
model. In Chapter 4, we sought to find additional binding partners of the MAP7 protein
family and found some interaction candidates involved in microtubule anchoring and nu-
cleation. MAP7D1 and MAP7D3, but not MAP7, showed binding to AKAP4s50. In addition,
pull-downs of MAP7D1 and MAP7D3 contained some peptides that corresponded to CD-
K5RAP2, a protein shown to be involved in microtubule nucleation at both centrosomes
and Golgi. Also, the pericentriolar material protein pericentrin was found to bind to these
two MAPs, suggesting a role at the centrosome. Thus, perhaps in HeLa cells, a population
of MAP7D1and MAP7D3 might be involved in the organization of microtubules through an
association with microtubule-nucleating scaffolds.

To check the involvement of kinesin-1, we designed deletion constructs contain-
ing the MAP7-binding stalk, C-terminal microtubule binding tail or a combination of both
domains and overexpressed these in KIF5B-KO HelLa cells to analyze their localization (Fig-
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Figure 4 - A motorless kinesin-1 truncation is a MAP associating with CAMSAP2-decorated micro-
tubule regions.

(A) KIF5B deletion constructs used in this figure. Indicated are the motor domain (blue), MAP7-binding re-
gion at the kinesin stalk (magenta) and tail domain (orange), which is involved in cargo binding but also con-
tains a microtubule-binding region. (B) Immunofluorescence images of KIF5B KO HeLa cells overexpressing
the indicated KIF5B deletion constructs. Cells were stained using antibodies against GM130 (cis-Golgi mark-
er) and CAMSAPz2. Zoomed areas (orange) are indicated in the merged image.
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ure 4A). Instead of association with microtubules via MAP7 proteins, the MAP7-binding
domain of KIF5B was present diffusely in the cytoplasm. The kinesin-1 tail did not show
microtubule labelling either, but formed punctuated clusters displaying some overlap with
the Golgi apparatus. We only observed microtubule binding when the MAP7-binding do-
main was combined with the kinesin tail (Figure 4B). Surprisingly, this construct showed a
preference for CAMSAP2-decorated minus ends, although CAMSAP2-bound microtubule
stretches seemed to be increased in length by binding of this construct. Nevertheless, none
of these KIF5B deletion constructs was capable of rescuing the minus end detachment phe-
notype caused by kinesin-1 depletion. These data might suggest that MAP7 family proteins
cooperate with kinesin-1 to anchor CAMSAP2-stabilized minus ends at the Golgi. Future
experiments should further involve the use of KIF5B rescue constructs which allow dis-
secting the minimal components and molecular activities involved in this process. Recent
advances in optogenetic and drug-inducible kinesin tools greatly improved our toolbox to
study transport and microtubule organization in cells. It would be interesting to assess the
involvement of MAP7 binding domain and the microtubule binding kinesin tail by mutat-
ing these domains of kinesin-1. To elucidate whether a Golgi-associated pool of MAP7 pro-
teins or kinesin-1 exists and contributes to microtubule organization, it would be beneficial
to perform endogenous tagging of these proteins with fluorescent markers.

Alternative roles of MAP7; family proteins

So far, most work on MAP7 family proteins has been focused on their common and con-
served properties: microtubule association and activation of kinesin-1. However, the do-
mains involved in these two functions comprise less than half of the amino acid sequence of
each MAP. The remaining regions are predicted to be unstructured and there is little homol-
ogy between family members. Consequently, different family members may have distinct
binding partners and have various alternative roles in the cell that are kinesin independent.

In Chapter 4, we performed a pull down assay combined with mass spectrome-
try analysis to identify novel binding partners of each MAP7 family member. Next to the
kinesin-1 binding shared by all MAP7 family members, this mass spectrometry screen also
revealed KIDINS220 (Kinase D-interacting substrate of 220 kDa, also known as ARMS) and
CKAP4 (Cytoskeleton-associated protein 4, also known as CLIMP-63) to interact with all
four MAP7 proteins. KIDINS220 is a transmembrane scaffold protein found in various tis-
sue types, but predominantly in neurons (Iglesias et al., 2000). Its function is not well un-
derstood, but connections to the microtubule cytoskeleton have been described through
binding to kinesin-1 and several MAPs, like MAP1b and 1b, MAP2 and two stathmin family
members (Bracale et al., 2007; Higuero et al., 2010). MAP7 proteins may provide additional
attachments for KIDINS220 to the microtubule network. A similar mechanism may also ap-
ply for CKAP4. This transmembrane protein is mostly found in the endoplasmic reticulum
and can directly bind microtubules depending on its phosphorylation status (Klopfenstein
et al., 1998; Sandoz and van der Goot, 2015; Vedrenne et al., 2005).

Furthermore, CEP55, a mitotic protein that is essential for successful completion
of cytokinesis (Fabbro et al., 2005; Martinez-Garay et al., 2006; Zhao et al., 2006), was found
as one of the top hits for both MAP7D1 and MAP7Dz2. Although a role for MAP7 proteins
during cytokinesis has not been described, it cannot be ruled out that a cytokinetic function
of one or more MAP7 proteins contributes to our failure to generate triple MAP7 knockout
cell lines, as discussed Chapter 2. In general, what the mitotic contribution of MAP7 family
proteins is and whether these MAPs act redundantly is an interesting direction for future
work.

The most prominent protein identified in the mass spectrometry experiment was
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clathrin, which was only found in the pull down with the brain expressed MAP7D2. We
validated this interaction and found that MAP7D2 contains a conserved clathrin box motif
that is able to recruit clathrin to microtubules. We hypothesized that this recruitment is re-
quired for the entry and transport of clathrin into axons and that this process might depend
on kinesin-1. More experiments involving neuronal cell cultures are required to prove this
idea. To mechanistically dissect the process, future work may include in vitro reconstitution
experiments with dynamic microtubules, purified MAP7D2, clathrin and kinesin. Such an
approach could enable us, by using minimal components, to determine what is normally
happening in the dense and crowded environment of the axon. Since tagging the clathrin
heavy chain is likely affecting its functionality, this is not common practice in the field.
Therefore, we initiated the development of an alternative purification strategy to obtain flu-
orescently tagged clathrin triskelia. In Chapter 4, we generated a polyclonal cell line where
the clathrin light chain subunit was endogenously tagged with a GFP-coupled Streptag, and
these cells could be used in future to efficiently purify GFP-tagged clathrin. With these in
vitro experiments, we might be able to address the question whether MAP7Dz2 can indeed
recruit clathrin to microtubules in vitro. Next, it would be interesting to investigate whether
the direct interaction between kinesin-1 and clathrin is sufficient for kinesin-based trans-
port of triskelia. MAP7Dz2 could act as a loading factor for clathrin-kinesin-1 complexes as it
can concentrate clathrin on microtubules. From here, MAP7D2 could transfer clathrin onto
moving kinesin-1 motors to drive its directed transport further down the axon. Interestingly,
apart from clathrin, our mass spectrometry experiments also identified several neurofila-
ment polypeptides as interaction candidates of MAP7D2. It is known that neurofilaments
can interact and be transported by kinesin-1 (Uchida et al., 2009; Wang and Brown, 2010;
Xia et al., 2003). Therefore, MAP7D2 might also be involved in axonal transport of neurofil-
aments, perhaps in similar ways as we have mechanistically proposed for clathrin. Alterna-
tively, neurofilaments may also interact with MAP7Dz2 to form an axonal scaffold that could
play a role in organizing stable microtubule arrays.

Dissecting MKLPz activity and regulation

The in vitro reconstitution techniques applied in Chapter 2 to study the relationship be-
tween kinesin-1 and MAP7 proteins were used in this thesis to study the mitotic kinesin-6
MKLP-2. It is well established that MKLPz is required for the translocation of the Chromo-
somal Passenger Complexes (CPC) from chromatin and centromeres to the spindle midzone
and equatorial cortex during the transition from metaphase to anaphase (Kitagawa and Lee,
2015). Yet, the mechanism was debated and it was also unclear whether MKLP2 motors
were actually motile (Atherton et al., 2017b). In Chapter 6, we demonstrated that purified
MKLP2 is a slow, but motile kinesin when added to in vitro polymerized microtubules.
Interestingly, addition of purified CPC enhances MKLP2 processivity at the expense of its
velocity. We reasoned that the latter is due to drag exerted by CPC due to its microtubule
affinity. This phenomenon was also observed in Chapter 2 where we measured reduced
kinesin-1 velocities when the motor was bound to the MAP7D3 C-terminus, a domain that
also possesses some weak microtubule affinity (Yadav et al., 2014). We assume that these ve-
locity reductions caused by drag may be observed for many other kinesin-related processes
when a cargo or co-factor displays some weak affinity for the microtubule track.

In cells, we showed that MKLP2 and CPC display directional motility towards the
spindle midzone and equatorial cortex. CPC localization at these sites required MKLP2
motor activity because mutating the motor domain or applying an MLKP2-specific drug
reduced CPC translocation towards these sites. Although we demonstrated the transport-
ing role of MKLP2 both in vitro as in cells, we do not yet understand how this process is
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Figure 5 - The MKLP2 C-terminus is important to initiate processive movement

(A) Overview of full-length (FL) MKLP2 and a deletion mutant lacking the C-terminus (AC). Protein do-
mains, corresponding amino acid positions and CPC-binding site (red) are indicated. (B) Purified MKLP2(-
FL)-GFP and MKLP2(AC)-GFP proteins analyzed by SDS-PAGE. (C) Kymographs of MKLP2(FL)-GFP and
MKLP2(AC)-GFP proteins on dynamic microtubules. (D) Histograms of run lengths of indicated MKLP2-
GFP kinesins. Complete tracks: both landing and dissociation of the motor was observed. Incomplete tracks:
tracks that exceeded the 9o s acquisition time or partially took place outside the acquisition area. Average run
length with corresponding standard deviation of complete tracks is indicated. n = 1070 kinesins (FL) and 617
kinesins (AC) from three independent experiments. (E) Quantification of MKLP2-GFP landing frequencies
per microtubule and corrected for microtubule length, time of acquisition, and kinesin concentration. n =
28 and 32 microtubules from three independent experiments. (F-G) Gaussian fits of MKLP2-GFP velocities
(G) derived from velocity histograms (F). Average velocity with the corresponding standard deviation is indi-
cated at each histograms. n = 1070 kinesins (FL) and 617 kinesins (AC) from three independent experiments

regulated. CPC and MKLP2 both undergo phosphorylation by Cdki that promotes histone
binding of CPC and prevents MKLP2 from binding to microtubules and targeting to chro-
mosomes before anaphase (Kitagawa and Lee, 2015). Dephosphorylation of CPC promotes
the release from chromosomes (van der Horst and Lens, 2014); MKLP2 dephosphorylation
promotes CPC- and microtubule binding. A recent study showed that the C-terminal do-
main of MKLPz serves as a microtubule binding domain but is also capable of binding the
motor domain when it is in an unphosphorylated state (Kitagawa 2014). The latter provides
a mechanism where CPC binding to the MKLPz2 stalk may release a presumed auto-inhibit-
ed state of the kinesin. Such a mechanism, where the kinesin can only move long distances
when it is cargo-bound, may explain how the CPC translocation can be timed and orches-
trated. Indeed, the presence of CPC increases MKLP2 ATPase activity (Serena et al., 2020)
and makes MKLP2 movement on microtubules hyper-processive (Chapter 6). We attempt-
ed to understand the role of the MKLP2 C-terminus by comparing the in vitro motility of
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full-length MKLP2-GFP with the AC mutant (Figure 5A, B). On the one hand, MKLP2-AC
may exhibit impaired motility because it lacks an additional microtubule binding domain
that might be required for landing on the microtubule lattice. On the other hand, MKLP2-
AC may also lack auto-inhibition as the C-terminus that can bind and perhaps block the
motor domain is absent. In our experiment, MKLP2-FL displayed more frequent landing on
microtubules and had a slightly longer run length (Figure 5C-E); yet, the velocities of these
motors were identical (Figure sF, G). The most striking observation was that MKLP2-AC
exhibited a high degree of short (< 1s) engagements with microtubules that did not result
in processive movement (Figure 5E). We reasoned that the C-terminal microtubule-binding
domain of MKLP2 promotes the transitioning of the motor to a motile state after landing
on a microtubule. One problem with these experiments is that we lacked proper control of
the phosphorylation status of these MKLP2 motors. Therefore, it is not clear whether they
still exhibit the described intra-molecular association between motor and tail domains and
to what extend phosphorylated residues were inhibiting microtubule binding. It is interest-
ing to further explore MKLP2 auto-inhibition and its potential release by CPC in vitro by
comparing phosphorylated and unphosphorylated MKLP2 motors. Alternatively, deletion
mutants such as MKLP2-AC and a phophomimetic or phosphomutant MKLP2 may be used
as a complementary strategy to understand the regulatory interplay between cargo binding,
phosphorylation and auto-inhibition to temporally regulate MKLP2 activity during mitosis.
Our work also raises questions on how the other two kinesin-6 motors (MKLP1/KIF23 and
MPP-1/KIF20B) behave on microtubules and how similar they are to MKLP2 in terms of
their motility.

Shaping microtubule networks in immune cells by a single kinesin

In Chapter 7, we focused on T cells and the microtubule growth regulator KIF21B, a mem-
ber of the kinesin-4 family. Kinesin-4 motors are well-known regulators of microtubule
dynamics in various processes and cell types. KIF4 is involved in the regulation of the spin-
dle midzone and controls the length of PRCi-stabilized anti-parallel microtubule overlaps
(Bieling et al., 2010; Hannabuss et al., 2019; Kurasawa et al., 2004). The paralogue pair KIF;
and KIF27 are (near-)static motors (Yue et al., 2018), and KIF7 motors were shown to local-
ize at cilia tips where they are involved in the control of axoneme length (He et al., 2014).
KIF21A, which shows high homology with KIF21B, localizes with KANK proteins at cortical
microtubule stabilizing complexes (CMSC), where it limits microtubule growth (Noordstra
and Akhmanova, 2017; van der Vaart et al., 2013). In neurons, KIF21A controls microtubule
dynamics at the axon growth cone, a process important for proper axon guidance (Cheng
et al., 2014). KIF21B was described to have various functions in neurons as well, including
a role in transporting several neuronal receptors (Ghiretti et al., 2016; Gromova et al., 2018;
Labonte et al., 2014). However, there has not been a unified view on how KIF21B may regu-
late microtubule dynamics (Muhia et al., 2016; van Riel et al., 2017). Previous in vitro work
has indicated that KIF21B can walk towards the plus end, where it could pause microtubule
growth. When the number of KIF21B molecules was high, prolonged pauses ensued, but
when only one or two KIF21B motors were present at the tip, microtubule pausing ultimately
resulted in a catastrophe event, indicating that a few KIF21B molecules can restrict micro-
tubule growth (van Riel et al., 2017). Since KIF21B is mainly expressed in the brain and the
immune system (Marszalek et al., 1999), we decided to investigate its role in Jurkat T cells.
We found that KIF21B can indeed induce microtubule plus-end pausing in cells. Yet, since
the expression of KIF21B is not high in these cells, the net result of its activity is to induce
catastrophes and thus restrict microtubule growth in these cells. This regulation is impor-
tant in T cells, as overly long microtubules impaired the polarization of the centrosome and
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the whole microtubule network when T cells were activated.

Centrosome polarization in T cells is rapid, and we only studied the mechanistic
aspect of the process in the first few minutes after T-cell activation. Other immune cells
such as Natural Killer cells, B cells and Dendritic cells also form immunological synapses,
but these structures are less well studied compared to those of T cells. Whether KIF21B also
plays a role in regulating microtubule growth in other immune cell types is not clear. In im-
mune cells, microtubules and their organizing centers also play a role during cell migration.
For example, dendritic cells use amoeboid migration mode to navigate through complex 3D
surroundings (Renkawitz et al., 2019). Several cell protrusions scan the environment for a
migratory path. Protrusions leading to a “dead end” need to be retracted by the cell, which
was recently shown to involve microtubule depolymerization at these protrusions (Kopf et
al., 2020). No microtubule plus-end regulators were identified in this study; whether KIF21B
might be involved in controlling microtubule growth in these dendritic cell protrusions in a
spatially-regulated manner is an interesting question for future studies.

Although several genetics studies have pointed towards a role of the KIF21B gene in
autoimmune-related syndromes (Goris et al., 2010; International Multiple Sclerosis Genet-
ics, 2010; Liu et al., 2013; Yang et al., 2015), it is not clear what the long-term consequences
are for T cells that have reduced polarization efficiencies. Earlier studies have shown that
a Kif21b knockout mouse is viable and that these animals only showed impaired learning
capabilities and reduced social behavior, which all point towards a role in neurons (Mori-
kawa et al., 2018; Muhia et al., 2016). The simplest explanation for why immune-related
KIF21B effects were not found is that these studies simply did not focus on immunological
phenotypes. Problems related to the immune system may only surface when these animals
are challenged, for example, with an infection, inflammation or during tumor development.
However, our data also indicated that a reasonable proportion of KIF21B knockout cells are
still capable of polarizing their centrosome, showing that it is highly unlikely that the ab-
sence of KIF21B would severely compromise the whole immune system. Experiments where
KIF21B-depleted primary T cells, from mice or human, are challenged in their immune re-
sponse may pave the way to understand why KIF21B is genetically linked to many autoim-
mune-related conditions. The use of primary T cells is also interesting from a technical
perspective: since these cells are much smaller than Jurkat T cells (Lasserre et al., 2010), they
are an exciting cell type to map and trace microtubules completely from nucleation sites to
plus ends. In addition, since these cells only have a sparse network and only anchor a few
microtubules at the centrosome, these cells are very well suited for super-resolution and
electron microscopy studies to investigate microtubule anchorage in detail (Bowler et al.,
2019; Yang et al., 2018).

Another aspect that was not addressed in Chapter 7 is whether KIF21B may be
involved in intracellular transport or signaling pathways. Although rescue experiments in-
volving a microtubule targeting drug demonstrated that such a secondary function does not
play a role in centrosome polarization, we cannot exclude that KIF21B does transport some
cargo in T cells. Furthermore, a complementary role of the related kinesin-4 motor KIF21A
has not been addressed in these cells. KIF21A is expressed in T cells and Natural Killer cells
(Protein Atlas) and may thus contribute to the regulation of microtubule dynamics. If it
does, this presumably happens at the cell cortex at the immunological synapse. Therefore,
it may be of interest to perform immunofluorescence experiments on KIF21A and its known
CMSC linking partners, such as KANK proteins, to analyze their localization in T cells. If
their expression would be confirmed, the next step would be to assess whether KIF21A de-
pletion affects centrosome polarization or alters the morphology of the microtubule net-
work. Interestingly, many KIF21B-paused microtubules remained undynamic even after the
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kinesin detached from the plus end. These events might involve KIF21A, as KIF21B-stabi-
lized microtubule ends may get captured by cortical KIF21A to ensure a prolonged pausing
event.

In T cells, KIF21B induces microtubule pausing followed by catastrophe, and such
events appear to often be triggered by a single KIF21B molecule (van Riel et al., 2017)(Chap-
ter 7). It was shown that several microtubule binding domains in this kinesin are involved in
the regulation of this activity of the motor, including a part of the stalk and the WD40-con-
taining KIF21B tail, which has a binding preference for GTP-type lattices (van Riel et al.,
2017). Microtubule pausing is an interesting type of an event as it requires both growth
perturbation and stabilization of the plus end. How KIF21B structurally alters the plus end
is not clear; it may involve blocking incoming tubulin dimers from binding to the tip of the
microtubule polymer. Previous work has shown that blocking of a single protofilament can
be sufficient to perturb microtubule polymerization (Doodhi et al., 2016). However, proto-
filament blocking cannot explain how a single kinesin can stabilize the plus end and keep
it in a paused state for several seconds, preventing it from switching to depolymerization.
Binding and stabilization of several protofilaments on one side of the tubule may be suffi-
cient to prevent catastrophe initiation (Sharma et al., 2016). It is possible the C-terminus
of KIF21B switches into a conformation where the WD40 domains, and perhaps parts of
the stalk are spatially separated to embrace multiple protofilaments of the microtubule.
The ability of KIF21B to pause microtubule plus ends might be dependent on protofilament
number. A 13-protofilament tubule might be easier to stabilize by a single motor than a 14-
or 15-protofilament tubule. Therefore, it would be interesting to further study KIF21B on
different microtubule substrates in vitro. Ultimately, single molecules of KIF21B on paused
microtubules ends would need to be studied by electron tomography to fully understand
how different microtubule-interacting domains of the kinesin can cap and stabilize a mi-
crotubule to maintain a paused state.

Concluding remarks

In this thesis, we have combined in vitro reconstitution experiments with biochemical
and cellular assays to increase our understanding of several kinesin motors, MAPs and the
relationship between these cytoskeletal factors. We showed how MAPs can regulate and
activate kinesin motors and what this means for the transport of exocytotic vesicles. In ad-
dition, we obtained novel insights in the function of a mitotic and a T-cell specific kinesin
and tried to link their behavior in cells to their activity observed in an in vitro reconstituted
environment. Collectively, these studies provide conceptual frameworks that may be used
in future studies of other cytoskeletal factors.
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Appendum - Summary

Summary

A network of microtubule filaments serves as a highway system in our cells. Motor proteins,
like kinesin and dynein use these microtubules as tracks to move along or exert dedicated
functions. While dynein is the major minus-end-directed motor, the kinesin superfamily is
more diverse and contains over 40 members. Although many kinesin families, such as ki-
nesin-1, -2 and -3, are well-known cargo transporters, many other kinesins have alternative
roles (Chapter 1). Some kinesin motors, such as members of the kinesin-4, -5, -6, -7, -8,
-10, -12 and -13 family, are important for proper cell division. Others, such as members of the
kinesin-4, -8 and -13 family, are specialized in regulating microtubule dynamics by inducing
microtubule depolymerization, inhibiting polymerization or stabilizing the microtubule
end. In addition, kinesin motors can be tissue-specific or function at specific cellular sites
such as cilia.

Kinesin-1 is one of the best-studied motors of the kinesin superfamily. In Chapter
2, we show that members of the MAP7 family of microtubule-associated proteins (MAP7,
MAP7D1, MAP7D2 and MAP7D3) act redundantly in activating kinesin-1. In cells, kinesin-1
is dependent on the presence of at least one of these family members. To study the underly-
ing mechanism, we made use of in vitro reconstitution assays where we grew microtubules
on glass and added purified fluorescently labeled proteins, such as a kinesin or MAP. Sub-
sequently, we used fluorescence microscopy to image these microtubules and molecules. In
vitro, MAP7 proteins promote kinesin-1landing on microtubules and increase its processiv-
ity. Inaddition, MAP7 proteins activate the motor through an allosteric effect. We show that
kinesin-1 motility is promoted through a continuous flow of weak transient interactions
with MAP7 bound along the microtubule.

In Chapter 3, we looked at microtubule-based transport of Rab6-marked exocy-
totic vesicles by the kinesin-1 KIF5B and kinesin-3 KIF13B motor. Although both kinesins
could be present on the same vesicle, during vesicle transport their tasks were clearly di-
vided. KIF5B is most active on perinuclear MAP7-decorated microtubules while KIF13B be-
comes important when a vesicle moves on the freshly polymerized microtubule segment.
We showed that KIF5B is less dominant on such microtubule segments because MAP7
binds to them slowly and is less abundant there.

The microtubule binding region and kinesin-1-binding region of MAP7 family
proteins show high sequence homology. However, the termini and the long linker region
between these domains show little conservation between family members. Therefore, we
sought to find new binding partners for all MAP7 family proteins in Chapter 4. We found
novel potential interaction partners of which some may bind uniquely to a single family
member, while others appeared to associate with multiple or even all MAP7 proteins. Spe-
cifically, we identified and validated clathrin as a unique binding partner of MAP7D2 and
showed that clathrin can be potently recruited to microtubules through a conserved clath-
rin-binding motif located at the C-terminus of MAP7D2. We propose that MAP7D2 might
play a role in transporting clathrin into axons in a microtubule-dependent manner.

To study the dynamic interactions between microtubules and microtubule-bind-
ing proteins such as kinesins and MAPs, we developed a protocol to produce isotope-labe-
led microtubules from mammalian cells to study such interactions using solid-state NMR
(Chapter 5). As an example, we looked at the dynamic interactions between tubulin tails
and MAPs such as MAP7 and the CKK domain of CAMSAP and found that these MAPs
differently affect the fast time-scale dynamics of these tubulin termini. NMR studies like
these can be employed in the future to study interaction dynamics between microtubules
and MAPs.
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Summary

Although kinesin motors are widely studied, the molecular activity of many motors is still
poorly understood. The mitotic kinesin-6 MKLP2 (KIF20A) is known to be required for the
relocation of the Chromosomal Passenger Complex from chromatin to the spindle midzone
during the transition from metaphase to anaphase. Whether this translocation depends on
motor activity of MKLP2 has long been debated. Here, we showed that MKLPz2 is a motile
kinesin, capable of transporting the Chromosomal Passenger Complex along microtubules
in vitro (Chapter 6). Cellular experiments revealed that MKLP2 motor activity is indeed
required for proper translocation of the complex during cell division. Combining cellular
experiments with in vitro reconstitution assays may be used to understand the other mitotic
motors whose molecular function are unclear.

In Chapter 7, we investigated the role of kinesin-4 KIF21B during immunological
synapse formation in T cells. When a T cell binds an antigen presenting cell, a synapse is
formed to which the centrosome and associated organelles are translocated. The KIF21B
gene has been associated with autoimmune-related conditions and we demonstrated that
KIF21B is indeed expressed in T cells. In these cells, KIF21B induces catastrophes and thus
limits microtubule length. This activity is crucial to shape the microtubule network to allow
centrosome polarization as overly long microtubules impair rapid remodeling of the net-
work.

In this thesis, we shed light on the function and regulation of several kinesin mo-
tors. Our insights and methods may support future research in the field of motors and
MAPs to understand how the microtubule network is exploited by these proteins to support
the molecular processes in our cells.
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Een netwerk van lange buisvormige filamenten, microtubuli, vormen een snelwegsysteem
in onze cellen. Motoreiwitten, zoals dyneine en kinesine gebruiken deze microtubuli als
paden om langs te bewegen of om een specifieke functie op uit te oefenen. In tegenstelling
tot de dyneine motor, is de kinesine superfamilie van motoreiwitten heel divers en bev-
at deze meer dan 4o verschillende kinesine eiwitten. Hoewel sommige kinesine families,
zoals kinesine-1, -2 en -3 bekend staan als de vrachtvervoerders in onze cellen, hebben veel
andere kinesines een alternatieve functie (Hoofdstuk 1). Sommige kinesine motoren, van
onder meer de kinesine-4, -5, -6, -7, -8, -10, -12 en -13 familie hebben een belangrijke rol ti-
jdens de celdeling. Andere motoreiwitten, waaronder leden van de kinesine-4, -5 en -13 fam-
ilie, zijn gespecialiseerd in het reguleren van de groeidynamica van microtubuli. Zo kunnen
deze motoren de depolymerisatie van microtubuli induceren, polymerisatie remmen of het
uiteinde van de microtubulus juist stabiliseren. Daarnaast zijn sommige kinesine motoren
weefselspecifiek of functioneren op specifieke celstructuren zoals cilia.

Kinesine-1 is één van de meest bestudeerde motoreiwitten in het de kinesine su-
perfamilie. In Hoofdstuk 2 laten we zien dat eiwitten van de MAP7 familie van microtubuli
geassocieerde eiwitten (MAP7, MAP7D1, MAP7D2 en MAP7D3) een overlappende functie
hebben in hetactiveren van kinesine-1. Voor kinesine-1activiteit in cellen is de aanwezigheid
van minimaal één van deze vier MAP7 eiwitten nodig. Om het onderliggende mechanisme
te begrijpen, hebben we gebruik gemaakt van in vitro reconstitutie experimenten, waar-
bij we microtubuli polymeriseren op glas en gepurificeerde fluorescent gelabelde eiwitten,
zoals kinesine of MAP7, toevoegen. Vervolgens maken we gebruiken van de fluorescentie
microscoop om processen op de microtubulus te bekijken en vast te leggen. In deze proeven
werd duidelijk dat MAP7 eiwitten de landing van kinesine-1 motoren op de microtubulus
bevorderen en dat de motor meer processief werd. Daarnaast activeren MAP7 eiwitten de
motor door een allosterisch effect. We laten zien dat de motiliteit van kinesine-1 bevorderd
wordt door een continue flux van korte en zwakke interacties met MAP7.

In Hoofdstuk 3 hebben we gekeken naar de transport van Rab6-geassocieerde
exocytotische vesikels door de kinesine-1 KIF5B en de kinesine-3 KIF13B motor. Hoewel
beide kinesines aanwezig kunnen zijn op hetzelfde vesikel, is er een duidelijke taakverde-
ling tussen de twee motoren. KIF5B is het meest actief op MAP7-gedecoreerde microtubuli
dicht bij de nucleus van de cel terwijl KIF13B pas in actie komt op nieuw gepolymeriseerde
segmenten van de microtubulus. We laten zien dat KIF5B minder dominant is op deze seg-
menten, omdat MAP7 hier slechts langzaam op accumuleert en daardoor in mindere mate
aanwezig is om KIF5B activiteit te stimuleren.

MAP?7 eiwitten vertonen veel homologie in de domeinen die aan microtubuli en ki-
nesine-1 binden. Dit in tegenstelling tot de termini en lange linker tussen deze twee domei-
nen; hier is de aminozuursequentie namelijk erg variabel tussen de verschillende MAP7
eiwitten. Om die reden zijn we in Hoofdstuk 4 op zoek gegaan naar nieuwe interactiepart-
ners voor alle MAP7 eiwitten. We hebben nieuwe potentiéle interactiepartners geidentifi-
ceerd, waarvan sommigen slechts aan één eiwit van de MAP7 familie binden, terwijl ander-
en bleken te binden aan meerderen of zelfs alle MAP7 eiwitten. Eén van de MAP7 eiwitten,
MAP7D2, leek specifiek aan clathrine te binden. We hebben deze interactie gevalideerd
en vonden dat MAP7D2 clathrine specifiek naar microtubuli toe brengt door een gecon-
serveerd aminozuurmotief in de C-terminus van MAP7Dz2. Onze hypothese is dat MAP7D2
mogelijk een rol speelt in axonaal transport van clathrin op een microtubuli afthankelijke
manier.

Om de dynamische interactie tussen microtubuli en microtubuli geassocieerde
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eiwitten (MAPs) te bestuderen hebben we een protocol ontwikkeld om isotoop-gelabel-
de microtubuli te produceren in zoogdiercellen. Deze techniek maakt het mogelijk om de
binding van MAPs aan microtubuli te kunnen bestuderen met solid-state NMR technieken
(Hoofdstuk 5). Als casestudy hebben we gekeken naar de dynamische interactie tussen
de C-terminale staarten van tubuline en MAPs zoals MAP7 of het CKK domein van het
CAMSAP eiwit. NMR metingen aan tubuline termini lieten zien dat deze MAPs een ver-
schillend effect hebben op de dynamiek van deze flexibele staarten. Hier laten we zien dat
NMR technieken zeer geschikt zijn om dynamische interacties te bestuderen tussen micro-
tubuli en daaraan gebonden eiwitten.

Hoewel kinesine eiwitten veel bestudeerd worden, is de moleculaire activiteit van
veel van deze motoreiwitten nog onduidelijk. Van de mitotische kinesine-6 MKLP2 (KI-
F20A) is bekend dat deze nodig is voor de verplaatsing van het Chromosomal Passenger
Complex van chromatine naar overlappende microtubuli in het midden van het spoelfiguur
tijdens de overgang van metafase naar anafase. Of motoractiviteit van MKLP2 nodig is voor
de translocatie van dit complex is lang onderwerp van discussie geweest. Hier laten we zien
dat MKLP2 motiliteit vertoont en in staat is om het Chromosomal Passenger Complex te
vervoeren over microtubuli in vitro (Hoofdstuk 6). Experimenten in cellen tonen aan dat
motoractiviteit van MKLP2 belangrijk is voor de translocatie van het complex tijdens de
celdeling. Het combineren van dergelijke cellulaire proeven met in vitro reconstitutie pro-
even kan een krachtige benadering zijn om de moleculaire activiteit van andere mitotische
motoreiwitten beter leren te begrijpen.

In Hoofdstuk 7 staat de kinesine-4 KIF21B centraal en hebben we gekeken naar
de rol van dit motoreiwit in de formatie van de immunologische synaps in T-cellen. Als een
T-cel bindt aan een antigeen-presenterende cel, vormt de T-cel een synaps waarnaartoe het
centrosoom met de daaraan geassocieerde organellen polariseren. Het gen wat codeert voor
KIF21B is geassocieerd met auto-immuunaandoeningen zoals Multiple Sclerosis (MS) en de
ziekte van Crohn en in onze proeven laten we zien dit KIF21B inderdaad tot expressie komt
in T cellen. In deze cellen reguleert KIF21B de lengte van microtubuli door catastrofes te
induceren aan de uiteinden van de polymeren. Deze activiteit is cruciaal voor de algehele
organisatie van microtubuli, omdat het hebben van te lange microtubuli een remmende
werking heeft op centrosoom polarisatie in T cellen.

In dit proefschrift hebben we gekeken naar de functie en regulatie van een aantal
motoreiwitten. Onze verkregen inzichten en methodiek kan verder onderzoek in het gebied
van motoreiwitten en microtubuli geassocieerde eiwitten vooruit helpen. Zulk onderzoek
helpt ons te begrijpen hoe dit soort eiwitten de moleculaire processen in onze cellen onder-
steunen.
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Lekensamenvatting

Een netwerk van microtubuli vormt een snelwegenkaart in onze cellen. Motoreiwitten zoals
kinesine bewegen stapsgewijs over een microtubulus en kunnen onder andere celonderdel-
en verplaatsen. Er zijn meer dan 4o verschillende typen kinesines die elk een unieke functie
hebben in verschillende cellen van ons lichaam. In dit proefschrift is gekeken naar de func-
tie en regulatie van een aantal van deze kinesines.

Eén van de meest bestudeerde kinesines is kinesine-1 en in dit proefschrift is
aangetoond dat aan microtubuli gebonden MAP7 eiwitten essentieel zijn voor de motiliteit
van dit motoreiwit in cellen. MAP7 eiwitten helpen kinesine-1 te landen op de microtubulus
en stimuleren bovendien de activiteit van kinesine-1 door een directe binding.

In het tweede deel van het proefschrift is gekeken naar twee minder bestudeerde
motoreiwitten: MKLP2 en KIF21B. De kinesine MKLPz2 is betrokken bij de celdeling, maar
de moleculaire activiteit was lang onduidelijk. Doormiddel van een karakterisering op mo-
leculair niveau is nu duidelijk dat MKLP2 zich langzaam over microtubuli beweegt en het
Chromosomal Passenger Complex, een belangrijke signaleringsmodule voor delende cel-
len, kan vervoeren. De KIF21B kinesine komt specifiek voor in T cellen, welke een belangrijk
onderdeel vormen van ons immuunsysteem. In deze cellen reguleert KIF21B de lengte van
microtubuli door aan de uiteinden van de microtubulus afbraak te stimuleren. Deze activ-
iteit is belangrijk voor de mobiliteit van het microtubulus netwerk wat een snelle reorgan-
isatie ondergaat als T cellen communiceren met andere immuuncellen of wanneer ze een
ziekmakende cel moeten uitschakelen.
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“wat een slimme gast!” Als masterstudent ben je helemaal losgegaan met alle microscopen
op het T-cell project, wat een gave dingen heb je toen laten zien. Ik was enorm blij dat je na
je master terug wilde komen om als PhD collega verder te gaan. Ik wens je enorm veel suc-
ces met je gave projecten. Dank voor alle gezelligheid, discussies en interessante gesprek-
ken in onze tijd op het lab! Gert-Jan, lekker nuchter en met een goede portie humor! We
konden het echt goed met elkaar vinden op het lab en ik mis die tijd nog zeker. Ik vind het
superknap dat je een joint-PhD ben begonnen tussen twee labs, tussen twee verschillende
steden. Heel veel succes met het afronden van je PhD binnenkort en ik wens je het beste
voor wat de toekomst je gaat brengen. Stanley, man, man, man, wat heb jij je enorm weten
te ontwikkelen in die tijd op ons lab! Altijd vriendelijk, vrolijk en in voor een grapje. Ik ben
enorm trots op hoe je bent afgestudeerd van je HBO Bachelor en je hebt doorgepakt richting
de MCLS master. Ik hoop dat je je passie in het lab weet te vinden en wens je het allerbeste
toe voor de toekomst!

Thanks for all the amazing and cool people (Amol, Helma, Qingyang, Chiung-Yi, York,
Dipti and Cyntha) I got to share the Z502 office with! Muchos thanks Amol for all the great
times, discussions and talks we had! I still miss these days very much and I hope we can
hang out fora drink in the future! Thanks for all the fun times Chiung-Yi! I'm very happy we
could share our love for kinesins in the office; I hope I didn’t block your sunlight too much
in the office these years. I expect to hear great things from you as a data scientist :). Thank
you Dipti! I've always been amazed with your dedication and work ethos in the lab. I very
much hope you can make your scientific dreams come true, I believe in you! Thanks for all
the discussions we had and suggestions you gave me these years. Cyntha! Begin 2013 werden
we huisgenoten en eigenlijk zijn we dat nog steeds in Zs02 (pre-COVID); wie had dat toen
kunnen verzinnen! Dankjewel voor alle leuke tijden, gezelligheid en je mentale support in
de bekende ups en downs. Ik ben echt superblij je als collega op het lab te hebben mee-
gemaakt. Ik wens je veel succes en plezier met het voortzetten van je toffe experimenten!
York, soul-mate York! Samen hebben we de PhD overleeft! Ik weet zeker dat onze “donkere
humor” daar enorm bij geholpen heeft, haha! Dank voor al je support en het klankbord wat
je vaak voor me was tijdens de PhD. Ik twijfel er niet aan dat je volgende carriérestap een
groot succes wordt! Ik wens jou en Elodie het aller, allerbeste toe voor de toekomst! (Oh ja,
sorry voor de keren dat ik je heb laten schrikken in het lab).
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Ankit, we have spent the past almost 5 years together in the lab and I've learned so much
from you in all these days, thank you! I wish you the best in finding an exciting new oppor-
tunity in India and I wish you and your family all the best for the future! Kyle, thanks for
all the nice chats and discussions we had! Great to see that the science on motors is safe
in your hands, I'm looking forward to see the results somewhere published in the future!
Funso, thanks a lot for all the nice lab chats in the early morning. I wish you the best in the
remainder of your post-doc! Joyce, leuk je ontmoet te hebben in Anna’s lab! Dankjewel voor
al onze leuke gesprekken over positive vibes, het buitenleven en de natuur! Ik hoop dat je
iets ontzettends moois weet te maken van je light-inducible projecten met microtubuli, je
bent er zeker geknipt voor! Boris, thank you for expanding my horizon in music taste! It isa
pleasure having you in the lab, I'm for sure going to miss the daily 2 minunte Dutch vocabu-
lary classses we did. I wish you the best both with the research on muscle cells as well as with
your personal life! Babet, dankjewel voor alle gezellige kletspraat en dolletjes in de lab en
ook zeker dank voor alle serieuzere gesprekken die we op z'n tijd hadden. Ik wens je het al-
lerbeste toe voor je toekomst, zowel carriérewijs als persoonlijk! Ruddi, it was so much fun
having you in the lab as a colleague! I enjoyed our conversations and would like to thank you
for your hospitality and of course the road trip to Belgium! I wish you and your family the
best for the future! Ruben, de stiekeme collega die al die jaren de weg naar het Akhmanova
lab niet wist te vinden. Dank voor al je vriendelijkheid en gezelligheid op de afdeling! Mile-
na, [ remember very well the struggles of me walking too fast through the department when
I had to show you around, I'm so sorry for the times you almost had to run to keep up with
me ;). Thanks for all the talks, fun and good times in the lab and I wish you the best for your
PhD projects! Emma, de nieuwste toevoeging op het lab! Het zijn echt rare tijden om je PhD
in te beginnen, maar volgens mij pak je het echt onwijs goed op! Ik wens je heel veel succes
en het allerbeste toe voor de toekomst. Fangrui, my neighbour for almost 4 years! I'm so so
impressed how you run your complex project in the complex setup of your lab bench. You're
always happy, cheerful and helpful! I wish you the best of luck finishing your PhD and wish
you and your family the best for the future! Eugene, wat jij allemaal doet en bewerkstelligt
op onze afdeling is heel indrukwekkend! Ontzettend veel dank voor al je hulp en adviezen
over de jaren. Je bent zo'n aardige, toffe gast en ik denk nog vaak terug naar de Belgium
road trip die we vorig jaar maakten. Ik wens je veel succes en geluk toe! Ivar, ik heb je altijd
bewonderd om je time management en hoe soepel alles bij jou lijkt te gaan op het lab. Dank
voor al je hulp en gezelligheid op het lab en dat je mee meegesleurd hebt naar het vroege
ochtend baantjes trekken in de Kromme Rijn! Man, man, man, wat is dat water toch “dik en
stroperig” in de vroege ochtend. Ik wens je heel veel succes en plezier met de voortzetting
van je post-doc daar in het verre Brisbane! Also a big thank you to all the other lab members
in the past, Kai, Shasha, Ben, Chao, Andrea, I'm grateful for meeting you guys and all
the things you've helped me with in the lab. Next to all the Akhmanova-pipetters that were
there as a colleague, I'd also like to thank all the students (Chris, Sanne, Martyna, Mat-
thijs, Vika, Gert-Jan, Cédric, Wouter, Tonja, Guus, Cathelijn, Bas, Floranne, Hugo,
Gianmarco, Jacob, Ola, Jelle, Arianna, Miquel, Christie, Maxime, Stanley, Imke,
Robin, Jannes, Stefanos) that joined the lab over the past years and contributed to the
“Gezelligheid” in the lab; I enjoyed having you guys around!

To the MacGillavry lab, Harold en Lisa, dank voor jullie hulp met het MAP7D2-clathrine
zijspoor! Lisa, dank voor al die neuronen die je hebt getransfecteerd voor ons, je gezelligheid
en kletspraat over die gekke Auriollaan. Tk wens je heel veel succes en plezier in het laatste
beetje van je PhD! Nicky, Jelmer en Manon, wat een supergave, interessante projecten
laten jullie elke keer weer zien! Echt indrukwekkend. Dank voor al jullie gezelligheid op de
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verdieping en met alle IB avonden, ik wens jullie een mooie toekomst!

To the neighbours from the Hoogenraad lab, Martin, altijd in voor een borrel of
feestje! Dank voor je gezelligheid en niet te stuiten enthousiasme over projecten en toffe
experimenten! Ik weet zeker dat de toekomst ondanks sommige hobbels een hoop goede
dingen voor je in petto heeft! Xingxiu, Dr. Pan! Thanks for all our interesting discussions
and chats on the MAP7 proteins. You're such a great and enthousiastic scientist and wish
you the best of luck for your future career! Feline, Dr. Lindhout! Dank voor al je gezelligheid
en discussies die we sinds 2013 (!) gehad hebben. Ik wens je echt onwijs veel succes en plezier
toe in Cambridge; je bent een hele goede wetenschapper zowel sociaal als op de inhoud en
ik twijfel er niet aan dat je het met deze combi ver gaat schoppen! Jessica, ik ben echt diep
onder de indruk van je wilskracht, al je skills en projecten! Ik wens je heel veel succes met
het afronden van je PhD! Sybren, wie had in 2013 verwacht dat we anno 2020 nog steeds
samen op dezelfde verdieping van het Kruijt zouden rondlopen?! Dank voor al je gezellig-
heid in die tijd en veel succes ook met de laatste lootjes van de PhD! Robbelien, ooit komt
er een dag dat we foto’s kunnen uitwisselen van de scharrelende kipjes en schaapjes die
vrolijk ronddartelen op onze eigen stukjes platteland! Dank vooral je gezelligheid en humor
in de afgelopen jaren en wat tof dat ik ook nog een klein dingetje voor je CRMPs heb kunnen
doen.

Wilco, “Ik kan het altijd nog aan Wilco vragen, die heeft er sowieso een antwoord
of suggestie op” hoort definitief op de uitspraken-bingokaart in mijn PhD. Man, man, wat
weet jij veel en wat heb je een enorm goede blik op de zaak. Dank voor alle keren dat je me
van hulp en advies hebt voorzien. Ik ga je humor en gezelligheid zeker missen! Ik wens je
veel geluk en succes toe in de toekomst! Klara, altijd behulpzaam, in voor gezelligheid of
een discussie over kinesines, dank daarvoor! Je bent een enorm gedreven en pientere weten-
schapper; ik wens je veel succes met al je toffe projecten! Roderick, de kinesine-goeroe! Ik
heb heel veel van je geleerd over kinesine-1 en hoe je dat gekke ding zou moeten purificeren.
Je bent een hele toffe gast en ik vind het leuk dat ik een groot deel van m'n PhD met je heb
doorgebracht. Je hebt een dappere switch gemaakt voor je post-doc en ik twijfel er niet aan
dat het je heel goed af gaat daar in Eindhoven! Anne, dank voor alle gezelligheid aan de
lunchtafel en met IB-avonden, onze leuke gesprekken en ook al je morele support! Ik hoop
dat je het ontzettend naar je zin hebt in Cambridge en dat het een onwijs succesvol avontuur
voor je is.

Dennis, wat een gemis sinds je weg bent bij Cellbio! Altijd wel in voor een leuk
kletspraatje en even een portie gemopper waar we daarna hard om kunnen lachen. Ik vind
het jammer dat ik je nooit heb weten te overtuigen van de correcte samenstelling van een
“frikandel speciaal”; deze is namelijk met curry, geen ketchup. Dank voor alle leuke mo-
menten op de afdeling en ik hoop dat je het ontzettend leuk gaat hebben als docent in
Amsterdam! Lotte en Marijn, de dappere opvolgers van mijn IT-taakje (dank voor de ver-
lossing)! Dank voor alle gezelligheid en heel veel succes met het laatste deel van de PhD.
Florian and Oane, what an awesome project to model those T cells! I'm very impressed
with your expertise. Thank you both for the great discussions and chats on the KIF21B pro-
ject, let’s hope it gets out there soon. I wish you both the best for your future careers! Ilya,
Thank you so much on all your help with the microscopes, it’s incredible how you keep the
whole facility running with your magic hands. Thanks also for your feedback on my imaging
and all the fun talk we had in the lab. Bart, Phebe, Esther en Lena, jullie zijn voor mij echt
de vertrouwde gezichten van Cellbio en ik ga jullie en de kletspraatjes op de gang zeker mis-
sen! Bart, hoe moet ik nou de week doorkomen zonder een gezond portie “Bart-grappen”?
Misschien moeten we er nog maar snel even een bundel van maken. Phebe, dank voor al je
hulp en je enorme werk om de boel draaiende te houden; we zouden niet zonder je kunnen!
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Sofia, thanks for all the nice chats and laughs whenever I visited the north wing. I'll never
forget you witnessing my hilarious crash I made from the small stool at the Odyssey. I wish
you the best of luck at the other end of the Science Park! Robin, Katerina, Maria Catia &
Reinier, a.k.a. the West-Side squad! Thank you guys for all the great times and friendship!
Our times at Cellbio are ending or have ended, but I'm sure you all have a bright future
ahead! Let’s keep the West-side spirit alive :). Robin and Katerina, thanks a lot for all the
moral support with finishing the PhD, I hope we'll get to see your defenses and writings soon
as well! Good luck on those final experiments and writing.

René, Anna, Mithila, Amélie, Yolanda, Arthur, Max, Josiah, Eitan, Ate,
Wouter, Derk, Liu, Malina, Daphne, Giel, Thomanai, Jian, Vida, Mai Dan, Nazmiye,
Carlijn, Sara, Sebas, Erik, Yujie, Elena, Gabriela, Eliana, Olga, Inés, Desiree, Riccar-
do, Marvin, Andrea, Carol, Kah Wai, Bas, Marta, Jingchao, Michael, Dieudonnée,
Hai Yin, Elske, Jan Andries, Laurens, Ron and Marjolein, thanks for all the nice chats
and laughs in the corridors, behind the microscopes, at the lunch tables, during lab outings,
etc!

Ik wil ook alle lieve familie en vrienden bedanken buiten het lab bedanken! Wat fijn dat
jullie er waren als ik wat stoom moest afblazen over dit hele lab avontuur. Het is altijd lastig
uit te leggen wat er tiberhaupt in dit boekje geschreven staat, maar dank dat jullie altijd een
luisterend oor waren.

Mijn zwemtalenten hebben er de afgelopen jaren erg onder geleden en onhandig
een sneeuwbal gooien heeft het er allemaal niet beter op gemaakt. Desalniettemin dank
dat het als vanouds gezellig met jullie is, Berrie & Eveline (en Sophie!), Arjen, Linda &
André, Niels, Richard, Robbert & Manon!

Hendrik-Jan en Arjen, (pand)epische filmavonden en gezellige biertjes in de stad;
dank voor jullie gezellige afleiding in dit hele onderzoeksavontuur! Hendrik-Jan, dit keer
geen boekenruil, en eerlijk gezegd zou ik dit boekje ook niet aanraden voor je leeslijst. Ik
waardeer onze leuke discussies, laten we ook weer een keertje boekje wisselen!

Shout out naar de Coole mensen! Marlon, Elder & Laura, Nick, Judith & Javi,
wat tof om allemaal gezellige avondjes met jullie te hebben; drankje hier, spelletje daar,
avondje Tivoli, etc. Fijn dat ik bij jullie ook altijd kan kletsen over de frustraties van de PhD;
ik ben echt heel bljj dat ik jullie dan nu eindelijk het boekje kan laten zien!

Eva & Randy, dank voor alle leuke avondjes en onwijze gezelligheid. Dagje Eft-
eling, Oudjaarsavond of gewoon in de regen met de tuin bezig zijn, met jullie is het altijd
onwijs leuk! Dank dat ik altijd m'n verhaal ook kwijt kon over alle ups en downs die ik onder-
weg heb meegemaakt.

Marisa, hoe hadden we onszelf door de crisis moeten slepen zonder alle quaran-
taine-theetjes! Dank voor alle bemoedigende woorden en gezelligheid in het hele schrijf-
proces. Wat fijn om zo'n toffe buurvrouw te hebben!

Lima & Sanjay, wat zijn jullie allebei toch een lieverds! Onwijs veel respect voor
hoe jullie het samen doen in Nepal, 2020 maak het er allemaal niet makkelijker op. Dank
voor alle interessante gesprekken en ook jullie oprechte interesse in wat ik op het lab alle-
maal probeer te doen; ik hoop dat ik het een beetje heb kunnen uitleggen.

Victor & Miriam, dankjulliewel voor de leuke avondjes en gezelligheid. Als we
elkaar zien is het altijd heel fijn en gezellig als vanouds!

253




Addendum - Dankwoord

Mirjam & Jean-Paul, alweer flink wat jaartjes kom ik bij jullie over de vloer. Dank voor jul-
lie lieve, warme ontvangst, alle gezellige momenten en het meeleven met het hele promoti-
etraject! Paul & Marjolein, dank voor al jullie gezelligheid en spelletjesmomenten; het is
onwijs fijn om lekker even een maffe bui met jullie te kunnen hebben om al het serieuze
gedoe even te kunnen vergeten! Paul, dank voor alle discussies en carriére suggesties. Oma
Floor, ik geef'je dit boekje met veel trots! Per heden een “Doctor of Philosophy (PhD)” in de
familie! Amira & Clive, dank voor al jullie medeleven, support en gezelligheid!

Ik wil hier een speciaal stukje schrijven voor tante Paulien. Zo'n 20 jaar geleden stonden we
samen paddenstoelen te plukken en uit te graven in een bos bij Oosterhout, omdat ik daar
zo nodig in groep 8 een spreekbeurt over wilde geven. Ik weet zeker dat die ervaring een
vlammetje in mij heeft ontstoken wat me naar de natuur en biologie toe trok. Dank voor het
onbewust geven van dit juiste zetje in de richting waar ik op ben gegaan en natuurlijk ook
dank voor al je bekommeringen, wijsheid én inspiratie door de jaren heen!

Dank ook voor alle lieve familie in Hardinxveld en omstreken (Dicky & Arie, Ina & Jan,
Kees & Cobi, Wilma & Martien en Thom, Angela, Sonja, Ard en Sophie, Jan & Susan-
na en de kids) voor jullie meeleven, steun en interesse de afgelopen jaren!

Pap & mam, dank voor jullie onvoorwaardelijke steun in al die jaren. Jullie hebben me al
de mogelijkheden gegeven om te komen tot waar ik nu ben. In de afgelopen jaren ben ik
jullie steeds meer en meer gaan terugzien in mezelf: het de boel managen en het ‘out of the
box’ creatieve van jou, pap en de enorme betrokkenheid en het doorzettingsvermogen van
jou, mam. Ik ben enorm dankbaar dat er een warm thuis is waar ik altijd welkom ben. Het
afgelopen jaar was en is nog steeds een taaie, maar ik twijfel er niet aan dat we weer stappen
naar voren aan het zetten zijn. Alles komt goed, dit boek draag ik op aan jullie!

En dan Rosanna, je hebt de rit van A tot Z met me meegemaakt en ik kan in woorden niet
uitdrukken wat je in die tijd allemaal voor me hebt betekend. Je was er als het allemaal even
tegen zat en je praatte me van tijd tot tijd uit de spreekwoordelijke put. Samen hebben we
ook alle hoogtepunten en overwinninkjes gevierd; de ene keer met een fles champagne, de
andere keer met gewoon een heel gek dansje. Je bent mijn rots in de branding. Ik hou van
jou en heb onwijs veel zin in alle avonturen (en burgerlijkheid) die de toekomst ons gaat
brengen!

Zo dan, cest tout!
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