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Our body is made of trillions of cells, all with their own structure and function regulated 
by many different proteins. Similar to the skeleton of the body, each cell gets structure and 
support through a skeleton; the cytoskeleton. The cytoskeleton of eukaryotic cells consists of 
three main structural components, namely actin filaments, intermediate filaments and the 
microtubule network. Here we focus on the microtubule network, which is important for cell 
integrity, cell polarity, cell motility and cell division. It also forms the tracks along which cargo 
is transported in cells and forms the basis of cilia and flagella. 

Microtubules
Structure
The microtubule network consists of microtubules, long hollow tubes that stretch throughout 
the cells cytoplasm. They are formed from α- and β-tubulin dimers that are attached head to 
tail into protofilaments, which in turn attach laterally to give rise to a hollow tube (Figure 1A). 
In eurkayotes, most microtubules are found to have thirteen protofilaments, and by electron 
microscopy (EM) it is shown that the formed tubes have a diameter of 25 nm (Burton et al. 
1975, Tilney et al. 1973). The head to tail organisation of tubulin dimers in a microtubule 
causes it to be polarized, with β-tubulin at one end, the plus-end, and α-tubulin at the other, 
the minus-end. Although the α- and β-tubulin subunits are highly similar in structure, there 
are some slight differences (Nogales 1998), resulting in a distinct structure at each of the 
microtubule ends. Both α- and β-tubulin are also bound to GTP, however, this is slowly 
hydrolysed only on β-tubulin upon incorporation of the tubulin dimer in the microtubule 
protofilament. The growing microtubule ends are therefore further characterized by a GTP-
cap, while the microtubule lattice contains GDP-tubulin (Figure 1A, reviewed in Desai and 
Mitchison 1997, Galjart 2010, Akhmanova and Steinmetz 2015). 

Formation of the dynamic microtubule network
The microtubule network needs to provide stability to cells, but it also needs to stay dynamic 
in order to respond to environmental and cellular changes. This behaviour can depend on the 
cell state; differentiated cells like epithelial cells and neurons have a relatively stable network, 
while motile and mitotic cells have a highly dynamic network with shorter microtubule half-
lives compared to interphase cells (Desai and Mitchison 1997). The dynamic behaviour can 
be observed by live cell imaging, where it can be seen that the microtubule network constantly 
changes, with single microtubules undergoing different phases of growth, alternated with 
shrinkage (the transition from growth to shrinkage called is catastrophe) and regrowth. This 
can also be observed in in vitro reconstitutions, where microtubules are grown in an isolated 
system and individual compounds in the process can be studied. Growth occurs from both 
the plus- and minus-end of the microtubule, but with faster polymerization rate at the plus-
end.

The dynamic behaviour of microtubules is an intrinsic property, but in cells depends on 
multiple factors which can alter the behaviour and lead to stabilization of microtubules or 
induce catastrophes. First of all microtubule dynamics can depend on the different isoforms 
of α- and β-tubulin incorporated into the microtubule and posttranslational modifications 
associated with it (Pamula et al. 2016). So far nine isotypes have been described for both 
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α- and β-tubulin, and their expression can be cell type specific (Chakraborti et al. 2016). 
Moreover, there is a wide range of posttranslational modifications, including phosphorylation, 
acetylation, palmitoylation, sumoylation, polyamination, s-nitrosylation, tyrosination, 
glutamylation and glycylation (reviewed in Janke and Bulinski 2011, Janke 2014, Yu 2015, Song 
and Brady 2015), which mostly occur on the C-terminal tail of the tubulin subunits, the site 
of most tubulin isotype variations. Posttranslational modifications are linked to stabilization 
of the microtubule, although it is thought that not the modifications themselves, but specific 
recruitment of other factors lead to stabilization. Most of the modifications are reversible, 
important for the dynamic behaviour of the microtubules. Microtubule stability differences 
due to tubulin isotypes is, for instance, shown for β-tubulin; microtubules containing the 
neuronal TUBB3 are more dynamic than those with other β-tubulin isotypes (Panda et al. 
1994), and induced mutations in TUBB3 can cause a more stable network (Tischfield et al. 
2010).

Another factor affecting microtubule dynamics is the GTP-bound cap at the plus-end 
which can be regarded as a microtubule-stabilizing factor. Hydrolysis of GTP- to GDP-bound 
tubulin in the lattice induces structural changes in tubulin, giving rise to tension in the 
microtubule lattice (Alushin et al. 2014). This easily leads to microtubule disassembly, if not 
prevented by the GTP-cap. Catastrophes are therefore associated with the loss of the GTP-cap 

Figure 1. Schematic representation of the microtubule network in an interphase cell.
(A) Microtubules consist of α- and β-tubulin dimers that attach in a head-to-tail fashion to form a microtubule. Growing 
microtubules contain a GTP-cap, with GTP molecules bound to β-tubulin, and this cap is lost in depolymerizing 
microtubules. (B) Microtubules encountering the cell cortex are captured and stabilized by proteins in cortical patches, 
preventing them from depolymerization or further growth. Multiple proteins are shown to act in the cortical microtubule-
stabilizing patches of which a few are represented here.
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while switching back to growth (rescue) is associated with a regain of the GTP-cap (Figure 
1A, Desai and Mitchison 1997, Galjart 2010, Akhmanova and Hoogenraad 2015, Akhmanova 
and Steinmetz 2015). Microtubule stability is thus dependent on the size of the GTP-cap as 
microtubules with shorter caps are less stable (Duellberg 2016).

Different cellular factors and structures can also lead to either stabilization or destabilization 
of microtubules. Some can for instance act as a barrier through which the microtubule growth 
is physically blocked by preventing addition of tubulin dimers. This will lead to a catastrophe 
if the microtubule is not stabilized by other factors. On the contrary, many proteins in the cell 
act as microtubule-stabilizing factors and encounter with these proteins will lead to prolonged 
life span of a microtubule. 

Well known microtubule binding proteins are microtubule associated proteins (MAPs). 
These often stabilize microtubules, although also destabilizing MAPs are known, such as 
katanin which severs microtubules (McNally and Vale 1993). In cells microtubule minus-ends 
are stabilized by the γ-tubulin ring complex (γTURC), which caps microtubule minus-ends 
and is often concentrated at the centrosome, or the CAMSAP/Patronin/Nezha family proteins, 
which accumulate at polymerizing microtubule minus-ends and prevent microtubule minus-
end disassembly at non-centrosomal sites   (Wiese and Zheng 2000, Goodwin and Vale 2010, 
Jiang et al. 2014, Hendershott and Vale 2014, Akhmanova and Hoogenraad 2015). 

A subclass of the MAPs specifically binding to the growing plus-end of the microtubule 
are the plus-end tracking proteins (+TIPS) (extensively reviewed in Akhmanova and 
Hoogenraad 2005, Akhmanova and Steinmetz 2008, Akhmanova and Steinmetz 2010, 
Galjart 2010, Ahkmanova and Steinmetz 2015). Many different +TIPs are known, including 
End-Binding proteins (EB1, EB2, EB3), CLIP-170, APC, ACF7, ch-TOG/XMAP215, MCAK 
and CLASP1/2. Most +TIPs act as stabilizers for the microtubules in cells. EB for instance 
is shown to reduce catastrophe rates and promotes continuous growth in cells (Vitre 2008, 
Komarova 2009). EB proteins are shown to tip-track independent of other +TIPs (Bieling 
2007, Bieling 2008, Dixit 2009), by recognizing the GTP bound state of the microtubule tip 
(Zanic 2009, Maurer 2012), and are viewed as scaffolding factor for other proteins (reviewed 
in Lansbergen and Akhmanova 2006). Microtubule stabilization presumably occurs through 
EB binding partners, since EB promotes catastrophes in vitro. Also CLIP-170 is shown to act 
as a microtubule stabilizer by reducing catastrophe rate and increase the rescue frequency 
(Komarova 2002), while Ch-TOG/XMAP215 promotes microtubule growth due to its tip 
localization where it acts as a microtubule polymerase (Brouhard et al 2008).

Stabilization of microtubule networks
Stabilization of microtubule minus-ends at the centrosome results in a microtubule network 
with plus-ends growing mostly outwards to the periphery of the cell. There they often interact 
with specific sites at the plasma membrane where they are captured and stabilized to form 
a stable network throughout the cell. Several of the +TIP proteins have been shown to be 
important for stabilization of the microtubules at these sites, including CLIP-170, APC and 
ACF7 which are shown to stabilize microtubules possibly through indirect interactions with 
the actin cytoskeleton or plasma membrane (reviewed in Gundersen 2004, Lansbergen 
2006a, Galjart 2010). Also CLASPs have been shown to act in microtubule stabilization at 
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specific cortical sites, where specialized complexes of proteins concentrate around focal 
adhesions. Focal adhesions are the attachment sites of the cell to the extracellular matrix and 
are important in transmitting extracellular signals to the cells. Through interaction with the 
cortical adaptor proteins LL5β and ELKS, CLASP1/2 localizes to focal adhesion-associated 
cortical “patches”, where it rescues microtubules from catastrophes and promotes formation 
of stable microtubule arrays (Mimori-Kiyosue 2005, Lansbergen et al. 2006b) (Figure 1B).  
Depletion of LL5β, ELKS or CLASPs results in a less dense microtubule array, possibly 
partly impairing the intracellular signalling and cargo transport. In chapter 2 we expand the 
knowledge about the regulation of microtubule dynamics at the cell cortex by analysing the 
stabilization factors in the cortical patches further. We add liprin-α and –β, KANK1 and the 
kinesin KIF21A to the cortical patch proteins involved in microtubule stabilization at these 
sites. 

Several factors are thus important to maintain the integrity of the microtubule network 
and indicated examples are just a few in the complex regulation of microtubule dynamics. 

Kinesins 
Kinesins are known as transporters in the cell that move cargo along the microtubule network. 
They typically are dimeric proteins and consist of motor domains and different stalk and tail 
regions (Figure 2A). The motor domain is highly conserved among the different kinesins, 
with 30 to 60% sequence similarity (Hirokawa et al. 2010). Via the motor domains, kinesins 
bind to microtubules and movement driven by ATP hydrolysis occurs due to changes in 
protein conformation resulting in displacement of the protein along the microtubule in a 
‘hand-over-hand’- fashion (Asbury et al. 2003, Yildiz et al. 2004). The stalk and tail-regions 
are assumed to be cargo binding sites and regulate the specificity of the kinesins. Kinesins can 
be classified according to the position of the motor domain; N-KIFs with the motor domain 
on the N-terminus, M-KIFs with the motor in the middle of the protein and C-KIFs with 
the motor at the C-terminal region (Figure 2B) (Hirokawa et al. 2010). Mammals contain 45 
different kinesins, which are subdivided into 14 different families depending on their sequence 
(kinesin-1 to kinesin-14 family) (Lawrence et al. 2004, Miki et al. 2005, Hirokawa et al. 2010). 
In general it is thought that N-KIFs move cargo towards the plus-end of microtubules, and 
C-KIFs towards the minus-end, although exceptions are known.

Kinesin regulation: autoinhibition
Kinesin regulation is necessary to prevent unneeded activity, and thus mislocalization 
of cargo and unnecessary energy consumption in the cell. It is shown for several kinesins 
that improper regulation is implicated in disease (Imanishi et al. 2006, DeBerg et al 2013, 
Cheng et al 2014). Regulation of kinesin activity is described for different kinesins to occur 
through autoinhibition, a process whereby a protein inactivates itself via intramolecular 
interactions (Figure 2C). Kinesins that have been shown to undergo autoinhibition include 
KIF5 (Kinesin-1), KIF17 and its Caenorhabditis elegans homolog OSM3 (Kinesin-2), KIF1A 
and KIF13B (kinesin-3), CENPE (kinesin-7) and KIF15 (kinesin-12) (reviewed in Verhey 
and Hammond 2009, Sturgill et al. 2014), but it likely is a general property of many, if not 
all, kinesins. With our studies we add KIF21A and KIF21B (kinesin-4) to the list of kinesins 
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Figure 2. Schematic representations of kinesins
(A) Kinesins are dimeric proteins consisting of conserved motor domains and different stalk and tail regions depending 
on the kinesin family. (B) Kinesins can be classified according to the position of the motor domain. (C) Active kinesins 
bind to microtubules via the motor domains and walk processively in a hand-over-hand manner. Autoinhibited kinesins 
undergo intramolecular interactions preventing them from microtubule binding and processive movement.  

undergoing autoinhibition (described in chapter 2, 3 and 4). In general, the autoinhibition 
is caused by intramolecular interactions between the stalk or tail domain and the motor, 
but the exact mechanism of autoinhibition is different for each kinesin. Autoinhibition of 
CENPE is, for instance, caused by binding of the C-terminal tail to the motor domain (Espeut 
et al. 2008), while KIF13B inhibition is caused by motor-stalk interactions (Yamada et al. 
2007). Kinesin-1 autoinhibition actually involves two distinct mechanisms; a block in motor-
microtubule interaction through kinesin heavy chain (KHC) binding to the motor domain, 
also preventing ATPase activity through a block of ADP release from the nucleotide pocket, 
and a physical separation of the motor domains through the kinesin light chain (KLC) 
subunits preventing processive motility (Coy et al. 1999, Hackney and Stock 2000, Cai et al. 
2007, Dietrich et al. 2008, Hackney and Stock 2008, Wong et al. 2009, Hackney et al. 2009, 
Kaan et al. 2011). Similar dual mechanisms are found in kinesin-2 (KIF17) and kinesin-3 
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(KIF1A), which also exhibit inhibition of microtubule interaction and motor processivity, 
although different molecular regions are involved (Hammond et al. 2010, Lee et al. 2004, 
Hammond et al. 2009). For kinesin-1 and kinesin-2 (KIF17, OSM3), the binding of the tail 
to the motor domain is also shown to depend on a hinge region in the tail through which 
the molecule can fold. Removal of this hinge region results in a constitutively active kinesin 
(Friedman and Vale 1999, Coy et al. 1999, Imanishi 2006, Hammond et al. 2010). It is likely 
that similar unstructured regions in the tail, which facilitate the backfolding of the protein, are 
essential for autoinhibition in other kinesins. 

Autoinhibition can be relieved through phosphorylation or cargo-binding. Autoinhibition 
in CENPE is, for instance, relieved through phosphorylation of its tail preventing it from 
interaction with the motor domain (Espeut et al. 2008). In contrary, KIF13B is relieved 
from autoinhibition through competition for the inhibitory binding site by the cargo Dlg1 
(Yamada et al. 2007). Kinesin-1 is shown to relieve autoinhibition through two binding 
partners; Fasciculation elongation protein ζ1 (FEZ1) binds to the kinesin heavy chain and 
c-Jun N-terminal kinase-interacting protein 1 (JIP1) to the kinesin light chain (Blasius et al. 
2007). FEZ1 interaction is able to reverse the inhibition of ADP-release imposed by the tail-
motor interaction (Hackney and Stock 2008).

Kinesin regulation: other factors
Regulation of kinesin activity also occurs via marks on the microtubule including the 
posttranslational modifications (reviewed in Janke and Bulinski 2011, Janke 2014) and MAP 
binding. Xklp1 is for instance shown to be recruited to antiparallel microtubule overlaps in 
the mitotic spindle by PRC1 (Bieling et al. 2010). Offering additional binding sites to Xklp1, 
PRC1 also increases the retention time of the kinesin on the microtubule. Also KIF5B is shown 
to be dependent on its cofactor MAP7/Ensconsin during nuclear positioning in Drosophila 
and cultured mammalian myotubes, as well as KIF5-dependent transport in the polarized 
oocyte and cultured insect cells (Sung et al 2008, Metzger et al 2012, Barlan et al 2013). The 
direct dependence on MAP7 was shown using in vitro reconstitutions, where kinesin-1 
recruitment to microtubules and its motility were impaired in the absence of MAP7 (Sung 
et al 2008). Constitutively active kinesin-1 deletion constructs, however, did not depend on 
MAP7, suggesting MAP7 is important for autoinhibition relief of the kinesin specifically on 
microtubules (Sung et al 2008, Barlan et al 2013).

Kinesins regulating microtubule dynamics
It is becoming increasingly recognized that some kinesins do not solely work to transport 
cargo, but can also directly influence dynamic behaviour of the microtubule network. This 
occurs either via microtubule stabilization, induction of depolymerization, or enhancement 
of polymerization. These kinesin functions are important in multiple cellular processes, like 
spindle pole positioning in mitosis and cortical microtubule attachment in interphase cells 
(Vicente and Wordeman 2015, Chapter 2 this thesis). Depolymerizing kinesins are found 
in the kinesin-13 family (mammalian KIF2A, KIF2C/MCAK, Xenopus XKCM1), kinesin-8 
family (yeast KIP3, mammalian KIF19A) and kinesin-14 family (yeast KAR3) (Endow et 
al. 1994, Su et al. 2011, Niwa et al. 2012, reviewed in Moores and Milligan 2006, Walczak 
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et al. 2013). On the contrary, several kinesins have been found that stabilize microtubules 
via inhibiting microtubule polymerization, including kinesin-4 family members, such as the 
mammalian KIF4A and KIF7 and the Xenopus XKLP1 (described in more detail below), 
KIF26A from the kinesin-11 family (Zhou et al. 2009), and KIF18A and KIP3 from the 
kinesin-8 family (Stumpff et al. 2012, Su et al. 2011). KIP3 thus has both a depolymerizing and 
a growth- inhibiting function which seems to be dependent on the state of the microtubule. 
Longer microtubules accumulate higher concentration of the kinesin, leading to catastrophes, 
while on depolymerizing microtubules, the low kinesin concentration leads to microtubule 
stabilization (Su et al. 2011). 

Although the exact mechanisms through which these kinesins function are not yet known, 
having a conserved motor domain, it would be likely that the different tail regions are involved 
in regulation of the microtubule dynamics. However, structural differences in the conserved 
motor domains have also been described to play a role. For kinesin-13, it has for instance been 
shown that a loop in the motor domain, not present in other kinesins, is important for binding 
of the microtubule in the depolymerizing state (Ogawa et al. 2004, Shipley et al. 2004). Tip 
binding of these kinesins might thus induce the depolymerization. Also for kinesin-8 a similar 
loop is found, which has been described to be essential for KIF18As function in K-fiber length 
control (Kim et al. 2014). Similarly, other structural differences might be present in different 
kinesins that lead to their specific localization and function in microtubule dynamics. 

It was only recently discovered that multiple kinesins can control microtubule dynamics, 
and, therefore, it is not unlikely that future research will demonstrate this function for other 
kinesins as well, adding them to the list of proteins regulating the microtubule network. 
In this thesis, we focus on kinesins KIF21A and KIF21B, members of the kinesin-4 family, 
which we show to be involved in regulation of microtubule dynamics. First, we will discuss 
the kinesin-4 family in more detail below. 

Kinesin-4 family 
The kinesin-4 family contains six family members, including KIF4A, KIF4B, KIF7, KIF27, 
KIF21A and KIF21B. These can be grouped into the paralogs KIF4A-KIF4B, KIF7-KIF27 and 
KIF21A-KIF21B, which share the highest sequence similarity. They are all N-KIFs and are 
plus-end directed kinesins. Multiple reports have shown these kinesins are also involved in 
microtubule dynamics regulation. 

KIF4A and KIF4B
Most studied in the kinesin-4 family is KIF4A. Increased levels of KIF4A are reported in several 
cancer types, including oral squamous cell carcinomas, pancreatic ductal adenocarcinoma 
and non-small cell lung cancer and correlate with shorter survival rates (Minakawa et al. 
2013, Haider et al. 2014, Taniwaki et al. 2007). Furthermore, mutations in KIF4A are found in 
patients with intellectual disability (Willemsen et al. 214).

KIF4A and its Xenopus homolog Xklp1 are shown to inhibit microtubule polymerization 
and catastrophes in vitro, thus promoting a pausing state of the microtubule (Subramanian 
et al. 2013, Bieling et al. 2010, Stumpff et al. 2012). For Xklp1, it was shown this is caused by 
a reduction in the turnover of GTP-tubulin at the growing plus-ends, with a factor of two for 
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the on-rate and a factor three for the off-rate (Bieling et al. 2010, Bringman et al. 2004). In 
line with an inhibitory function, overexpression of KIF4 in cells induces a slower microtubule 
polymerization rate, while depletion of KIF4A increases the microtubule polymerization rate 
as measured by EB comet displacement (Stumpff et al. 2012). Endogenous KIF4A localizes to 
the microtubule overlap in the mitotic spindle to which it is recruited by PRC1, and regulates 
the length and stability of the overlapping microtubules (Zhu et al. 2005, Bieling et al. 2010, 
Hu et al. 2011, Wandke et al. 2012, Stumpff et al. 2012). Using in vitro reconstitution is was 
shown that Xklp1 and PRC1 are sufficient to stabilize the microtubule overlap (Bieling et al. 
2010). Furthermore, the microtubule growth suppression by KIF4A is shown to be important 
for centromere alignment, as depletion of the kinesin by siRNA causes improper alignment 
as well as increased spindle length, leading to more binucleated cells through defects in 
cytokinesis (Zhu et al. 2005, Wandke et al. 2012).

In addition to the mitotic function, KIF4 is shown to be important for microtubule 
network stabilization during fibroblast migration, since depletion of KIF4 reduces the wound 
healing capacity of the cells (Morris et al. 2014). 

No specific studies for KIF4B are published, but with a high sequence similarity with 
KIF4A of 94% (NCBI Blast), it is likely that KIF4B has a similar function in regulation of 
microtubule dynamics. 

KIF7 and KIF27
KIF7 has been shown to be a regulator of Hedgehog signalling (Liem et al. 2009, Li et al. 
2012), similar to its Drosophila ortholog Costal2. Hedgehog signalling is a pathway important 
for embryonic development and is also implicated in the development of different cancers 
(Cohen 2009). Mutations in KIF7 are, therefore, the cause of several diseases, including 
Joubert syndrome (Dafinger et al. 2011), Multiple epiphyseal dysplasia (Ali et al. 2012), fetal 
hydrolethalus and acrocallosal syndrome (Putoux et al. 2011). Furthermore, polydactyly, 
exencephaly, skeletal defects, immature lung at birth and early lethality are found in mice with 
loss of KIF7 function (Dafinger et al. 2011, Coles et al. 2015). KIF7 is also implicated in basal 
cell carcinoma, where simultaneous loss of KIF7 and another component of the Hedgehog 
signalling pathway, Sufu, induces tumorigenesis (Li et al. 2012). 

KIF7 exerts a similar function as KIF4A in microtubule dynamics regulation, but its 
localization is limited to the primary cilium, a sensory organelle extending from the surface 
of interphase cells. Hedgehog signalling in mammalians relies on the primary cilium. The 
cilium consists of nine doublets of microtubules, which grow from the basal body consisting 
of the centrioles. Microtubule length in the primary cilia is shown to be regulated by KIF7, 
which localizes to the tip of the cilium and prevents further elongation (Coles et al. 2015, 
Liem et al. 2009, He et al. 2014, Maurya et al. 2013). Depletion or truncation of KIF7 results in 
extended cilia (He et al. 2014, Putoux et al. 2011). KIF7’s function is shown to be independent 
of intraflagellar transport (IFT), but is dependent on its motor function as an L130P mutant 
(mutated in the conserved motor domain leading to loss of function) has a similar effect 
to knock-out of KIF7 (Liem et al. 2009). Using in vitro reconstitution, KIF7 was shown to 
increase microtubule catastrophe frequency and reduce growth at the microtubule plus end 
in a dose dependent manner (He et al. 2014). Also here it was shown to be dependent on 
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the motor function, since addition of AMP-PNP abrogated the effects, indicating that ATP-
hydrolysis is important for microtubule dynamics regulation, even though KIF7 is immotile. 
Depletion of KIF7, expression of KIF7-L130P mutant or truncations of KIF7 also cause 
improper localization of different proteins of the Hedgehog pathway along the cilium (He 
et al. 2014, Maurya et al. 2013). Furthermore, depletion of KIF7 induces instability of the 
primary cilium, as incubation at 4°C or treatment with nocodazole leads to a faster break 
down of the organelle. In line with these data, others have reported a reduction in the number 
of ciliated cells upon KIF7 depletion (Dafinger et al. 2011). Instability of the primary cilium 
might occur due to the decrease in acetylated and glutamylated tubulin levels towards the tip 
of the cilium as shown in L130P and knock-out cells (He et al. 2014), although it is possible 
that this observation reflects a correlation rather than causal relationship. 

In contrary to the primary cilium, depletion of KIF7 or overexpression of a motor-less KIF7 
induces an increase of acetylated and detyrosinated tubulin in the cytoplasm, correlating with 
an increased stability of the microtubule cytoskeleton during the treatment with cold or the 
microtubule-depolymerising drug nocodazole (Coles et al. 2015, Dafinger et al. 2011). KIF7 
also functions in the cell cycle in alveolar epithelial cells and fibroblasts, where the depletion 
of KIF7 increased proliferation rate, while overexpression decreased the proliferation rate 
(Coles et al. 2015). 
KIF27 is a close homolog of KIF7, but less is known about this kinesin. It is shown to localize 
to the base of motile cilia in mouse tracheal eptithelial cells, and it can interact with Fused 
(Fu), a protein shown to be important for the construction of the central pair of microtubules 
in motile cilia (which have a 9+2 microtubule organization) (Wilson et al. 2009, Nozawa et 
al. 2014). Fu is also shown to localize to microtubule organizing structures during formation 
of sperm heads, and its knock-down leads to defects in spermatid head formation and sperm 
motility in mice (Nozawa et al. 2014). It should be noted that a direct role for KIF27 in either of 
these processes has not yet been described. In addition, a direct role in microtubule dynamics 
regulation has not yet been reported for KIF27.

KIF21A and KIF21B
Although they function in different cellular processes, a common function of the kinesin-4 
family is thus polymerization inhibition and stabilization of the microtubule network. Subject 
of this thesis are the kinesins KIF21A and KIF21B. Unique for these two kinesins is the 
presence of a WD40 domain in the tail, a domain forming a beta-propeller and thought to act 
as a scaffold for protein interactions. KIF21A and KIF21B share about 74% sequence identity 
(NCBI Blast), with high conservation in the motor domain and WD40 domain (Figure 3A, 
B). Although they are highly similar in sequence, there is no heterodimerization observed for 
these kinesins (Marszalek et al. 1999). KIF21A is shown to be ubiquitously expressed, while 
KIF21B is found in brain, eye, testes, thymus and spleen and cells of the immune system 
(Marszalek et al. 1999, Goris et al. 2010, Desai et al 2012). In neuronal cells, KIF21B localizes 
to dendrites and soma, while KIF21A accumulates in the axon (Marszalek et al. 1999, Huang 
and Banker 2012).

KIF21A might play a role in cancer cell survival and is linked to lysosomal stability 
(Groth-Pedersen et al. 2012). Upregulation of KIF21A has been observed in patients with 
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Figure 3. KIF21A and KIF21B
(A) Schematic representation of KIF21A and KIF21B. Both kinesins contain a conserved motor domain, different coiled 
coil regions and a WD40 domain, which is unique for these two kinesins. The CFEOM1 mutations found in KIF21A are 
also indicated. (B) Sequence alignment of KIF21A and KIF21B showing the high conservation between the two kinesins. 
Highest conservation is observed in the motor domain and the WD40 domain. Also the CFEOM1 mutations in KIF21A 
are conserved in KIF21B, but none of these mutations have been described to occur in KIF21B. 
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Down syndrome (Salemi et al. 2012, Salemi et al. 2013). This protein is however mostly 
studied in relation to congenital fibrosis of the extraocular muscles type 1 (CFEOM1), a 
developmental disorder with defects in the innervation of the eye muscle caused by improper 
development of the oculomotor nerve (Khan et al. 2011, Cheng et al. 2014).  KIF21A is 
found mutated in CFEOM1 (Yamada et al. 2003, Engle 2006, Chan et al. 2007, Lu et al. 2008, 
Yang et al. 2010, Wang et al. 2011, Ali et al. 2014), with 13 residue substitutions and one 
deletion mutation described so far (Figure 3A, B). All are located in the motor domain or a 
central region in the coiled coil domain. We and others have shown that also KIF21A inhibits 
microtubule polymerization (Chapter 2 this thesis, Cheng et al. 2014). CFEOM1 mutations 
cause a hyperactive kinesin, leading to perturbed regulation of microtubule dynamics, which 
affects axonal growth cone morphology and pathfinding. Improper regulation of microtubule 
growth therefore alters neuronal development. KIF21A might also play a role in a related 
syndrome, CFEOM3, where TUBB3 mutations are found that lead to altered microtubule 
dynamics with induction of more stable microtubules (Tischfield et al. 2010). KIF21A was 
shown to interact less with microtubules containing the mutated TUBB3 isoforms, suggesting 
KIF21A might also be a regulator in CFEOM3. Note, however, the difference in increased 
activity in CFEOM1 and a decrease in binding in CFEOM3, likely indicating different effects 
of the protein. 
Several binding partners have been described for KIF21A, including the neuronal specific K+-
dependent Na+/Ca2+ exchanger (NCKX2) and Brefeldin A-inhibited guanine nucleotide-
exchange protein 1 (BIG1), which bind to the WD40 domains and are believed to be KIF21A 
cargos (Lee et al. 2012, Shen et al. 2008). In addition, MAP1B was shown to bind to KIF21A’s 
stalk and tail region (Cheng et al. 2014). However, even though a loss of MAP1B results in a 
similar CFEOM phenotype as observed for KIF21A mutants, no effect in KIF21A activity was 
found upon MAP1B depletion, making the precise link between these proteins still unclear. 
Furthermore, KIF21A was shown to bind to KANK1 (Kakinuma and Kiyama 2009, this thesis 
Chapter 2), which is a regulator of actin polymerization, cell migration and neurite outgrowth 
(Kakinuma et al. 2009). KIF21A depends on KANK1 for its cortical localization (Chapter 
2 this thesis). BIG1 depletion, as well as KANK1 depletion, affect cell migration in wound 
healing assays, but no direct link between these proteins and a function for KIF21A in this 
process has been shown so far (Li et al. 2011).

KIF21B has recently been linked to several neurological and immunological disorders, 
with SNPs found in multiple sclerosis, inflammatory bowel disease, ankylosing spondylitis 
and acute anterior uveitis (IMSGC 2010, Goris et al. 2010, Danoy et al. 2010, Liu et al. 2013, 
Robinson et al. 2015, Yang et al. 2015). Although a decrease of KIF21B levels in grey matter is 
described in multiple sclerosis (Hares et al. 2014), KIF21B is upregulated in the white matter 
of affected patients (Kreft et al. 2014). An increase in mRNA levels is shown to be correlated 
with the extent of grey matter demyelination and the severity of multiple sclerosis (Kreft et 
al. 2014). In addition, high expression of KIF21B correlates with a poor prognosis in multiple 
myeloma, glioma and Alzheimer’s disease (Agnelli et al. 2011, Harada et al. 2007, Kreft et al. 
2014). 

KIF21B is shown to bind the ubiquitin ligase TRIM3 which might act as a cofactor for 
the kinesin, since depletion of TRIM3 reduced motility of KIF21B in neurons (Labonte et al. 
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2013), but a direct link between the two proteins is not yet shown in in vitro reconstitutions. 
KIF21B was also shown to be involved in cell surface delivery of GABAA receptors in neurons 
(Labonte et al. 2014). Furthermore, depletion of KIF21B results in altered dendritic tree 
complexity with less branching and reduced spine density, and KIF21B knock-out mice show 
mildly decreased capacity in learning and memory (Muhia et al. 2016). Recently, KIF21B was 
also shown to regulate microtubule dynamics (Chapter 4 this thesis, Muhia et al. 2016). 

Scope of this thesis: 
Kinesins have important cellular functions for cargo transport and regulation of microtubule 
dynamics. In this thesis, we studied the kinesin-4 family members KIF21A and KIF21B in 
detail and found that these kinesins act as strong microtubule polymerization inhibitors. We 
also showed that these proteins regulate their activity through autoinhibition. Tight regulation 
of kinesin function is essential, with improper regulation through mutations leading to 
disease, as described for KIF21A.

In chapter 2, we show that KIF21A is recruited to cortical sites (“patches”) where it inhibits 
microtubule polymerization and catastrophes. In conjunction with other proteins present in 
these patches, KIF21A promotes formation of stabilized microtubules. Furthermore, we show 
that KIF21A is autoinhibited through intramolecular folding. Mutations found in Congenital 
fibrosis of the Extraocular Muscles type 1 (CFEOM1) relieve autoinhibition of KIF21A and 
cause an overly active kinesin. We show that in neurons, this leads to altered growth cone 
behaviour and abnormalities of axon development. 

In chapter 3, the mechanism of autoinhibition of KIF21A is further studied. We found 
autoinhibition to occur via an autoinhibitory region in the stalk of the protein, which forms 
an intramolecular antiparallel coiled coil that binds to the motor domain. CFEOM1 mutations 
change the antiparallel coiled coil conformation or are situated directly at the binding interface 
with the motor domain, perturbing the binding to the motor domain. We propose a model 
for the binding interface between the inhibitory antiparallel coiled coil and the motor domain 
of KIF21A.

In chapter 4, we show that KIF21B is a strong inhibitor of microtubule dynamics. We show 
that microtubule polymerization can be paused by one or two KIF21B molecules, leading to 
stabilized microtubules. This kinesin undergoes similar autoinhibition as observed for KIF21A 
and we show that the same antiparallel coiled coil region is important for autoinhibition. We 
further demonstrate that the full length KIF21B is activated through binding to microtubules 
via its WD40 domain. 

In chapter 5, we explored binding partners of KIF21A and KIF21B using mass spectrometry. 
We validated binding of some candidates and performed preliminary experiments on their 
functions related to the kinesins. The role of MAPs in the activation of KIF21A has been 
studied. Furthermore, we explored the function of KIF21B in Jurkat cells as a model of 
immunological synapse formation and obtained data suggesting that this process is impaired 
upon knock-out of KIF21B. 

In chapter 6, we discuss our results and place them in a broader perspective. 



22

Chapter 1

1 Agnelli, L. Forcato, M., Ferrar, F., Tuana, G., Todoerti, 
K., Walker, B., … Neri, A. (2011). The reconstruction 
of transcriptional networks reveals critical genes with 
implications for clinical outcome of multiple myeloma. 
Clinical Cancer Research, 17(23), 7402–7412.

Akhmanova, A., & Hoogenraad, C. C. (2005). 
Microtubule plus-end-tracking proteins: Mechanisms 
and functions. Current Opinion in Cell Biology, 17(1), 
47–54. 

Akhmanova, A., & Hoogenraad, C. C. (2015). 
Microtubule Minus-End-Targeting Proteins. Current 
Biology, 25(4), R162–R171. 

Akhmanova, A., & Steinmetz, M. O. (2008). Tracking 
the ends: a dynamic protein network controls the fate 
of microtubule tips. Nature Reviews. Molecular Cell 
Biology, 9(4), 309–322. 

Akhmanova, A., & Steinmetz, M. O. (2010). Microtubule 
+TIPs at a glance. J Cell Science, 123, 3415–3419. 

Akhmanova, A., & Steinmetz, M. O. (2015). Control of 
microtubule organization and dynamics: two ends in 
the limelight. Nature Reviews. Molecular Cell Biology, 
16(12), 711–26. 

Ali, B. R., Silhavy, J. L., Akawi, N. a, Gleeson, J. G., & Al-
Gazali, L. (2012). A mutation in KIF7 is responsible for 
the autosomal recessive syndrome of macrocephaly, 
multiple epiphyseal dysplasia and distinctive facial 
appearance. Orphanet Journal of Rare Diseases, 7(1), 
27. 

Ali, Z., Xing, C., Anwar, D., Itani, K., Weakley, D., Gong, 
X., … Mootha, V. V. (2014). A novel de novo KIF21A 
mutation in a patient with congenital fibrosis of the 
extraocular muscles and Möbius syndrome. Molecular 
Vision, 20, 368–375. 

Alushin, G. M., Lander, G. C., Kellogg, E. H., Zhang, 
R., Baker, D., & Nogales, E. (2014). High-Resolution 
microtubule structures reveal the structural 
transitions in αβ-tubulin upon GTP hydrolysis. Cell, 
157(5), 1117–1129. 

Asbury, C. L., Fehr, A. N., & Block, S. M. (2003). Kinesin 
moves by an asymmetric hand-over-hand mechanism. 
Science (New York, N.Y.), 302(5653), 2130–2134. 

Barlan, K., Lu, W., & Gelfand, V. I. (2013). The 
microtubule-binding protein ensconsin is an essential 
cofactor of kinesin-1. Current Biology, 23(4), 317–322. 

Bieling, P., Kandels-Lewis, S., Telley, I. a., Van Dijk, 
J., Janke, C., & Surrey, T. (2008). CLIP-170 tracks 
growing microtubule ends by dynamically recognizing 
composite EB1/tubulin binding sites. Journal of Cell 
Biology, 183(7), 1223–1233. 

Bieling, P., Laan, L., Schek, H., Munteanu, E. L., Sandblad, 
L., Dogterom, M., … Surrey, T. (2007). Reconstitution 
of a microtubule plus-end tracking system in vitro. 
Nature, 450(7172), 1100–1105. 

Bieling, P., Telley, I. a., & Surrey, T. (2010). A minimal 
midzone protein module controls formation and 
length of antiparallel microtubule overlaps. Cell, 
142(3), 420–432. 

Blasius, T. L., Cai, D., Jih, G. T., Toret, C. P., & Verhey, K. J. 
(2007). Two binding partners cooperate to activate the 
molecular motor Kinesin-1. Journal of Cell Biology, 
176(1), 11–17. 

Bringmann, H., Skiniotis, G., Spilker, A., Kandels-
Lewis, S., Vernos, I., & Surrey, T. (2004). A Kinesin-
like Motor Inhibits Microtubule Dynamic Instability. 
Science, 303(5663), 1519–1522. 

Brouhard, G. J., Stear, J. H., Noetzel, T. L., Al-Bassam, J., 
Kinoshita, K., Harrison, S. C., … Hyman, A. a. (2008). 
XMAP215 Is a Processive Microtubule Polymerase. 
Cell, 132(1), 79–88. 

Burton, P. R., Hinkley, R. E., & Pierson, G. B. (1975). 
Tannic acid-stained microtubules with 12, 13 and 15 
protofilaments. The Journal of Cell Biology, 65, 227–
233.

Cai, D., Hoppe, A. D., Swanson, J. a., & Verhey, K. J. (2007). 
Kinesin-1 structural organization and conformational 
changes revealed by FRET stoichiometry in live cells. 
Journal of Cell Biology, 176(1), 51–63. 

Chakraborti, S., Natarajan, K., Curiel, J., Janke, C., & 
Liu, J. (2016). The emerging role of the tubulin code: 
From the tubulin molecule to neuronal function and 
disease. Cytoskeleton (Hoboken, N.J.), online ahead of 
print. 

Chan, W.-M., Andrews, C., Dragan, L., Fredrick, D., 
Armstrong, L., Lyons, C., … Engle, E. C. (2007). Three 
novel mutations in KIF21A highlight the importance 
of the third coiled-coil stalk domain in the etiology of 
CFEOM1. BMC Genetics, 8, 26. 

Cheng, L., Desai, J., Miranda, C. J., Duncan, J. S., Qiu, 
W., Nugent, A. a., … Engle, E. C. (2014). Human 
CFEOM1 mutations attenuate KIF21A autoinhibition 
and cause oculomotor axon stalling. Neuron, 82(2), 
334–349. 

Cohen, M. M. (2010). Hedgehog signaling update. 
American Journal of Medical Genetics, Part A, 152(8), 
1875–1914. 

Coles, G. L., Baglia, L. a., & Ackerman, K. G. (2015). KIF7 
Controls the Proliferation of Cells of the Respiratory 
Airway through Distinct Microtubule Dependent 

References



23

 General Introduction

1

Mechanisms. PLoS Genetics, 11(10), e1005525. 
Coy, D. L., Hancock, W. O., Wagenbach, M., & Howard, J. 

(1999). Kinesin’s tail domain is an inhibitory regulator 
of the motor domain. Nature Cell Biology, 1(5), 288–
292. 

Dafinger, C., Liebau, M. C., Elsayed, S. M., Hellenbroich, 
Y., Boltshauser, E., Korenke, G. C., … Bolz, H. J. (2011). 
Mutations in KIF7 link Joubert syndrome with Sonic 
Hedgehog signaling and microtubule dynamics. The 
Journal of Clinical Investigation, 121(7), 2662–2667. 

Danoy, P., Pryce, K., Hadler, J., Bradbury, L. a, Farrar, 
C., Pointon, J., … Brown, M. a. (2010). Association 
of variants at 1q32 and STAT3 with ankylosing 
spondylitis suggests genetic overlap with Crohn’s 
disease. PLoS Genetics, 6(12), e1001195. 

DeBerg, H. a., Blehm, B. H., Sheung, J., Thompson, A. R., 
Bookwalter, C. S., Torabi, S. F., … Selvin, P. R. (2013). 
Motor domain phosphorylation modulates kinesin-1 
transport. Journal of Biological Chemistry, 288(45), 
32612–32621. 

Desai, J., Velo, M. P. R., Yamada, K., Overman, L. M., & 
Engle, E. C. (2012). Spatiotemporal expression pattern 
of KIF21A during normal embryonic development 
and in congenital fibrosis of the extraocular muscles 
type 1 (CFEOM1). Gene Expression Patterns, 12(5-6), 
180–188. 

Dietrich, K. a, Sindelar, C. V, Brewer, P. D., Downing, K. 
H., Cremo, C. R., & Rice, S. E. (2008). The kinesin-1 
motor protein is regulated by a direct interaction of 
its head and tail. Proceedings of the National Academy 
of Sciences of the United States of America, 105(26), 
8938–8943. 

Dixit, R., Barnett, B., Lazarus, J. E., Tokito, M., Goldman, 
Y. E., & Holzbaur, E. L. F. (2009). Microtubule plus-
end tracking by CLIP-170 requires EB1. Proceedings of 
the National Academy of Sciences of the United States of 
America, 106(2), 492–497. 

Duellberg, C., Cade, N. I., Holmes, D., & Surrey, T. (2016). 
The size of the EB cap determines instantaneous 
microtubule stability, 5, e13470. 

Endow, S. A., Kang, S. J., Satterwhite, L. L., Rose, M. D., 
Skeen, V. P., & Salmon, E. D. (1994). Yeast Kar3 is. The 
EMBO Journal, 13(11), 2708–2713.

Engle, E. C. (2006). The genetic basis of complex 
strabismus. Pediatric Research, 59(3), 343–348. 

Espeut, J., Gaussen, A., Bieling, P., Morin, V., Prieto, S., 
Fesquet, D., … Abrieu, A. (2008). Phosphorylation 
Relieves Autoinhibition of the Kinetochore Motor 
Cenp-E. Molecular Cell, 29, 637–643. 

Friedman, D. S., & Vale, R. D. (1999). Single-molecule 

analysis of kinesin motility reveals regulation by the 
cargo-binding tail domain. Nature Cell Biology, 1(5), 
293–297. 

Galjart, N. (2010). Plus-end-tracking proteins and their 
interactions at microtubule ends. Current Biology, 
20(12), R528–R537. 

Goodwin, S. S., & Vale, R. D. (2010). Patronin Regulates 
the Microtubule Network by Protecting Microtubule 
Minus Ends. Cell, 143(2), 263–274. 

Goris, A., Boonen, S., D’hooghe, M.-B., & Dubois, B. 
(2010). Replication of KIF21B as a susceptibility locus 
for multiple sclerosis. Journal of Medical Genetics, 
47(11), 775–776. 

Groth-Pedersen, L., Aits, S., Corcelle-Termeau, E., 
Petersen, N. H. T., Nylandsted, J., & Jäättelä, M. 
(2012). Identification of Cytoskeleton-Associated 
Proteins Essential for Lysosomal Stability and Survival 
of Human Cancer Cells. PLoS ONE, 7(10), e45381. 

Gundersen, G. G., Gomes, E. R., & Wen, Y. (2004). 
Cortical control of microtubule stability and 
polarization. Current Opinion in Cell Biology, 16(1), 
106–112. 

Hackney, D. D., Baek, N., & Snyder, A. C. (2009). Half-
site inhibition of dimeric kinesin head domains by 
monomeric tail domains. Biochemistry, 48(15), 3448–
3456. 

Hackney, D. D., & Stock, M. F. (2000). Kinesin’s IAK tail 
domain inhibits initial microtubule-stimulated ADP 
release. Nature Cell Biology, 2(5), 257–260. 

Hackney, D. D., & Stock, M. F. (2008). Kinesin tail 
domains and Mg2+ directly inhibit release of ADP 
from head domains in the absence of microtubules. 
Biochemistry, 47(29), 7770–7778. 

Haider, S., Wang, J., Nagano, A., Desai, A., Arumugam, 
P., Dumartin, L., … Chelala, C. (2014). A multi-gene 
signature predicts outcome in patients with pancreatic 
ductal adenocarcinoma. Genome Medicine, 6(12), 105. 

Hammond, J. W., Blasius, T. L., Soppina, V., Cai, D., & 
Verhey, K. J. (2010). Autoinhibition of the kinesin-2 
motor KIF17 via dual intramolecular mechanisms. 
Journal of Cell Biology, 189(6), 1013–1025. 

Hammond, J. W., Cai, D., Blasius, T. L., Li, Z., Jiang, 
Y., Jih, G. T., … Verhey, K. J. (2009). Mammalian 
Kinesin-3 motors are dimeric in vivo and move by 
processive motility upon release of autoinhibition. 
PLoS Biology, 7(3), e1000072. 

Harada, M., Ishihara, Y., Itoh, K., & Yamanaka, R. 
(2007). Kinesin superfamily protein-derived peptides 
with the ability to induce glioma-reactive cytotoxic 
T lymphocytes in human leukocyte antigen-A24 + 



24

Chapter 1

1

glioma patients. Oncology Reports, 17, 629–636.
Hares, K., Kemp, K., Rice, C., Gray, E., Scolding, N., & 

Wilkins, a. (2014). Reduced axonal motor protein 
expression in non-lesional grey matter in multiple 
sclerosis. Multiple Sclerosis Journal, 20(7), 812–821. 

He, M., Subramanian, R., Bangs, F., Omelchenko, T., 
Liem, K. F., Kapoor, T. M., & Anderson, K. V. (2014). 
The kinesin-4 protein Kif7 regulates mammalian 
Hedgehog signalling by organizing the cilium tip 
compartment. Nature Cell Biology, 16(7), 663–672. 

Hendershott, M. C., & Vale, R. D. (2014). Regulation 
of microtubule minus-end dynamics by CAMSAPs 
and Patronin. Proceedings of the National Academy 
of Sciences of the United States of America, 111(16), 
5860–5865. 

Hirokawa, N., Niwa, S., & Tanaka, Y. (2010). Molecular 
motors in neurons: Transport mechanisms and roles 
in brain function, development, and disease. Neuron, 
68(4), 610–638. 

Hu, C. K., Coughlin, M., Field, C. M., & Mitchison, T. 
J. (2011). KIF4 regulates midzone length during 
cytokinesis. Current Biology, 21(10), 815–824. 

Huang, C. F., & Banker, G. (2012). The Translocation 
Selectivity of the Kinesins that Mediate Neuronal 
Organelle Transport. Traffic, 13(4), 549–564. 

Imanishi, M., Endres, N. F., Gennerich, A., & Vale, R. D. 
(2006). Autoinhibition regulates the motility of the C. 
elegans intraflagellar transport motor OSM-3. Journal 
of Cell Biology, 174(7), 931–937. 

IMSGC, T. I. M. S. G. C. (2010). Comprehensive follow-
up of the first genome-wide association study of 
multiple sclerosis identifies KIF21B and TMEM39A as 
susceptibility loci. Human Molecular Genetics, 19(5), 
953–962. 

Janke, C. (2014). The tubulin code: Molecular 
components, readout mechanisms, functions. Journal 
of Cell Biology, 206(4), 461–472. 

Janke, C., & Chloë Bulinski, J. (2011). Post-translational 
regulation of the microtubule cytoskeleton: 
mechanisms and functions. Nature Reviews Molecular 
Cell Biology, 12(12), 773–786. 

Jiang, K., Hua, S., Mohan, R., Grigoriev, I., Yau, K., Liu, 
Q., … Akhmanova, A. (2014). Microtubule Minus-
End Stabilization by Polymerization-Driven CAMSAP 
Deposition. Developmental Cell, 28(3), 295–309. 

Kaan, H. Y. K., Hackney, D. D., & Kozielski, F. (2011). The 
structure of the kinesin-1 motor-tail complex reveals 
the mechanism of autoinhibition. Science (New York, 
N.Y.), 333(6044), 883–885.

Kakinuma, N., & Kiyama, R. (2009). A major mutation 

of KIF21A associated with congenital fibrosis of the 
extraocular muscles type 1 (CFEOM1) enhances 
translocation of Kank1 to the membrane. Biochemical 
and Biophysical Research Communications, 386(4), 
639–644. 

Kakinuma, N., Zhu, Y., Wang, Y., Roy, B. C., & Kiyama, 
R. (2009). Kank proteins: Structure, functions and 
diseases. Cellular and Molecular Life Sciences, 66(16), 
2651–2659. 

Khan, A. O., Shinwari, J., Omar, A., Khalil, D., Al-Anazi, 
M., Al-Amri, A., & Al-Tassan, N. a. (2011). The optic 
nerve head in congenital fibrosis of the extraocular 
muscles. Ophthalmic Genetics, 32(3), 175–180.

Kim, H., Fonseca, C., & Stumpff, J. (2014). A unique 
kinesin-8 surface loop provides specificity for 
chromosome alignment. Molecular Biology of the Cell, 
25(21), 3319-3329. 

Komarova, Y. a., Akhmanova, A. S., Kojima, S. I., Galjart, 
N., & Borisy, G. G. (2002). Cytoplasmic linker proteins 
promote microtubule rescue in vivo. Journal of Cell 
Biology, 159(4), 589–599. 

Komarova, Y., De Groot, C. O., Grigoriev, I., Gouveia, S. 
M., Munteanu, E. L., Schober, J. M., … Akhmanova, 
A. (2009). Mammalian end binding proteins control 
persistent microtubule growth. Journal of Cell Biology, 
184(5), 691–706. 

Kreft, K. L., van Meurs, M., Wierenga-Wolf, A. F., Melief, 
M.-J., van Strien, M. E., Hol, E. M., … Hintzen, R. Q. 
(2014). Abundant kif21b is associated with accelerated 
progression in neurodegenerative diseases. Acta 
Neuropathologica Communications, 2, 144. 

Labonte, D., Thies, E., & Kneussel, M. (2014). The 
kinesin KIF21B participates in the cell surface delivery 
of gamma2 subunit-containing GABA-A receptors. 
European Journal of Cell Biology, 93(8-9), 338–346. 

Labonté, D., Thies, E., Pechmann, Y., Groffen, A. J., 
Verhage, M., Smit, A. B., … Kneussel, M. (2013). 
TRIM3 Regulates the Motility of the Kinesin Motor 
Protein KIF21B. PLoS ONE, 8(9), e75603. 

Lansbergen, G., & Akhmanova, A. (2006a). Microtubule 
plus end: A hub of cellular activities. Traffic, 7(5), 
499–507. 

Lansbergen, G., Grigoriev, I., Mimori-Kiyosue, Y., 
Ohtsuka, T., Higa, S., Kitajima, I., … Akhmanova, 
A. (2006b). CLASPs Attach Microtubule Plus Ends 
to the Cell Cortex through a Complex with LL5b 
Developmental Cell, 11(1), 21–32. 

Lawrence, C. J., Dawe, R. K., Christie, K. R., Cleveland, 
D. W., Dawson, S. C., Endow, S. a., … Wordeman, L. 
(2004). A standardized kinesin nomenclature. Journal 



25

 General Introduction

1

of Cell Biology, 167(1), 19–22. 
Lee, J.-R., Shin, H.-W., Choi, J., Ko, J., Kim, S., Lee, H. 

W., … Kim, E. (2004). An intramolecular interaction 
between the FHA domain and a coiled coil negatively 
regulates the kinesin motor KIF1A. The EMBO 
Journal, 23(7), 1506–1515. 

Lee, K.-H., Lee, J. S., Lee, D., Seog, D.-H., Lytton, J., 
Ho, W.-K., & Lee, S.-H. (2012). KIF21A-Mediated 
Axonal Transport and Selective Endocytosis Underlie 
the Polarized Targeting of NCKX2. Journal of 
Neuroscience, 32(12), 4102–4117. 

Li, C.-C., Kuo, J.-C., Waterman, C. M., Kiyama, R., 
Moss, J., & Vaughan, M. (2011). Effects of brefeldin 
A-inhibited guanine nucleotide-exchange (BIG) 1 
and KANK1 proteins on cell polarity and directed 
migration during wound healing. Proceedings of the 
National Academy of Sciences , 108 (48 ), 19228–19233. 

Li, Z. J., Nieuwenhuis, E., Nien, W., Zhang, X., Zhang, 
J., Puviindran, V., … Hui, C. -c. (2012). Kif7 regulates 
Gli2 through Sufu-dependent and -independent 
functions during skin development and tumorigenesis. 
Development, 139, 4152–4161. 

Liem, K. F., He, M., Ocbina, P. J. R., & Anderson, K. 
V. (2009). Mouse Kif7/Costal2 is a cilia-associated 
protein that regulates Sonic hedgehog signaling. 
Proceedings of the National Academy of Sciences of the 
United States of America, 106(32), 13377–13382. 

Liu, Y., Zhang, H., Li, J., Zhao, H., Xin, Q., Shan, S., … 
Liu, Q. (2013). Association of common variants in 
KIF21B and ankylosing spondylitis in a Chinese Han 
population: A replication study. Immunogenetics, 65, 
835–839. 

Lu, S., Zhao, C., Zhao, K., Li, N., & Larsson, C. (2008). 
Novel and Recurrent KIF21A mutations in Congenital 
Fibrosis of the Extraocular Muscles Type 1 and 3. Arch 
Ophthalmol, 126(3), 388–394.

Marszalek, J. R., Weiner, J. a., Farlow, S. J., Chun, J., & 
Goldstein, L. S. B. (1999). Novel dendritic kinesin 
sorting identified by different process targeting of two 
related kinesins: KIF21A and KIF21B. Journal of Cell 
Biology, 145(3), 469–479. 

Maurer, S. P., Fourniol, F. J., Bohner, G., Moores, C. 
a., & Surrey, T. (2012). EBs recognize a nucleotide-
dependent structural cap at growing microtubule 
ends. Cell, 149(2), 371–382. 

Maurya, A. K., Ben, J., Zhao, Z., Lee, R. T. H., Niah, W., 
Ng, A. S. M., … Ingham, P. W. (2013). Positive and 
Negative Regulation of Gli Activity by Kif7 in the 
Zebrafish Embryo. PLoS Genetics, 9(12), e1003955. 

McNally, F. J., & Vale, R. D. (1993). Identification of 

katanin, an ATPase that severs and disassembles stable 
microtubules. Cell, 75(3), 419–429. 

Metzger, T., Gache, V., Xu, M., Cadot, B., Folker, E. S., 
Richardson, B. E., … Baylies, M. K. (2012). MAP and 
kinesin-dependent nuclear positioning is required for 
skeletal muscle function. Nature, 484(7392), 120–124. 

Miki, H., Okada, Y., & Hirokawa, N. (2005). Analysis of 
the kinesin superfamily: Insights into structure and 
function. Trends in Cell Biology, 15(9), 467–476. 

Mimori-Kiyosue, Y., Grigoriev, I., Lansbergen, G., 
Sasaki, H., Matsui, C., Severin, F., … Akhmanova, 
A. (2005). CLASP1 and CLASP2 bind to EB1 and 
regulate microtubule plus-end dynamics at the cell 
cortex. Journal of Cell Biology, 168(1), 141–153. 

Minakawa, Y., Kasamatsu, A., Koike, H., Higo, M., 
Nakashima, D., Kouzu, Y., … Uzawa, K. (2013). 
Kinesin family member 4A: A potential predictor for 
progression of human oral cancer. PLoS ONE, 8(12), 
e85951. 

Moores, C. a, & Milligan, R. a. (2006). Lucky 13 - 
microtubule depolymerisation by kinesin-13 motors. 
Journal of Cell Science, 119(19), 3905–3913. 

Morris, E. J., Nader, G. P. F., Ramalingam, N., Bartolini, 
F., & Gundersen, G. G. (2014). Kif4 interacts with EB1 
and stabilizes microtubules downstream of Rho-mDia 
in migrating fibroblasts. PLoS ONE, 9(3), e91568. 

Muhia, M., Thies, E., Labonte, D., Ghiretti, A. E., 
Gromova, K. V., Xompero, F., … Kneussel, M. (2016). 
The Kinesin KIF21B Regulates Microtubule Dynamics 
and Is Essential for Neuronal Morphology, Synapse 
Function, and Learning and Memory. Cell Reports, 
15(5), 968–977. 

Niwa, S., Nakajima, K., Miki, H., Minato, Y., Wang, D., 
& Hirokawa, N. (2012). KIF19A Is a Microtubule-
Depolymerizing Kinesin for Ciliary Length Control. 
Developmental Cell, 23(6), 1167–1175. 

Nogales, E., Wolf, S. G., & Downing, K. H. (1998). 
Structure of the alpha beta tubulin dimer by electron 
crystallography. Nature, 391, 199–203. 

Nozawa, Y. I., Yao, E., Gacayan, R., Xu, S.-M., & Chuang, 
P.-T. (2014). Mammalian Fused is essential for sperm 
head shaping and periaxonemal structure formation 
during spermatogenesis. Developmental Cell, 388(2), 
170–180. 

Ogawa, T., Nitta, R., Okada, Y., & Hirokawa, N. (2004). A 
Common Mechanism for Microtubule Destabilizers - 
M Type Kinesins Stabilize Curling of the Protofilament 
Using the Class-Specific Neck and Loops. Cell, 116(4), 
591–602. 

Pamula, M. C., Ti, S.-C., & Kapoor, T. M. (2016). The 



26

Chapter 1

1

structured core of human β tubulin confers isotype-
specific polymerization properties. The Journal of Cell 
Biology, 213(4), 425–433. 

Panda, D., Miller, H. P., Banerjee, a, Ludueña, R. F., & 
Wilson, L. (1994). Microtubule dynamics in vitro 
are regulated by the tubulin isotype composition. 
Proceedings of the National Academy of Sciences of the 
United States of America, 91(24), 11358–11362. 

Putoux, A., Thomas, S., Coene, K. L. M., Davis, E. E., 
Alanay, Y., Ogur, G., … Attié-Bitach, T. (2011). KIF7 
mutations cause fetal hydrolethalus and acrocallosal 
syndromes. Nature Genetics, 43(6), 601–606. 

Robinson, P. C., Claushuis, T. a M., Cortes, A., Martin, 
T. M., Evans, D. M., Leo, P., … Brown, M. a. (2015). 
Genetic Dissection of Acute Anterior Uveitis 
Reveals Similarities and Differences in Associations 
Observed With Ankylosing Spondylitis. Arthritis & 
Rheumatology, 67(1), 140–151. 

Salemi, M., Barone, C., Romano, C., Ridolfo, F., Scavuzzo, 
C., Cantarella, R. A., … Bosco, P. (2013). KIF21A 
mRNA expression in patients with Down syndrome. 
Neurological Sciences, 34(4), 569–571. 

Salemi, M., Barone, C., Romano, C., Zolezzi, F., Romano, 
C., Scavuzzo, C., … Bosco, P. (2012). Gene expression 
profiling and qRT-PCR expression of RPP1B, 
PCNT, KIF21A and ADRB2 in leucocytes of Down’s 
syndrome subjects. Journal of Genetics, 91, e18–e23.

Shen, X., Meza-Carmen, V., Puxeddu, E., Wang, G., 
Moss, J., & Vaughan, M. (2008). Interaction of 
brefeldin A-inhibited guanine nucleotide-exchange 
protein (BIG) 1 and kinesin motor protein KIF21A. 
Proceedings of the National Academy of Sciences of the 
United States of America, 105(48), 18788–18793. 

Shipley, K., Hekmat-Nejad, M., Turner, J., Moores, C., 
Anderson, R., Milligan, R., … Fletterick, R. (2004). 
Structure of a kinesin microtubule depolymerization 
machine. The EMBO Journal, 23(7), 1422–1432. 

Song, Y., & Brady, S. T. (2015). Post-translational 
modifications of tubulin: Pathways to functional 
diversity of microtubules. Trends in Cell Biology, 25(3), 
125–136. 

Stumpff, J., Wagenbach, M., Franck, A., Asbury, C. L., & 
Wordeman, L. (2012). Kif18A and Chromokinesins 
Confine Centromere Movements via Microtubule 
Growth Suppression and Spatial Control of 
Kinetochore Tension. Developmental Cell, 22(5), 
1017–1029. 

Sturgill, E. G., Das, D. K., Takizawa, Y., Shin, Y., Collier, 
S. E., Ohi, M. D., … Ohi, R. (2014). Kinesin-12 kif15 
targets kinetochore fibers through an intrinsic two-

step mechanism. Current Biology, 24(19), 2307–2313. 
Su, X., Qiu, W., Gupta, M. L., Pereira-Leal, J. B., Reck-

Peterson, S. L., & Pellman, D. (2011). Mechanisms 
Underlying the Dual-Mode Regulation of Microtubule 
Dynamics by Kip3/Kinesin-8. Molecular Cell, 43(5), 
751–763. 

Subramanian, R., Ti, S., Tan, L., Darst, S. A., & Kapoor, 
T. M. (2013). Marking and Measuring Single 
Microtubules by PRC1 and Kinesin-4.pdf. Cell, 
154(2), 377–390. 

Sung, H. H., Telley, I. a., Papadaki, P., Ephrussi, A., 
Surrey, T., & Rørth, P. (2008). Drosophila Ensconsin 
Promotes Productive Recruitment of Kinesin-1 to 
Microtubules. Developmental Cell, 15(6), 866–876. 

Taniwaki, M., Takano, A., Ishikawa, N., Yasui, W., Inai, 
K., Nishimura, H., … Daigo, Y. (2007). Activation of 
KIF4A as a prognostic biomarker and therapeutic 
target for lung cancer. Clinical Cancer Research, 
13(22), 6624–6631. 

Tilney, L. G., Bryan, J., Bush, D. J., Fujiwara, K., Mooseker, 
M. S., & Murphy, D. B. (1973). Microtubules : Evidence 
for 13 Protofilaments. The Journal of Cell Biology, 59, 
267–275.

Tischfield, M. a., Baris, H. N., Wu, C., Rudolph, G., Van 
Maldergem, L., He, W., … Engle, E. C. (2010). Human 
TUBB3 Mutations Perturb Microtubule Dynamics, 
Kinesin Interactions, and Axon Guidance. Cell, 
140(1), 74–87. 

Verhey, K. J., & Hammond, J. W. (2009). Traffic control: 
regulation of kinesin motors. Nature Reviews. 
Molecular Cell Biology, 10(11), 765–777. 

Vicente, J. J., & Wordeman, L. (2015). Mitosis, 
microtubule dynamics and the evolution of kinesins. 
Experimental Cell Research, 334(1), 61–69. 

Vitre, B., Coquelle, F. M., Heichette, C., Garnier, C., 
Chrétien, D., & Arnal, I. (2008). EB1 regulates 
microtubule dynamics and tubulin sheet closure in 
vitro. Nature Cell Biology, 10(4), 415–421. 

Walczak, C. E., Gayek, S., & Ohi, R. (2013). Microtubule-
Depolymerizing Kinesins. Annual Review of Cell and 
Developmental Biology, 29(1), 417–441. 

Wandke, C., Barisic, M., Sigl, R., Rauch, V., Wolf, 
F., Amaro, A. C., … Geley, S. (2012). Human 
chromokinesins promote chromosome congression 
and spindle microtubule dynamics during mitosis. 
Journal of Cell Biology, 198(5), 847–863. 

Wang, P., Li, S., Xiao, X., Guo, X., & Zhang, Q. (2011). 
KIF21A novel deletion and recurrent mutation in 
patients with congenital fibrosis of the extraocular 
muscles-1. International Journal of Molecular 



27

 General Introduction

1

Medicine, 28(6), 973–975. 
Wiese, C., & Zheng, Y. (2000). A new function for the 

gamma-tubulin ring complex as a microtubule minus-
end cap. Nature Cell Biology, 2(6), 358–364. 

Willemsen, M. H., Ba, W., Wissink-Lindhout, W. M., de 
Brouwer, A. P. M., Haas, S. a, Bienek, M., … Kleefstra, 
T. (2014). Involvement of the kinesin family members 
KIF4A and KIF5C in intellectual disability and 
synaptic function. Journal of Medical Genetics, 51(7), 
487–494. 

Wilson, C. W., Nguyen, C. T., Chen, M.-H., Yang, J.-H., 
Gacayan, R., Huang, J., … Chuang, P.-T. (2009). Fused 
has evolved divergent roles in vertebrate Hedgehog 
signaling and motile ciliogenesis. Nature, 459(7243), 
98–102. 

Wong, Y. L., Dietrich, K. a., Naber, N., Cooke, R., & 
Rice, S. E. (2009). The kinesin-1 tail conformationally 
restricts the nucleotide pocket. Biophysical Journal, 
96(7), 2799–2807. 

Yamada, K., Andrews, C., Chan, W.-M., McKeown, C. 
a, Magli, A., de Berardinis, T., … Engle, E. C. (2003). 
Heterozygous mutations of the kinesin KIF21A in 
congenital fibrosis of the extraocular muscles type 1 
(CFEOM1). Nature Genetics, 35(4), 318–321. 

Yamada, K. H., Hanada, T., & Chishti, A. H. (2007). 
Effector domain of human Dlg tumor suppressor acts 
as a switch that relieves auto-inhibition of kinesin-3 
motor GAKIN/KIF13B. Biochemistry, 46(35), 10039–
10045. 

Yang, X., Li, M., Wang, L., Hu, Z., Zhang, Y., & 
Yang, Q. (2015). Association of KIF21B genetic 
polymorphisms with ankylosing spondylitis in a 
Chinese Han population of Shandong Province. 
Clinical Rheumatology, 34(10), 1729–1736. 

Yang, X., Yamada, K., Katz, B., Guan, H., Wang, L., 
Andrews, C., … Zhang, K. (2010). KIF21A mutations 
in two Chinese families with congenital fibrosis of the 
extraocular muscles (CFEOM). Molecular Vision, 16, 
2062–2070. 

Yildiz, A., Tomishige, M., Vale, R. D., & Selvin, P. R. 
(2004). Kinesin walks hand-over-hand. Science (New 
York, N.Y.), 303(5658), 676–678. 

Yu, I., Garnham, C. P., & Roll-Mecak, A. (2015). Writing 
and reading the tubulin code. Journal of Biological 
Chemistry, 290(28), 17163–17172. doi:10.1074/jbc.
R115.637447

Zanic, M., Stear, J. H., Hyman, A. a., & Howard, J. (2009). 
EB1 recognizes the nucleotide state of tubulin in the 
microtubule lattice. PLoS ONE, 4(10), e7585. 

Zhou, R., Niwa, S., Homma, N., Takei, Y., & Hirokawa, 
N. (2009). KIF26A Is an Unconventional Kinesin and 
Regulates GDNF-Ret Signaling in Enteric Neuronal 
Development. Cell, 139(4), 802–813. 

Zhu, C., Zhao, J., Bibikova, M., Leverson, J. D., Bossy-
Wetzel, E., Fan, J.-B., … Jiang, W. (2005). Functional 
analysis of human microtubule-based motor proteins, 
the kinesins and dyneins, in mitosis/cytokinesis using 
RNA interference. Molecular Biology of the Cell, 16(-), 
3187–3199.





2
CFEOM1-associated kinesin KIF21A is a cortical 

microtubule growth inhibitor 

Babet van der Vaart1,#, Wilhelmina E. van Riel2,#, Harinath Doodhi2,#, 
Josta T. Kevenaar2,#, Eugene A. Katrukha2,3, Laura Gumy2, Benjamin P. 

Bouchet2, Ilya Grigoriev2, Samantha A. Spangler4, Ka Lou Yu2, Phebe S. 
Wulf2,4, Jingchao Wu2, Gideon Lansbergen1, Eljo Y. van Battum5, R. Jeroen 
Pasterkamp5, Yuko Mimori-Kiyosue6, Jeroen Demmers7, Natacha Olieric8, 

Ivan V. Maly3, Casper C. Hoogenraad2,4 and Anna Akhmanova2

# These authors contributed equally to this work.

1Department of Cell Biology, Erasmus Medical Center, PO Box 2040, 3000 CA Rotterdam, The Netherlands. 2Cell 
Biology, Faculty of Science, Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands. 3Department of 

Computational and Systems Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA 15260, USA. 
4Department of Neuroscience, Erasmus Medical Center, PO Box 2040, 3000 CA Rotterdam, The Netherlands. 

5Department of Translational Neuroscience, Brain Center Rudolf Magnus, University Medical Center Utrecht, 3584 
CG, Utrecht,The Netherlands. 6Kobe institute, RIKEN, Center for Developmental Biology, Optical Image Analysis 

Unit, Chuo-ku, Kobe 650-0047, Japan. 7Proteomics Center, Erasmus Medical Center, PO Box 2040, 3000 CA 
Rotterdam, The Netherlands. 8Biomolecular Research, Paul Scherrer Insitut, 5232 Villingen PSI, Switzerland

Developmental Cell. 2013;27(2):145-60



30

Chapter 2

2

Abstract 
Mechanisms controlling microtubule dynamics at the cell cortex play a crucial role in cell 
morphogenesis and neuronal development. Here we identified kinesin-4 KIF21A as an 
inhibitor of microtubule growth at the cell cortex. In vitro, KIF21A suppresses microtubule 
growth and inhibits catastrophes. In cells, KIF21A restricts microtubule growth and 
participates in organizing microtubule arrays at the cell edge. KIF21A is recruited to the 
cortex by KANK1, which co-clusters with liprin-α1/β1 and the components of the LL5β-
containing cortical microtubule attachment complexes. Mutations in KIF21A have been 
linked to congenital fibrosis of the extraocular muscles type 1 (CFEOM1), a dominant 
disorder associated with neurodevelopmental defects. CFEOM1-associated mutations relieve 
autoinhibition of the KIF21A motor, and this results in enhanced KIF21A accumulation in 
axonal growth cones, aberrant axon morphology and reduced responsiveness to inhibitory 
cues. Our study provides mechanistic insight into cortical microtubule regulation and 
suggests that altered microtubule dynamics contribute to CFEOM1 pathogenesis.
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Introduction
Microtubules (MTs) play an essential role in the regulation of cell morphology, polarization 
and motility. In interphase cells, MTs are often directed with their dynamic plus ends towards 
the cell periphery (Howard and Hyman, 2003). Once a growing MT reaches the cell cortex, it 
can undergo a catastrophe and shrink back, be captured and stabilized at the cortex, bend and 
continue growing parallel to the plasma membrane or promote formation of a cell protrusion. 
MTs can deliver to the cell periphery building blocks and signaling molecules required for 
actin reorganization and remodeling of cell-matrix and cell-cell adhesions, and in this way 
control directional cell growth and movement (Akhmanova et al., 2009; Rodriguez et al., 
2003). Therefore, molecular insight into MT-cortex interactions is essential for understanding 
cell polarization, migration and morphogenesis during complex developmental processes 
such as axon guidance (Dent et al., 2011; Li and Gundersen, 2008). 

Cortical capture of MTs can be regulated by MT plus-end tracking proteins (+TIPs) 
(Akhmanova and Steinmetz, 2008; Kumar and Wittmann, 2012). Among +TIPs, CLASPs act 
as rescue factors that attach MTs to the cell cortex by forming a complex with LL5β and ELKS 
(Lansbergen et al., 2006)). LL5β and ELKS form plasma membrane-bound patches that are 
tightly associated with, but distinct from the integrin-based adhesions (focal adhesions, FA) 
(Lansbergen et al., 2006; Hotta et al., 2010). 

In spite of the high concentration of MT stabilizing and rescue factors such as  CLASPs at 
the cell margin, in immotile cells like HeLa, most MTs terminate at the cell edge (Lansbergen 
et al., 2006; Mimori-Kiyosue et al., 2005). This cannot be explained exclusively by the barrier 
effect of the cell boundary: since MTs are flexible (Brangwynne et al., 2007), some of them 
can be expected to enter the MT-stabilizing region at the cell periphery at an oblique angle 
and persist in this region due to the high rescue frequency. In the absence of active cell 
protrusions, MTs will be expected to form a bundle parallel to the cell edge. The fact that this 
does not occur suggests that local MT rescue at the cell periphery is counterbalanced by an 
activity that inhibits MT growth.

In this study, we set out to search for MT growth-restricting cortical activities.  We have 
identified kinesin-4 KIF21A, its interaction partner KANK1 (Kakinuma and Kiyama, 2009; 
Kakinuma et al., 2009) and scaffolding proteins liprin-α1 and liprin-β1 (Serra-Pages et al., 
1998; Spangler and Hoogenraad, 2007; Stryker and Johnson, 2007), as components of the 
LL5β-containing cortical MT attachment complexes. We found that KIF21A acts as a cortical 
MT growth inhibitor, a conclusion supported by in vitro work with purified proteins, live 
cell imaging and modeling. Interestingly, heterozygous missense mutations in KIF21A cause 
congenital fibrosis of the extraocular muscles type 1 (CFEOM1), a dominant syndrome 
characterized by abnormal development of the oculomotor nerve, which is likely due to 
axon pathfinding defects (Heidary et al., 2008; Yamada et al., 2003). We demonstrate that a 
CFEOM1-associated mutation enhances KIF21A activity by relieving autoinhibition of the 
motor. Increased activity of KIF21A in neurons alters axon and growth cone morphology and 
reduces growth cone responsiveness to an inhibitory cue. Our results suggest that abnormal 
regulation of MT dynamics is a potential cause of the CFEOM1 syndrome. 
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Results
Liprins, KANK1 and KIF21A are part of the same cortical structures as LL5β and ELKS 
To isolate additional components of the cortical LL5β-ELKS complex, we performed 
streptavidin pull-down assays of BioGFP-LL5β and -ELKS from HEK293T cells and 
analyzed the resulting proteins by mass spectrometry. Among the most prominent hits, we 
identified liprin-α1, an already known ELKS partner (Ko et al., 2003), and liprin-β1 (Serra-
Pages et al., 1998)(Fig. S1A,B). We then performed another round of pull-down assays 
using BioHA-liprin-α1 and BioGFP-liprin-β1 and identified KANK1 (ANKRD15), KANK2 
(ANKRD25) and kinesin-4 KIF21A, a known binding partner of KANK1 (Kakinuma and 
Kiyama, 2009; Kakinuma et al., 2009), as liprin-α1 and liprin-β1 interaction partners (Fig. 
S1C,D). Immunofluorescent staining showed that endogenous liprin-α1, liprin-β1, KANK1 
and KIF21A displayed a significant overlap with LL5β in patches at the free edges of non-
motile round-shaped HeLa cells (Fig. 1A-E). The clusters of all these cortical proteins often 
accumulated around FAs but never overlapped with them, similar to LL5β (Lansbergen et 
al., 2006) (Fig. 1F). Endogenous KANK2 also localized in small cortical clusters close to FAs 
(Fig. S1E-G), but its overlap with LL5β was much more limited (Fig.1E, Fig.S1G). Cortical 
colocalization of liprin-α1, KANK1 and KIF21A was fully recapitulated using live cell imaging 
of their fluorescent fusions by using Total Internal Reflection Fluorescence microscopy 
(TIRFM) (Fig. 1G-I, Fig. S1H). We conclude that LL5β, liprins, KANK1 and KIF21A form 
overlapping clusters at the peripheral cell cortex. 

Biochemical characterization of the cortical protein interactions
To further validate the mass spectrometry results, we performed co-immunoprecipitation 
(co-IP) experiments. Our previous studies showed that cortical LL5β-ELKS complexes display 
poor solubility (Hotta et al., 2010; Lansbergen et al., 2006), and therefore, we performed 
cell lysis using either a non-ionic detergent (Triton X-100) or a mixture of non-ionic and 
ionic detergents (radioimmunoprecipitation assay buffer, RIPA), which yielded somewhat 
different results (Fig.2A,B). Liprin-α1 and liprin-β1 co-precipitated with each other, and 
liprin-β1 co-precipitated with LL5β; in turn, LL5β co-precipitated both liprins (Fig. 2A,B). 
ELKS was co-precipitated with LL5β and liprin-α1, in agreement with the fact that it binds 
to both proteins (Ko et al., 2003; Lansbergen et al., 2006). Using Triton X-100 extracts, we 
could also demonstrate a co-IP between endogenous and overexpressed liprins, KANK1/2 
and KIF21A (Fig.2C,D, Fig. S2A,B), while no co-IP was observed between LL5β and KANK1 
(data not shown), in line with the mass spectrometry results (Fig. S1A) and lower degree 
of colocalization between these proteins (Fig. 1E). The interaction between KANK1/2 and 
liprins likely depends on liprin-β1, because it co-precipitates with KANK proteins much 
better than liprin-α1 (Fig. 2D, Fig. S2B). 

Next, we characterized these interactions in more detail. KANK1 is a member of a small 
protein family, which contains four members, KANK1-4, that are known to regulate the actin 
cytoskeleton and are characterized by the presence of a KANK-specific N-terminal (KN) 
motif, several coiled-coils and a C-terminal ankyrin repeat domain, a region required for the 
interaction with KIF21A (Kakinuma and Kiyama, 2009; Kakinuma et al., 2009). We found 
that KANK1 interacts with liprin-β1 through its first coiled coil domain (KANK1-CC1), 
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Figure 1. LL5β, liprin-α1, 
liprin-β1, KANK1 and 
KIF21A colocalize at the 
cell cortex.
(A-D, F) HeLa cells were 
fixed and stained with the 
indicated antibodies. Insets 
show enlargements of the 
boxed areas. In the overlays 
liprins, KANK1 and KIF21A 
are shown in green and LL5β, 
and FAK (focal adhesion 
kinase, a FA marker) in 
red. (E) Quantification 
of colocalization of the 
indicated endogenous 
proteins with the 
endogenous LL5β in a 4x7 
μm box at the cell periphery. 
Average coefficient of linear 
correlation between the 
signal intensity for each 
pixel in the two channels 
was calculated. 16-30 
cells were analyzed per 
condition. (G-I) TIRFM 
images of live HeLa cells 
transiently transfected with 
the indicated GFP (green in 
overlay) and mCherry (red 
in overlay) fusion constructs. 
See also Fig. S1 and Table S1.

and requires its C-terminal part including the complete ankyrin repeat domain with some 
preceding sequences for the interaction with KIF21A (Fig.2E,F, Fig.S2C,D). We have also 
mapped the KANK1-binding region of KIF21A. KIF21A is a member of the kinesin-4 family; 
it contains an N-terminal motor domain followed by coiled coil regions and a C-terminal 
WD-40 domain (Fig. 2G). By using pull-down experiments, we found that the interaction 
between KANK1 and KIF21A is mediated by a 38 amino acid stretch in the middle of KIF21A, 
which is predicted to contain a short helix (fragment H1, Fig. 2G-I). The H1 fragment and all 
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Figure 2. Biochemical characterization of the interactions between cortical patch components.
(A-C) HeLa cells were lysed with Triton X-100 (A,C) or RIPA (B) lysis buffer, and IP experiments were performed with 
the indicated antibodies and analyzed by Western blotting. (D, F) Streptavidin pull-down assays were performed with 
extracts of HeLa cells (D) or HEK293T cells (F) co-expressing full length BioGFP-KANK1/2 (D) or KANK1 fragments (F) 
and BirA, and analyzed by Western blotting with the indicated antibodies. (E) Schematic overview of KANK1 deletion 
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KIF21A deletion mutants that contained this polypeptide displayed a significant overlap with 
KANK1-positive cortical patches, while none of the fragments lacking this sequence showed 
such localization (Fig. 2G, Fig. S1I,J, and data not shown), indicating that the KANK1-
binding fragment of KIF21A is responsible for its cortical recruitment. Taken together, our 
results show that LL5β, ELKS, liprins, KANK1 and KIF21A form an interacting network at 
the cell cortex. 

Cortical proteins display distinct turnover rates at the cortex
We compared the turnover of LL5β, ELKS, liprin-α1, KANK1 and KIF21A at the cortex by 
fluorescence recovery after photobleaching (FRAP). For all five proteins, the data could be 
fitted using a two-exponential model (Fig. S1K-O, Table S1). Fluorescence recovery was 
similar for ELKS and liprin-α1, with the halftime of the slower component of ~5 min, while 
the recovery of KANK1 and LL5β was slower (halftime of ~10 min and ~20 min, respectively). 
KIF21A exchanged much faster than all the other cortical factors analyzed here (recovery 
halftime of less than a minute) (Fig. S1O, Table S1). This was not due to the motor activity of 
KIF21A, because a fragment containing only the middle part of the protein (KIF21A-CC1, 
Fig. 2G) also showed a rapid turnover (Fig. S1P, Table S1). The recovery of all five proteins was 
faster than the dynamics of the cortical clusters themselves, which in HeLa cells are stable for 
~30 min (Lansbergen et al., 2006). Our data thus indicate that LL5β, ELKS, liprins, KANK1 
and KIF21A overlap in relatively stable cortical structures that undergo exchange with the 
cytosolic pools with different kinetics. 

Liprins, KANK1 and KIF21A affect cortical MT organization 
We have previously shown that depletion of CLASPs, LL5β and ELKS from HeLa cells reduces 
the stability and density of cortically attached MTs (Lansbergen et al., 2006). To investigate 
whether the two liprins, KANK1 and KIF21A act in the same pathway, we have performed 
siRNA-mediated protein depletions. The four proteins could be knocked down by ~70-90% 
without significantly affecting the expression of each other or LL5β and ELKS (Fig. S3A-C, 
and data not shown). LL5β, liprins and KANK1 affected the clustering of each other, but were 
not essential for each other’s recruitment to the cortex (Fig. S3D-F, and data not shown). 
However, the depletion of KANK1 abolished cortical localization of KIF21A, in line with the 
observation that this localization depends on the KANK1-binding region of KIF21A (Fig. 3A, 

mutants used in this study. Numbering is based on KANK1 sequence AAH37495. KN – KANK N-terminal motif, CC, 
coiled coil, ANKRD – ankyrin repeat domain. The ability of KANK1 fragments to interact with liprin-β1 and KIF21A 
is indicated. (G) Schematic overview of KIF21A deletion mutants used in this study. Numbering is based on KIF21A 
isoform 1 (NP_001166935). We have used a KIF21A splice variant, which contains a 13 amino acid deletion (positions 
558-570). MD, motor domain, CC, coiled coil, H - helical region, CT - C-terminus. The ability of KIF21A fragments to 
localize to KANK1-positive cortical patches determined by TIRFM in live cells and to interact with KANK1 is indicated. 
ND, not determined. (H) Streptavidin pull-down assays were performed with extracts of HEK293T cells co-expressing 
the indicated BioGFP constructs, mCherry-KANK1 and BirA, and analyzed by Western blotting with antibodies against 
GFP and mCherry. (I) GST pull down assays with GST or  GST-KIF21A-H1 fusion protein purified from E. coli. Extracts 
of HEK293T cells expressing the indicated GFP fusions were used for pull downs, and the proteins were detected by anti-
GFP antibodies. See also Fig. S2.
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Figure 3. Regulation of cortical MT organization by KIF21A, KANK1 and liprins
(A) HeLa cells were transiently transfected with the indicated siRNAs. After 2 days, the cells were transfected with the 
indicated DNA constructs, and after 1 more day live cell images were collected using TIRFM. KANK1r – KANK1 rescue 
construct, containing silent mutations making it insensitive to siRNA. (B) Quantification of KIF21A-GFP recruitment 
to the peripheral cell cortex, based on the experiment shown in (A). Fluorescence intensity in a 3 μm circle at the cell 
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Fig. S3G, Fig.S1I,J), while the depletion of KANK2 had little effect (data not shown). Cortical 
localization of KIF21A could be fully rescued by expressing a KANK1 construct resistant to 
siRNAs (Fig.3A,B). KIF21A depletion had no influence on localization of KANK1 or other 
cortical factors (Fig. S3H, J, K, and data not shown), indicating that cortical recruitment of 
KIF21A occurs downstream of these proteins, in line with its more rapid exchange at the 
cortex (Fig. S1K-P, Table S1). 

Next, we investigated how the depletion of these proteins affects MT organization. The 
effect of liprin-α1 and liprin-β1 depletion was very similar to the one we have previously 
described for LL5β and ELKS (Lansbergen et al., 2006): the number of MT ends at the cell 
periphery was significantly diminished while MT outgrowth from the centrosomal area 
was not significantly affected (Fig. 3C,D, Fig. S3I). In contrast, the depletion of KANK1 and 
KIF21A caused formation of dense MT bundles running parallel to the cell edge (Fig. 3E-I, 
Fig. S3J,K). This was likely due to their effect on MTs at the cell periphery, because KANK1 
and KIF21A knockdown had no significant effect on MT outgrowth from the centrosomal 
area (Fig. S3I). KANK2 depletion had no strong effect on MT organization (data not shown). 
The effect of KIF21A depletion could be reversed by expression of a KIF21A-GFP mutant 
resistant to siRNAs (Fig. S4A,B), although the rescue was incomplete likely due to the very 
low level of expression of the KIF21A-GFP construct. Taken together, our results suggest that 
liprins promote formation of dense MT arrays at the periphery of HeLa cells, similar to LL5β 
and ELKS, while KIF21A and KANK1 restrict MT growth at the cell periphery.

KIF21A inhibits MT growth
We hypothesized that KIF21A, a kinesin-4 family member, might be the actual MT growth-
restricting factor, because Xklp1, another kinesin-4, was shown to be a processive MT plus 
end directed motor that can inhibit MT dynamics (Bieling et al., 2010; Bringmann et al., 2004). 
Indeed, a fragment of KIF21A containing the motor domain and the N-terminal part of the 
coiled coil (KIF21A-MD2-GFP, Fig.2G) could be readily detected as small dots that moved 
processively along MTs towards their plus ends with a mean velocity of 1.2 ± 0.2 μm/s (n=146 
in 5 cells) (Fig. 4A, Movie 1). Overexpression of this fragment in COS-7 cells, which lack 
cortical CLASP-containing MT-stabilizing complexes (Lansbergen et al., 2006), significantly 
decreased the velocity of MT growth (Fig. 4B,C). The full length KIF21A displayed only a very 

periphery was normalized by the intensity in a central cell region of the same size after background subtraction. 35-45 
measurements were performed for each condition. (C) HeLa cells were transiently transfected with the indicated siRNAs. 
3 days later, the cells were fixed and stained with the antibodies against β-tubulin. (D) Plots of MT numbers in a 5 x 1 μm 
box located at the indicated distance from the cell edge. Measurements were performed in 20 cells per siRNA. Numbers 
above the plots indicate the size of each bar in % compared to the adjacent control bar; values significantly different from 
control are indicated by asterisks (*, p < 0.05; **, p < 0.001; Mann-Whitney U test). (E-H) HeLa cells were transiently 
transfected with the indicated siRNAs. 3 days later, cells were fixed and stained with the indicated antibodies. The insets 
show enlargements of the boxed areas. KANK1 and KIF21A are shown in green, and β-tubulin in red. (I) Plots of the 
percentage of non-radial MTs running along the cell edge and the total number of MTs in a 4 x 7 μm box adjacent to the 
cell edge or in a box of the same size placed 4 μm away from the cell edge. Measurements were performed in 10 cells per 
siRNA. Values significantly different from control are indicated by asterisks (*, p < 0.05; **, p < 0.001, Mann-Whitney U 
test). N.S., no significant difference with control.
See also Fig. S3.
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weak expression in COS-7 cells, and we therefore could not assess its effect on MT dynamics 
in this system. However, when the full length KIF21A was expressed in neurons, it strongly 
accumulated in axonal growth cones (see below), making it possible to assess its effect on 
MT dynamics. We found that elevated KIF21A levels reduced MT polymerization rate and 
inhibited catastrophes in growth cones (Fig. 4D-F).

To test whether the ability to regulate MT growth is an autonomous property of KIF21A, we 
purified KIF21A-MD2-GFP from E. coli (Fig. S4C) and investigated its effect on MT dynamics 
in vitro. MTs were grown in the presence of 15 mM tubulin and visualized by the addition of 
rhodamine-labeled tubulin (0.5 mM). Alternatively, we tested MT growth in the presence of 10 
nM mCherry-EB3, because the members of the EB family are the most abundant cellular MT 
plus end-decorating proteins (Jiang et al., 2012; Schwanhausser et al., 2011). In the presence 
of ATP, KIF21A-MD2-GFP molecules, imaged by TIRFM, exhibited processive motility along 
dynamic MTs with an average velocity of 0.6 ± 0.2 μm/s at 30°C (n=200) (Fig. S4D). The lower 
velocity of the motor in vitro was likely due to the lower temperature used for the assay, but 
could also be caused by differences in folding and post-translational modifications as the 
protein was produced in bacteria. Importantly, KIF21A-MD2-GFP caused a concentration-
dependent decrease of MT growth velocity, which was visible in the presence of tubulin alone 
and was even more obvious in the presence of mCherry-EB3, which by itself accelerates MT 
growth (Montenegro Gouveia et al., 2010) (Fig. 4G-I). Although a reduction of MT growth 
rate is expected to lead to more frequent catastrophes (Walker et al., 1988), in the presence 
of KIF21A-MD2 the catastrophe frequency was strongly reduced, in line with the effect of 
KIF21A overexpression in neurons (Fig.4F,J). This property is important to promote stable 
MT array formation, because it allows KIF21A to restrict MT growth without inducing MT 
disassembly. For comparison, we tested a dimeric motor domain fragment of kinesin-1 KIF5B 

Figure 4. KIF21A decreases MT growth rate 
(A) TIRFM-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD2-GFP and EB3-mRFP. 
Red and green images were collected simultaneously with a beam splitter for 50 s with a 0.1 s interval between frames. 
Panels from left to right: a single frame of the GFP channel; maximum intensity projection of the GFP channel over 500 
frames (50 s), an overlay of a single frame with GFP channel shown in green and mRFP channel in red, and a kymograph 
along a single MT illustrating motile behavior of KIF21A-MD2-GFP. See also Movie S1. (B) Kymographs illustrating 
growth of EB3-mRFP-decorated MT tips in control and KIF21A-MD2-GFP-expressing COS-7 cells. (C) Plots of average 
MT growth velocity measured with EB3-mRFP in control and KIF21A-MD2-GFP-expressing COS-7 cells. 120-270 MTs 
were measured in 13-17 cells. (D) Live cell imaging of EB3-mTagRFP-T in adult dorsal root ganglion (DRG) neuron 
growth cones performed on a spinning disk microscope. Cells were co-transfected with the control construct (GFP) or 
KIF21A-GFP. Images were collected for 100 s with a 0.2 s interval between frames; single frames and maximum intensity 
projections of 500 frames are shown. (E) Kymographs illustrating growth of EB3-TagRFP-T-decorated MT tips in the 
growth cones of control and KIF21A-GFP-expressing DRG neurons. Contrast is inverted in panels A, B, D and E, except 
for the cover overlay. (F) Plots of average MT growth velocity and catastrophe frequency measured with EB3-TagRFP-T 
in control and KIF21A-GFP-expressing adult DRG neuronal growth cones. 20-28 MTs in 10-18 growth cones were 
analyzed in each condition. (G,I) Kymographs illustrating the dynamics of MTs grown in the presence of rhodamine-
tubulin (G) or mCherry-EB3 (I), either alone or with the addition of KIF21A-MD2-GFP. Bright rhodamine-labeled MT 
seeds are visible in the red channel, as indicated below the kymograph. (H,J) Parameters of MT dynamics in presence of 
rhodamine-tubulin or 10 nM mCherry-EB3 and different concentrations of KIF21A-MD2-GFP. ~120-180 MT growth 
events were analyzed for each condition in at least two independent experiments.
Values significantly different from control are indicated by asterisks (**, p < 0.001, Mann-Whitney U test). 
See also Fig. S4.



39

KIF21A is a cortical microtubule growth inhibitor 

2



40

Chapter 2

2

(Fig. S4C), which had no effect on MT growth rate but, similar to KIF21A, diminished the 
frequency of catastrophes (Fig. S4E-F). The ability to suppress MT catastrophes might thus 
represent a general property of kinesins crowding the growing MT plus end, while the ability 
to decrease MT growth rate is kinesin family-specific.

Next, we investigated whether KIF21A acts as a MT growth inhibitor in vivo by comparing 
MT dynamics in control and KIF21A-depleted HeLa cells using EB3-GFP as a marker. We 
noticed that a large number of very short EB3-positive comets was present close to the cell 
margin in control cells but not in KIF21A-depleted cells (Fig. 5A). Imaging with a high 
temporal resolution (10 frames per second) demonstrated that these comets corresponded 
to MT plus ends that displayed long periods of slow growth (Fig. 5B). The distribution of MT 
growth velocities at the cell margin was thus different from that in the central cell regions, and 
this difference was strongly diminished when KIF21A was depleted (Fig. 5B,C, Fig. S5). The 
slow comet displacement in control cells correlated with a reduced EB3 comet length (Fig. 
5D), as can be expected when MT polymerization rate is reduced, supporting the view that 
KIF21A is a MT growth inhibitor. 

Analysis of cortical MT organization by modeling 
To assess whether the decrease in MT growth rate induced by KIF21A is sufficient to explain 
why MTs do not overgrow at the cell margin, we modeled MT dynamics as a random two-
state dynamic instability process using macroscopic Monte Carlo simulations (Dogterom and 
Leibler, 1993). All minus ends were assumed to be anchored to the centrosome located in 

Figure 5. KIF21A restricts MT growth at the cell cortex
(A) HeLa cells stably expressing EB3-GFP were transiently transfected with control or KIF21A siRNAs and imaged using 
wide-field fluorescent microscope. Five consecutive frames (0.1 s exposure each) were averaged, and then a projection of 
two consecutive averaged frames, shown in green and red, was made using Time-lapse Series Painter plugin for ImageJ 
(van der Vaart et al., 2011). Merged frames illustrate MT plus end growth over 1 s. (B) Representative kymographs 
illustrating growth of EB3-GFP-decorated MT tips at the edge of control and KIF21A-depleted cells. Growth events with 
two different velocities are indicated with stippled lines. Contrast is inverted. (C) Lognormal fits of the distributions of the 
growth velocities at the cell periphery (within 3 μm from cell edge) and in the central cytoplasm measured in 20 cells in 3 
independent experiments. Examples of the distributions are show as insets on the right. Larger versions of all distributions 
are shown in Fig. S5. (D) Length of EB3-GFP-positive comets in control and KIF21A-depleted cells measured at the cell 
periphery and in the central part of the cell. 140 comets in 7 cells were measured in each condition. Values significantly 
different from control are indicated by asterisks (*, p < 0.01; Mann-Whitney U test). (E) A schematic model of MT 
dynamics regulation by the cortical MT attachment complex. LL5β, liprin-α1, liprin-β1 and KANK1 are recruited to the 
cortex independently and co-cluster at cortical sites adjacent to FAs. LL5β and liprins recruit MT stabilizing and rescue 
factors, CLASPs, and prevent long MT depolymerization episodes. KANK1 recruits KIF21A, which, in turn, prevents 
MTs from overgrowing. (F-H) Results of simulation of MT organization with different parameters, as indicated above 
the images. For central cell regions, MT dynamics parameters were assigned values that we have recently measured 
(Table S2).  In the left panel, MT growth rates and rescue frequencies were the same in the central cytoplasm and at the 
cell margin. In the middle panel, the growth rate was the same, but the rescue frequency was increased in the 1 μm-broad 
region at the cell margin (Mimori-Kiyosue et al., 2005). In the right panel, the rescue frequency was increased while the 
growth rate was decreased in the 1 μm-broad region at the cell margin. Rescue frequency is expressed as characteristic 
rescue time (i.e. inverse frequency value). (I-K) Plots show simulated values of MT radiality (a measure of the proportion 
of MT segments directed outwards from the cell center) in the 5 μm zone at the cell margin, and the percentage of MT 
plus ends in the 1 μm-broad region at the cell margin dependent on MT growth rate (I) or rescue time (inverse rescue 
frequency, J) in the 1 μm region at the cell margin. Plots in panel K show the dependence of the same parameters on the 
rescue time in the 1 μm region at the cell margin, when the growth rate at the cell margin was set at 4.8 μm/min. Growth 
rates and rescue frequencies were the same in the central cytoplasm in all conditions, as indicated. Each point represents 
an average and SD of four simulations.
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Figure 6. CFEOM1-associated mutations in KIF21A relieve autoinhibition 
(A, G) TIRFM-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD3-GFP or its R954W 
mutant and EB3-mRFP (A), or KIF21A-MD2-GFP mutants C28W and M356T and EB3-TagRFP-T (G). Images were 
acquired and prepared as described for Fig. 4A. The kymographs on the right illustrate the absence of motility of KIF21A-
MD3 and motile behavior of KIF21A-MD3-R954W. (B) TIRFM-based live cell imaging of HeLa cells transiently trans-
fected with the KIF21A-FL or the mutant KIF21A-R954W-FL fused to GFP. Panels from left to right: a single frame of the 
GFP channel; maximum intensity projection of the GFP channel over 500 frames (50 s), and a kymograph along a single 
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the center of a perfectly round cell with a radius of 25 μm. Radially emanating MT plus ends 
could be either growing or shortening, and the behavior of the entire MT ensemble was fully 
described by velocities of growth and shortening and frequencies of catastrophes and rescues. 
We assumed that catastrophe and rescue times (inverted values of the catastrophe and rescue 
frequencies) are distributed according to gamma distributions ((Odde et al., 1995), Table S2). 
Whenever a MT plus end reached the cell margin it switched to shortening. We assumed 
that MTs inside the cell are flexible (Brangwynne et al., 2007), leading to fluctuations in the 
orientation of the growing MT tips (see Supplemental Experimental Procedures for details). 

At the beginning of the simulations the initial length of all MTs (250 in total) was equal 
to zero and they were allowed to grow from the cell center. Total time of each simulation was 
eight hours. The appearance of the MT array as well as MT radiality (a value reflecting the 
percentage of MT segments pointing outward) and the percentage of MT plus ends in the 1 
mm-broad region at the cell margin served as output of each simulation (Fig. 5F-K). When 
the simulations were run with MT dynamics parameters determined by us previously for 
central cell regions (van der Vaart et al., 2011) (Table S2), MTs reached the cell margin and 
subsequently, due to their flexibility, showed significant overextension along the cell edge. 
MTs thus became non-radial at the cell periphery, and the majority of MT plus ends were not 
localized at the cell margin (Fig.5F). 

Next, we used the model to assess the effect of changes of MT growth rate and rescue 
frequency on MT organization.  Reduction of MT growth at the cell edge alone had no strong 
effect (Fig. 5I). When the rescue frequency at the cell margin was increased to mimic the effect 
of CLASPs as cortical rescue factors (Mimori-Kiyosue et al., 2005), most MTs were located 
close to the cell boundary where they formed a dense MT bundle (Fig. 5G,J). However, a 
combination of increased rescue frequency and reduced MT growth rate resulted in a more 
ordered MT array with most MT ends located close to the cell margin (Fig. 5H, K), similar to 
the MT array observed in control cells (Fig. 3C,E,G). This indicates that MT growth inhibition 
at the peripheral cell cortex induced by KIF21A combined with high MT rescue frequency by 
CLASPs (Lansbergen et al., 2006) indeed helps to explain why in control cells the majority of 
MTs terminate near the cell edge (Fig. 5E).

MT illustrating motile behavior of KIF21A-FL-R954W and the absence of detectable motility of KIF21A-FL. (C) Single 
frames and kymographs illustrating the behavior of KIF21A-MD3-GFP (green) and the R954W mutant in extracts of 
HEK293T cells on taxol-stabilized MTs (red) in vitro. Images were collected using TIRFM with a 0.5 s interval. Quanti-
fication shows the density of processive displacements longer than 0.25 μm (~18 MTs per condition). Concentrations of 
GFP fusions in the extract were controlled by Western blotting, as shown at the bottom of the panel. Ratio of the number 
of events for KIF21A-MD3-R954W:KIF21A-MD3 was 8.3±0.1 (mean±SD from 2 independent experiments). Contrast 
is inverted in panels A, B, C and G, except for the cover overlays. (D) MT pelleting assays with extracts of HEK293T cells 
expressing the indicated KIF21A-GFP fusions. Ratio of signal intensity between the pellet and supernatant was meas-
ured in three (KIF21A-MD3) or four (KIF21A-FL) independent experiments. The tubulin signal in the supernatant in 
the lane where no MTs were added is due to the presence of tubulin dimers in the cell extract. (E) Schematic overview of 
CFEOM1-associated point mutations in KIF21A and deletion mutants used to analyze autoinhibition of KIF21A. (F,H) 
Streptavidin pull-down assays were performed with the extracts of HEK293T cells co-expressing BirA, BioGFP-KIF21A-
MD2 or its mutated versions together with mCherry-KIF21A-CC3/4 fusions or their mutated versions. The results were 
analyzed by Western blotting with the indicated antibodies. 
Values significantly different from control are indicated by asterisks (*, p < 0.05; ***, p < 0.001, Mann-Whitney U test).
See also Fig. S6.
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CFEOM1-associated mutations in KIF21A abrogate the autoinhibitory interactions 
between the coiled coil and the motor
Using immotile and therefore geometrically well-defined HeLa cells and in vitro experiments 
we have established that KIF21A acts as a MT growth inhibitor. How can this finding help 
to explain the effect of missense mutations in KIF21A in pathogenesis of CFEOM1? To 
address this question, we first examined the effect of the most frequent CFEOM1-associated 
substitution in KIF21A, R954W (Chan et al., 2007), on the behavior of the motor. A fragment 
of KIF21A containing the whole coiled coil domain but lacking the KANK1-binding region 
(MD3, Fig. 2G), was completely diffuse and did not colocalize with MTs (Fig. 6A). However, 
when we introduced into this fragment the R954W substitution, we observed highly 
processive motility of the motor to MT plus ends, similar to KIF21A-MD2 (Fig. 6A, Fig.4A). 
A similar effect was observed with the full length KIF21A: the wild type protein localized to 
the cortical patches and displayed no detectable motility along MTs (Fig. 1I, Fig. 6B), while 
the mutant KIF21A-R954W-GFP also localized to cortical sites, but in addition showed 
processive motility along linear tracks with an average velocity of 0.7 ± 0.1 μm/s (n=40 in 5 
cells) (Fig. 6B). 

To further substantiate these findings, we carried out motility assays using extracts of 
HEK293T cells expressing the MD3 fragment of the wild type KIF21A or the R954W mutant. 
Rhodamine-labeled stabilized MTs were immobilized on coverslips, and the movements of 
GFP-labeled kinesins present in the extract were visualized using TIRFM (Fig. 6C). Although 
the velocity of movement was similar for the wild type protein and the mutant (0.2 ± 0.2 
μm/s and 0.2 ± 0.1 μm/s, respectively, measured at 30°C), we observed significantly more 
processive motility events in extracts of the cells expressing the mutant protein compared 
to the wild type version (Fig. 6C). In line with this observation, MT pelleting assays showed 
that the R954W mutant of KIF21A-MD3 interacted with MTs much better than the wild 
type protein, and similar results were also obtained for the R954W mutant of the full length 
KIF21A (Fig.6D). KIF21A-GFP with the R954W mutation was also more efficient in the 
rescue of the MT disorganization phenotype caused by KIF21A depletion in HeLa cells: while 
the wild type KIF21A-GFP only partially reversed this phenotype, likely due to its very low 
expression, KIF21A-R954W-GFP was able to promote a complete rescue even though its 
expression was also very low, most likely because it was more efficiently concentrated at the 
cell edge (Fig.S4A,B). 

The CFEOM1-associated mutation might act by relieving autoinhibition imposed by the 
C-terminal part of the coiled coil on the motor domain of KIF21A. Fully in line with this 
interpretation, we found that KIF21A-MD2 efficiently coprecipitated with the C-terminal part 
of the KIF21A coiled coil (fragments CC3 and CC4), but that the interaction was abolished in 
the presence of the R954W mutation (Fig. 6E,F). 

Most of the other known CFEOM1-associated mutations are located in the coiled coil 
region of KIF21A close to the R954 site (Chan et al., 2007). However, two CFEOM1-associated 
mutations, C28W and M356T, are localized in the motor domain (Lu et al., 2008; Yamada et 
al., 2003). A structural model of the KIF21A motor based on the known X-ray structure of 
kinesin-4 indicates that the C28 and M356 residues, which are positioned at the opposite 
ends of the motor sequence, are localized close to each other at a motor domain site distinct 



45

KIF21A is a cortical microtubule growth inhibitor 

2

from the putative MT binding surface (Fig. S6). We introduced these two substitutions 
in the MD2 fragment of KIF21A and found that they indeed did not block the MT-based 
motility of the motor in cells (Fig. 6G). However, both mutations completely prevented co-IP 
between the motor domain and the coiled coil of KIF21A (Fig. 6H), indicating that, similar 
to the R954W mutation, they do not interfere with the motor function of KIF21A but rather 
prevent its autoinhibition. Interference with autoinhibition might thus be a general property 
of CFEOM1-associated substitutions in KIF21A, suggesting that CFEOM1 pathology is due 
to a gain-of-function phenotype, which is fully in line with the dominant character of the 
disease. To understand CFEOM1 etiology, it is thus necessary to investigate the consequences 
of expression of KIF21A mutants and their enhanced activity, rather than the loss of KIF21A 
function.

Effects of enhanced KIF21A activity in neurons
Since the pathology in CFEOM1 patients suggests an effect on neuronal development (Heidary 
et al., 2008; Yamada et al., 2003), a process critically dependent on MT-actin cross-talk (Dent 
et al., 2011), we compared the localization of the wild type and mutant GFP-tagged KIF21A in 
cultured neurons. Both the wild type and the R954W mutant of the full length KIF21A were 
present in the somatodendritic compartment as well as the axons and accumulated in axonal 
growth cones (Fig.7A). FRAP experiments in axonal growth cones showed that the recovery 
of KIF21A-GFP-R954W was similar to that of the wild type protein, (Fig. S7), indicating 
that the two proteins display a similar turnover, at least at a short time scale. However, the 
extent of KIF21A accumulation in the growth cones increased ten fold for the R954W mutant 
compared to the wild type protein, in line with the enhanced motor activity of the mutant 
(Fig.7B,C). We conclude that a CFEOM1-associated mutation promotes accumulation of 
KIF21A in growth cones.

We next analyzed the functional consequences of increased KIF21A levels and found 
that the length of the primary axon was slightly decreased by KIF21A-GFP and significantly 
reduced by KIF21A-GFP-R954W expression (Fig. 7D), in line with KIF21A acting as a MT 
polymerization inhibitor. Due to a marked increase in axonal branching (Fig. 7F), the total 
axonal length was longer when KIF21A or its mutant were expressed (Fig. 7E), which is in 
accordance with the importance of proper control of MT dynamics for neurite branching 
(Dent and Kalil, 2001; Gallo, 2011). 

Since KIF21A and especially its mutant strongly accumulated in axonal growth cones, we 
investigated growth cone behavior and morphology in more detail. Live cell imaging showed 
that KIF21A suppressed overall growth cone dynamics: the total length of displacements, 
including protrusions and retractions, was reduced in KIF21A-expressing neurons (Fig. 7G). 
Interestingly, the expression of KIF21A decreased the proportion of axonal tips with a fan-
like morphology, which, based on live cell imaging, displayed dynamic, “searching” behavior 
(Fig.7H,I). In contrast, the proportion of torpedo-like growth cones, which alternated 
between linear displacements and pauses, and bulb-like growth cones, which were stationary, 
was higher in KIF21A-expressing cells (Fig.7H,I). 

We further focused on the behavior of the fan-like growth cones, because they are known 
to be important for pathfinding decisions during axon guidance (Mason and Wang, 1997). 
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We found that in KIF21A and KIF21A-R954W-expressing cells these growth cones were 
smaller than in control cells (Fig. 7J). We then investigated how such growth cones respond 
to treatment with an axon guidance molecule Semaphorin 3F (Sema3F), which induces 
growth cone collapse in hippocampal neurons (Yang et al., 2012). While in control cells ~80% 
of fan-like growth cones collapsed within 45 min after Sema3F addition, this response was 
significantly suppressed in KIF21A-GFP expressing neurons (Fig. 7K,L). This is in line with 
the view that dynamic MTs and actin strongly influence each other and that the cross-talk 
between them is essential during axon growth and guidance (Conde and Caceres, 2009; Dent 
et al., 2011; Dent and Kalil, 2001; Schaefer et al., 2008). The effects of KIF21A on growth 
cone morphology and dynamics were even more pronounced after expression of the KIF21A-
R954W mutant (Fig. 7G-L), which was more concentrated in the growth cone than the wild 
type protein. Taken together, our results indicate that the CFEOM1-associated mutation 
in KIF21A promotes its accumulation in axonal growth cones, and that increased KIF21A 
activity in growth cones alters their behavior.

Discussion
In this study, we have described the complex pathway responsible for the regulation of cortical 
MT dynamics. We have found that liprin-α1, liprin-β1, KANK1 and KIF21A cooperate with 
LL5β, ELKS and CLASPs in cortical MT organization. Within cortical MT attachment sites, 
LL5β and KANK1 appear to be the “core” components required for targeting of MT-binding 
proteins such as CLASPs and KIF21A, while liprins and ELKS play a role of scaffolds required 
for protein clustering, in line with their function in neuronal cells (Hida and Ohtsuka, 2010; 
Spangler and Hoogenraad, 2007; Stryker and Johnson, 2007) (Fig. 5E). Protein turnover 
measurements showed that different components of the cortical clusters exchange with their 

Figure 7. CFEOM1-associated mutation in KIF21A promotes KIF21A-mediated alteration of axonal morphology 
and growth cone behavior
(A) Hippocampal neurons were cotransfected at day 1 in vitro with the indicated GFP fusions and a morphology 
marker, β-galactosidase. Three days later neurons were fixed and stained for β-galactosidase and GFP. Arrow, cell body; 
arrowheads, axonal growth cones. (B) Fluorescence intensity in different neuronal compartments (soma, axonal segment 
within ~30 μm of the soma (proximal axon), axonal segment within ~8 μm of the growth cone (distal axon) and growth 
cone), normalized to soma. (C) Fluorescence intensity in the growth cone normalized to soma in control (GFP), KIF21A-
GFP and KIF21A-R954W-GFP-expressing neurons. ~30-35 growth cones in 7-9 neurons were analyzed per construct.
(D-F) Quantification of the length of the primary axon (D), total axonal length (E) and axonal branching using Sholl 
analysis (F). 27-34 cells were analyzed per construct. (G) Mean growth cone displacement within 5 min in control 
(GFP), KIF21A-GFP and KIF21A-R954W-GFP-expressing neurons. Growth cones of transfected cells were selected and 
GFP signal was imaged for 1 hr with a 5 min interval. 15-25 growth cones were analyzed per construct. (H) Three main 
types of growth cones found in cultured hippocampal neurons. (I) Percentage of growth cones with different morphology, 
shown in panel H in control (GFP), KIF21A-GFP and KIF21A-R954W-GFP-expressing neurons. ~160-200 growth cones 
in 12-15 cells were analyzed per construct. (J) Area of the fan like growth cones. 12-37 GFP-positive growth cones 
were analyzed per condition. (K) Examples of response of the growth cones expressing the indicated GFP fusions to 
Sema3F treatment. (L) Growth cone collapse within 1 hr after Sema3F treatment. 12-37 GFP-positive growth cones were 
analyzed per condition. Growth cones with less than 3 filopodia within 45 min of observation were considered collapsed. 
Error bars indicate 95% confidence interval.
Values significantly different from control are indicated by asterisks (*, p<0.05, **, p < 0.01; ***, p < 0.001, Mann-
Whitney U test).
See also Fig. S7.
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own characteristic rates, with LL5β and KANK1 being the slowest, and KIF21A exchanging 
rapidly. This result indicates that the cortical clusters do not exchange as a single entity; rather, 
their individual components have their own characteristic dynamics, a situation similar to 
that found in FAs (Wolfenson et al., 2009). 

An important function of the identified cortical complexes is to concentrate MT-
stabilizing and rescue activity of CLASPs at the cell margin (Fig. 5E). In non-motile cells like 
the HeLa strain studied here, where cell protrusions are infrequent, extensive MT growth 
at the cell margin is expected to lead to formation of peripheral MT bundles. However, in 
spite of the high concentration of MT rescue factors at the periphery of HeLa cells, most 
MTs terminate at the cell edge (Lansbergen et al., 2006; Mimori-Kiyosue et al., 2005). By 
combining experiments with modeling we showed that this is at least partly due to the 
KIF21A-mediated inhibition of MT growth. In vitro experiments showed that KIF21A 
behaves similarly to another MT dynamics-inhibiting kinesin-4, Xklp1, which also acts as a 
MT polymerization and catastrophe inhibitor (Bieling et al., 2010; Bringmann et al., 2004). 
However, while Xklp1 acts on overlapping MTs in the mitotic spindle midzone, where it is 
recruited by PRC1 (Bieling et al., 2010), KIF21A inhibits MT extension at the cell margin to 
which it is recruited by KANK1. 

Identification of KIF21A as an inhibitor of MT dynamics provides insight into CFEOM1 
pathogenesis. We found that three missense mutations located in different parts of the KIF21A 
gene of CFEOM1 patients suppress the interaction between the kinesin motor domain and 
coiled coil region within the stalk of the molecule. Several lines of evidence suggest that this 
leads to reduced autoinhibition of the motor and thus makes KIF21A constitutively active. 
Autoinhibition through the interaction between the motor and the tail domain is a common 
property of different kinesins (Verhey and Hammond, 2009). However, what makes the 
situation with KIF21A particularly interesting is that mutations causing loss of autoinhibition 
occur in humans and result in a very specific neurodevelopmental syndrome. Importantly, 
activation rather than loss of function induced by CFEOM1-associated mutations in KIF21A 
explains the dominant nature of the syndrome.

How can an enhanced activity of KIF21A lead to CFEOM1? The disease is manifested 
by abnormalities in innervation of extraocular muscles, a deficiency likely caused by specific 
axon guidance or pruning defects (Heidary et al., 2008; Yamada et al., 2003). Identification 
of CFEOM-causative mutations in tubulin-encoding genes points to the abnormal state of 
the MT cytoskeleton as a major contributing factor to CFEOM (Tischfield et al., 2010). Axon 
development and guidance critically depend on the correct cytoskeletal organization and 
MT-actin cross-talk in growth cones (Conde and Caceres, 2009; Dent et al., 2011; Schaefer et 
al., 2008). Unlike the immotile HeLa cells where actin-based protrusions are infrequent and 
enhanced MT growth leads to formation of MT bundles at the cell margin, in axonal growth 
cones polymerizing MTs penetrate into actin-rich cell extensions and are critically important 
for axonal growth cone propagation. In neurons, increased KIF21A expression leads to 
formation of somewhat shorter and more branched axons, a phenotype that might cause 
alterations in target innervation. This axonal phenotype is in line with suppression of rapid 
MT elongation; a similar effect was previously associated with enhanced MT stabilization by 
CLASPs, which were also implicated in regulation of axon guidance (Beffert et al., 2012; Hur 
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et al., 2011; Lee et al., 2004) and which might act in the same pathway as KIF21A. Moreover, 
the increased activity of KIF21A reduced growth cone motility and the number of growth 
cones with a complex fan-like morphology. The remaining fan-like growth cones were 
smaller and less responsive to Sema3F, a member of the axonal guidance molecule family 
that is important for the development of the ocular motor system (Ferrario et al., 2012). 
Semaphorin-induced axonal growth cone collapse is thought to rely on both actin and MT 
dynamics (Aizawa et al., 2001; Sanchez et al., 2000). It is likely that reduced responsiveness 
in KIF21A-expressing cells is due to a misbalance of MT-actin cross-talk in these growth 
cones. The reduced responsiveness to inhibitory cues in KIF21A-expressing neurons might 
stabilize retracting branches during axonal pathfinding and could augment the observed 
axonal branching phenotype. The exact signaling mechanism underlying KIF21A-mediated 
inhibition of Sema3F-induced growth cone collapse and its importance for the development 
of the ocular motor system requires further studies.

Taken together, our data suggest that the enhanced localization of the mutant form of 
KIF21A in axonal growth cones can induce misregulation of MT dynamics, and that the 
associated changes in axonal morphology and guidance might form the basis of CFEOM1 
pathogenesis.
 
Experimental Procedures
The description of constructs, siRNAs, antibodies, cell culture and staining procedures, details of the microscopy 
equipment, as well as a detailed description of the biochemical procedures, image analysis and modeling can be 
found in Supplemental Experimental Procedures.

Image Acquisition and Processing
Images of fixed cells were collected with a Leica DMRBE microscope equipped with a PL Fluotar 100x 1.3 N.A. and 
40x 1.00-0.50 N.A. oil objectives or an Olympus BX53 upright fluorescence microscope equipped with UPLSAPO 
100xO/1,4 Universal Plan Super Apochromatic and UPLFLN 40xO /1,3 Universal Plan Fluorite oil objectives. Live 
cell imaging and in vitro assays were performed on an inverted research microscope Nikon Eclipse Ti-E (Nikon) 
with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective 
(Nikon), Photometrics Evolve 512 EMCCD (Roper Scientific) and controlled with MetaMorph 7.7 software 
(Molecular Devices). The microscope was equipped with TIRF-E motorized TIRF illuminator modified by Roper 
Scientific France/PICT-IBiSA, Institut Curie. MT nucleation and MT dynamics in DRG neurons were analyzed on a 
spinning disk microscope similar to the one described above, which was equipped with a CSU-X1-A1 Spinning Disc 
(Yokogawa). FRAP assay was carried out using ILas system (Roper Scientific France/ PICT-IBiSA, Institut Curie). 
For growth cone tracking, we used a Nikon Eclipse TE2000E microscope (Nikon) equipped with a 40x Plan Fluor 
N.A.1.3 objective (Nikon) and a Coolsnap HQ camera (Photometrics). To keep cells at 37°C we used stage top 
incubators (model INUBG2E-ZILCS Tokai Hit); neurons were maintained in the presence of 5% CO2.

Images were prepared for publication using MetaMorph and Adobe Photoshop. Growth cone tracking was 
performed using MTrackJ-plugin for ImageJ (Meijering et al., 2012) by selecting the point within the growth 
cone with the highest intensity. Statistical analysis was performed using non-parametric Mann-Whitney U-test in 
SigmaPlot. For morphometric analysis of hippocampal neurons, images of transfected neurons were analyzed for 
total axonal length and axonal branching in Matlab with SynD (Schmitz et al., 2011). For analysis of primary neurite 
length, the NeuronJ plugin in ImageJ (Meijering et al., 2004) was used.  

Protein purification, immunoprecipitation, Western blotting and mass spectrometry
GST fusions and HIS-tagged KIF21A-MD2-GFP and KIF5B-MD2-GFP fusions were expressed in BL21 E. 
coli and purified using glutathione-Sepharose 4B (GE Healthcare) and Ni-NTA Agarose (Qiagen), repectively. 
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Immunoprecipitation, Western blotting and mass spectrometry were described previously (Lansbergen et al., 2004; 
Grigoriev et al., 2011).

Analysis of MT dynamics in vitro, MT pelleting and kinesin motility assays
The in vitro MT plus end tracking assay was performed as reported before (Montenegro Gouveia et al., 2010). During 
the experiments the samples were maintained at 30°C and data were collected using TIRFM. Values for MT growth 
rate and catastrophe frequency were obtained using kymograph analysis. Catastrophe frequencies were obtained by 
dividing the total number of catastrophes observed by the total time MT spent in growth. The standard deviation for 
catastrophe frequency was calculated as described previously (Walker et al., 1988).

Kinesin motility assays were performed by TIRFM using rhodamine-tubulin seeds attached to coverslips with 
biotin-NeutrAvidin links, and extracts of HEK293T cells transfected with the constructs expressing KIF21A-GFP 
fusions. MT pelleting assays were performed essentially as described previously (Lansbergen et al., 2004) using 
extracts of HEK293T cells expressing different KIF21A-GFP fusions.
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Figure S1, related to Figure 1. Identification and characterization of the components of the cortical LL5β and 
ELKS-containing complexes. (A-B) Identification of liprin-α1 and liprin-β1 in BioGFP-LL5β (A) and BioGFP-ELKS 
(B) streptavidin pull-down assays from HEK293T cell extracts by mass spectrometry. (C,D) Identification of KANK1, 
KANK2 and KIF21A in BioHA-liprin-α1 (C) and Bio-liprin-β1 (D) streptavidin pull-down assays from HeLa cell 
extracts by mass spectrometry. (E-G) HeLa cells were transiently transfected with control siRNAs or siRNAs against 
KANK2. 3 days later, cells were fixed and stained for KANK2 (green in overlay) and LL5β or FAK (red in overlay). (H-J) 
TIRF microscopy images of live HeLa cells transiently transfected with the indicated GFP (green in overlay) and mCherry 
(red in overlay) fusion constructs. (K-P) Analysis of the turnover of the indicated proteins by FRAP in HeLa cells using 
TIRF imaging. The plots show processed FRAP data (green dots) and their fitting to a two-exponential model (red lines) 
as described previously (Grigoriev et al., 2011) (see also Table S1). 3-7 cells per construct were analyzed. The recovery 
halftimes for the two components are indicated.
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Figure S2, related to Figure 2. Biochemical analysis of the interactions between liprins, KANK1/2 and KIF21A.
(A) IPs were performed with extracts of HeLa cells expressing HA-tagged liprin-α1, liprin-β1, or BICD2 (a cytosolic 
protein (Hoogenraad et al., 2001), used as a control), and analyzed by Western blotting with the indicated antibodies. 
(B) Streptavidin pull-down assay was performed with extracts of HeLa cells co-expressing BioGFP-KANK1/2, BirA 
and HA-liprin-α1 and HA-liprin-β1, and analyzed by Western blotting with the indicated antibodies. (C) Schematic 
overview of KANK1 deletions. Numbering is based on KANK1 sequence AAH37495. KN – the KANK N-terminal 
motif, CC, coiled coil, ANKRD – ankyrin repeat domain. The ability of KANK1 fragments to interact with liprin-β1 and 
KIF21A is indicated. (D) Streptavidin pull-down assay was performed with extracts of HeLa cells co-expressing BioGFP-
KANK1/2 and BirA and analyzed by Western blotting with the indicated antibodies.
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Figure S3, related to Figure 3. Characterization of the knockdown of the cortical complex components.
(A-C) Extracts of HeLa cells transfected with the indicated siRNAs analyzed by Western blotting with the indicated 
antibodies. Two different siRNAs, A and B, were used to deplete KIF21A. (D-H, J,K) HeLa cells were transiently 
transfected with different siRNAs. 3 days later, the cells were fixed and stained with the indicated antibodies. The insets 
show enlargements of the boxed areas. In the overlays in D-H liprins, KANK1 and KIF21A are shown in green, and 
LL5β and FAK in red; in the overlays in J-K, liprin-α1 and LL5β are in green and β-tubulin in red. (I) HeLa cells stably 
expressing EB3-GFP were transiently transfected with different siRNAs. 3 days later, the cells were imaged by spinning 
disk microscopy and the number of MTs originating from the centrosomal area was analyzed in 6-14 cells per condition. 
N.S., no significant difference with control based on the Mann-Whitney U test.
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Figure S4, related to Figure 4. KIF21A regulates MT growth and organization.
(A) Rescue of MT organization in KIF21A-depleted cells by KIF21Ar-GFP and its R954W mutant. HeLa cells were 
transiently transfected with the indicated siRNAs. After 1 day, the cells were transfected with the indicated DNA 
constructs, and after 1 more day, cells were fixed and stained for β-tubulin. KIF21Ar – KIF21A rescue construct 
containing silent mutations making it insensitive to KIF21A siRNA(B). (B) Plots of the percentage of non-radial MTs 
running along the cell edge and the total number of MTs in a 4 x 7 μm box adjacent to the cell edge. Measurements were 
performed in 10 cells per condition. Values significantly different from control are indicated by asterisks (*, p < 0.05; **, p 
< 0.001, Mann-Whitney U test). (C) Coomassie-stained gels with purified KIF21A-MD2-GFP or KIF5B-MD2-GFP. (D) 
Kymograph illustrating the behavior of purified KIF21A-MD2-GFP (20 nM) on dynamic MTs grown in the presence of 
10 nM mCherry-EB3. Only the GFP signal is shown. (E,F) Parameters of MT dynamics in presence of 10 nM mCherry-
EB3 and different concentrations of KIF21A-MD2-GFP or KIF5B-MD2-GFP. ~120 MT growth events were analyzed for 
each condition in at least two independent experiments.



57

KIF21A is a cortical microtubule growth inhibitor 

2

Figure S5, related to Figure 5. Effect of KIF21A depletion on MT growth rate.
Distributions of MT growth rates at the cell periphery (within 3 μm from cell edge) and in the central cytoplasm measured 
in 20 cells in 3 independent experiments in control or KIF21A depleted cells.

Figure S6, related to Figure 6. Homology model of 
the human KIF21A motor domain illustrating the 
position of two CFEOM1-associated mutations. 
Homology model of the human KIF21A motor 
domain (residues 1-369). The two residues mutated 
in CFEOM1, C28 and M356, are highlighted in red. 
The putative MT binding site, helix α4, is shown 
in yellow. The model was constructed by SWISS-
MODEL homology modeling server (Arnold et al., 
2006; Kiefer et al., 2009) using the mouse KIF4 
motor domain structure as the model (pdb: 3ZFD). 
As the human KIF21A motor domain contains an 
extension (residues 238 to 264), which is not present 
in the mouse KIF4 motor domain, these residues are 
not displayed in the figure.

Figure S7, related to Figure 7. Characterization of KIF21A 
turnover in neuronal growth cones.
Constructs expressing GFP alone and the indicated GFP 
fusions were transfected into hippocampal neurons at day 1 
in vitro. 4 days later, growth cones containing GFP signal were 
photobleached and its recovery was measured over a 1 min 
period. Fluorescence intensity was normalized to the initial 
value. 9-10 growth cones were analyzed for each condition.
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Supplementary Tables

Supplementary Movies

Table S1, related to Fig.1 and Fig. S1. Analysis of the FRAP data.

Percentage and recovery halftime for each protein population were determined by fitting of a two-component exponential 
model to FRAP curves. Halftime of fluorescence recovery t 1/2, 95% confidence interval (95% conf. int.) for each t 1/2 and 
percentage of each protein population are indicated.

Table S2, related to Fig. 5. MT dynamics parameters used for simulations.

Parameters for MT dynamics in the central cytoplasm were measured previously (van der Vaart et al., 2011).
*) Mean and standard deviation values of characteristic catastrophe and rescue times were calculated from corresponding 
frequencies assuming gamma distribution of times and inverse-gamma distribution of frequencies. 

Movie S1, related to Figure 4. KIF21A-MD2-GFP moves along MTs. 
TIRF microscopy-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD2-GFP and EB3-
mRFP. Red and green images were collected simultaneously with a beam splitter with a 0.1 s interval between frames, 
and three consecutive frames were averaged. 100 averaged frames are displayed at a rate of 30 frames per second.   
Available online.

1st component 2nd component
t 1/2 [s] 95% conf. 

int. [s]
Amount 

[%]
t 1/2 [s] 95% conf. 

int. [s]
Amount 

[%]

mCherry-liprin-α1 33.3 s (31.3, 35.6) 75 355.5 s (275.1, 502.3) 25

GFP-ELKS 17.6 s (13.7, 24.5) 56 313.6 s (266.6, 380.9) 44

GFP-LL5β 62.0 s (45.9, 95.3) 19 1155.2 s (912.0, 
1540.3)

82

GFP-KANK1 125.8 s (109.6, 128.8) 55 608.0 s (568.2, 653.9) 45

KIF21A-FL-GFP 6.1s (5.6, 7.8) 81 39.8s (24.4, 111.8) 19

GFP-KIF21A-CC1 6.0 s (5.1, 7.3) 44 21.1s (19.5, 23.1) 56

Parameter 
name, units

Growth rate, 
μm/min

Shortening rate, 
μm/min 

Catastrophe 
frequency, 

min-1

Catastrophe 
time, min *)

Rescue 
frequency, 

min-1

Rescue 
time, 
min*)

Mean value 
± SD

12.6 ± 3.4 34 ± 7.3 8.2 ± 2.5 0.13 ± 0.04 24.7 ± 5.8 0.04 ± 
0.01
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Supplemental experimental procedures 

Cell culture and transfection of DNA constructs
HeLa, COS-7 and HEK293T were cultured as described previously (Akhmanova et al., 2001). PolyFect (Qiagen), 
FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen) reagents were used for plasmid transfection. Primary 
hippocampal cultures were prepared from brains of embryonic day 18 (E18) rats as described previously (Jaworski et 
al., 2009) and transfected using Lipofectamine 2000 (Invitrogen) for live imaging and immunofluorescent staining. 
Dorsal root ganglion (DRG) neurons were isolated from adult female Sprague Dawley rats (3 months old). The 
neurons were dissociated with collagenase type IV (Sigma) and 0.1% trypsin (Sigma). Dissociated neurons were 
plated on coverslips coated with poly-d-lysine (20 µg/ml), 1 μg/ml laminin and cultured in dissociated DRG culture 
medium (DMEM (Lonza), 1% FBS (Invitrogen), penicillin-streptomycin-fungizone (1×) (Sigma), and NGF (20 ng/
mL) (Sigma), and kept at 37°C in 5% CO2. Dissociated adult DRG neurons were transfected using a Microporator 
(Invitrogen). Approximately 1 × 105 cells were transfected per reaction, in a volume of 10 μl. Transfected cells were 
plated and cultured as described above, but without antibiotics for the first 24 hours after electroporation. 

Constructs
(Bio)GFP-KIF21A and KIF21A-GFP expression constructs and their deletion mutants were generated using Flexi 
ORF clone pF1KA1708 human cDNA (Kazusa DNA Research Institute) in pEGFP-C1 and pEGFP-N3 by cloning- 
and PCR-based strategies. GFP-KIF21A-R954W, C28W and M356T mutations were introduced by overlapping PCR. 
In BioGFP fusions, a linker encoding the sequence MASGLNDIFEAQKIEWHEGGG, which is the substrate of biotin 
ligase BirA, was inserted into the NheI and AgeI sites in front of the GFP (pBioGFP-C1). BirA ligase expression 
construct was a gift from D. Meijer (Erasmus MC, Rotterdam, The Netherlands). GFP-LL5β, RFP-LL5β and GFP-ELKS 
(Lansbergen et al., 2006), EB3-mRFP (Grigoriev et al., 2008) and HA-liprin-α1 (Spangler et al., 2011) were described 
previously. EB3-TagRFP-T was generated in pEGFP-N1-like vector ( a gift of Y. Mimori-Kiyosue, Riken, Japan). 
BioHA-liprin-α1 was generated by cloning a linker encoding the sequence MASGLNDIFEAQKIEWHEGGG into 
HA-liprin-α1 construct. mCherry-liprin-α1 was subcloned into GW1-mCherry vector. HA-liprin-β1 was generated 
using human cDNA (NM_003622) in GW1-HA by cloning and PCR-based strategies and BioGFP-liprin-β1 was 
generated by re-cloning liprin-β1 in frame into the BioGFP vector based on pEGFP-C1. KANK1 and KANK2 fusions 
and KANK1 deletion constructs were generated using human cDNA clones KIAA0172 and KIAA1518 (Kazusa DNA 
Research Institute) in pEGFP-C1 or its derivatives where GFP was substituted for mCherry or TagRFP-T by a PCR-
based strategy. Rescue constructs were made by a PCR-based mutagenesis strategy; for KIF21A, the target sequence 
GTAAGACCCATGTCAGATA was mutated to GTCAGGCCTATGTCGGACA; for KANK1, the target sequence 
AGAGAAGGACATGCGGAT was mutated to TGAAAAAGATATGCGAAT.

For neuronal expression, KIF21A constructs were cloned into a modified GW1-vector (British Biotechnology) 
(Hoogenraad et al., 2005). GST-KIF21A-H1 was generated by a PCR-based strategy in pGEX-6P-1. KIF21A-MD2 
and KIF5B-MD2 were cloned in frame with EGFP-6xHIS tag at the C-terminus into pET28a vector modified to 
remove the N-terminal His-tag and the T-tag.

siRNAs
siRNAs were synthesized by Ambion or Dharmacon; they were directed against the following target sequences: control: 
GCACUCAUUAUGACUCCAU (Mimori-Kiyosue et al., 2005) or MISSION siRNA Universal Negative Control #2 
(Sigma-Aldrich), KIF21A (A): CACGUACUGUGAAUACAGA, KIF21A (B): GUAAGACCCAUGUCAGAUA, 
human liprin-α1: GGCUGAAAAAAAUCGUAAA, human liprin-β1: GAUUCGAGAUUUGGAGUUU, LL5β: 
GGAGATTTTGGATCATCTA (Lansbergen et al., 2006), ELKS: GTAGGGAAAACCCTTTCAAT (Lansbergen et 
al., 2006). KANK1 and KANK2 were depleted using OnTarget-Plus SmartPool (Dharmacon); for rescue experiments 
with the KANK1 construct, an siRNA with the target sequence CAGAGAAGGACAUGCGGAU was used. Synthetic 
oligos were transfected using HiPerFect (Qiagen) at a concentration of 5 nM and cells were analyzed 72 hr after 
transfection.
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Antibodies and immunofluorescent cell staining
We used chicken polyclonal antibodies against β-galactosidase (Aves Labs), rabbit polyclonal antibodies against 
GFP (Abcam or MBL), HA (Santa Cruz), LL5β (Lansbergen et al., 2006), KANK1 and KANK2 (Sigma), ELKS (a 
gift from Dr. F. Melchior, ZMBH, University of Heidelberg, Germany), liprin-α1 (Spangler et al., 2011), KIF21A 
(Tischfield et al., 2010) (a gift of E. Engle, Children’s Hospital Boston, USA)  used for immunofluorescent cell 
staining, or Upstate Biotechnology, used for Western blotting. Rabbit polyclonal antibodies to liprin-β1 were raised 
against liprin-β1 amino acids 195-433 fused to GST. We used mouse monoclonal antibodies against GFP and HA 
tag (Roche), mCherry (Clontech) and β-tubulin (Sigma Aldrich), FAK (BD Biosciences) and rat antibody against 
α-tubulin (Abcam). The following secondary antibodies were used; alkaline phosphatase-conjugated anti-rabbit 
and anti-mouse (Sigma-Aldrich), IRDye 800CW Goat anti-rabbit and anti-mouse (Li-Cor Biosciences), Alexa-350, 
Alexa-488 and Alexa-594 conjugated goat antibodies against rabbit and mouse IgG (Molecular Probes), 

HeLa cells were fixed with –20°C methanol for 15 min in the case of liprin-α1 and LL5β staining. In case of 
liprin-β1, KANK1, KANK2, KIF21A and tubulin labeling, cells were fixed with –20°C methanol for 15 min or fixed 
with –20°C methanol for 15 min followed by a post-fixation with 4% paraformaldehyde in phosphate-buffered saline 
(PBS) for 15 min at RT. Cells were rinsed with 0.15% Triton X-100 in PBS; subsequent washing and labeling steps 
were carried out in PBS supplemented with 1% bovine serum albumin and 0.15% Tween-20. At the end, slides were 
rinsed in 100% ethanol, air-dried and mounted in Vectashield mounting medium (Vector laboratories). For staining 
of cultured neurons, the protocol was adjusted as follows: cells were rinsed three times for 5 min with PBS, fixed 
with 4%PFA/4% sucrose in PBS, and subsequently incubated with primary antibodies in GDB buffer (0.2% BSA, 
0.8% NaCL, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Next, neurons were washed 
three times in PBS for 5 min and incubated with Alexa-conjugated secondary antibodies in GDB buffer for 1 hr at 
room temperature. Neurons were washed three times in PBS for 5 min and slides were mounted using Vectashield 
mounting medium (Vector labatories).

Image Acquisition and Processing
Images of fixed cells were collected with a Leica DMRBE microscope equipped with a PL Fluotar 100x 1.3 N.A. 
and 40x 1.00-0.50 N.A. oil objectives, FITC/EGFP filter 41012 (Chroma) and Texas Red filter 41004 (Chroma) and 
an ORCA-ER-1394 CCD camera (Hamamatsu). Alternatively, we used an Olympus BX53 upright fluorescence 
microscope equipped with UPLSAPO 100xO/1,4 Universal Plan Super Apochromatic and UPLFLN 40xO /1,3 
Universal Plan Fluorite oil objectives, U-FGFP and U-FMCHE filters (Olympus) and Photometrics CoolSNAP HQ2 
CCD (Roper Scientific) camera. The microscope was driven by Olympus CellSens Dimension 5D software.

Live cell imaging and in vitro assays were performed on an inverted research microscope Nikon Eclipse Ti-E 
(Nikon) with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil 
objective (Nikon), Photometrics Evolve 512 EMCCD (Roper Scientific) and controlled with MetaMorph 7.7 software 
(Molecular Devices). The microscope was equipped with TIRF-E motorized TIRF illuminator modified by Roper 
Scientific France/PICT-IBiSA, Institut Curie. MT nucleation and MT dynamics in DRG neurons were analyzed on a 
spinning disk microscope that was the same as the one described above but equipped with a CSU-X1-A1 Spinning 
Disc (Yokogawa). For regular imaging we used the mercury lamp HBO-103W/2 (Osram) for excitation or 491nm 
100mW Calypso (Cobolt) and 561nm 100mW Jive (Cobolt) lasers. We used ET-GFP filter set (Chroma) for imaging 
of proteins tagged with GFP; ET-mCherry filter set (Chroma) for imaging of proteins tagged with mCherry. For 
simultaneous imaging of green and red fluorescence we used triple-band TIRF polychroic ZT405/488/561rpc 
(Chroma) and triple-band laser emission filter ZET405/488/561m (Chroma), mounted in the metal cube (Chroma, 
91032) together with Optosplit III beamsplitter (Cairn Research Ltd, UK) equipped with double emission filter 
cube configured with ET525/50m, ET630/75m and T585LPXR (Chroma). FRAP assay was carried out using ILas 
system (Roper Scientific France/ PICT-IBiSA, Institut Curie) installed on the same microscope and with the lasers 
mentioned above at 100% laser power. For growth cone tracking, we used a Nikon Eclipse TE2000E microscope 
(Nikon) equipped with a 40x Plan Fluor N.A.1.3 objective (Nikon) and a Coolsnap HQ camera (Photometrics). To 
keep cells at 37°C we used stage top incubators (model INUBG2E-ZILCS Tokai Hit). Neurons were maintained in 
the presence of 5% CO2.

Images were prepared for publication using MetaMorph and Adobe Photoshop. All images were modified by 
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adjustments of levels and contrast; for images of live cells, averaging of several consecutive frames was performed in 
some cases; in addition to adjustments of levels and contrast, Unsharp Mask and Blur filters (Photoshop) were applied. 
Maximum intensity projection, kymograph analysis and various quantifications were performed in MetaMorph. 
Growth cone tracking was performed using MTrackJ-plugin for ImageJ (Meijering et al., 2012) by selecting the point 
within the growth cone with the highest intensity. To quantify growth cone dynamics, completely static growth cones 
(≤10µm/hr) were excluded from analysis. Statistical analysis was performed using non-parametric Mann-Whitney 
U-test in SigmaPlot.

Protein purification, immunoprecipitation and Western blotting
GST fusions were expressed in BL21 E. coli and purified with Glutathione Sepharose 4B (GE Healthcare). 
Immunoprecipitations and Western blotting were described previously (Lansbergen et al., 2004). 

BL21 E. coli cells carrying the HIS-tagged KIF21A-MD2-GFP or KIF5B-MD2-GFP constructs were grown at 
37 oC till OD600 ~0.6-0.8, and the protein expression was induced by adding 0.1 mM IPTG at 22 oC for 16 hrs.  Cells 
were resuspended in ice cold buffer containing 50 mM sodium phosphate pH 8, 250 mM NaCl, 1 mM MgCl2, 20 
mM Imidazole, 1 mM DTT, 0.5% Triton X-100 and protease inhibitor cocktail (Roche), and after sonication, the 
cell debris was separated by centrifugation at 25000 X g for 60 min. The supernatants were incubated with Ni-NTA 
Agarose (Qiagen) at 4 oC for 90 min and transferred to columns, which were washed with the buffer containing 50 
mM sodium phosphate pH 6, 250 mM NaCl, 1 mM MgCl2, 60 mM Imidazole, 1 mM DTT, 25 µM ATP. The proteins 
were eluted with the buffer containing 50 mM sodium phosphate pH 7, 250 mM NaCl, 1 mM MgCl2, 500 mM 
Imidazole, 1 mM DTT, 25 µM ATP. 

KIF5B-MD2-GFP was further purified by gel filtration using Superose6 (10/300GL) column (GE Healthcare) 
in the buffer containing 50 mM sodium phosphate pH 7.0, 250 mM NaCl, 1 mM MgCl2, 1 mM DTT, 25 µM ATP. 
KIF21A-MD2-GFP was exchanged into MRB80 buffer (80 mM K-PIPES pH 6.8, 1 mM EGTA, 4 mM MgCl2, 
supplemented with 10 mM AMP-PNP and 1 mM DTT, using PD-10 desalting columns (GE Healthcare). The protein 
was incubated with preformed MTs in the presence of 2 mM AMP-PNP, 1 mM GTP, 20 µM taxol at 26 oC on a thermo 
mixer for ~1 hr. MTs were sedimented by centrifugation ~100000 x g for 20 min at 24 oC. KIF21A-MD2-GFP that 
was bound to the sedimented MTs were released by resuspending the MT pellet with MRB80 buffer containing 10 
mM ATP and 250 mM NaCl and by depolymerizing the MTs on ice. KIF21A-MD2-GFP was separated from the MTs 
by centrifugation at ~100 000 x g for 20 min at 24 oC and further by Ni-NTA affinity purification as described above. 
The purified proteins were stored at -80 oC in MRB80 buffer containing 200 mM NaCl, 1mM DTT, 25 µM ATP, 10 
% sucrose.

Analysis of MT dynamics in vitro  
The in vitro MT plus end tracking assay was performed as reported before (Montenegro Gouveia et al., 2010). 
Briefly, microscopy slides and precleaned glass coverslips were used to assemble a flow chamber with the help of 
double-sided tape. The chamber was treated with 0.2 mg/ml PLL-PEG-biotin (Surface Solutions, Switzerland) in 
MRB80 buffer (80 mM K-PIPES, pH 6.8, 4 mM MgCl2, and 1 mM EGTA) for 5 min. After washing the chamber 
with MRB80 buffer, it was incubated with 0.8 mg/ml NeutrAvidin for 5 min. Short MT seeds were prepared using 
20 µM tubulin mix containing 18% biotin-tubulin and 12% rhodamine-tubulin (Cytoskeleton, Inc.) with 1 mM 
GMPCPP at 37°C for 30 min. The polymerized MTs were pelleted by centrifugation in an Airfuge for 5 min. After 
one round of depolymerization of the MTs and polymerization with 1 mM GMPCPP the final MT seeds were stored 
in MRB80 buffer containing 10% glycerol. The seeds were attached to the coverslips using biotin-NeutrAvidin links 
and incubated with 0.8 mg/ml κ-casein.

The in vitro reaction mixture consisting of 15 µM tubulin, 50 mM KCl, 0.1% Methyl cellulose, 0.5 mg/ml 
k-casein, 1 mM GTP, oxygen scavenging system (20 mM glucose, 200 µg/ml catalase, 400 µg/ml glucose-oxidase, 
4 mM DTT), 2 mM ATP, 10 nM mCherry-EB3 and the specified amount of KIF21A-MD2-GFP was added to the 
flow chamber and sealed with grease. During the experiments the samples were maintained at 30 oC and data were 
collected using TIRF microscopy. The values for MT growth rate and catastrophe frequency were obtained using 
kymograph analysis. Catastrophe frequencies were obtained by dividing the total number of catastrophes observed 
by the total time MT spent in growth. The standard deviation for catastrophe frequency was calculated as described 
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previously (Walker et al., 1988).

Kinesin in vitro motility assay
Kinesin motility assay was performed similar to the in vitro MT dynamics assay, with following adjustments. 
Rhodamine-tubulin seeds were elongated by incubation at room temperature for 1 to 2 days. These MTs were 
attached to coverslips with biotin-NeutrAvidin links as described above. HEK293T cells were transfected with the 
constructs expressing KIF21A-GFP fusions, lysed in TBS buffer (20 mM tris, 150 mM NaCl, pH 8.0) supplemented 
with 1x protease inhibitor cocktail (Roche) and 0.5% Triton-X100 and centrifuged in an Airfuge for 5 minutes. Cell 
lysates were added to the reaction mix which contained oxygen scavenging system, 10 mM glucose, 2 mM ATP, 2 mM 
MgCl2 in MRB80 buffer and added to the flow chamber and imaged by TIRF microscopy. 

MT pelleting assay 
For MT pelleting assays, tubulin isolated from bovine brain (Cytoskeleton, Inc.) was polymerized at 37 oC for 45 
minutes (20 µM tubulin, 1mM GTP in MRB80 buffer), after which 20 µM Taxol was added, and the mixture was 
incubated for 30 minutes at room temperature. HEK293T cells transfected with different KIF21A-GFP fusion 
constructs were lysed in MRB80 buffer (80mM PIPES, 1 mM EGTA, 4 mM MgCl2, pH 6.8 adjusted with KOH) 
supplemented with 1x protease inhibitor cocktail (Roche), 0.5% Triton-X100 and centrifuged in an Airfuge for 5 
minutes. Lysates were incubated with stabilized MTs in the presence of 2 mM AMPPNP, 1 mM GTP and 20 µM 
Taxol for 30 minutes at room temperature. MTs were pelleted by centrifugation in an Ultrafuge for 15 minutes at 100 
000 x g. Supernatant and pellet were collected and analyzed by Western blotting. Quantification was performed by 
measuring average intensity of the band on Western blots in ImageJ.

Mass spectrometry
Mass spectrometry was performed as described previously (Grigoriev et al., 2011). The Mascot search algorithm 
(version 2.2, MatrixScience) was used for searching against the Uniprot database (taxonomy: Homo sapiens; 
release human_2011_11.fasta). The peptide tolerance was set to 10 ppm (Orbitrap) or to 2 Da (ion trap) and the 
fragment ion tolerance was set to 0.8 Da. A maximum number of 2 missed cleavages by trypsin were allowed and 
carbamidomethylated cysteine and oxidized methionine were set as fixed and variable modifications, respectively. 
The Mascot score cut-off value for a positive protein hit was set to 65. Individual peptide MS/MS spectra with Mascot 
scores below 40 were checked manually and either interpreted as valid identifications or discarded. 

Modeling
To model MT organization we used Monte Carlo simulations of simple two-state dynamic instability model 
(Dogterom and Leibler, 1993), (Katrukha and Maly, in preparation). In this model, MTs form a radial array with 
their minus ends attached to an immobile centrosome in the center of a round cell with a radius of 25 μm. Plus ends 
are free and constantly switch between two states: growth and shortening. We assume that velocities of growth and 
shortening, and catastrophes and rescues times are distributed according to gamma distributions (Odde et al., 1995) 
with values of mean and standard deviation presented in Table S2. 

In the initial moment the length of all MTs is equal to zero and they all are in the growth state. Initial growth 
directions are distributed homogeneously. The duration of each state and the velocity of plus end elongation during 
this time interval are determined by generating random numbers according to distribution of parameters. If the next 
position of the plus end during growth phase occurs to be outside the cell then the MT is switched to shortening. If a 
MT is shortened to the centrosome it is forced to switch to the growth state. The time step of simulations is equal to 
the value of 0.01 s and it is much less than characteristic times of growth and shortening. Using shorter integration 
times had no effect on the outcome. 

An individual MT is presented as a polyline consisting of connected segments of equal length dl = 200 nm. 
The orientation of the MT tip during growth undergoes fluctuations due to the elastic surrounding of the MT 
(Brangwynne et al., 2007). We used the persistence length of MTs as an integrated parameter describing both MT 
rigidity and elasticity of the cytosolic environment. Each new segment is added at the end of the growing MT with 
additional random rotating angle δθ with respect to the previous segment. The distribution of δθ is assumed to be 
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normal with zero average value and variance equal to:

For CHO cells MT persistence length lp
* was estimated to be equal to 30 μm (Brangwynne et al., 2007). Since MTs in 

HeLa cells appear straighter than in CHO cells, in our simulations we used the value of 60 μm. The variation of this 
parameter in the range of 25-70 μm did not significantly affect the results. Total time of each simulation was equal to 
eight hours with integration time step 0.01s for a MT array consisting of 250 MTs. The radiality value was calculated 
as the percentage of MT segments pointing outward after subtracting 50% and multiplying the resulting value by two. 
Defined in this way radiality is equal to 100% when all segments point outward and to 0% when orientation of MT 
segments is random, i.e. 50% point outward and 50% inward.

Dynamics simulations were implemented using custom written C++ program with random number generators 
from the boost library (http://www.boost.org/). Visualization of the results was performed in Mathematica software 
(Wolfram Research, Inc., ver.7, Champaign, IL, 2008).

Analysis of neuronal morphology and growth cone dynamics
For morphometric analysis of hippocampal neurons, images of transfected neurons were analyzed for total axonal 
length and axonal branching in Matlab with SynD (Schmitz et al., 2011). For analysis of primary neurite length, the 
NeuronJ plugin in ImageJ (Meijering et al., 2004) was used.  For growth cone analysis, GFP-positive growth cones 
were selected and imaged for 60 min with 3 min interval. After 12 min conditioned neuronal medium was replaced 
for conditioned medium supplemented with 10 nM Semaphorin 3F (R&D) to induce growth cone collapse. Growth 
cone area was measured by framing the growth cone using the freehand tool in ImageJ software. For growth cone 
collapse analysis, only growth cones that showed dynamic behavior in the 5 frames before Sema3F addition were 
included. Growth cones with less than 3 filopodia in the last 15 min were considered collapsed (Richter et al., 2007; 
Yang et al., 2012).
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Abstract
Tight regulation of kinesin activity is crucial and malfunction is linked to neurological 
diseases. Point mutations in the KIF21A gene cause congenital fibrosis of the extraocular 
muscles type 1 (CFEOM1) by disrupting the autoinhibitory interaction between the motor 
domain and a regulatory region in the stalk. However, the molecular mechanism underlying 
the misregulation of KIF21A activity in CFEOM1 is not understood. Here, we show that the 
KIF21A regulatory domain containing all disease-associated substitutions in the stalk forms 
an intramolecular antiparallel coiled coil sufficient to inhibit the kinesin. CFEOM1 mutations 
lead to KIF21A hyperactivation by affecting either the structural integrity of the antiparallel 
coiled coil or the autoinhibitory binding interface, thereby reducing its affinity for the motor 
domain. Interaction of the KIF21A regulatory domain with the KIF21B motor domain and 
sequence similarities to KIF7 and KIF27 strongly suggest a conservation of this regulatory 
mechanism in other kinesin-4 family members.

Introduction
Microtubule (MT)-based kinesin (KIF) motor proteins play a major role in the transport 
of intracellular cargo and in the regulation of MT organization and dynamics in an ATP-
dependent fashion. The kinesin superfamily is divided into 14 families (kinesin-1 to 
kinesin-14), which are encoded by more than 45 different kinesin genes in the mouse and 
human genome1. A prototypic kinesin includes a conserved globular N-terminal motor 
domain, which binds to MTs, hydrolyses ATP and converts its chemical energy to mechanical 
work. The kinesin motor domain is typically followed by a stalk domain often consisting of 
α-helical coiled-coil regions important for dimerization and a tail domain containing the 
binding sites for cargo or kinesin-regulatory proteins. A tight control of kinesin motor activity 
is not only crucial for avoiding futile ATP hydrolysis but also for proper motor function. 
Accordingly, overexpression and misregulation of kinesins is often related to cancer and 
severe neurodegenerative or neurodevelopmental diseases2,3. 

Up to date, several kinesin regulatory mechanisms have been described4-7. One of these, 
kinesin autoinhibition, was first reported for KIF5 (kinesin-1) and subsequently identified in 
KIF17 (kinesin-2), GAKIN/KIF13B, KIF1A/Unc-104 (kinesin-3) and CENP-E (kinesin-7). 
In the absence of cargo, these motor proteins are inactivated mostly through intramolecular 
interactions between the motor domain and tail or stalk moieties, which prevent MT 
binding and/or ATP hydrolysis. Although autoinhibition seems to be a general principle for 
the regulation of kinesin motors, different autoinhibitory mechanisms were identified. For 
example, the activity of KIF5 is controlled by two intramolecular autoinhibitory interactions, 
one affecting ATPase activity and one interfering with MT binding8,9. It was shown that a 
tail peptide of the KIF5 heavy chain locks the two motor heads in a rigid conformation, 
thereby inhibiting ADP release. In addition, the interaction of the motor domain with the 
KIF5 light chain reduces MT binding8,9. KIF17 contains a predicted coiled-coil region located 
in its stalk domain and a tail region that inhibits the motor`s processive motility and MT 
binding, respectively10. In the KIF1A motor, a domain-swapped forkhead-associated domain 
with an adjacent coiled-coil segment appears responsible for self-regulation, although a direct 
interaction between the regulatory region and the motor domain could not be demonstrated11. 
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Currently, the molecular mechanisms underlying kinesin autoinhibition are only poorly 
understood, a major reason being the lack of structural information. Only two high-resolution 
crystal structures of kinesin autoinhibitory domains are available: a KIF1A polypeptide chain 
fragment containing the coiled-coil segment and the forkhead-associated domain and dimeric 
KIF5 motor in complex with the inhibitory tail peptide8,11. The importance of high-resolution 
structural information is emphasized by the fact that the latter crystal structure could resolve 
contradictory models on KIF5 autoinhibition.

Two recent studies suggested a self-regulation mechanism for the kinesin-4 family member 
KIF21A12,13. KIF21A is a plus-end directed motor, which is most prominently expressed in the 
central nervous system (CNS)14. KIF21A was shown to reduce the MT polymerization rate 
and inhibit catastrophes in vitro and in cells suggesting a regulatory role in MT dynamics12,13. 
Increased KIF21A expression correlates with a change in axon morphology, resulting in axon 
guidance abnormalities13. The importance of KIF21A in the CNS is further demonstrated 
by the observation that several point mutations in the KIF21A gene cause CFEOM1. This 
neurological disease is characterized by abnormal development of the oculomotor nerve 
resulting in the defective innervation and dysfunction of the muscles elevating the eye lid and 
eye globe15 (reviewed in ref 16). Notably, all CFEOM1 mutations and a one-residue deletion 
cluster within a predicted coiled-coil region of the KIF21A stalk or within the motor domain 
(Fig. 1)17. It was shown that a part of the KIF21A stalk containing the residues involved 
in CFEOM1 (hsKIF21A aa701-1180, mmKIF21A aa891-1300) binds to its own motor 
domain, thereby inhibiting the kinesin12,13. By introducing into the same stalk construct the 
most common CFEOM1 mutation, R954W, the intra-molecular interaction was disrupted, 
suggesting that CFEOM1 is caused by a hyperactive KIF21A motor. Both homozygous and 
heterozygous knock-in mice harboring the R943W (equivalent to human R954W) mutation 
in the Kif21a gene recapitulated the human CFEOM1 pathology, confirming developmental 
oculomotor axon stalling as a major disease cause12. 

Although the biological mechanism underlying CFEOM1 in the neuronal environment 
has been clarified by this work, detailed molecular information underlying KIF21A 
autoinhibition is still missing. To address this important issue, we characterized in detail the 
interaction between the KIF21A motor domain and its regulatory stalk region (Fig. 1) using 
a multidisciplinary approach, including biophysical, structural biology and cell biological 
methods. 

Results
The KIF21A stalk peptide rCC1 forms an intramolecular antiparallel coiled coil in 
solution
Towards understanding the mechanism of KIF21A self-regulation at the molecular detail, we 
first characterized the region of the KIF21A stalk, which was shown to mediate autoinhibition 
by interacting with the motor domain12,13. Sequence analysis of this region revealed two 
predicted coiled-coil segments (Supplementary Fig. S1a), one of them (aa938-1017) harbors 
all the CFEOM1-associated amino acid residues of the stalk (Fig. 1). Based on this prediction, 
two KIF21A polypeptide chain fragments were prepared: rCC (aa938-1076), spanning the 
region containing both putative regulatory coiled coils and rCC1 (aa938-1017, regulatory 
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Figure 1. Representation of all constructs used in this study. Schematic representation of the KIF21A (UniProt: 
Q7Z4S6) and KIF21B (UniProt: O75037) motors. Domains are indicated. Predicted coiled-coil and non-coiled-coil 
regions in the stalk are shown in orange and black, respectively. The regulatory coiled-coil region (rCC) and the neck 
region are highlighted by a box and in red, respectively. CFEOM1 mutations are indicated in different colors. Fragments 
are represented by black lines and the GCN4 coiled coil is shown in brown.

coiled coil 1), corresponding to the first predicted coiled coil (Fig. 1). 
To assess the secondary structure content and the stability of rCC and rCC1, circular 

dichroism (CD) spectroscopy was performed. The far-ultraviolet CD spectra recorded for 
both polypeptide chain fragments revealed a significant amount of α-helical structure with 
distinct minima near 208 nm and 222 nm (Fig. 2a and Supplementary Fig. S1b). The stability 
of rCC and rCC1 was assessed by thermal unfolding profiles monitored by CD at 222 nm, 
which yielded nearly identical Tm values of ~43°C (Supplementary Fig. S1c). Based on 
these very similar results, the biophysical characterization was continued with the shorter 
peptide, rCC1, only. To determine the oligomeric state of rCC1 in solution, sedimentation 
velocity analytical ultracentrifugation (AUC) (Fig. 2c) and size exclusion chromatography 
coupled to multi-angle light scattering (SEC-MALS, Supplementary Fig. S1d) experiments 
were performed, both demonstrating that rCC1 is monomeric even at concentrations as 
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high as 500 μM. Together, these results are consistent with rCC1 forming an intramolecular 
antiparallel coiled coil. 

Based on our biophysical findings we generated a structural model of the intramolecular 
antiparallel coiled coil (Fig. 2d). The fold is stabilized by the packing of residues at heptad 
repeat a and d positions against d’ and a’ residues, respectively, of the backfolding strand. The 
stability of the coiled coil might be further enhanced by two salt bridges (R960 and E988, 
K937 and E1021). The putative loop region contains two glycine residues (Gly976 and Gly 

Figure 2. Biophysical characterization of the KIF21A stalk region mediating autoinhibition
(a) Far-UV CD spectra of rCC1 (red) and rCC1-L (black). CD measurements were performed in PBS at 5°C using a 
protein concentration of 0.125 mg/ml. (b) Normalized thermal unfolding profiles of rCC1 (red) and rCC1-L (black) 
recorded by CD at 222 nm. Protein concentration and buffer conditions were as stated as in the legend of Fig. 2a. Global 
fitting yielded a Tm value of 42.4°C for rCC1 and 45°C for rCC1-L. (c) Oligomerization state of rCC1 determined 
by sedimentation velocity AUC at 20°C and at a protein concentration of 500 μM. The theoretical and experimental 
MW values are 9.5 and 12 kDa, respectively. (d) Model of the KIF21A intramolecular antiparallel coiled coil. Heptad 
repeats are shown as blocks of seven residues with heptad core a and d positions indicated by blue and green spheres, 
respectively. Charged amino acid residues are highlighted in color according to their physicochemical properties. Potential 
electrostatic interactions are indicated by dashed lines. The predicted loop is shown in bold. (e) Sequence alignment of 
selected KIF21A orthologues and hsKIF21B based on the model shown in panel d. Conserved amino acids are shown 
as dots, whereas not conserved amino acids are shown as one letter code. CFEOM1-associated amino acids are boxed 
(grey). Heptad repeats are shown as blocks of seven residues denoted a to g. Hs: Homo sapiens, Mm: Mus musculus, Gg: 
Gallus gallus, Dr: Danio rerio.
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978), which are known to disrupt helical geometries 18. The model is supported by a sequence 
alignment between KIF21A homologues and hsKIF21B, which illustrates that highly 
conserved residues, including the disease-related amino acids, are found predominantly at 
the termini of the antiparallel coiled coil (Fig. 2e). 

Based on our model, we designed a third stalk fragment, rCC1-L (regulatory coiled coil 
region 1- long; aa930-1023), which is slightly longer than rCC1 and therefore contains the 
second predicted salt bridge (K937 and E1021) not present in rCC1 (Fig. 1 and 2d). Like 
rCC1, rCC1-L is a helical monomer in solution (Supplementary Fig. S1e) (Fig. 2a), but 
revealed a ~2°C higher Tm (Fig. 2b), suggesting that the potentially stabilizing salt bridge 
is formed in the structure. Taken together, these findings are consistent with our hypothesis 
that the KIF21A stalk region containing the CFEOM1-associated amino acids forms an 
intramolecular antiparallel coiled-coil domain. 

Crystal structure and small angle X-ray scattering of the KIF21A regulatory coiled coil  
To obtain high-resolution structural information on the identified intramolecular antiparallel 
coiled-coil domain, all three coiled-coil fragments were subjected to extensive crystallization 
screening. However, only rCC1 yielded crystals suitable for structure determination. 
The crystal structure of rCC1 determined at 2.5 Å resolution is shown in Fig. 3a and the 
crystallographic parameters are listed in Table S1. Notably, rCC1 folds into a chain-swapped, 
dimeric, antiparallel coiled coil.  Although being an intermolecular dimer, the two halves of 
this antiparallel coiled coil correspond to the heptad-repeat segments in our predicted model 
(Fig. 2d), including one of the predicted salt bridges formed by R960 and E988 (Fig. 3b). A 
plausible explanation for the observation of a chain-swapped dimer is provided by a detailed 
study reporting the biophysical characterization of an intramolecular, antiparallel coiled coil, 
similar to rCC1. Oakley et al. showed that the two individual moieties of the intramolecular 
antiparallel coiled coil of the seryl tRNA synthetase do not bind to each other or form homo- 
or heterotypic coiled coils in the absence of the connecting loop19. However, formation of 
the intramolecular antiparallel structure could be re-established by increasing the local 
concentration of the coiled-coil moieties through covalent connection of the two coiled-
coil helices by an artificial disulfide bond. At maximal concentrations that can be reached 
in solution (typically a few mM) the antiparallel intramolecular coiled-coil conformation is 
favored. In the crystal, however, local concentrations of coiled-coil moieties are not a limiting 
factor anymore and an interaction of individual low-affinity coiled-coil moieties of different 
protein molecules will occur, explaining why a chain-swapped dimer is seen in our crystal 
structure. 

To confirm this hypothesis, we used rCC1 to perform small angle X-ray scattering (SAXS) 
experiments, which provide information about the shape and size of a measured molecule 
in solution. The determined experimental mass of 8.8 kDa and the radius of gyration 19.5 
(±1.6) Å obtained for rCC1 are consistent with the calculated theoretical values of 9.5 kDa 
and 19.2 Å, respectively, suggesting that the measured data are reliable. The shape of the 
scattering curve and the corresponding pair-distance distribution function, P(r), confirm 
that rCC1 is an extended molecule in solution with a maximal length, Dmax, of 75 Å (Fig. 
3c and 3d). The pronounced peak seen in the P(r) centered at ~20 Å is in good agreement 
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Figure 3. The regulatory domain of KIF21A folds into an antiparallel coiled coil as revealed by X-ray crystallography 
and SAXS 
(a) Ribbon representation of the crystal structure of rCC1 showing a chain-swapped, antiparallel coiled-coil dimer. 
The two helices of the dimer are colored differently. Amino (N) and carboxy (C) termini are indicated. (b) Ribbon 
representation of the electrostatic interaction between R960 and E988 visible in the crystal structure of rCC1. The two 
helices of the dimer are colored as in panel a and the salt bridge distance is indicated. (c) Normalized distance distribution 
function for rCC1 (grey) and calculated distance distribution functions of the dimeric rCC1 crystal structure (rCC1-
dimer, magenta) and rCC1-monomer (black).  (d) Calculated scattering curve of rCC1 overlaid on the CRYSOL-derived 
scattering curves of rCC1-monomer and rCC1-dimer.  (e) Two representative 90° rotated views of the rCC1-monomer 
model superimposed by Subcomb on the averaged and filtered DAMMIF model.

with the thickness of a two-stranded coiled coil. In a next step, we calculated the scattering 
curves and the P(r) functions from the obtained crystal structure, termed rCC1-dimer, and 
from the antiparallel rCC1 model, termed rCC1-monomer, in which the crystal structure was 
cut in half and the missing loop was modeled, and overlaid them with the experimental data 
of rCC1 (Fig. 3c and 3d). The dimeric antiparallel coiled-coil structure, rCC1-dimer, has a 
Dmax at 125.1 Å, whereas rCC1-monomer reveals a Dmax of 71.5 Å, which corresponds well 
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to the experimental Dmax of rCC1 (75 Å). In addition, the shapes of the P(r) functions of 
rCC1 and rCC1-monomer as well as the scattering curves are nearly identical, reinforcing our 
biophysical data showing that rCC1 is an intramolecular coiled coil in solution. Furthermore, 
ab initio shape reconstruction shows an elongated molecule (Fig. 3e). An overlay of the ab 
initio reconstructed envelope with rCC1-monomer provides further experimental support 
that the protein is a monomer in solution (Fig. 3e). 

The regulatory antiparallel coiled coil of KIF21A is an autonomous folding unit that is 
present in the full-length KIF21A stalk domain 
The regulatory coiled coil rCC1-L is flanked by regions that are not predicted to fold into 
coiled-coil structures (see also Figure S1a). Therefore, rCC1-L corresponds to an autonomously 
folding antiparallel coiled-coil domain that is expected to adopt this fold also in the context 
of the full-length protein. KIF21A is known to form homodimers12, most likely through 
coiled-coil regions located N-terminal to the antiparallel coiled coil (Fig. 1). To confirm this 
assumption, the oligomeric state of the whole KIF21A stalk domain (termed STALK, Fig. 1) 
was investigated by single-molecule GFP-counting experiments. GFP and EB1-GFP were used 
as monomeric and dimeric controls, respectively20.  The results show that STALK is dimeric, 
implying that the stalk domain is indeed responsible for KIF21A homodimer formation (Fig. 
4a). They also confirmed our findings that rCC1 and rCC1-L are monomers in solution. 

To demonstrate that the regulatory antiparallel coiled coil is formed in the context of the 
dimeric KIF21A stalk, cysteine crosslinking experiments were performed. Cys1006 is located 
at a hydrophobic heptad-repeat d core position and is expected to form a disulfide bond with 
Cys1006› of the neighboring polypeptide chain in an in-register, two-stranded, parallel but 
not in an intramolecular antiparallel conformation (Fig. 4b). To exclude the first possibility, 
lysates of COS-7 cells expressing rCC1 and rCC1–L (monomeric negative controls), CLIP-115 
(dimeric positive control 21), and STALK fused to the C-terminus of monomeric GFP were 
analyzed by SDS-PAGE and Western blotting using anti-GFP antibodies. Under reducing 
conditions, all fusion proteins migrated at positions on the gel that correspond to their 
monomeric mass (Fig. 4c). Under non-reducing conditions, only the positive control, CLIP-
115, formed a dimer of ~300 kDa while rCC1, rCC1-L and STALK remained monomeric 
(Fig. 4c). These findings strongly suggest that the regulatory antiparallel coiled coil is present 
in the context of the full-length KIF21A motor. Although we cannot rule out the possibility 
that STALK forms an antiparallel dimer, this conformation is very unlikely since the dimeric 
full-length KIF21A motor moves processively along MTs, suggesting a parallel head-to-head 
conformation12-14.

The regulatory antiparallel coiled coil binds directly to the KIF21 motor domains and is 
sufficient for autoinhibition 
The observation that all CFEOM1 mutations in the KIF21A stalk cluster in the N- and 
C-terminus of the regulatory coiled coil (Fig. 2) strongly supports an intramolecular 
antiparallel conformation of the fold and also suggests that this domain is the minimal region 
required for the interaction with its motor domain. To test this hypothesis, mCherry-labeled 
rCC1, a longer KIF21A stalk fragment, mCherry-STALK1, and mCherry-STALK1ΔrCC1 
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Figure 4. The intramolecular antiparallel coiled coil is 
an autonomous folding unit within the dimeric KIF21A 
stalk
(a) Distribution of initial (non-bleached) fluorescent 
intensities of single molecules. TIRF single molecule 
imaging was performed using HEK293T-cell extracts 
expressing indicated N-terminally biotinylated (Bio) 
GFP-tagged constructs. GFP and EB1-GFP serve  as 
monomeric and dimeric controls, respectively20. (b) 
Schematic representation of two possible coiled-coil 
conformations of the KIF21A regulatory domain (dark 
grey) in the context of the KIF21A STALK (light grey). 
In the parallel conformation, Cys1006 (red) would 
be crosslinked to Cys1006’ of the opposite helix. In an 
intramolecular antiparallel conformation, Cys1006 would 
not be crosslinked. Amino (N) and carboxy (C) termini are 
indicated. (c) Cysteine crosslinking of GFP-labelled CLIP-
115 and KIF21A stalk domain fragments analyzed under 
reducing and non-reducing conditions by SDS-PAGE.

(Fig. 1), lacking the regulatory antiparallel 
coiled coil were assessed for their binding 
to the dimeric processive KIF21A motor 
domain, KIF21A_MD2, in pull down 
experiments13. As expected, STALK1 was able 
to bind to KIF21A_MD2, whereas deletion of 
the regulatory antiparallel coiled coil domain 
in STALK1 (STALK1ΔrCC1) completely 
abolished binding (Fig. 5a). However, an 
interaction of rCC1 with the dimeric KIF21A_
MD2 could not be detected by pull down 
experiments. Since KIF21A was shown to be 
a dimer, we hypothesized that the binding to 
the motor domain might be stronger if rCC1 
were dimeric. To test this idea, we engineered 
a dimeric  rCC1-version where the parallel, 
two-stranded GCN4 coiled coil 22 was fused 
with a short linker to the N-terminus of rCC1 (termed GCN4_ rCC1). Indeed, we were now 
able to detect binding of mCherry-GCN4_rCC1 but not mCherry-GCN4 to KIF21A-MD2 
(Fig. 5a). We furthermore showed that the C1006 in the recombinant GCN4_rCC1 does 
not crosslink under non-reducing conditions (Supplementary Fig. S2a), suggesting that the 
presence of the GCN4 fusion partner does not force the regulatory antiparallel coiled-coil 
domain into a parallel coiled coil. Together these experiments indicate the KIF21A antiparallel 
coiled coil itself is sufficient for binding to its motor domain. 

To quantitate the interaction of the monomeric rCC1-variant with the KIF21A motor 
domain, we set out to determine the binding affinity of the two proteins in vitro. However, 
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Figure 5. The regulatory antiparallel coiled coil binds to the KIF21A and KIF21B motor domains and is sufficient 
for KIF21A autoinhibition
(a, b) Streptavidin-based pull-down assay with lysates of HEK293T cells expressing the indicated proteins. Bio-GFP-
tagged KIF21A_MD2 (a) and Bio-GFP-tagged KIF21B_MD1 (b) were used as baits. Coiled-coil polypeptide chain 
fragments are mCherry-tagged. (c) Binding affinity determined by ITC. rCC1 at a protein concentration of 900 μM 
was titrated into 48 μM solution of KIF21B_MD in 20 mM TrisHCl pH 7.5, 150 mM NaCl and 2 mM DTT and 
heat was measured at 10°C. The ITC thermograph and fitted binding isotherm are shown in the upper and lower 
panel, respectively. (d) In vitro kinesin motility assay. Purified KIF21A MD2-GFP was added to taxol-stabilized MTs 
in flow chambers and analyzed for MT association in the presence of GCN4, rCC1 or rCC1-L. Both short MT binding 
and motile events were counted. Two independent measurements were analysed for rCC1, while 3 measurements were 
included for GCN4 and rCC1-L. (*P<0.0001, Mann-Whitney U test).



77

 Structural basis for misregulation of KIF21A autoinhibition 

3

purification of KIF21A_MD yielded only low amounts of protein insufficient for binding 
studies. Therefore, we tested the highly similar KIF21B_MD, which shares 72% sequence 
identity with KIF21A_MD including the three amino acids that are mutated in CFEOM1 
(Supplementary Fig. S2b). Overall, recombinant KIF21B_MD behaved much better than 
KIF21A_MD in terms of expression levels and solubility. As expected, sedimentation velocity 
experiments at different concentrations revealed that the KIF21B_MD is monomeric in 
solution and able to bind MTs, suggesting that the protein is functional (Supplementary Fig. 
S2c-f). In a next step, we compared the binding properties of GFP-tagged KIF21B_MD1 to 
the mCherry-tagged KIF21A stalk fragments STALK1, STALK1Δ rCC1 and to rCC1 (Fig. 
1 and 5b). Notably, identical results were obtained for KIF21B and KIF21A motor domain 
constructs, demonstrating that KIF21B_MD is a suitable candidate for in vitro binding affinity 
studies. Accordingly, isothermal titration calorimetry (ITC) experiments using rCC1 revealed 
that it indeed binds with a low affinity to KIF21B_MD (Fig. 5c). Similar results were obtained 
for rCC (Supplementary Fig. S2g). Low affinity binding between isolated autoinhibitory 
domains of kinesins was also described for the KIF5 head-tail interaction23. 

Previously, it has been shown that the stalk of KIF21A is able to inhibit its motor activity12. 
To validate that the regulatory antiparallel coiled coil alone is sufficient for the inhibition of 
the motor, we performed in vitro motility assays with KIF21A_MD2. As a control, we used the 
parallel coiled coil of GCN4, which does not bind to MD2 (Fig. 5a and 5b). In the presence 
of GCN4, MD2 was processive and displayed numerous MT-association events (Fig. 5d). In 
contrast, the addition of an excess of recombinant rCC1 or rCC1-L resulted in a significant 
decrease of MT-association events, demonstrating that the interaction of the rCC1 and the 
motor domain is sufficient for inhibition, even when the two domains are not present in 
the same polypeptide chain. Collectively, these findings demonstrate that the intramolecular 
antiparallel coiled coil of KIF21A is the minimal autoinhibitory domain. Because the full-
length KIF21A protein exhibits similar autoinhibition, these functional studies also provide 
strong evidence for the existence of the regulatory antiparallel coiled-coil domain in the context 
of the full-length KIF21A protein. Furthermore, we show that the KIF21A antiparallel coiled 
coil interacts with the KIF21B motor domain, suggesting a conservation of the autoinhibitory 
mechanism in KIF21A and KIF21B.

CFEOM1 mutations relieve autoinbibition through different mechanisms
To date, ten CFEOM1 mutations and a one-residue deletion have been identified in the 
stalk of KIF21A, affecting six residues (E944, M947, R954, D1001, A1008, I1010) (Fig. 1 
and Fig. 6a,15,24,25). To understand the molecular mechanism of how CFEOM1-associated 
mutations affect KIF21A autoinhibition, we biophysically and biochemically characterized 
rCC1-L variants containing individual CFEOM1 point mutations. Notably, none of the 
mutations resulted in a change of the oligomerization state compared to wild-type rCC1-L  as 
demonstrated by SEC-MALS (Fig. 6b). However, thermal unfolding monitored by CD at 222 
nm revealed substantial differences in the stabilities of the mutants (Fig. 6b and 6c). Apart 
from M947I, which has an identical Tm as wild-type rCC1-L, the majority of the mutations 
had a destabilizing effect when compared to the wild type peptide. Because some of these 
mutants showed a fraction of 50% unfolded molecules in solution at physiological temperature 
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(Fig. 6b and Fig. 6c), their impact on autoinhibition can be rationalized in terms of reduced 
binding to the motor domain as a result of destabilization of the regulatory antiparallel coiled 
coil structure. This is for example the case for the disease-causing point mutation M947R, 
where the introduction of a charged side chain at a hydrophobic core heptad-repeat a position 
results in decreased stability of the domain. Only two rCC1-L mutants, R954L and E944Q, 
showed an increase in thermal stability relative to the wild type. In R954L, the charged arginine 
located at a hydrophobic core heptad a position is mutated to leucine, the most common and 
most stabilizing hydrophobic residue found in coiled coils, whereas in E944Q, the glutamate 
forming a repulsive ionic interaction with E1014 of the opposite chain (Fig. 2d) is mutated to 
a polar glutamine. Since these mutations do not destabilize the regulatory antiparallel coiled 
coil or change its oligomerization state, their effect on KIF21A autoinhibition can be best 
explained by the involvement of the corresponding side chains in the binding to the motor 
domain.

To confirm that differences in regulatory antiparallel coiled coil stability influence the 
binding to the motor domain, pull down assays were performed with KIF21A_MD2 and 
variants of STALK1 representing two stabilizing and four destabilizing mutations. HEK293T 
cell lysates expressing the motor domain in combination with a stalk fragment variant revealed 
similar reduced binding of all mutants to KIF21A_MD2 when compared to the wild type 
(Fig. 6d). These results confirm and complement earlier findings12,13 where two CFEOM1-
associated stalk mutations (M947I and R954W) were shown to result in a reduced binding to 
KIF21A MD compared to the wild-type protein. In a next step, we compared the MT binding 
of KIF21A_MD2 in the presence of rCC1-L wild type and mutant polypeptides in a more 
sensitive in vitro motility assay. The number of MT binding events of KIF21A_MD2 in the 
presence of rCC1-L mutants was substantially higher as compared to the rCC1-L wild type 
fragment (Fig. 6e and 6f). 

Taken together, these data show that neither of CFEOM1 point mutations alters the 
oligomeric state of the regulatory antiparallel coiled coil. Instead, the mutations either decrease 
the stability of the regulatory coiled coil or affect side chain-side chain interactions in the 
binding interface to the motor domain. In addition, the tested rCC1-L mutants displayed a 
reduced ability to inhibit the motor as compared to the wild type.

Figure 6. CFEOM1 mutations release KIF21A autoinhibition by destabilizing the regulatory antiparallel coiled coil 
or by affecting residues of the binding interface
(a) Positions of the CFEOM1-associated amino acid residues shown in one half of the KIF21A rCC1 crystal structure. 
Amino (N) and carboxy (C) termini are indicated. (b) Summary of the biophysical characterization of wild-type rCC1-L 
and its CFEOM1 mutants by thermal unfolding monitored by CD at 222nm using a protein concentration of 0.125 mg/
ml and SEC-MALS performed at a protein concentration of 2 mg/ml. (c) Normalized thermal unfolding profiles of wild-
type rCC1-L and its most destabilizing (M947T) and most stabilizing mutants (R954L). (d) Streptavidin-based pull-
down assay with lysates of HEK293T cells expressing Bio-GFP-tagged KIF21A_MD2 used as bait for the pulldown of 
mCherry-labelled STALK1_WT and mutant polypeptide chain fragments. (e) In vitro kinesin motility assay. The assay 
was performed as described in Fig. 5d, but in the presence of wild-type or mutant rCC1-L domains. Values significantly 
different from the wild-type control are indicated by an asterisk (P<0.0001, Mann-Whitney U test).
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Molecular mechanism of KIF21A autoinhibition based on molecular docking and 
mutagenesis
Three CFEOM1 mutations, C28W, M356T and the recently identified D352E, are found in 
the motor domain of KIF21A (Fig. 1)26. Figure 7a shows the location of these three residues 
in a homology model of the KIF21A motor domain (KIF21A_MD1). Notably, all of these 
mutations cluster at the same site of the MD, very close to the α-tubulin interacting helix H6 
and loop L1127,28. Previously, we and others have shown that the introduction of C28W and 
M356T into the MD abolished binding to the coiled-coil stalk but did not affect its structural 
integrity as judged by MT binding and motility of the motor12,13. This observation strongly 
suggests that this site is part of the binding interface with the regulatory antiparallel coiled 
coil.  Based on this hypothesis, the crystal structure of rCC1-monomer and the KIF21A_MD1 
homology model were used to generate a docking model of the complex29 (Table S2). E944 
and R954 in the antiparallel coiled coil as well as M356 and C28 in the motor domain were 
chosen as interface residues for the protein-protein docking. The ensemble of the four best 
structures from the top cluster is shown in the Supplementary Fig. S3a. The model predicts 
that the rCC1 domain makes predominantly electrostatic interactions with the motor domain 
residues in helix α6, α0, in the loop connecting β1b and β1c, L2 as well as with L11, resulting 
in a 1308.6 Å2 protein-protein binding interface (Fig. 7b and Supplementary Fig. S3b)27,28. 
According to the docking model, M356 interacts with the CFEOM1-associated residue M947 
in the stalk, which may explain why mutation M947 to Isoleucine causes autoinhibition 
release without resulting in a stability change of this rCC1-L mutant when compared to the 
wild-type domain (Fig. 6b and Fig. 6d). Although both residues are hydrophobic, isoleucine 
is a bulkier β-branched residue when compared to methionine, suggesting that side chain 
geometry could be a critical factor for the interaction with M356 of the motor domain. 

To validate the docking model, we mutated three residues, N948A, K952A and Q1007A 
(subsequently named NKQ), which are predicted to participate in the interaction between 
the MD and the regulatory antiparallel coiled coil. In addition, these residues were chosen 
to occupy heptad-repeat positions outside the hydrophobic core to avoid destabilization 

Figure 7. Molecular docking of the KIF21A motor domain and the regulatory antiparallel coiled coil 
(a) KIF21A homology model based on the KIF4 motor domain structure (PDB code 3ZFD). The positions of CFEOM1 
mutations in the motor domain are indicated. The α-tubulin subunit interacting elements are highlighted in blue on the 
basis of the KIF5-tubulin complex crystal structure (PDB code 4HNA,30). (b) Docking model (light grey) with residues 
targeted for mutagenesis highlighted. The NKQ residues involved in the MD-coiled coil interface and the DYD residues 
pointing away from the interface (negative control) are shown in orange and green, respectively. (c-e) TIRFM-based live 
cell imaging of COS-7 cells transiently transfected with KIF21A_MD3 or the two mutant versions of this construct, NKQ 
or DYD, fused to GFP. Panels from left to right: a single frame of the GFP channel; maximum intensity projection of the 
GFP channel over 500 frames (50 s), and a kymograph along a single MT, illustrating the motile behavior of KIF21A_
MD3-NKQ and very limited motility of the wild-type KIF21A_MD3 and KIF21A_MD3-DYD. (f) Superposition of 
the KIF5-tubulin complex (dark green α-tubulin, light green β-tubulin) crystal structure (PDB code 4HNA,30) and the 
KIF21A docking model (grey) indicates the mechanistic details of KIF21A autoinhibition.  (g) Sequence alignment of 
the regulatory antiparallel coiled coil in hsKIF21A with the corresponding sequences in hsKIF21B, hsKIF7 and hsKIF27. 
Conserved amino acid residues are marked by an asterisk. Similar hydrophobic (green), polar (orange), positively 
charged (blue) and negatively charged (red) amino acids are depicted. Amino acids known to be mutated in patients 
with Bardet-Biedl syndrome are indicated by arrows. CFEOM1-associated amino acids are highlighted (grey). Heptad 
repeats are shown as blocks of seven residues denoted a to g.
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of the antiparallel coiled coil (Fig. 2d and Fig. 7b). A second triple mutant (subsequently 
named DYD) was engineered to serve as a negative control, in which residues outside the 
regulatory antiparallel coiled coil-MD interface and outside the hydrophobic core of the 
coiled coil were selected (Fig. 2d and Fig. 7b). As expected, both triple mutations did not 
affect its oligomerization state of rCC1-L as judged by SEC-MALS (Supplementary Fig. 
S3c). Even more important, both triple mutants did not change the secondary structure 
nor destabilize rCC1-L as seen by CD spectra and CD unfolding experiments, respectively 
(Supplementary Fig. S3d and S3e). Subsequently, both triple mutation sets were introduced 
in the autoinhibited GFP-tagged construct KIF21A_MD3 and tested for their ability to release 
autoinhibition upon transfection into cells (Fig. 7c)13. While NKQ mutations resulted in a 
motile KIF21A motor as visualized by GFP fluorescence signal along MTs (Fig. 7d), DYD 
mutations had a much milder effect on the KIF21A_MD3 autoinhibition (Fig. 7e). Together, 
these results support the validity of our docking model.  

To reveal additional details on how autoinhibition might prevent KIF21A motors from 
MT- binding, we superimposed our docking model onto the tubulin-KIF5 structure (Fig. 
7f)30. Strikingly, the comparison revealed that rCC1 appears to prevent binding of the motor 
domain H6 and L11 segments to α-tubulin (Fig. 7f). Of particular interest is the interaction of 
rCC1 with L11. In the free kinesin state, L11 is disordered; however, upon MT binding the loop 
becomes structured and thereby helps accelerating the ATP hydrolysis and processivity of the 
motor30. In this context, it is also noteworthy that the CFEOM1-associated residue M356 in 
the motor domain is located in H6 of the KIF21A motor domain. Very likely M356 is a critical 
residue for MT-binding since it corresponds to S309 of KIF5, which forms a hydrogen bond 
with E420 of the α-tubulin subunit30. Our docking model reveals that the M356 is also involved 
in binding to the regulatory antiparallel coiled coil domain by establishing a hydrophobic 
interaction with M947. The M356T mutation might, therefore, decrease the motor affinity for 
the regulatory antiparallel coiled coil domain and increase the affinity to tubulin, thus shifting 
the equilibrium towards an active conformation of KIF21A.

In summary, our findings support our proposed docking model, thus providing a rational 
explanation how the regulatory antiparallel coiled coil element autoinhibits binding of 
KIF21A to MTs.  
 
Discussion
Kinesin motor proteins must be tightly regulated in the absence of cargo to prevent the 
emergence of pathologies such as neurological disorders. One important regulatory 
mechanism is kinesin autoinhibition, for which several different types have been described. 
Typically, kinesin autoinhibition is achieved by the interaction of a motor domain with one 
copy of at least one regulatory domain. To our knowledge, this is the first study, in which an 
intramolecular antiparallel coiled coil is reported as a regulatory domain of a kinesin motor. 

We found that the KIF21A regulatory antiparallel coiled coil also binds the related KIF21B 
motor domain. Because it was shown that KIF21A and KIF21B do not form heterodimeric 
motors14, this finding strongly suggests that a similar autoinhibitory mechanism is present 
in both KIF21A and KIF21B. This hypothesis is supported by structure-based sequence 
alignments of hsKIF21A and hsKIF21B motor domains and regulatory regions (Fig. 2e 
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and Supplementary Fig. S2a), which demonstrate sequence identities of 45% and 75%, 
respectively. Furthermore, all CFEOM1-associated residues in the stalk and the motor domain 
are conserved among the two proteins. Together, these observations are consistent with the 
presence of a regulatory antiparallel coiled coil in the stalk of KIF21B.

Apart from the two highly homologous KIF21A and KIF21B proteins, the kinesin-4 family 
includes the chromokinesin KIF4 and the ciliary associated motors KIF7 and KIF2713,31,32. 
To assess if other kinesin-4 family members share a similar autoinhibition mechanism with 
KIF21A, a BLAST search was performed using the sequence of the rCC1 domain as input 
sequence. In this search, two other members of the kinesin-4 family, KIF7 and KIF27, were 
identified as potential candidates sharing 37.5 % sequence similarity to the KIF21A rCC1 
domain (Fig. 7g). Notably, the predicted KIF7 and KIF27 sequences are found in their 
C-terminal stalk and both sequences are also predicted to fold into coiled coils. Although 
the CFEOM1- associated amino acid residues are not conserved in KIF7 and KIF27, four 
and three out of five disease related residues in KIF7 and KIF27, respectively, retained amino 
acid similarity in terms of their physicochemical properties (Fig. 7g). Consistent with the 
preservation of an antiparallel coiled-coil structure, the predicted loop regions of KIF7 and 
KIF27 contain helix-breaking residues. 

KIF7 is related to many neurological diseases, such as hydrolethalus, acrocallosal and 
Bardet- Biedl syndromes33,34. Interestingly, a disease-causing point mutation (N1060S), 
a nonsense mutation (Q1001X) and a heterozygous point mutation R1068W all lie in the 
region with highest sequence similarity to the KIF21A rCC1 domain. Remarkably, one of 
them is located at a CFEOM1-affected position and is also a R to W amino acid substitution, 
the same as found in the most common CFEOM1-associated mutation in KIF21A (Fig. 
7g). To address whether diseases like Bardet-Biedl syndrome are associated with aberrant 
kinesin autoinhibition, it would be important to clarify if KIF7 and KIF27 share a similar 
autoinhibitory mechanism as KIF21A.

Different regulatory mechanisms of autoinhibition release are found in kinesin 
motors (reviewed by 7). The kinetochore motor CENP-E, for example, is activated upon 
phosphorylation of the regulatory tail domain by MPS1- or CDK1 kinases35, whereas KIF5 
autoinhibition is released by binding of its cargo proteins c-Jun N-terminal kinase–interacting 
protein 1 (JIP1) and fasciculation and elongation protein ζ1 (FEZ1)36. 

An interesting, yet unresolved question is how KIF21A autoinhibition is naturally 
regulated. Several binding partners of KIF21A have been identified, including the neuronal 
MT-associated protein Map1b12, brefeldin A-inhibited guanine nucleotide-exchange protein 
(BIG) 137, the cortical adaptor protein KANK113,38 and  the K(+)-dependent Na(+)/Ca(2+) 
exchanger (NCKX)39. Notably, all these proteins interact with C-terminal elements of KIF21A. 
For example, Map1b is interacting with the KIF21A WD40 and stalk region containing the 
rCC1 domain12. It should therefore be of high interest to investigate whether and how the 
proteins contribute to the release of KIF21A autoinhibition.  

In this context, it should also be noted that the ubiquitin E3 ligase, TRIM3, was shown 
to regulate KIF21B motility in vivo40. Interestingly, TRIM3 binds to a region of the KIF21B 
stalk containing the potential rCC1 domain40. Recent findings show that KIF21B is genetically 
linked to Alzheimer’s disease and multiple sclerosis41. Knowledge on the regulation of KIF21B 
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function therefore appears important for contributing towards understanding these human 
diseases.

Taken together, we identified a novel autoinhibitory mechanism for kinesin KIF21A, 
which might also be present in other kinesin-4 family members. Detailed knowledge on the 
regulation of motor activity could contribute towards understanding the mechanistic details 
underlying several severe human diseases, including Alzheimer’s and multiple sclerosis.

Methods
Cloning and protein production
cDNA fragments encoding KIF21A rCC (residues 938-1076), rCC1 (residues 938-1017), and KIF21B_MD (residues 
1-369) were PCR amplified from a human cDNA library42 and cloned into the pET-based bacterial expression vector 
PSTCm143. KIF21A rCC1–l (residues 930-1023) was PCR amplified from a synthetic gene fragment optimized for 
expression in E. coli and cloned into the pET15b-based expression vector pHisTrx44. Mutant variants of rCC1-L were 
generated by PCR amplification of the whole plasmid using primers containing the mutation43. All proteins were 
expressed in BL21 (DE3) (former Stratagene) except KIF21B_MD was expressed in Rosetta 2 (DE3) (Novagen). Cells 
were grown at 37°C in LB media supplemented with either 100 μg/ml ampicillin or a mixture of 50 μg/ml kanamycin 
and 30 μg/mL chloramphenicol to an OD600 of 0.4 - 0.6. After reduction of the temperature to 20°C protein 
expression was induced with 0.5 mM isopropyl 1-thio-β- galactopyranoside (IPTG, Sigma-Aldrich Switzerland, 
Bouchs, Switzerland) and incubation was continued overnight. The cells were harvested by centrifugation. The cell 
pellets were resuspended in lysis buffer (50 mM HEPES pH 8, 500 mM NaCl, 10 mM Imidazole, 10% glycerol, 2 
mM β-mercaptoethanol and 1 cOmplete EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics, Basel, 
Switzerland). The cells were lysed on ice by ultrasonication. Lysate clearing was performed for 30 min at 30,000 rpm, 
and the resultant supernatant was filtered (0.45 µm filter). The proteins were subsequently purified at 4°C by IMAC 
(on a 5 ml HisTrap FF Crude column, GE Healthcare, United Kingdom) according to manufacturer’s instructions.

The proteins were dialyzed against thrombin cleavage buffer (20mM TrisHCl pH 7.4, 150 mM NaCl, 2.5 mM 
CaCl2 and 2 mM DTT) and the 6xHis tag or the 6xHis-tagged thioredoxin fusion protein were removed by overnight 
digestion at 4°C using 2 units of human thrombin (Sigma-Aldrich) per milligram of recombinant protein. The 6xHis 
tag or the 6xHis-tagged thioredoxin fusion proteins were separated from the target proteins by re-application to the 
IMAC column. Target proteins were concentrated and further purified by gel filtration on a HiLoad Superdex 200 
16/60 size-exclusion column (GE Healthcare) equilibrated in 20mM TrisHCl, pH 7.5, supplemented with 150 mM 
NaCl and 2 mM DTT.

KIF21B-MD was purified as described above without removing the 6xHis tag. The homogeneity of the 
recombinant proteins was assessed by acrylamide PAGE and their identity was confirmed by ESI-TOF mass 
spectrometry.

Biophysical characterization
SEC-MALS experiments were performed in 20 mM TrisHCl, pH 7.5, 150 mM NaCl, 2 mM DTT buffer using a S-200 
13/10 analytical size-exclusion chromatography column (GE Healthcare) connected in-line to mini-DAWN TREOS 
light scattering and Optilab T-rEX refractive index detectors (Wyatt Technology, Santa Barbara, California, United 
States). Proteins were injected at a concentration of 2 mg/ml.

CD spectra were recorded at 5°C and at a protein concentration of 0.125 mg/ml in PBS supplemented with 0.5 
mM TCEP using a Chirascan spectropolarimeter (Applied Photophysics Ltd, United Kingdom) and a cuvette of 0.1 
cm path length. Thermal unfolding profiles between 5°C and 80- 90°C were recorded by increasing the temperature 
at a ramping rate of 1°C/min monitoring the CD signal at 222 nm. Midpoints of thermal unfolding were calculated 
using the Glob3 program (Applied Photophysics).

AUC sedimentation velocity experiments were performed in Tris-HCl, pH 7.5, 150mM NaCl, 2mM DTT using 
a Beckman XLI analytical ultracentrifuge (Beckman Coulter Inc.,). Samples were measured at different protein 
concentrations using 20°C, 42000 rpm. Sedimentation profiles were recorded by UV absorbance (280 nm) and 
interference scanning optics. The partial specific volume of the samples as well as the density and viscosity of the 
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buffer were calculated with SEDNTERP. Data were fitted with Sedfit using the continuous distribution model and 
figures were processed with GUSSI (biophysics.swmed.edu/MBR/software.html). 

Crystallization and structure elucidation 
rCC1 (22 mg/ml) was crystallized by sitting drop vapour diffusion at 20°C in citric acid, pH 4.00 and 10 % (w/v) 
PEG 6000. For cryoprotection, the reservoir solution was supplemented with 30% glycerol. A complete 2.5 Å 
resolution data set was collected from a single crystal at 100 K at the X06DA beamline of the Swiss Light Source using 
a wavelength of 2.066 Å. The data was reduced, scaled, merged and converted with XDS, XSCALE and XDSCONV45. 
The structure of rCC1 was solved using the ROSETTA46 ab initio modeling-based, automated molecular replacement 
pipeline AMPLE47. 3-amino acid and 9-amino acid peptide fragments for the ab initio modeling step were generated 
with the ROBETTA web server48. Molecular replacement was performed with PHASER49. Although the space group 
P622 was suggested by XTRIAGE50, clashes with supposed symmetry mates and high Rwork/Rfree (0.26/0.32) 
suggested twinning. The structure was solved in space group P3121 allowing for the direct refinement of the dimeric 
interface using the twin law -h,-k,l. Initial model building was done using BUCCANEER51. The structure was refined 
using Phenix.refine from the Phenix suite52 and the program COOT for manual real space refinement53. The model 
quality was evaluated with MOLPROBITY54. The structure was deposited in the PDBe under the following accession 
code: 5D3A.

SAXS data collection and analysis
SAXS data were collected at the cSAXS (X12SA) beamline at the Swiss Light Source (Paul Scherrer Institut) and 
experiments were performed at 10°C as described previously55. SAXS data analysis of the integrated and subtracted 
scattering data was done in parallel with the ATSAS software suite56 and with an in house software package. The 
merging of the buffer subtracted scattering data was performed with PRIMUS57. Distance distribution functions were 
derived from the experimental data with GNOM58. They were used as input for the DAMMIF/DAMMIN ab initio 
shape reconstruction in interactive mode59,60. 10 initial DAMMIF runs were averaged and filtered with DAMAVER61 
and refined with 10 subsequent DAMMIN runs. Theoretical scattering curves for the crystal structure of the KIF21A 
coiled coil (rCC1-dimer) and the rCC1-monomer model were calculated with CRYSOL62 using default parameters. 
From those theoretical scattering curves the theoretical distance distributions were derived with GNOM.

Isothermal titration calorimetry (ITC)
ITC data were collected using a MicroCal iTC200 (MicroCal, Northampton, Massachusetts, United States). Binding 
of rCC1 and rCC to KIF21B_MD was determined in 20 mM TrisHCl, pH 7.5, 150 mM NaCl at 10°C. KIF21B_MD 
in the cell (45-60 µM) and rCC1 or rCC in the syringe (900-1000 µM) were dialyzed in the above mentioned buffer. 
Titrations were performed at 0.2 min spacings at a stirring speed of 1000 s−1. Data were integrated with NITPIC63 

and isotherms were fitted using a 1:1 bimolecular interaction model with SEDPHAT64. Final images were done with 
GUSSI (biophysics.swmed.edu/MBR/software.html).

MT pelleting assay
For the MT pelleting assay, 10 mg/ml tubulin stock was diluted to 1.1 mg/ml in BRB80 buffer (80 mM K-PIPES, pH 
6.8, EGTA 1 mM, MgCl2 1 mM) supplemented with 0.5 mM GTP and 1.25 mM DTT and kept on ice for 5 min. MT 
polymerization was initiated by incubating the tubulin mix for 10 min at 37°C followed by a stepwise addition of 0.1 
μM, 1 μM and 10 μM paclitaxel (dissolved in DMSO (Sigma Aldrich)) with 5 min incubation intervals between each 
step and final incubation step of 10 min at 37°C. 3 μM polymerized MTs were incubated with 2.5 μM KIF21B_MD 
diluted in BRB80 for 20 min at 20°C. MTs alone and KIF21B_MD alone at the same concentrations were included 
as controls. A taxol-glycerol cushion containing 55% 2x BRB80, 44% glycerol and 6% 2 mM paclitaxel was added to 
the centrifugation tubes prior to sample addition (Sigma-Aldrich). After centrifugation at 174,500 x g for 25 min, 10 
µl of the supernatant was carefully removed and added to 2.5 μl 5x SDS loading dye. The remaining supernatant was 
discarded and the pellets were resuspended in 100 μl BRB80 buffer with 25 μl 5x SDS loading dye. Supernatant and 
pellet fractions (12.5 μl) were analyzed by 12.5 % SDS-PAGE.
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Cell culture, DNA transfection and constructs
Cos-7 and HEK293T cells were cultured in DMEM/F10 (1/1 ratio, Lonza, Basel, Switzerland) supplemented with 
10% fetal calf serum and penicillin and streptomycin. KIF21A expression constructs were generated as described 
previously 13. Plasmids were transfected with polyethylenimine (PEI). 

GFP counting assay
Lysates of HEK293T cells expressing Bio-GFP, EB1-GFP and KIF21A proteins fused to a monomeric GFP were 
prepared in 20mM Tris pH7.5, 100 mM NaCl, 1% Triton-X100, 1 x cOmplete protease inhibitor cocktail tablet 
(Roche) and added to the imaging flow chambers made from plasma cleaned coverslips. After washing with PBS, 
a significant fraction of GFP-fused molecules were immobilized on the coverslip. Each lysate was diluted to 400-
800 individual molecules per field of view (30 µm x 30µm). GFP molecules were imaged at room temperature by 
TIRF microscopy, using an inverted Nikon Eclipse Ti-E (Nikon, Tokyo, Japan) research microscope equipped with 
the perfect focus system (PFS) (Nikon), a Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), an ET-GFP 
filter set (Chroma Technology Europe, Olching, Germany) for imaging of GFP-tagged proteins, a 491-nm 100-mW 
Calypso (Cobolt, Solna, Sweden) laser, a Photometrics Evolve 512 EMCCD (Roper Scientific, Planegg / Martinsried, 
Germany) with an intermediate 2.5× lens (Nikon C mount adapter 2.5×), TIRF-E motorized TIRF illuminator 
modified by Roper Scientific France/PICT-IBiSA Institut Curie and controlled by the MetaMorph 7.7 software 
(Molecular Devices, Sunnyvale, California, United States). A set of 20-30 images per condition with 100-ms exposure 
was acquired ‘blindly’ at different places of the coverslip to avoid pre-bleaching. Detection and analysis of single 
molecules were performed using the ImageJ plugin DoM_Utrecht as described previously65. Histograms of GFP 
intensities were built using GraphPad Prism version 6 for Windows.

Cysteine crosslinking assay
COS-7 cells transfected with KIF21A constructs fused to the C-terminus of GFP were lysed in 1x PBS containing 
1% Triton-X100, 1x cOmplete protease inhibitor cocktail tablet (Roche)  and incubated for 1 h at room temperature. 
Samples were run by SDS-PAGE under reducing (+DTT) and non-reducing conditions (-DTT) and analyzed by 
Western blotting. Recombinant GCN4_rCC1, rCC1 and Bld-10 were diluted 1:100 in buffer with or without reducing 
agent, let incubate for 30min and mixed with 5x loading dye with or without 2mM β-ME. Samples were run on SDS 
PAGE and stained with Coomassie blue.

Pull down assays
HEK293T cells were transfected with Bio-GFP-tagged constructs as bait, which contain a linker encoding the 
sequence for the substrate of biotin ligase BirA, MASGLNDIFEAQKIEWHEGGG, and mCherry-tagged prey 
proteins. The cells were lysed in 20mM Tris pH7.5, 100 mM NaCl, 1% Triton-X100, 1 cOmplete protease inhibitor 
cocktail tablet (Roche). The lysates were incubated with M-280 Streptavidin Dynabeads (Invitrogen) for one hour 
and subsequently the beads were washed. After the addition of sample buffer containing +DTT samples were run by 
SDS-PAGE and subsequently analyzed by Western blotting. The BirA ligase expression construct used in this study 
was a gift from D. Meijer (Erasmus MC, Rotterdam, The Netherlands).

In vitro motility assay
In vitro motility assays were performed using flow chambers, MTs and isolated KIF21A protein as described 
previously 13. The MTs were attached to a coverslip via biotin-NeutrAvidin links and incubated with 0.8 mg/ml 
k-casein. The reaction mix consisting of 20 nM KIF21A MD2-GFP, 17 µM GCN4 or 17 µM wild-type rCC1-L or 17 
µM rCC1-L mutants and an oxygen scavenging system (200 μg/ml catalase, 400 μg/ml glucose-oxidase, 4 mM DTT), 
10 mM glucose, 2 mM ATP, 2 mM MgCl2 in MRB80 buffer was added to the flow chambers. Samples were imaged 
at 30°C by TIRF microscopy as described previously 13. Data were analyzed using ImageJ and GraphPad Prism 6. 

Homology modelling and molecular docking
Homology models of the KIF21A motor domain (termed KIF21A_MD1) were generated with PHYRE2 (Protein 
Homology/analogY Recognition Engine V 2.0) using the related KIF4 motor domain crystal structure (PDB: c3zfcA) 
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as a template. 
Docking was performed using the protein interface prediction HADDOCK 2.2 webserver. E944 and R954 were 

chosen as active residues for the rCC1-monomer and M356 and C28 were selected as active residues for the KIF21A 
motor domain homology model. Passive residues were defined automatically around the active residues. 10 clusters, 
ranked according to their HADDOCK scores, were generated with the top two clusters having a score of -122.1 
(cluster 1) and -118.5 (cluster 4), respectively (Table 2).
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Supplementary Figures

Supplementary Figure S1
(a) Coiled-coil prediction of KIF21A amino acids 850-1150 using the COILS webserver (Lupas et al, 1991). (b) Far-UV 
CD spectrum of rCC (blue). CD measurements were performed in PBS at 5°C using a protein concentration of 0.125mg/
ml. (c) Normalised thermal unfolding profiles of rCC1 (red) and rCC (blue) recorded by CD at 222 nm. Global fitting 
revealed a Tm of 42.4°C for rCC1 and 42.9°C for rCC. (d) Oligomerization state of rCC1 determined by SEC-MALS at a 
protein concentration of 2mg/ml. The elution profile of rCC1 is visualised by the normalised differential refractive index 
in red and the respective experimental mass distribution in black. The theoretical mass is 9.5 kDa and the experimental 
mass is 10.8 kDa.  (e) Oligomerization state of rCC1-L determined by SEC-MALS. The experiment was performed as 
described in Fig S1d. The theoretical mass is 11 kDa and the experimental mass is 11.2 kDa.
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Supplementary Figure S2 
(a) Cysteine crosslinking of recombinant GCN4-rCC1, rCC1 (negative control) and Bld-10 (positive control, Kraatz 
et al. 2016 in Runder revision) analyzed under reducing and non-reducing conditions by SDS-PAGE. (b) Sequence 
alignment of hsKIF21A 1-375 and hsKIF21B 1-376. Conserved amino acids and the ATP binding region are labelled 
in light and dark grey, respectively. CFEOM1-associated amino acids are shown in red. The sequence identity is 75%. 
(c) Sedimentation velocity absorbance data using 5 (black), 15 (green) and 70 μM (blue) KIF21B_MD measured in 20 
mM Tris, 150 mM NaCl and 2 mM DTT. All concentrations revealed one peak at 3.1 S only, that corresponds to a MW 
of 41 kDa. This value is consistent with the theoretical MW of a monomer (43 kDa). (d.-f) Coomassie Blue-stained 
SDS-PAGE gels showing mix, supernatant (S) and pellet (P) fractions of MT pelleting assays. d and e represent the 
controls:  d. 2.7 μM MTs e. 2.8 μM KIF21B_MD. In f. MTs are mixed with KIF21B_MD with concentrations as in d. and 
e. (g) Binding affinity determination of rCC and KIF21B_MD by isothermal titration calorimetry. Experiments were 
performed as described in Fig 5c except that 1017μM of rCC was used in the syringe.
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Supplementary Figure S3
(a) Superposition of the four docking models belonging to the highest-score HADDOCK cluster. (b) Docking model of 
KIF21A_MD and KIF21A rCC1. The interface formed between the regulatory antiparallel coiled coil and the motor 
domain is shown in red. (c) SEC-MALS data summary of rCC1-L WT, NKQ and DYD at 2mg/ml with the corresponding 
experimental Mw. Standard deviations are indicated in brackets. (d) Far-UV CD spectra of rCC1-L NKQ (orange) and 
DYD (green) mutants. CD measurements were performed in PBS at 5°C using a protein concentration of 12.5 μM. (e) 
Normalised thermal unfolding profiles of rCC1-L NKQ (orange), rCC1-L DYD (green) and rCC1-L WT (black) recorded 
by CD at 222 nm. Experimental conditions were as described in Figure2b and S3d. 
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Supplementary Tables



95

 Structural basis for misregulation of KIF21A autoinhibition 

3

Table 1. Crystallographic data collection and refinement statistics
Values in parentheses correspond to the highest resolution shell. CC1/2= percentage of correlation between intensities 
from random half‐datasets66. As defined by MolProbity67.

Table 2. Docking parameters derived from HADDOCK. 
Values for the top two clusters derived from data-driven molecular docking using HADDOCK web server. The top cluster 
has a score of -122.1 (cluster 1) and the second best cluster a score of -118.5 (cluster 4).
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Abstract
Microtubules are dynamic polymers that in cells can grow, shrink or pause, but the factors that 
promote pausing are poorly understood. Here we show that the mammalian kinesin-4 KIF21B 
is a processive motor that can accumulate at microtubule plus ends and induce pausing. 
One or two KIF21B molecules are sufficient to trigger pausing of a growing microtubule 
in vitro. This property depends on non-motor microtubule-binding domains located in the 
stalk and the WD40 domain with the adjacent linker region. The WD40-containing KIF21B 
C-terminus displays preference for a GTP-type over GDP-microtubule lattice and contributes 
to the interaction of KIF21B with microtubule plus ends. KIF21B also contains a motor-
inhibiting domain that does not fully block the interaction of the protein with microtubules, 
but rather enhances its pause-inducing activity by preventing the detachment of KIF21B from 
microtubule tips. Thus, KIF21B combines microtubule-binding and regulatory activities that 
together constitute an autonomous microtubule pausing factor.
 
Introduction
The organization and function of microtubule networks critically depends on the dynamic 
instability of microtubules – their ability to spontaneously switch between phases of growth 
and shrinkage (Desai and Mitchison, 1997). This microtubule behavior can be reconstituted 
in vitro using purified tubulin. In cells, numerous microtubule-associated proteins (MAPs) 
modulate the dynamic instability of microtubules by controlling specific phases of microtubule 
dynamics. MAPs can accelerate microtubule polymerization, decorate and stabilize 
microtubules, promote switching between growth and shortening (catastrophes) or induce 
reverse transitions (rescues), and many of these activities have been reconstituted in vitro in 
systems with purified components (Akhmanova and Steinmetz, 2015; Gardner et al., 2013). 
Importantly, the plus ends of microtubules growing from purified tubulin in vitro typically 
undergo sharp transitions between growth and shortening, while in cells, microtubule plus 
ends often exist in a paused state. This difference is due to the presence of cellular factors that 
can dampen or even block microtubule dynamics, but the nature of these factors and the 
molecular mechanisms underlying their activity are still poorly understood. 

Proteins controlling microtubule dynamics can be broadly divided into molecular motors 
and MAPs that lack motor activity. The two types of microtubule-dependent motors, kinesins 
and dyneins, can both interact with microtubule ends to affect their dynamics (Hu et al., 2015; 
Laan et al., 2012; Su et al., 2012; Walczak et al., 2013). Amongst the kinesins, very different 
modes of regulation of microtubule polymerization have been reported. For example, the 
kinesin-13 family members, such as the mammalian KIF2C/MCAK, have a centrally located 
motor domain, are immotile and use the energy of ATP hydrolysis to modify the structure 
of microtubule ends, induce catastrophes and enhance depolymerization (Moores and 
Milligan, 2006; Walczak et al., 2013). Kinesin-8 family members, such as the yeast Kip3 and 
the mammalian KIF18A, have an N-terminal motor domain and can move processively to 
the plus ends where they induce microtubule disassembly or dampen microtubule dynamics 
(Gardner et al., 2008; Su et al., 2012). 

Another family of microtubule-regulating kinesins is kinesin-4. The best-studied family 
member, KIF4/Xklp1, reduces the microtubule growth rate and suppresses catastrophes 
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(Bieling et al., 2010; Bringmann et al., 2004). During mitosis, KIF4/Xklp1 binds to PRC1, 
a potent anti-parallel microtubule bundler involved in the formation of the central spindle 
(Kurasawa et al., 2004; Zhu and Jiang, 2005). The complex of KIF4/Xklp1 and PRC1 
accumulates at microtubule ends and strongly inhibits microtubule elongation (Bieling et 
al., 2010; Subramanian et al., 2013). Another kinesin-4 family member, KIF7, is immotile; 
it participates in organizing the tips of ciliary microtubules by reducing microtubule growth 
rate and promoting catastrophes (He et al., 2014). 

Other members of the kinesin-4 family are the two large motors KIF21A and KIF21B. 
KIF21A has been studied quite extensively, because point mutations in this protein cause 
a dominant eye movement syndrome, Congenital Fibrosis of the Extraocular Muscles type 
1 (CFEOM1) (Heidary et al., 2008; Yamada et al., 2003). KIF21A is ubiquitously expressed, 
but the pathology in patients is associated with a specific defect in the development of the 
oculomotor nerve, likely due to a perturbation of axon guidance (Cheng et al., 2014; Heidary 
et al., 2008). In vitro, the KIF21A motor domain behaves similarly to that of Xklp1 – it 
reduces the microtubule growth rate and suppresses catastrophes (van der Vaart et al., 2013). 
In cultured cells such as HeLa, the activity of this kinesin appears to be strongly restricted, 
as it acts specifically at the cell cortex, where it is located through the interaction with the 
scaffolding protein KANK1 (van der Vaart et al., 2013). In neurons, the regulation of KIF21A 
might depend on the interaction with the neuron-specific protein MAP1B (Cheng et al., 2014). 
There are also indications that in addition to controlling microtubule dynamics, KIF21A 
plays a role in membrane transport (Lee et al., 2012). All CFEOM1-associated mutations 
in KIF21A localize either to the motor domain or to a short coiled-coil predicted region in 
the stalk of the molecule, and each of them prevents the autoinhibitory interaction between 
these two elements. The dominant character of the CFEOM1 syndrome is thus connected to 
the increased activity of the mutant KIF21A kinesin (Cheng et al., 2014; van der Vaart et al., 
2013).

KIF21A and KIF21B are highly similar in sequence: they both contain an N-terminal 
motor domain followed by a stalk with several predicted coiled coils and a C-terminal WD40 
domain (Marszalek et al., 1999). Currently, not much is known about the function of KIF21B. 
It has been reported to be expressed in brain, eye and spleen and to be enriched in dendrites 
of neurons (Marszalek et al., 1999). Polymorphisms in the KIF21B gene have been associated 
with multiple sclerosis and other inflammatory disorders (Anderson et al., 2009; Barrett 
et al., 2008; Goris et al., 2010; Yang et al., 2015). An increase in expression of KIF21B was 
connected to accelerated progression of neurodegenerative diseases (Kreft et al., 2014), and 
microduplications of the locus bearing the KIF21B gene were linked to neurodevelopmental 
abnormalities (Olson et al., 2012). Furthermore, it has been demonstrated that KIF21B binds 
to the ubiquitin E3 ligase TRIM3, which can modulate the function of KIF21B (Labonte et al., 
2013). The motor was also implicated in the surface delivery of GABAA receptors in neurons, 
but the interaction is likely indirect (Labonte et al., 2014). The lack of data on KIF21B 
function and its association with several human disorders show the importance of KIF21B 
characterization in vivo and in vitro. 

Here, we analyzed the biochemical activity of KIF21B. We found that KIF21B is 
a processive kinesin that walks to and accumulates at microtubule plus ends. In cells, 
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overexpression of KIF21B caused retraction of most microtubules from large parts of the 
cytoplasm, suggesting that it can potently block microtubule elongation and induce gradual 
microtubule disassembly. In vitro analyses showed that the dimeric KIF21B motor domain 
alone reduces the microtubule growth rate, while the full-length molecule can “hold on” to 
the microtubule tip and induce its pausing. Strikingly, one or two KIF21B molecules were 
sufficient to trigger and sustain a pause. The potent effect of this kinesin is due to the presence 
of two microtubule-binding regions in its tail. One of these regions, encompassing the WD40 
domain, has a strong preference for GMPCPP-seeds compared to the GDP-microtubule lattice, 
and our data suggest that this domain is involved in preventing kinesin detachment from the 
tip of the growing microtubule. We also found that the region responsible for autoinhibition 
in KIF21A is conserved in KIF21B. However, instead of blocking the motor, this element 
reduces motor detachment from growing microtubule plus ends and thus contributes to 
pause induction. Taken together, our data show how the interplay between the motor domain 
and microtubule-binding and regulatory regions makes KIF21B a highly potent regulator of 
microtubule pausing. 
 
Results 
To get insight into the ability of KIF21B to regulate microtubule dynamics, we have expressed 
the full-length protein with a C-terminal GFP tag in COS-7 cells. Unlike its paralogue KIF21A, 
which is largely diffuse when expressed in similar conditions (van der Vaart et al., 2013), 
KIF21B bound to microtubules and accumulated at their ends at the cell periphery (Figure 
1A). Live cell imaging showed that KIF21B processively moves along microtubules with an 
average speed of 0.63 ± 0.22 µm/s (n= 378 in 10 cells in 2 independent experiments). In 
internal cell regions, where no clear accumulation of the motor at growing microtubule ends 
was observed, the expression of KIF21B led to a ~1.5-fold reduction in the microtubule growth 
rate measured with the microtubule plus end marker EB3-TagRFP-T (Stepanova et al., 2003; 
van der Vaart et al., 2013) (Figure 1B). At the cell periphery, strong accumulation of KIF21B-
GFP and stalling of microtubule growth was observed; however, the exact quantification 
of microtubule dynamics at the periphery of KIF21B-overexpressing cells was severely 
complicated by the frequent sliding of microtubule tips against each other. Interestingly, in 
cells with high expression levels of KIF21B, the microtubule network often strongly retracted, 
leaving significant portions of the cytoplasm largely devoid of microtubules (Figure 1C). The 
remaining microtubule network in such cells was still dense and appeared to be “corralled” 
by KIF21B accumulations. Time lapse imaging showed that the retraction of the microtubule 
network in KIF21B-expressing cells was a gradual process that occurred within 1-2 hrs 
(Figure 1 – Figure Supplement 1A). Expression of KIF21B also prevented full extension of 
microtubules in experiments where the microtubule network recovered from treatment with 
the microtubule-depolymerizing drug nocodazole (Figure 1 – Figure Supplement 1B). We 
conclude that KIF21B can accumulate at microtubule plus ends, block their polymerization 
and cause their very slow shortening.

To investigate whether blocking of microtubule growth could be caused by the motor 
domain of KIF21B alone, we used a truncated version encompassing the motor and a part 
of the dimeric coiled coil, but missing the tail region of the protein (KIF21B-MD-CC1; see 
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Figure 1. KIF21B inhibits microtubule growth (A) COS-7 cells were transiently transfected with KIF21B FL-GFP 
and EB3-TagRFP-T and imaged using TIRF microscopy. Represented are a single frame, maximum intensity projection 
of 500 frames for the GFP channel and an overlay of a single GFP frame in green and TagRFP-T in red. Kymographs 
illustrate the motility of KIF21B along the microtubule and its significant accumulation at the stationary but not growing 
microtubule plus end. (B) Quantification of microtubule growth rate, measured by tracking EB3 labelled comets of 3 to 
10 MTs in the interior of cells. n = 183 in 21 cells for GFP control, n = 214 in 12 cells for KIF21B FL-GFP expressing cells, 
2 independent experiments, p<0.0001, Mann-Whitney U test. (C) COS-7 cells were transiently transfected with KIF21B 
FL-GFP, fixed the next day and stained for α-tubulin. Cell edges are indicated with yellow dashed lines in the overlay. 
(D) COS-7 cells transiently transfected with KIF21B-MD-CC1-GFP were fixed and stained for α-tubulin. (E) COS-7 
cells were transiently transfected with KIF21B-MD-CC1-GFP and EB3-TagRFP-T and imaged using TIRF microscopy. 
Represented are a single frame, maximum intensity projection of 500 frames for the GFP channel, an overlay of a single 
GFP frame in green and TagRFP-T in red and a kymograph along one of the EB3-labeled microtubules showing the 
motility of the kinesin along the microtubule. (F) Kymographs showing EB3-TagRFP-T comet displacement in control 
COS-7 cells or cells expressing the MD-CC1 fragments of KIF21A or KIF21B. The plot shows the quantification of 
microtubule growth rate. n=183 in 21 cells for GFP control, n=136 in 15 cells for KIF21A-MD-CC1, n=179 in 22 cells 
for KIF21B-MD-CC1, 2 independent experiments, p<0.0001, Mann-Whitney U test. (G) Kymographs illustrating the 
dynamics of microtubules grown in vitro in the presence of 20 nM EB3 alone or with 2 nM KIF21B-MD-CC1-GFP. (H) 
Quantification of the velocity of microtubule growth velocity illustrated in G. n= 86 for control, n=141 for KIF21B MD-
CC1, 2 independent experiments, p<0.0001, Mann-Whitney U test.
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Figure 2.  A single KIF21B molecule can induce pausing or catastrophe of a growing microtubule plus end in vitro
(A) Kymographs showing the behaviour of KIF21B in in vitro reconstitution assays on dynamic microtubules grown from 
Rhodamine-tubulin-labeled seeds in the presence of 100 nM mCherry-EB3 (red) and 3 nM KIF21B-FL-GFP (green). 
Pausing and catastrophe events are indicated by arrows. (B) Quantification of microtubule seed length-dependent block 
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Figure 3A for the scheme of all constructs used in this study). KIF21B-MD-CC1 also bound 
to and walked along microtubules with a velocity of 1.23 ±0.27 µm/s (n=431 in 14 cells in 
2 independent experiments), but did not specifically accumulate at microtubule plus ends 
(Figure 1D-E). KIF21B-MD-CC1 slowed down microtubule growth by ~1.6 fold (Figure 
1F), which is similar to what we previously observed with a comparable deletion mutant of 
KIF21A (van der Vaart et al., 2013). 

We then purified KIF21B-MD-CC1 from HEK293T cells (Figure 1 – Figure Supplement 
2) and examined its effect on dynamic microtubules in vitro by using a Total Internal 
Reflection Fluorescence (TIRF) microscopy-based microtubule polymerization assay (Bieling 
et al., 2007; van der Vaart et al., 2013). In this assay, microtubules are grown from GMPCPP-
stabilized microtubule seeds attached to glass coverslips in the presence of fluorescently labeled 
or unlabeled tubulin and proteins of interest. We performed such assays in the presence of 
mCherry-EB3 (Montenegro Gouveia et al., 2010), as this fluorescent protein greatly facilitates 
the detection of small changes in the position of the growing microtubule plus end, and our 
previous work showed that it did not alter the effect of KIF21A on the microtubule plus end 
dynamics (van der Vaart et al., 2013). Moreover, since EB proteins are highly abundant and 
ubiquitous microtubule plus-end binding proteins in cells, EB-bound microtubule plus ends 
can be expected to represent “natural” substrates for other microtubule regulators. 

KIF21B-MD-CC1 displayed short plus end-directed runs on microtubules with an average 
run length of 0.7±0.4 µm and an average velocity of 0.6±0.3 µm/s (n=675 in 2 independent 
experiments) and caused a 2.4-fold reduction of microtubule growth rate (Figure 1G, H). This 
effect was similar to that observed previously with the kinesin-4 Xklp1 (Bieling et al., 2010; 
Bringmann et al., 2004) and with the KIF21A-MD-CC1 fragment (van der Vaart et al., 2013). 
We conclude that the motor domain of KIF21B in a dimeric configuration is motile and can 
inhibit but not block microtubule plus-end polymerization. 

Next, we purified the full-length KIF21B-GFP from HEK293T cells and assayed its 
activity on microtubules in vitro (Figure 2A, Figure 1 - Figure Supplement 2). Strikingly, the 
full-length protein showed a strong preference to GMPCPP-stabilized microtubule seeds, to 
which it bound and moved in the direction of the plus-end, while hardly any motor landing 

of microtubule growth by 3 nM KIF21B FL-GFP in the presence of 100 nM mCherry-EB3. 65 microtubule seeds of 
different lengths were analysed in 3 independent experiments. (C) Quantification of microtubule growth rate in vitro in 
the presence of 20 nM mCherry-EB3 alone or together with 0.5 nM KIF21B-FL-GFP. Microtubules were grown in the 
presence of 3% Rhodamine-tubulin. n=65 for control and KIF21B-FL-GFP, 2 independent experiments, p<0.0001 Mann-
Whitney U test. (D) Kymographs illustrating the behaviour of KIF21B-FL-GFP on dynamic microtubules in vitro in the 
presence of 20nM mCherry-EB3. 3% Rhodamine-tubulin was added to visualize the microtubule lattice. Microtubules 
were grown from GMPCPP-stabilized seeds labelled with rhodamine-tubulin. The different events are indicated by 
arrows; the asterisk indicates KIF21B detachment from a depolymerizing microtubule end. The kymograph on the 
right was corrected for drift. (E) Quantification of different events observed after KIF21B-FL-GFP reaches a growing 
microtubule plus end, as illustrated in D. n=132 events. (F) GFP intensity analysis of single molecules of the indicated 
proteins immobilized on coverslips. 5000-10.000 molecules were analysed for each protein. (G) GFP intensity analysis of 
kinesins during microtubule pausing events. Values are normalized to the GFP intensity of proteins immobilized on the 
same coverslips in areas devoid of microtubules. Data are from 2 independent experiments. (H)  In vitro reconstitution 
of microtubule growth in the presence of 20 nM mCherry-EB3, 3% Rhodamine-tubulin and 0.5 nM KIF21B-FL-GFP. 
KIF21B-FL-GFP is attached to one microtubule and walks along another one, causing microtubule bending. 
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events were observed on the dynamic (presumably GDP) microtubule lattice (Figure 2A). 
KIF21B-GFP motors accumulated at the tips of the seeds, and these accumulations could 
prevent microtubule outgrowth (Figure 2A). Both the enrichment of KIF21B-GFP at the tip 
of seeds and the inhibition of microtubule outgrowth were more prominent for longer seeds 
(Figure 2A,B). This indicates that GMPCPP-seeds act as “antennae”, which accumulate the 
kinesin motor at their ends in a length-dependent manner, similar to what has been previously 
described for the yeast kinesins Kip3 and Kip2 (Hibbel et al., 2015; Su et al., 2012; Varga et 
al., 2006). Significant blocking of microtubule seeds, especially the longer ones, was observed 
already with 3 nM KIF21B-GFP, while complete inhibition of microtubule outgrowth from all 
seeds was seen at higher KIF21B-GFP concentrations. At lower concentrations of KIF21B (0.5 
nM) growth of some seeds was still blocked, but many microtubules were growing. In these 
conditions, a decrease in the average microtubule polymerization rate was observed (Figure 
2C), confirming our observations in cells.

Since KIF21B was present in the assay at low nanomolar concentrations, we could easily 
detect motility of individual molecules (Figure 2A, D). In cases where microtubule seed 
extension was observed, a large proportion of KIF21B-GFP motors were unable to transfer 
from the stabilized seed to the freshly grown part of the microtubule (Figure 2A, D). However, 
the motors that did pass over to the freshly polymerized lattice exhibited an approximately 
two-fold faster motility on this lattice compared to the seed (see below). These motors 
displayed a high degree of processivity (runs with a length up to 8.5 µm were measured) and 
often reached the microtubule plus end (Figure 2A, D). 

A number of distinct outcomes could be detected when individual KIF21B-GFP molecules 
reached microtubule plus ends. The most frequent one (~40% of all events) was pausing or 
very slow growth (Figure 2D, E). Two types of pauses were observed: pauses induced and 
maintained by what appeared to be a single kinesin (71% of all observed pauses, with an 
average duration of 21.0 ±5.9s (n=36)) and pauses where additional KIF21B-GFP molecules 
arrived and stalled at the plus end (Figure 2D). Accumulation of multiple KIF21B-GFP motors 
resulted in prolonged inhibition of microtubule plus-end growth (the longest pause detected 
was 231 s). We note that the pausing induced by KIF21B in this assay was not dependent on 
the presence of EB3, because it was also observed in the presence of tubulin alone (Figure 
2 – Figure Supplement 1). 

Other possible outcomes of KIF21B-GFP arrival to the microtubule plus end, which all 
occurred at similar frequencies, were catastrophe induction, immediate detachment of the 
kinesin from the microtubule plus end without perturbing microtubule growth, or stalling 
of the kinesin on the microtubule without blocking microtubule elongation (Figure 2D,E). 
KIF21B-GFP molecules that reached the plus ends of shrinking microtubules always detached 
without affecting microtubule depolymerization (asterisk in Figure 1D). To confirm that 
pausing and catastrophes were induced by single kinesin motors, we compared the intensity 
of single KIF21B-GFP molecules immobilized on glass to GFP monomers and GFP-EB3 
dimers, and established that KIF21B-GFP is a dimer, as expected (Figure 2F). GFP intensity 
analysis further confirmed that pausing events were indeed induced by one or two KIF21B-
GFP molecules (Figure 2G). Together, these data show that a single KIF21B motor can “hold 
on” to a growing, though not depolymerizing, microtubule plus end, and induce its pausing 
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Figure 3. Mapping of the microtubule-binding domains in the tail of KIF21B. (A) Overview of deletion mutants used 
in this study. Colocalization of the GFP-tagged KIF21B deletion mutants with microtubules in transiently transfected 
COS-7 cells is indicated. +, localization to microtubules, -, diffuse distribution, -/+, diffuse in most cells, with occasional 
microtubule localization observed in some cells. (B) COS-7 cells were fixed one day after transient transfection with the 
indicated constructs and stained for α-tubulin. (C) Negative stain micrographs of KIF21B-FL-GFP pelleted together with 
taxol-stabilized microtubules in BRB80 buffer. (D) Live imaging of COS-7 cells transiently transfected with KIF21B-
MD-CC-GFP or MD-CCΔrCC-GFP and EB3-TagRFP-T. Represented are a single frame, maximum intensity projection 
of 500 frames for the GFP channel, an overlay of single GFP frame in green and TagRFP-T in red and a kymograph 
along one of the EB3-labeled microtubules showing the motility of the kinesin. (E) Streptavidin pull down assay with 
the extracts of HEK293T cell expressing BirA, KIF21B-MD-CC1-GFP-TEV-Bio and the indicated mCherry-labelled 
proteins. The results were analysed by Western blotting with antibodies against the GFP- and mCherry.   
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or depolymerization. Since the dimeric motor domain of KIF21B by itself does not show 
such an activity, this result suggests that an additional microtubule-binding site, which can 
associate with the microtubule plus end, must be present in the KIF21B tail. In line with this 
conclusion, we observed that when microtubules were allowed to grow long in vitro in the 
presence of a low (0.5 nM) KIF21B concentration, KIF21B motors could pull a microtubule 
along another microtubule (Figure 2H). This observation suggests that KIF21B can bind to a 
microtubule and walk along another microtubule at the same time. 

We next set out to identify additional microtubule binding site(s) in the KIF21B tail 
by deletion mapping (Figure 3A). Different KIF21B fragments were expressed in COS-7 
cells, and their colocalization with microtubules was observed by fluorescence microscopy. 
We found that the tail of KIF21B alone strongly localized to microtubules (Figure 3A, 
B,). Subsequent mapping showed that two separate parts of the KIF21B tail could bind to 
microtubules: the centrally located predicted coiled-coil part with adjacent sequences (CC2), 
as well as the C-terminal WD40 domain together with the N-terminal linker region enriched 
in proline, serine and arginine residues (termed L-WD40; Figure 3A,B, Figure 3–Figure 
Supplement 1A and 2). Neither the WD40 domain alone, nor the linker alone showed robust 
microtubule binding, suggesting that the microtubule-binding affinity of this region depends 
on the combination of the two elements (Figure 3A, B, Figure 3 – Figure Supplement 1A). 
Together, these data indicate that KIF21B can interact with microtubules through three non-
overlapping regions, the motor domain, the stalk and the WD40 domain, and that the full 
length KIF21B molecule is likely to be folded when attached to microtubules. 

To validate this view, we performed microtubule pelleting assays with the isolated full-
length KIF21B together with taxol-stabilized microtubules (Figure 3 Figure Supplement 1B). 
As expected, after centrifugation, the full-length KIF21B was present in the pelleted fraction 
together with microtubules and not in the supernatant. The pelleted fractions were further 
analyzed by negative stain electron microscopy. Electron micrographs of the full-length 
KIF21B bound to microtubules indeed suggest that the motor has a highly folded, globular 
appearance, consistent with the presence of several microtubule interaction sites (Figure 3C, 
Figure 3 – Figure Supplement 1B,C). 

Interestingly, the deletion of the linker region located N-terminally of the WD40 strongly 
reduced the microtubule binding activity of the resulting KIF21B mutant, while the deletion 
of the C-terminal WD40 domain rendered the KIF21B protein completely diffuse (KIF21B-
MD-CC construct, Figure 3A, D), although the other microtubule-binding sites, the motor 
domain and the CC2, were still present. Since a shorter KIF21B fragment, KIF21B-MD-CC1, 
bound to and moved along microtubules, this result suggests that the CC2 region harbors not 
only a microtubule-binding, but also an autoregulatory activity. 

Previous work showed that the part of KIF21A that corresponds to the CC2 region of 
KIF21B contains an autoihibitory element, which interacts with the motor domain, and that 
mutations in this region cause loss of autoinhibition and lead to CFEOM1 (Cheng et al., 2014; 
van der Vaart et al., 2013). This regulatory predicted coiled coil region, including the CFEOM1-
associated residues, is well conserved in KIF21B (rCC, amino acids 931-1010) (Figure 3 – 
Figure Supplement 2), suggesting that it might have a similar autoinhibitory function. Indeed, 
deletion of rCC in the KIF21B-MD-CC restored its microtubule binding activity and motility 
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(Figure 3A, D, Figure 3 – Figure Supplement 1A). By itself, the rCC did not bind microtubules 
in cells, and its deletion had no effect on the microtubule binding properties of the CC2 
fragment (Figure 3A, Figure 3 – Figure Supplement 1A). Using immunoprecipitation assays, 
we detected an interaction between the CC2 and the MD-CC1 region of KIF21B (Figure 3E). 
A weak binding was also observed with an rCC variant that was fused to the dimeric leucine 
zipper of GCN4, though not with the monomeric version of rCC (Figure 3E). A stronger 
binding of the KIF21B motor domain was observed to the rCC region of KIF21A (Figure 
3E), suggesting that the autoinhibitory interaction within KIF21B is attenuated compared 
to KIF21A. In agreement with this view, overexpressed KIF21A is largely diffuse in cells and 
presumably only becomes active when bound to appropriate partners (van der Vaart et al., 
2013), while KIF21B shows constitutive microtubule association. 

If the rCC does not fully inhibit the full-length KIF21B motor, what is then the function 
of this region? To address this question, we have purified the KIF21B protein lacking the rCC 
(KIF21B-ΔrCC), and a shorter version of this protein, which also lacked the WD40 domain 
(KIF21B-CCΔrCC) (Figure 1- Figure Supplement 2). In vitro assays showed that unlike the 
full-length protein, both kinesins lacking the rCC could land not only on GMPCPP-seeds but 
also on newly polymerized microtubule lattices (Figure 4A). Both full-length KIF21B and 
KIF21B-ΔrCC exhibited slower motility on seeds compared to fresh GDP-microtubule lattices 
(Figure 4B). In contrast, the KIF21B-CCΔrCC protein showed no reduced velocity on the 
microtubule lattice (Figure 4A,B), suggesting that the C-terminal WD40-containing region 
creates drag on GMPCPP-seeds. Consistent with this notion, we found that the L-WD40-GFP 
fragment displayed high preference for GMPCPP-seeds in vitro, both when present in cell 
extract and in purified form, while the CC2 fragment showed no such preference (Figure 4C, 
Figure 4 – Figure Supplement 1).

We next examined the ability of the two KIF21B mutants to affect microtubule growth. 
Similar to the full-length molecule, both proteins showed a high degree of processivity, with 
run lengths of up to ~8-8.5 µm (Figure 4D). The two mutants had no effect on microtubule 
depolymerization, as they detached from shrinking microtubules similar to the full-length 
KIF21B (asterisks in Figure 4D). Upon arrival to the growing microtubule plus end, the two 
mutants could cause microtubule pausing and induce catastrophes, again similar to the full-
length molecule. However, both mutated motors were much less potent than full-length 
KIF21B, because in the majority of the cases (~60%), the mutated motors detached from the 
microtubule tip without affecting microtubule growth (Figure 4E). The pauses induced by the 
two mutant kinesins were typically due to the collective action of multiple and not a single 
motor (Figure 4F), and the duration of pauses induced by a single KIF21B-ΔrCC or KIF21B-
CCΔrCC were significantly shorter than those triggered by the full-length KIF21B protein 
(Figure 4G). Taken together, our results suggest that both the regulatory rCC region and the 
C-terminal WD40-containing domain can contribute to the ability of KIF21B to stay attached 
to the growing microtubule plus end and to induce pausing. 
 
Discussion 
In this study, we showed that KIF21B is a highly processive microtubule plus-end directed 
motor, which can potently induce pausing of microtubule plus ends. This activity depends on 
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several regions of this large motor protein. The N-terminally located motor domain is motile, 
thus ensuring protein accumulation at the plus ends, and similar to the motor domains of 
other kinesin-4 family members, it slows down microtubule polymerization (Bieling et al., 
2010; Bringmann et al., 2004; van der Vaart et al., 2013). However, the dimeric version of the 
motor domain alone does not show high processivity or the ability to stay attached to growing 
microtubule plus ends, thereby inducing their pausing. These properties are conferred by the 
stalk and the tail regions of the protein, which constitute two separate microtubule-binding 
sites. The presence of additional microtubule-binding domains is quite common in kinesins 
and has been established for kinesin-1, kinesin-8 family members and CENP-E (Gudimchuk 
et al., 2013; Navone et al., 1992; Stumpff et al., 2011; Su et al., 2011; Weaver et al., 2011). 
These domains are often basic polypeptide regions that can interact with the negatively 
charged surface of microtubules. The distinguishing feature of KIF21B is the presence of a 
conserved C-terminal WD40 domain involved in microtubule binding together with the 
adjacent positively charged linker region. The combined microtubule-binding activity of a 
folded domain augmented by a basic polypeptide region is reminiscent of that found in other 
microtubule associated proteins such as EBs, CLIPs and NDC80, in which globular calponin 
homology or CAP-Gly domains cooperate with positively charged linkers for microtubule 
binding (Alushin et al., 2012; Hoogenraad et al., 2000; Komarova et al., 2009). An interesting 
feature of the KIF21B C-terminus is its ability to distinguish between different types of 

Figure 4. The WD40 domain and the autoinhibitory coiled coil region contribute to the pause-promoting activity 
of KIF21B.
(A) Kymographs illustrating the behaviour of the indicated deletion mutants of KIF21B at 3 nM concentration on 
dynamic microtubules in the presence of 100 nM mCherry-EB3. GMPCPP-stabilized microtubule seeds were labelled 
with Rhodamine-tubulin (lines below kymographs). (B) Quantification of the velocity of KIF21B-FL-GFP and the 
deletion mutants on seeds and freshly polymerized microtubule lattice, shown in Figure 2A and 4A. Seed: n=295 
for FL, n=195 for FL-ΔrCC, n=434 for MD-CCΔrCC; lattice: n=131 for FL, n=133 for FL-ΔrCC, n=434 for MD-
CCΔrCC. Dta are from 2 or 3 independent experiments. Values significantly different from each other are indicated by 
asterisks, p<0.0001, Mann-Whitney U test. (C) Kymograph illustrating the interaction of GFP-L-WD40 (100 nM) with 
dynamic microtubules grown from Rhodamine-tubulin labelled GMPCPP seeds (indicated) in the presence of 100 nM 
mCherry-EB3. (D) Kymographs illustrating the behaviour of KIF21B deletion mutants on dynamic microtubules in the 
presence of 20 nM mCherry-EB3 and 3% Rhodamine-tubulin. Pauses and KIF21B detachment from a depolymerizing 
microtubule end are indicated by arrows and asterisks, respectively. Arrowheads indicate kinesin detachment from the 
growing microtubule tip. (E) Quantification of different events observed after KIF21B-FL or its mutants reach a growing 
microtubule plus end. Data shown in Figure 2E are included here for comparison. N= 501 for FLΔrCC, n=647 for 
MD-CCΔrCC. Data are from at least 2 independent experiments. (F) Percentage of pausing events after a single motile 
kinesin reached the microtubule plus end from all detected pauses. Total pausing events: n= 51 for FL, n=46 for FL-ΔrCC, 
n=22 for MD-CCΔrCC. (G) Quantification of the duration of microtubule pausing induced by a single kinesin arrival 
at the growing microtubule plus end. n=36 for FL, n=8 for FL-ΔrCC, n=3 for MD-CCΔrCC. ** p<0.0001, *p<0.0004 
Mann-Whitney U test. (H) Model for the regulation of KIF21B motility and pause induction by the tail domain. In 
solution, KIF21B motor domains are inhibited by the regulatory region, while the WD40 domains are available for the 
interaction with microtubules; WD40 domains show preference for the GMPCPP-stabilized seeds (red). After binding 
to seeds, KIF21B becomes activated and can walk to the plus end; it is likely that both the WD40 and the CC2 region 
contribute to microtubule binding. The kinesin can transfer from the seed to the freshly polymerized microtubule lattice; 
the interaction of the CC2 but not of the WD40 with the lattice promotes motor processivity. At the tip, the conversion to 
the autoinhibited conformation and the WD40 domain can prevent KIF21B from stepping off the microtubule plus end. 
This allows the motor to induce pausing by inhibiting addition of new tubulin dimers and at the same time suppressing 
microtubule depolymerisation.
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microtubule lattices as it preferentially binds to GMPCPP seeds. This property has an impact 
on the full-length protein, as the WD40 domain promotes the binding of KIF21B to GMPCPP 
seeds and slows down its motility on the seeds. Since GMPCPP-microtubules are believed to 
mimic certain features of the GTP-microtubule lattice (Alushin et al., 2014), which should be 
enriched at growing microtubule plus ends, it is tempting to speculate that this property helps 
to prevent kinesin detachment from the polymerizing plus ends. 

Another feature that helps to prevent the detachment of KIF21B from the microtubule 
plus end once it arrives at the tip is the presence of the autoregulatory region. Autoinhibition 
mechanisms that prevent motility of the cargo-unbound motors are common in different 
kinesins, including kinesin-1, kinesin-2 and the close KIF21B homologue KIF21A (van der 
Vaart et al., 2013; Verhey and Hammond, 2009). However, in contrast to other autoinhibited 
kinesins, which require an activating partner, single KIF21B proteins can still interact with 
microtubules through the binding of the WD40 domain-containing tail with microtubules. In 
our in vitro assays, the WD40 region induces a strong preference of the motor for GMPCPP-
microtubules, suggesting that the motor domains are autoinhibited, while the WD40 domains 
are available for microtubule binding (Figure 4H). KIF21B with a deleted WD40 domain 
is fully autoinhibited, which indicates that the interaction between the motor and the rCC 
blocks the ability of both the motor and the microtubule-binding stalk (CC2 region) to 
interact with microtubules. 

Once the motor is loaded on a microtubule, the autoinhibition is relieved and the motor 
starts to walk. It is likely that both the WD40 and the microtubule-binding CC2 regions 
contribute to the processivity of KIF21B (Figure 4H). We do observe frequent detachment 
of full-length motors at the border between the GMPCPP-seed and the GDP-microtubule 
lattice, suggesting that KIF21B might be switching back to an autoinhibited state. In contrast, 
motors lacking the rCC region land more easily on dynamic microtubule lattices and pass 
more frequently to such lattices from GMPCPP-seeds. The motors that do move along the 
GDP-microtubule lattice are highly processive, most likely due to the microtubule-binding 
CC2 domain in the stalk region, because the KIF21B-ΔrCC and KIF21B-MD-CCΔrCC 
behave very similarly. In contrast, the KIF21B-MD-CC1, which lacks the CC2 region, 
displays only short runs. The WD40 domain and the interaction between the motor domains 
and the autoregulatory rCC region become important once the kinesin reaches the growing 
microtubule plus end. The KIF21B mutants lacking these regions often detach from the 
microtubule tip, while the full-length motor frequently persists and induces a pausing event. It 
is possible that this behavior depends on the switching of the kinesin from the stepping mode 
to a conformation in which it attaches to the microtubule through its microtubule-binding 
tail domains (Figure 4H). In these conditions the WD40 domain-containing C-terminus 
might recognize some structural feature of the plus end that is related to the presence of the 
GTP-cap. It is striking that single kinesins can induce a stable pause with an average duration 
of ~20s, suggesting that different microtubule-binding domains within one molecule might 
interact with several protofilaments and prevent both their growth and depolymerization, 
thus inducing a pausing state. However and as expected, more effective pausing was observed 
when multiple KIF21B motors accumulated on the same microtubule tip. KIF21B-induced 
pausing events were always followed by a catastrophe, suggesting that the alterations in 
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microtubule tip structure induced by KIF21B do not promote restoration of microtubule 
growth. This is in line with the slow retraction of the whole microtubule network observed in 
KIF21B-overexpressing cells, which can be explained by the gradual loss of tubulin subunits 
from KIF21B-stabilized microtubule plus ends.

Our in vitro results suggest that in cells, KIF21B might use some additional factors for 
its loading onto microtubules, and it is of course also possible that these or other factors 
would contribute to the association of KIF21B with microtubule plus ends. Further, an 
interesting implication of the observation that KIF21B is highly processive is that it would 
display a stronger accumulation and thus a stronger pausing effect on the plus ends of longer 
microtubules. Such a length-dependent effect would be similar to that described for other 
processive kinesins regulating microtubule plus end dynamics (Hibbel et al., 2015; Su et 
al., 2012; Varga et al., 2006). It is possible that microtubule length-dependent regulation of 
pausing might help to achieve more uniform microtubule lengths in long neurites of neuronal 
cells, where microtubule growth is not bounded by the cell margin. In addition, since KIF21B 
can bind to one microtubule and step on another one, it might also play a role in organizing 
microtubule arrays by sliding microtubules against each other. KIF21B is thus an interesting 
player in the cell’s versatile toolbox responsible for shaping microtubule arrays. Changes 
in these arrays caused by alterations in KIF21B function might explain the involvement of 
KIF21B in human diseases.
 
Materials and methods
DNA constructs, cell culture and transfection
COS-7 and HEK293T cells were cultured in DMEM/F10 (1/1 ratio, Lonza) supplemented with 10% fetal calf 
serum and penicillin and streptomycin. KIF21B expression constructs were made using human cDNA clone 
KIAA0449 (Kazusa DNA Research Institute) in pEGFP-N3, pEGFP-C1 or mCherry-C1, TagRFP-N3 vectors 
by PCR-based strategies. Additional TEV-protease recognition (ENLYFQG) and Biotinylation tag sequences 
(MASGLNDIFEAQKIEWHEGGG) were introduced in the EGFP vectors for protein purification purposes (as 
described previously, (van der Vaart et al., 2013)). Biotin ligase BirA expression construct was a gift from D. Meijer 
(Erasmus MC, Rotterdam, The Netherlands), EB3-TagRFP-T was described previously (van der Vaart et al., 2013) and 
TagRFP-a-tubulin was from Evrogen.  Plasmids were transfected with polyethylenimine (PEI) or FuGene6 (Roche).

Antibodies and cell fixation
Rabbit-anti-GFP (ab290, Abcam), mouse-anti-mCherry (632543, Clontech), rat-anti-α-tubulin (YL1/2) (MA1-
80017, Pierce-antibodies) were used on fixed cells and Western blotting. We used following secondary antibodies: 
IRDye 800CW Goat anti-rabbit and anti-mouse (Li-Cor Biosciences), Alexa-488 and Alexa-568 conjugated goat 
antibodies against rat IgG (Molecular Probes). 

For tubulin staining COS7 cells were fixed with –20°C methanol for 10 minutes and subsequently fixed with 4% 
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 min at RT. Cell membranes were permeabilized 
with 0.1% Triton X-100 in PBS and washed with 0.1% Tween-20 in PBS. Blocking and labeling were done in 0.1% 
Tween-20 in PBS supplemented with 1% bovine albumin serum. Slides were rinsed with 70% ethanol in the last wash 
step, air-dried and mounded in Vectashield mounting medium (Vector laboratories). 

For the nocodazole wash-out, cells were treated with 5 µM nocodazole for 2 hours, subsequently washed four 
times and reincubated in normal medium at 37 °C for indicated time points. Cells were fixed and stained as described 
above. All cell biological experiments were performed at least twice.

Streptavidin pull down assays
Bio-GFP-Tagged bait constructs and mCherry-tagged prey constructs were cotransfected in HEK293T cells. A 
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construct encoding BirA was cotransfected for biotinylation purposes. Cell lysates were prepared in 20mM Tris 
pH7.5, 100 mM NaCl2, 1% Triton-X100, 1x cOmplete protease inhibitor cocktail tablet (Roche) and incubated with 
M-280 Streptavidin Dynabeads (Invitrogen) for one hour. Samples were washed three times in 20mM Tris pH7.5, 
100mM NaCl, 0.1% Triton-X100 and analyzed by SDS-PAGE and Western blotting. 

Protein purification from HEK293T cells
Constructs tagged with GFP-TEV-Bio were cotransfected with BirA in HEK293T cells as described for streptavidin 
pull down assays. Cell lysates were prepared in 50mM Hepes pH 7.4, 300 mM NaCl2, 1 mM MgCl2, 0.5% Triton-X100, 
1mM DTT, 1x cOmplete protease inhibitor cocktail tablet (Roche) and incubated with M-280 Streptavidin Dynabeads 
(Invitrogen) for one hour. Samples were subsequently washed with 50mM Hepes pH 7.4, 300mM NaCl2, 1mM 
MgCl2, 0.5% Triton-X100, 1mM DTT three times and another three times with cleavage buffer (50 mM Hepes pH 
7.4, 150 mM NaCl2, 1 mM MgCl2, 0.05% Triton-X100, 1 mM DTT) after which they were incubated in cleavage 
buffer supplemented with TEV protease (Sigma-Aldrich) for two hours at 4°C. Supernatant was collected and stored 
at -80 °C prior to use. Purity of the samples was analyzed via SDS-PAGE and Coomassie staining.

In vitro analysis of microtubule dynamics
In vitro assays were performed as described previously (van der Vaart et al., 2013). Microtubule seeds were grown 
using 20 μM tubulin mix containing 18% biotin-tubulin and 12% Rhodamine-tubulin or HiLyte Fluor 488 -tubulin 
(Cytoskeleton, Inc.) and 1 mM GMPCPP by polymerization at 37 °C for 30 min, pelleting by centrifugation in an 
Airfuge for 5 min and depolymerization on ice. After a subsequent round of polymerization and pelleting, seeds were 
stored in MRB80 buffer with 10% glycerol. Flow chambers were made with microscopy slides and plasma-cleaned 
glass coverslips. Coating was done with 0.2 mg/ml PLL-PEG-biotin (Surface Solutions, Switzerland) in MRB80 buffer 
(80 mM K-PIPES, pH 6.8, 4 mM MgCl2, 1 mM EGTA) and 0.8 mg/ml NeutrAvidin for 5 min each. The seeds were 
attached to the coverslips via biotin-NeutrAvidin links and blocked with 0.8 mg/ml κ-casein. Reaction mixtures 
consisting of of 15 μM tubulin, containing 3% rhodamine-tubulin when indicated, 50 mM KCl, 0.1% Methyl 
cellulose, 0.5 mg/ml k-casein, 1 mM GTP, oxygen scavenging system (20 mM glucose, 200 μg/ml catalase, 400 μg/ml 
glucose-oxidase, 4 mM DTT), 2 mM ATP, 20 or 100nM mCherry-EB3 when indicated and the specified amount of 
purified KIF21B-GFP proteins were added to the flow chambers. Movies were collected using TIRF microscopy. For 
mCherry-CC2 and mCherry-L-WD40, HEK293T cell extracts, prepared in MBR80 supplemented with 1x cOmplete 
protease inhibitor cocktail tablet (Roche) and 1% Triton-X expressing the protein, were used in the reaction mixture. 
All samples were incubated at 30°C during imaging. The quantitative data reported for each experiment were 
collected in at least two or more independent assays.

Image acquisition and processing
Fixed cells were imaged with a Nikon Eclipse 80i 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 or -mCherry 
filters and Photometrics CoolSNAP HQ2 CCD (Roper Scientific) camera. The microscopes were controlled by Nikon 
NIS Br software. 

Live cell imaging and in vitro assays were performed on an inverted research microscope Nikon Eclipse Ti-E 
(Nikon) with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil 
objective (Nikon), Photometrics Evolve 512 EMCCD (Roper Scientific) and Photometrics CoolSNAP HQ2 CCD 
(Roper Scientific?) and controlled with MetaMorph 7.7 software (Molecular Devices). The microscope was equipped 
with TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie, and 
an ET-GFP filter set (Chroma) for imaging of GFP-tagged proteins.  For simultaneous imaging of green and red 
fluorescence we used triple-band TIRF polychroic ZT405/488/561rpc (Chroma) and triple-band laser emission filter 
ZET405/488/561m (Chroma), mounted in the metal cube (Chroma, 91032) together with Optosplit III beamsplitter 
(Cairn Research Ltd, UK) equipped with double emission filter cube configured with ET525/50m, ET630/75m and 
T585LPXR (Chroma). 

Long term imaging was performed on an inverted research microscope Nikon Ti equipped with Plan Fluor 
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40x/1.30 Oil DIC and Plan Apochromat 20x0.75 Phase Contrast objectives, ET-GFP (49002) and ET-mCherry 
(49008) filters (Chroma) and controlled with MicroManager. 

Cells were kept at 37°C, and in vitro samples at 30°C in a Tokai Hit INUBG2E-ZILCS Stage Top Incubator. 
Images and movies were processed using ImageJ. All images were modified by adjustments of brightness and 
contrast; smooth and sharp masks were applied in some cases. Maximum intensity projections were made using 
z projection. Microtubule growth rates and kinesin velocities were obtained from kymograph analysis, using the 
plugin KymoResliceWide. Results were plotted in Graphpad Prism 6. Statistical analysis was performed using non-
parametric Mann-Whitney U-test.

Electron microscopy
Taxol stabilized microtubules (MTs) were polymerized as described in (Kevenaar et al., 2016) to a final concentration 
of 10 μM. Afterwards, 0.19 µM of HEK293T purified full length KIF21B was incubated together with 0.45 μM 
taxol stabilized microtubules for 10 min at room temperature. As a control, the same amount of microtubules was 
incubated separately. After centrifugation of the samples at 174,500 x g for 10 min, the supernatants were carefully 
removed and the pellets were resuspended in 50 μl BRB80 buffer (80 mM K-PIPES, pH 6.8, 1 mM EGTA, 1 mM 
MgCl2). 20 μl of each, supernatant and pellet were mixed with 5 μl 5x SDS loading dye and analyzed on Coomassie 
stained 7.5% SDS-PAGE. For negative staining, 5 μl aliquots were transferred to freshly UV activated homemade 
carbon-coated copper grids. After 20 s of incubation, excess liquid was removed by side-blotting and the grids were 
washed twice with BRB80 buffer and once with ddH2O. Subsequently, the grid was stained three times with a freshly 
prepared uranyl acetate solution. Electron micrographs were taken in a JEM2200FS (JEOL) operated at 200 kV 
equipped with a TVIPS F416 camera. The magnification was 40 k.

GFP intensity analysis
Isolated proteins were diluted to proper imaging concentrations in PBS and added to imaging flow chambers made 
from plasma cleaned coverslips and microscopy slides. Chambers were washed, leaving a fraction of the GFP-tagged 
proteins immobilized on the coverslip, which were imaged at room temperature using TIRF microscopy. Proteins 
were imaged in a dilution range of 400-800 molecules per field of view (30 μm x 30μm) and per condition 20 images 
were acquired at different sites on the coverslip to avoid pre-bleaching. ImageJ plugin DoM_Utrecht was used for 
detection and analysis of the single molecules as described previously (Yau et al, 2014). 

For microtubule pausing events induced by kinesin, particles on the microtubule lattice and tip were detected 
using plugin ComDet v0.3 and DoM v0.9.1 to obtain intensity values. Values were normalized to intensities of 
random particles in areas without microtubules and compared to the profile of the purified kinesin. Plugins are 
available at https://github.com/ekatrukha.
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Figure 1 - Figure supplement 1 
(A) Time-lapse imaging of transiently transfected 
COS-7 cells expressing KIF21B-FL-GFP and TagRFP-
tubulin. Yellow dashed lines in the overlay indicate 
the cell edge. (B) Nocodazole washout experiments 
of COS-7 cells expressing GFP or the full-length 
KIF21B-GFP. Cells were transiently transfected 
with the indicated proteins and treated with 5 μM 
nocodazole for 2 hours. Subsequently nocodazole was 
washed out and cells were fixed at the indicated time 
points. Antibodies against α-tubulin were used for cell 
staining.
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Figure 1 - Figure supplement 2 
Coomassie-stained gels with purified KIF21B-GFP and its 
deletion mutants. Protein purification was performed using 
TEV protease cleavage as described in the Materials and 
Methods section. Black arrows indicate isolated proteins; blue 
arrows indicate the TEV protease.

Figure 2 - Figure Supplement 1
Kymographs illustrating microtubule growth 
reconstitution in vitro in the presence of 3% 
Rhodamine-tubulin and 3 nM KIF21B-FL-GFP.

Figure 3 - Figure 
Supplement 1
(A) COS-7 cells transiently 
transfected with the 
indicated KIF21B-GFP 
deletion constructs and 
stained for α-tubulin. 
(B) Microtubule pelleting 
assay of taxol-stabilized 
microtubules together with 
full-length KIF21B-GFP in 
BRB80 buffer. Coomassie-
stained SDS-PAGE showing 
supernatant and pellet 
fractions of microtubules 
alone or microtubules 
mixed with full-length 
KIF21B-GFP. (C) Negative 
stain electron micrograph 
of control microtubules.
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Figure 3 - Figure Supplement 2
Alignment of human KIF21A and KIF21B sequences. Different protein domains and the autoinhibitory region 
in the coiled coil domain described for KIF21A (van der Vaart et al 2013) are indicated, and CFEOM1-associated 
mutations found in KIF21A are boxed. The KIF21B sequence shown here corresponds to the longest KIF21B isoform 
(accession number O75037); a shorter isoform (accession number BAA32294), which misses the amino acids 1269-1281 
(underlined), was used in this study.
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Figure 4 - Figure Supplement 1.
In vitro reconstitution of microtubule dynamics in the presence of 100 nM GFP-EB3 and the extracts of HEK293T cells 
expressing mCherry-CC2 or mCherry-L-WD40. GMPCPP-stabilized microtubule seeds were labelled with HiLyte Fluor 
488 -tubulin (lines below kymographs).
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Abstract
Kinesin autoinhibition is regulated through multiple factors, such as phosphorylation and 
binding of cofactors or cargo. Using pull down assays for kinesin-4 family members KIF21A 
and KIF21B, and subsequent mass spectrometry analysis, we identified new binding partners 
for these autoinhibited kinesins and investigated the role of these proteins in kinesin activity. 
We could confirm binding of two microtubule-associated proteins (MAPs), MAP7D3 and 
FSD1, to KIF21A and observed recruitment of KIF21A to microtubules decorated with 
these MAPs upon overexpression. In addition, we found a possible link between KIF21A 
and another MAP, CEP170, in localization to cortical sites. KIF21B was shown to bind to 
the actin-interacting protein Ezrin, and to function in the establishment of immunological 
synapses. These newly identified binding partners are thus likely involved in regulation of 
kinesin activity. 
 

Introduction
Regulation of kinesin activity is needed to control cargo transport, as well as microtubule 
organisation and dynamics in cells. Kinesins are regulated in multiple ways, including 
autoinhibition, whereby kinesin activity is repressed through intramolecular interactions. 
Autoinhibition is described for multiple kinesins and can involve different intramolecular 
interactions. For example, the activity of kinesin-1 is inhibited through a dual mechanism: 
blocking of microtubule interaction and ADP-release by the tail of the kinesin heavy chain 
binding to the motor domain, and a physical separation of the two motor domains by kinesin 
light chains preventing processive motility (Coy et al. 1999, Hackney and Stock 2000, Cai et 
al. 2007, Dietrich et al. 2008, Hackney and Stock 2008, Wong et al. 2009, Hackney et al. 2009, 
Kaan et al. 2011). Relief of autoinhibition can be caused by phosphorylation or cargo-binding, 
as is shown for KIF13B and its cargo Dlg1 (Yamada et al. 2007). Also the autoinhibition of 
kinesin-1 is relieved by its two binding partners Fasciculation elongation protein ζ1 (FEZ1) 
and c-Jun N-terminal kinase-interacting protein 1 (JIP1), which bind to the kinesin heavy 
and light chain, respectively (Blasius et al. 2007). 

Another layer of kinesin regulation comes from cofactors, such as microtubule associated 
proteins (MAPs). A well described example is the dependence of kinesin-1 on its cofactor 
MAP7 (Ensconsin/E-MAP-115), without which kinesin-1 recruitment to microtubules is 
impaired (Sung et al. 2008). In addition, MAP7 depletion was shown to lead to defects in 
kinesin-1 dependent transport during nuclear positioning in myotubes and transport in 
polarized oocytes and cultured S2 cells (Sung et al 2008, Metzger et al 2012, Barlan et al 
2013). MAPs might act in relieving autoinhibition specifically on microtubules. In addition, 
microtubule binding of MAPs can occur at specific sites in the cell, making kinesins only 
locally active.

In previous studies, we focussed on kinesins KIF21A and KIF21B from the kinesin-4 
family and showed both kinesins are regulators of microtubule dynamics, which inhibit 
microtubule polymerization (Chapter 2, 3 and 4 this thesis). We have shown that both 
kinesins undergo autoinhibition through binding of an intramolecular antiparallel coiled coil 
to the motor domain. Little is known about the regulation of autoinhibition in these kinesins. 
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Different binding partners have been described; the neuronal specific K+-dependent Na+/
Ca2+ exchanger (NCKX2) and Brefeldin A-inhibited guanine nucleotide-exchange protein 1 
(BIG1) bind to the WD40 domain of KIF21A and are thought to be cargos (Lee et al. 2012, Shen 
et al. 2008). KANK1 binds to the stalk of KIF21A and recruits it to cortical sites around focal 
adhesions (Kakinuma and Kiyama 2009, this thesis Chapter 2, Bouchet et al. 2016). MAP1B 
binds to the tail region containing the antiparallel coiled coil and the WD40 domain but does 
not alter KIF21A levels on microtubules (Cheng et al. 2014). TRIM3 might be a cofactor for 
KIF21B since its depletion leads to reduced motility of KIF21B in neurons (Labonte et al. 
2013). Finally, GABAA receptors are transported by KIF21B (Labonte et al. 2014), but no 
direct effects are described on the autoinhibition relief of the kinesins. To find regulators of 
the kinesins KIF21A and KIF21B we set out to perform mass spectrometry assays with cell 
lysates expressing the kinesins. In this chapter we followed up some of the proteins that were 
found and describe our preliminary findings. 
 

Results
To find associated factors of KIF21A and KIF21B that might regulate their activity, like 
described for MAP7 and kinesin-1, or alternatively to find cargo of the kinesins, we performed 
mass spectrometry analysis of pull down assays with fragments of KIF21A and full length 
KIF21B protein. 

Identification of KIF21A binding partners
Mass spectrometry analysis of KIF21A binding partners was performed via streptavidin pull 
down assays from HEK293T cells expressing three different bio-GFP-tagged-truncations of 
KIF21A (CC2, CT2, CT3), that span the coiled coil and tail region of the kinesin (Figure 1A, 
Tables 1-3). We could validate the mass spectrometry results, as the interaction with KANK1, 
which we previously identified as a binding partner of KIF21A (Chapter 2 this thesis), was 
found with the CT2 construct as expected. In addition, KANK2 was also found, as we observed 
earlier. Interestingly, several MAPs were found binding to KIF21A, raising the question if 
these act as cofactors for this kinesin, similar as described for MAP7 (Ensconsin/E-MAP-115) 
and kinesin-1 (Sung et al 2008, Metzger et al 2012, Barlan et al 2013). We set out to verify 
binding of MAP7 domain-containing protein 3 (MAP7D3/Mdp3), which was found in the 
mass spectrometry analysis of the proteins binding to KIF21A-CC2, and Fibronectin type III 
and SPRY domain-containing protein 1 (FSD1/GLFND/MIR1) and Centrosomal protein of 
170 kDa (CEP170), which were found with CT2 and CT3 fragments of KIF21A. 

MAP7D3 binds KIF21A through the MAP7 domain and recruits KIF21A to microtubules
MAP7D3 is a member of the MAP7 family, which has coiled coil regions in its N-terminus 
and a MAP7 domain at the C-terminus (Figure 1B). We could confirm binding of MAP7D3 
to KIF21A, with a weak binding of the coiled coil domains (CC) and strong binding of the 
C-terminal fragment (M7D) of MAP7D3 to KIF21A (Supplemental Figure 1A). We further 
mapped the interacting region in the tail of MAP7D3 to the MAP7 domain, however, the 
MAP7 domain alone (fragment DOM2) did not interact with the kinesin, suggesting that the 
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Figure 1. MAP7D3 interacts with KIF21A through the MAP7 domain and recruits KIF21A to microtubules
(A) Overview of KIF21A constructs used for mass spectrometry analysis. Indicated are the proteins found and analysed 
in this chapter. In addition, validation of MAP7D3 interaction with KIF21A deletion constructs is shown. (B) Overview 
of MAP7D3 constructs used for mapping of KIF21A binding. Validated interactions are indicated with a +, strong 
interactions with ++. (C) Streptavidin pull down assay with HEK293T cell lysates expressing KIF21A Bio-GFP-CC3 
and indicated mCherry-MAP7D3 deletion constructs. The results were analysed by Western blotting with GFP and 
mCherry antibodies. (D) Streptavidin pull down assays with HEK293T cell lysates expressing KIF21A Bio-GFP-CC 
deletion constructs and full length mCherry-MAP7D3. The results were analysed as described in C. (E) Streptavidin pull 
down assay with HEK293T cell lysates expressing mCherry-MAP7D3 deletion constructs and KIF5B1-560-GFP-Bio. 
The results were analysed as described in C. (F) Cos7 cells transfected with indicated constructs were fixed and imaged 
using wide field fluorescence microscopy.
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regions flanking this domain might be involved (Figure 1B, C, Supplemental figure 1A and 
data not shown). It is possible that the MAP7 domain is not properly folded within smaller 
protein fragments, preventing binding, or that the flanking regions truly participate in the 
binding.

KIF21A binds to MAP7D3 through the autoinhibitory region containing the intramolecular 
antiparallel coiled coil (Figure 1A, D, and data not shown). The antiparallel coiled coil 
(fragment CC9) was not sufficient for the binding, even after induced dimerization through 
a dimerization motif (coiled coil GCN4), which, as we showed earlier, enhances the binding 
of the autoinhibitory region to the motor domain (Supplemental Figure 1B, see Chapter 3 
this thesis). Also here, the regions flanking the antiparallel coiled coil are necessary for the 
interaction with MAP7D3. Since we have shown previously that the antiparallel coiled coil 
forms properly without the presence of the flanking regions (Chapter 3 this thesis), this likely 
means that the binding of KIF21A to MAP7D3 involves the flanking sites of the antiparallel 
coiled coil, which are brought together through the intramolecular folding of the antiparallel 
coiled coil, and may not actually require the antiparallel coiled coil itself. 

MAP7D3 is a member of a protein family that also includes MAP7, MAP7D1 and MAP7D2. 
The MAP7 domain of MAP7 has been described to bind to kinesin-1 and is conserved along 
the different family members (Sung et al 2008, Metzger et al 2012, Barlan et al 2013). Since 
we also observed that MAP7D3 binding to KIF21A occurs via the MAP7 domain, we tested 
binding of MAP7D3 to kinesin-1 to see if it can be a general kinesin interacting partner. In our 
preliminary results, we found that both the full length MAP7D3 protein, as well as a truncated 
mutant containing the MAP7 domain, but not a deletion mutant lacking this domain were 
able to interact with KIF5B1-560, possibly reflecting a similar regulatory role for MAP7D3 
(Figure 1E). In contrast, we observed no binding of MAP7 to KIF21A, indicating that there 
are regulatory differences between kinesin-1 and KIF21A (Supplemental Figure 1C). 

Endogenous MAP7D3 localizes to microtubules in Cos7 cells (Supplemental Figure 
1D). MAP7D3 is described to bind to microtubules either through its N-terminal coiled coil 
regions or the C-terminal region containing the MAP7 domain (Sun et al. 2011, Tala et al. 
2014, Yadav et al. 2014). After transfection into HeLa cells, we could confirm microtubule 
localization through the N-terminus, but not through the C-terminus (Supplemental Figure 
1E.). Also full length MAP7D3 localizes to microtubules when overexpressed and can induce 
microtubule bundling. When co-expressed, we observed KIF21A to localize to some of the 
MAP7D3-decorated microtubules, possibly indicating a role for MAP7D3 in recruiting 
KIF21A and regulating its activity (Figure 1F). This could not yet be verified by live imaging, 
however, and should be subject of future research. 

FSD1 interacts with KIF21A through its dimeric SPRY domain and recruits KIF21A to 
microtubules
Another candidate detected in pull downs and subsequent mass spectrometry with both 
KIF21A tail constructs was FSD1, suggesting an interaction of this protein with the WD40 
domain of KIF21A (Figure 1A, Table 2 and 3). FSD1 contains N-terminal coiled coil regions, 
a C-terminal subgroup one signature (COS) box, fibronectin type 3 internal repeats (FN3), 
an SPRY/B30.2 domain at the C-terminus (Figure 2A), and is a tripartite motif (TRIM)-
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related protein (Carim-Todd et al. 2001, Stein et al. 2002, Manabe et al. 2002, Short and Cox 
2006). FSD1 was shown to localize to the centrosome and microtubules close to the nucleus, 
and overexpression of FSD1 led to microtubule stabilization (Stein et al. 2002, Manabe et al. 
2002). We could confirm the localization of endogenous FSD1 to a subset of microtubules 
close to the microtubule organizing centre and induction of microtubule bundles upon its 
overexpression (Supplemental Figure 2A, B). Microtubule binding occurred through the 
SPRY/B30.2 domain, but dimerization of the domain through the addition of GCN4 was 
necessary to observe microtubule bundling (Supplemental figure 2B, C), also confirming 
published findings (Stein et al. 2002, Manabe et al. 2002). We could validate the binding of 
full length FSD1 to KIF21A CT2 fragment and full length protein using streptavidin pull 
down assays (Figure 2B, 2C). Binding occurred through the SPRY domain, but dimerization 
of this domain was required for the interaction with KIF21A (Figure 2B, Supplemental 
Figure 2D). The binding was specific for KIF21A, since both KIF4 and KIF7 did not clearly 
interact with FSD1, which is in line with the binding to the WD40 domain that is specific for 
KIF21A and KIF21B’s C-terminus (Figure 2C, note that KIF21B is not well expressed in this 
experiment so no conclusion regarding KIF21B binding can be made). Upon simultaneous 
overexpression, FSD1 bundled microtubules and recruited KIF21A to microtubules (Figure 
2D). The detected interaction was specific, since overexpression of TRIM46, another TRIM 
protein that can also induce microtubule bundling (van Beuningen et al. 2015), did not result 
in KIF21A recruitment (Figure 2E). KIF21A recruitment occurred through the SPRY domain, 
as microtubule localization of KIF21A was also observed upon overexpression of the dimeric 
SPRY domain of FSD1 (GCN4-SPRY, Figure 2F). The SPRY domain is thus important for 
both microtubule and KIF21A binding, and needs to be in a dimeric state for kinesin binding. 

CEP170 localization is altered upon KIF21A knock down
Another microtubule-associated protein identified as an interaction partner of the C-terminal 
tail fragments of KIF21A is CEP170, suggesting it to bind to the WD40 domain (Figure 
1A, Table 2 and 3). CEP170 has a Forkhead-associated (FHA) domain at the N-terminus 
and an uncharacterized C-terminus (Figure 3A). It is shown to specifically localize to the 
mother centriole and is weakly observed on microtubules in interphase cells (Guarguaglini 
et al. 2005, Welburn and Cheeseman 2012). We could not yet confirm binding to KIF21A 
in streptavidin pull down assays, but we also observed centriolar staining for endogenous 
CEP170 analysed by immunofluorescence in some cells (Figure 3B). Occasionally CEP170 
was seen on microtubules close to the “cortical patches” containing KIF21A which are stained 
for the cortical patch marker LL5β (cortical sites surrounding focal adhesions, involved in 
microtubule stabilization, described in Chapter 2 this thesis). When overexpressed, CEP170-
GFP is seen more pronounced on microtubules and is often enriched at the sites of cortical 
patches as identified by endogenous KANK1 staining or overexpressed KIF21A FL-GFP 
(Figure 3C). Interestingly, the enrichment at the site of cortical patches is observed more 
often for endogenous CEP170 when cells are depleted of KIF21A (Figure 3D), suggesting a 
functional link between the two proteins. We could not yet further validate the link between 
KIF21A and CEP170, but it would be interesting to see if CEP170 and KIF21A function 
together in the establishment of cortical patches and microtubule stabilization.  
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Figure 2. FSD1 interacts with KIF21A 
through the dimeric SPRY domain and 
recruits KIF21A to microtubules
(A) Overview of FSD1 constructs used for 
mapping of KIF21A binding. Validated 
interactions are indicated with +, weak 
interactions with +/-. (B) Streptavidin pull 
down assay with HEK293T cell lysates 
expressing KIF21A Bio-GFP-CT2 and 
indicated mCherry-FSD1 deletion constructs. 
The results were analysed by Western blotting 
with GFP and mCherry antibodies. (C) Streptavidin pull down assay with HEK293T cell lysates expressing KIF21A 
Bio-GFP-FL, KIF21B FL-GFP-Bio, Bio-GFP-KIF4A or KIF7-GFP-Bio and mCherry-FSD1. The results were analysed as 
described in B. (D-F) Cos7 cells transfected with indicated constructs were fixed and imaged using wide field fluorescence 
microscopy.

Identification of KIF21B binding partners
Samples of streptavidin pull downs with HEK293T cell lysates overexpressing KIF21B FL-
GFP-Bio were analysed with mass spectrometry. Several interesting proteins were obtained, 
including proteins of the desmosomes (such as desmoplakin, junction plakoglobin, periplakin 
and envoplakin) and proteins linked to immunological functions (including the calprotection 
subunits S100-A9 and S100-A8, Annexin A1, Serpin B3 and B4) (Table 4). Particularly 
interesting were Ezrin and IQGAP1, proteins described to function in immunological 
synapse formation, which are the site of cell contacts between antigen-presenting cells and 
T lymphocytes and important for T-cell activation. Ezrin is a member of the ERM (Ezrin, 
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Figure 3. CEP170 shows localization at 
cortical patches upon KIF21A knock down
(A) Overview of CEP170 protein domains. 
(B) HeLa cells were fixed and stained for 
indicated proteins. Images were acquired 
using wide field fluorescence microscopy. 
(C) HeLa cells transfected with indicated 
constructs were fixed, stained for KANK1 
when indicated and imaged using wide field 
fluorescence microscopy. (D) HeLa cells were 
transfected with indicated siRNAs, fixed 
after two days and stained for indicated 
proteins. Images were collected using wide 
field fluorescence microscopy. 

Radixin, Moesin) protein family 
and regulates microtubule 
organization in immunological 
synapse formation (Lasserre et 
al. 2010). IQGAP1 was shown 
to capture microtubules at the 
cell cortex in fibroblasts (Fukata 
et al. 2002) and localizes to the 
immunological synapse (reviewed 
in Ritter et al. 2013). Since we 
previously found KIF21B to be a 
strong inhibitor of microtubule 
dynamics (Chapter 4 this 
thesis) and KIF21B is linked to 
immunological diseases (Danoy et 
al. 2010, Liu et al. 2013, Robinson 
et al. 2015, Yang et al. 2015), we 
were particularly interested in a 
role of KIF21B in the regulation 
of microtubule dynamics 
during immunological synapse 
formation, possibly together with 
Ezrin or IQGAP1.
 
KIF21B interacts with Ezrin and is important in immunological synapse formation
We could confirm KIF21B binding to Ezrin using streptavidin pull down assays, although 
binding was weak (Figure 4A, B). Binding presumably occurred at the coiled coil region, since 
construct L-WD40 lacking this region did not bind. (Note that the binding to MD-CC1 could 
not yet be confirmed due to bleed through of the MD-CC1 signal in the detection channel 
for Ezrin-mCherry). KIF21B is not expressed in most cell types, but it is present in Jurkat 
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cells (www.proteomicsdb.org), which are a widely used cell culture model for research into 
immunological synapse formation. We could confirm KIF21B expression in Jurkat cells (Figure 
4C) and observed KIF21B translocation to the cell cortex during cell activation on coverslips 
coated with anti-CD3 antibodies (Figure 4D). Similar localization was described previously 
for Ezrin (Laserre et al. 2010). Cortical enrichment of KIF21B decreased ~30 minutes after 
plating. Localization at the centrosome was also observed in some cells. Specificity of the 
KIF21B antibodies was confirmed both on blot and fixed cells (Supplemental Figure 3A, B). 

Upon activation by anti-CD3 antibodies, the microtubule network in Jurkat cells 
reorganized as is described, with microtubules extending towards the cell periphery 
(Supplemental Figure 3A, Kuhn and Poenie 2002, Yi et al. 2013, reviewed in Billadeau et al. 
2007, Ritter et al. 2013). Interestingly, upon knock-out of KIF21B through the CRISPR-Cas9 
system, we observed a decrease in cell spreading after anti-CD3 activation, probably reflecting 
perturbed formation of the immunological synapse, although the actual activity should still 
be tested (Figure 4C, E and F). Preliminary results showed that cell spreading can be partly 
rescued by stable re-expression of KIF21B, indicating it is not an off target effect (Figure 4G). 
The results however varied between rescue experiments, so careful analysis needs to be done, 
preferably with FACS sorted cells re-expressing endogenous levels of KIF21B FL-GFP so that 
dose-dependent effects can be ruled out. A preliminary experiment also showed increased 
cell spreading upon overexpression of KIF21B FL-GFP in the presence of endogenous 
KIF21B, indicating that increased levels of the kinesin might also alter immunological 
synapse formation (Figure 4G). Failure in immunological synapse formation might be due 
to impaired microtubule or centrosome relocalization, but this could not yet be confirmed 
and should be subject of further research. In addition, the link with IQGAP1 was not yet 
confirmed and might provide more insight into the function of KIF21B in immunological 
synapse formation. 
 

Discussion 
In this study we identified interacting partners of KIF21A and KIF21B and explored their 
interactions further. We confirmed binding of two MAPs, MAP7D3 and FSD1, to KIF21A and 
our preliminary results indicate these might act in activation of the kinesin on microtubules. 
In addition, we found relocalization of the binding partner CEP170 upon KIF21A knock 
down, possibly showing a functional link between the two proteins. KIF21B was found to 
bind to Ezrin and possibly function in the formation of immunological synapses. 

MAP7D3
MAP7D3 is involved in microtubule stabilization and has two microtubule binding regions. 
MAP7D3 is previously described to be a MAP binding with its C-terminus, including the MAP7 
domain, to microtubules and to promote microtubule polymerization (Yadav et al. 2014). We 
could however not confirm the binding to microtubules through these regions. Others have 
described binding to microtubules through the coiled coil regions in the N-terminus (Sun 
et al. 2011, Tala et al. 2014), which is confirmed by our results. MAP7D3 is shown to induce 
microtubule stabilization, either through direct binding to microtubules (Sun et al. 2011), or 
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Figure 4. KIF21B is involved in immunological synapse 
formation in Jurkat cells
(A) Overview of the KIF21B constructs used for analysis on 
Ezrin binding. Indicated is also Ezrin binding as observed in 
the pull down assay shown in B. (B) Streptavidin pull down 
assay with HEK293T cells expressing indicated KIF21B 
constructs containing a Bio-GFP tag and Ezrin-mCherry. 
The results were analysed by Western blotting with GFP and 
mCherry antibodies. Asterisks indicate the constructs that pull 
down Ezrin-mCherry. (C) Expression of KIF21B in Jurkat cells 
is confirmed using Western blotting. KIF21B is lost in CR03_05 
and CR03_15 knock-out clones generated through the CRISPR-
CAS9 method, and stable re-expression of KIF21B FL-GFP is 
confirmed after viral introduction of the protein. KU80 is used 
as loading control. (D) Jurkat cells were added to anti-CD3-
coated surfaces and allowed to settle at 37°C for indicated 
time periods. Cells were fixed with methanol and stained with 
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via binding to HDAC6 via its N-terminal region (Tala et al. 2014). Depletion of MAP7D3 
decreases the amount of acetylated tubulin though an increase in active HDAC6 leading to 
a less stable microtubule network. MAP7D3 localizes to the mitotic spindle where it forms a 
complex with DDA3 and is involved in the regulation of microtubule dynamics at the minus-
ends of microtubules through inhibition of KIF2A recruitment to the spindle via DDA3 (Sun 
et al. 2011, Kwon et al. 2016). Colocalization with DDA3 is lost during interphase, which 
indicates MAP7D3 might have different functions during interphase. We observed MAP7D3 
to bind to KIF21A but could not yet verify a functional link between the two proteins. We 
observed MAP7D3 to bind to the regions flanking the antiparallel coiled coil, which is the 
region important for autoinhibition (described in Chapter 2 and 3). It will thus be interesting 
to see if MAP7D3 is a regulator of autoinhibition of KIF21A on microtubules, similar to the 
interaction described for MAP7 and kinesin-1 (Sung et al 2008, Metzger et al 2012, Barlan et 
al 2013). 

The MAP7 family consists of MAP7, MAP7D1, MAP7D2 and MAP7D3, with high 
conservation in the MAP7 domain. Also MAP7D1 and MAP7D2, but not MAP7, were low 
hits in the mass spectrometry with KIF21A CC2 (position 200 and 447 respectively, data not 
included in table 1). In addition, we found MAP7D3 to be able to bind to kinesin-1, indicating 
that it might act as a kinesin-1 cofactor similar to MAP7, even though MAP7D3 depletion 
was shown to have no effect on nuclear positioning in myotubes (Metzger et al. 2012). If a 
regulatory effect of MAP7D3 on KIF21A activity will be found, it will also be interesting to 
see if this function is redundant with MAP7D1 and MAP7D2. 

Upon overexpression of both MAP7D3 and KIF21A, we observed KIF21A to localize to 
microtubules in some cells. The role of MAP7D3 in KIF21A function should still be validated, 
and the effects of overexpression of MAP7D3 as well as its knock out should be tested. It 
should also be investigated if cortical patches are still formed properly in cells with altered 
expression of MAP7D3, and whether kinesin activity is affected. Importantly, the potential 
redundancy between the members of the MAP7 family can influence the results, and depletion 
of all proteins from the MAP7 family might be necessary to observe significant phenotypes. 
A direct role for MAP7D3 can be analysed in in vitro reconstitutions using purified MAP7D3 
and KIF21A. Alternatively, autoinhibited truncations of KIF21A (which might have better 
expression levels) can be used since we mapped MAP7D3 binding to the regions flanking the 
autoinhibitory antiparallel coiled coil. 

KIF21B antibodies and analysed using wide-field fluorescence microscopy. (E) Jurkat cells were added to anti-CD3-
coated surfaces, incubated for 10 minutes at 37°C and fixed with 4% paraformaldehyde. Cells were stained for phalloidin 
to indicate cell edges and DAPI to show the nucleus and imaged using wide-field microscopy. (F) Quantification of 
cell surface area as observed in E. Experiments were performed in duplo. 5 min; WT n = 179, CR03_05 n = 209, 
CR03_15 n = 254. 10 min; WT n = 187, CR03_05 n = 224, CR03_15 n = 256. Values significantly different from WT 
are indicated with an asterisk (*; p < 0.0001 compared to WT, Mann-Whitney U test). (G) Quantification of the rescue 
of cell spreading after re-expression of KIF21B FL-GFP. Experiments were performed in duplo as described in E. WT n = 
203, WT + KIF21B FL-GFP n = 21 (note; single experiment), CR03_05 n = 325, CR03_05 + KIF21B FL-GFP n = 161, 
CR03_15 n = 261, CR03_15 + KIF21B FL-GFP n = 152. Values significantly different are indicated with asterisks (*; p 
= 0.0263, ** p = 0.0017, ***; p < 0.0001, Mann-Whitney U test).
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FSD1
FSD1 is a TRIM-related protein. Many TRIM proteins participate in the ubiquitination 
pathway which is dependent on the RING finger domain (described in Short and Cox 2006). 
FSD1 however lacks the RING finger domain present in TRIM proteins, so it is unlikely to 
act as an ubiquitin E3 ligase. The COS-box has been shown to be important for microtubule 
binding in TRIM18 (MID1) and was shown to depend on the motifs FLQ and LDY in this 
domain (Short and Cox 2006). We did not observe COS-box binding of FSD1 to microtubules, 
likely because the sequence in these two domains is not conserved (see also Short and Cox 
2006). We could however confirm microtubule binding through the SPRY/B30.2 domain, 
similar to that observed for other TRIM proteins, including TRIM18 (Schweiger et al. 1999). 

We could confirm binding of FSD1 and KIF21A and could locate the interaction to FSD1’s 
SPRY domain. Dimerization of this domain was however essential, as is also shown for 
microtubule bundling before (Stein et al. 2002). Dimerization might be essential to increase 
binding affinity, although this should be tested. We did not yet determine the binding site 
of FSD1 on KIF21A. FSD1 was found in the mass spectrometry with KIF21A CT2 and 
CT3, with both constructs sharing the WD40 domain, indicating it most likely binds to this 
domain. As we have shown for KIF21A’s homolog KIF21B before (Chapter 4 this thesis), this 
domain is important for microtubule binding specificity of the kinesin. Binding of a MAP 
to this domain in the case of KIF21A might thus provide an extra microtubule binding site, 
through which the kinesin could be loaded on the microtubule. Since we observed KIF21A 
colocalization with FSD1 on microtubules, it will be interesting to see if the WD40 domain of 
KIF21A is indeed important for microtubule loading of the kinesin, and if this is dependent 
on FSD1. Live cell imaging, biochemical assays and in vitro reconstitutions could be used to 
determine whether FSD1 promotes kinesin activation on microtubules. Alternatively, FSD1 
could also be a cargo of KIF21A, but due to the specific colocalization of the kinesin with 
FSD1 on microtubules, it is more likely to act as a cofactor for kinesin activity.  

FSD1 is shown to lose its microtubule affinity upon phosphorylation by Cdk5, a 
kinase active in post-mitotic neurons (Stein et al. 2002). It will be interesting to see if this 
phosphorylation-dependent regulation of FSD1 is also important for KIF21A activation. 

CEP170
CEP170 is a marker for mature centrioles during interphase and is shown to bind Plk1 
(Guarguaglini et al. 2005). Interestingly, Plk1 is also found in the mass spectrometry results 
with KIF21A, possibly indicating a role of this kinase in regulation of kinesin activity, 
either directly or via CEP170. CEP170 is phosphorylated during mitosis and localizes to 
the microtubules in this phase of the cell cycle (Guarguaglini et al. 2005), but weak binding 
to microtubules in interphase is also observed (Guarguaglini et al. 2005, Welburn and 
Cheeseman 2012). Centriolar and microtubule localization depends on the C-terminus of 
CEP170, which has at least two microtubule binding sites (Guarguaglini et al. 2005, Welburn 
and Cheeseman 2012). The binding was shown to be directly based on in vitro reconstitutions 
(Welburn and Cheeseman 2012). CEP170 functions in regulation of microtubule network 
organisation and its overexpression causes microtubule bundling (Guarguaglini et al. 2005). 
CEP170 interacts with KIF2B, providing an extra microtubule binding site for KIF2B to 
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target it to the spindle (Welburn and Cheeseman 2012). A similar function for CEP170 was 
shown for KIFC3 (Hutchins et al. 2010, Welburn and Cheeseman 2012). Another study 
showed that CEP170 binds KIF2A, KIF2C and KIFC3, and that these kinesins are required 
for centrosomal localization of CEP170 (Maliga et al. 2013), however, no binding to KIF21A 
was described in this study, possibly due to the use of full length kinesins. In our study, we 
found CEP170 to interact with the tail constructs of KIF21A, suggesting that it binds to the 
WD40 domain, similar to FSD1. We observed an increased localization of CEP170 to cortical 
patches upon KIF21A depletion, suggesting that the two proteins are functionally linked. The 
exact nature of this connection is, however, unclear and should be subject of further study. 
CEP170 and KIF21A might both be essential to establish proper cortical patches capable of 
regulating microtubule dynamics, or alternatively, KIF21A is necessary for proper CEP170 
localization. It should be investigated whether cells depleted of KIF21A are delayed in cortical 
patch formation after mitosis, as changes in CEP170 localization are associated with the cell 
cycle progression (Guarguaglini et al. 2005). 

Interestingly we also detected binding of KIF21A CT3 to CEP170B (KIAA0284/FAM68C), 
a CEP170 family member which is also shown to bind to KIF2B and microtubules (Welburn 
and Cheeseman 2012). CEP170B might thus also regulate KIF21A on microtubules, but this 
should be confirmed. 

Other KIF21A binding partners 
Previously, neuronal specific K+-dependent Na+/Ca2+ exchanger (NCKX2) was described 
to bind specifically to the WD40 domain of KIF21A (Lee et al. 2012), and MAP1B was found 
to bind to its antiparallel coiled coil region and WD40 domain (Cheng et al. 2014). We did 
not detect these proteins in our mass spectrometry analysis, possibly due to their specific 
expression in the brain. MAP1B is, however, probably not involved in regulation of kinesin 
activity, as MAP1B depletion does not alter microtubule binding of KIF21A or microtubule 
polymerization (Cheng et al. 2014). Also the described partner Brefeldin A-inhibited 
guanine nucleotide-exchange protein 1 (BIG1) (Shen et al. 2008) was not found in our mass 
spectrometry analysis, possibly due to the use of different truncations in both studies.  

KIF21A was shown to bind to T-complex protein 1 (CCT) proteins (Maliga et al. 2013), 
which we also find back in our mass spectrometry data. They are however present in the 
results with all three KIF21A constructs, which do not overlap in sequence, suggesting this 
is either unspecific binding, or multiple binding sites for the complex exist in KIF21A. Also 
in the mass spectrometry results with KIF21B, components of this complex are found. This 
complex is shown to also bind to another WD40-domain containing protein WDR68 via 
the WD40 domain (Miyata et al. 2014), possibly reflecting a general interaction with WD40 
domains. CCT is described as a chaperone for microtubule folding, and its depletion results in 
an altered cytoskeleton (Yaffe et al. 1992, Grantham et al. 2006). It will therefore be interesting 
to see if this complex functions together with the kinesins in the regulation of microtubule 
dynamics or participates in their folding. 

In addition, several kinases are found in the mass spectrometry results for KIF21A, which 
could be interesting regulators of motor activity as well and could be subject of future study.
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KIF21B in immunological synapse formation
Immunological synapses are rapidly formed by T-cells upon recognition of an antigen 
presenting cell and are the site of activation of the T-cell. Multiple proteins relocate towards 
to immunological synapse and localize to distinct regions called supramolecular activation 
clusters (SMACs), which form ring-like structures with a central cSMAC, surrounding 
peripheral pSMAC and a distal dSMAC. The centrosome relocates from the rear of the cell 
during migration towards the cSMAC upon T-cell activation. The microtubule network in 
activated T-cells is shown to consist of short microtubules with plus-ends pointing outward 
between the polarized centrosome and the plasma membrane and long microtubules curving 
past the synapse and stably attaching at the pSMAC (Kuhn and Poenie 2002). Ezrin and 
IQGAP1 proteins are described to function in microtubule network regulation and are 
involved in the immunological synapse formation in T-cells (Lasserre et al. 2010, Billadeau et 
al. 2007, Ritter et al. 2013). Presence of Ezrin and IQGAP1 in the mass spectrometry results 
with KIF21B suggested a role for KIF21B in immunological synapse formation. In addition, 
immunological synapse formation shares similarities with neurological synapse formation, 
and KIF21B depletion is shown to reduce the amount of synapses in mouse dendrites (Muhia 
et al. 2016). We thus analysed the role of KIF21B in immunological synapse formation. In 
our preliminary results we can confirm impairment in the spreading of Jurkat cells upon 
activation on anti-CD3 coated surfaces, which might reflect a defect in immunological synapse 
formation. Further analysis of formation of microclusters at the synapse and TCR signalling 
should reveal if the immunological synapse in KIF21B knock-out cells is still functional. In 
addition, although we have shown KIF21B inhibits microtubule polymerization and is able 
to pause the microtubule growth in vitro (Chapter 4 this thesis), we could not yet confirm 
a role for KIF21B in the regulation of microtubule dynamics in immunological synapse 
formation. This should be addressed using wild type and knock-out cells stably expressing 
fluorescently-tagged tubulin or +TIP-proteins, so the dynamic microtubule network can be 
imaged during T-cell activation. The immunological synapse formation is however a fast 
dynamic process, so optimal imaging conditions should be determined (Poenie et al. 2004). 
In fixed samples, we also observed KIF21B localization at the centrosome, which might reflect 
a role in centrosome repositioning towards the cSMAC upon T-cell activation. It should be 
tested if centrosome docking to the site of the synapse is impaired upon depletion of KIF21B, 
although KIF21B is likely not directly involved as proteins described in centrosomal docking 
during immunological synapse formation, such as Lck, Fyn, Zap70 (reviewed in Billadeau 
et al. 2007, Ritter et al. 2013) are not found in the mass spectrometry results. Centrosome 
repositioning is shown to be dependent on dynein, and involves microtubule shrinkage at 
the centre of the immunological synapse (Yi et al. 2013). In addition, interference with plus-
end directed movement by kinesins through overexpression of RIPL, a dynein recruiter, 
has been shown to not alter centrosomal docking, showing that plus-end directed motors 
are probably not directly involved in docking (Stinchcombe et al. 2006). However, also 
depletion of Ezrin causes centrosome docking impairment probably due to alterations in the 
microtubule network stabilization at the pSMAC (Lasserre et al. 2010), likely indicating that a 
stably anchored microtubule network at the cortex is important to pull the centrosome to the 
immunological synapse. We found KIF21B to also localize to the cortex, possibly indicating 
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a role for KIF21B in stabilizing microtubules at this site, so that it would regulate centrosome 
docking indirectly. 

Alternatively, KIF21B could also play a role in cargo transport at later stages of T-cell 
activation, since we see it disappearing from the cortex around 30 minutes of immunological 
synapse formation. It should be noted, however, that activation on anti-CD3-coated glass 
surfaces does not lead to a maturation of immunological synapses, so later time points 
might not properly reflect cellular activity. To fully address the function of KIF21B in 
immunological synapse formation, different methods should thus be tested, including pMHC 
(major histocompatibility complexes) as an activation factor and lipid bilayers as substrate. 
The findings in Jurkat cells should also be validated in primary T-cells, preferably activated 
via antigen-presenting cells, since this can lead to a full maturation of the immunological 
synapse. In addition, the use of primary T-cells will rule out altered signalling as can be 
observed through the use of the leukaemic Jurkat cell line. Through optical trapping of the 
APC and T-cell, the site of immunological synapse formation can be fully controlled and 
imaged (as described in Yi et al. 2013). 

Ezrin
The weak binding of Ezrin to KIF21B in our streptavidin pull down assays might reflect 
regulation of binding, as both KIF21B and ERM proteins are found to be autoinhibited 
(described in Lasserre et al. 2010, Solinet et al. 2013, Chapter 4 this thesis). In ERM 
proteins, autoinhibition is relieved through binding of the N-terminal FERM domain to 
phosphoinositide at the plasma membrane. Further mapping of the binding domains can 
reveal whether Ezrin and KIF21B can potentially affect each other’s activity. In addition, 
KIF21B is found to be phosphorylated during T-cell receptor signalling (Mayya et al. 2009). 
Phosphorylation might alter binding properties and change kinesin activity, adding another 
layer of regulation of these proteins. Ezrin binding might also act in cortical recruitment 
of KIF21B, similar to that described for KANK1 and KIF21A (Chapter 2 this thesis). 
Interestingly, ERM proteins also bind to microtubules via the FERM domain and to F-actin 
via the C-terminus as shown for Moesin (Solinet et al. 2013), forming a hub between the 
microtubule and actin networks. 

Other KIF21B binding partners
IQGAP1 is described to localize to cortical complexes that link microtubules to the actin 
network and to capture microtubules at these sites in fibroblasts, suggesting that also IQGAP1 
might function in KIF21B recruitment to the cell cortex (Fukata et al. 2002). In addition, 
IQGAP1 is also described to function in immunological synapse formation (reviewed in 
Billadeau et al. 2007, Ritter et al. 2013). Binding to KIF21B should thus be confirmed and 
might also indicate a function for KIF21B in stabilization of the microtubule network during 
immunological synapse formation. In addition, also the binding to IQGAP1 could indicate a 
link to KIF21B involvement in centrosomal docking since centrosomal docking to the cSMAC 
is described to only occur when actin and IQGAP1 are cleared from the area (Stinchcombe 
et al. 2006). Whether IQGAP1 and Ezrin work in the same cellular complexes should be 
investigated further. 
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It is interesting to note that T-cell activation and immunological synapse formation 
also depend on a rise in intracellular calcium concentrations, leading to a signalling 
cascade (Kuhné et al. 2003). An increase of intracellular calcium has been shown to induce 
conformational changes of calcium binding proteins such as calprotectin in other cellular 
processes (Vogl et al 2004). Calprotectin (also named MRP8-MRP14 or S100A8-S100A9), 
as well as calmodulin and calmodulin-like proteins, were also detected in our KIF21B mass 
spectrometry results, suggesting a link between these proteins. Interestingly, calprotectin 
is also shown to enhance tubulin polymerization and crosslink microtubules in in vitro 
reconstitutions (Vogl et al. 2004). In addition, the microtubule network has a high dynamic 
turnover in migration of phagocytes, which is also regulated through intracellular calcium 
levels and protein phosphorylation (Vogl et al 2004). Furthermore, calprotectin is abundant 
in granulocytes and monocytes, and its secretion during inflammation was shown to depend 
on the microtubule network (Rammes et al 1997). Functional assays should, thus, reveal if 
KIF21B indeed binds calprotectin and has a function in the secretion of calprotectin or if they 
cooperate in the regulation of microtubule dynamics.

Several other proteins found in the mass spectrometry analysis of KIF21B-associated 
partners are described to function in centrosomal docking or microtubule regulation in 
different cellular processes. The ERM protein Moesin is, for instance, shown to regulate 
microtubule stabilization at the cortex during mitosis (Solinet et al. 2013), Ezrin is involved in 
centrosomal docking in ciliogenesis (Epting et al. 2015) and desmoplakin is show to regulate 
microtubule organization in the epidermis (Lechler and Fuchs 2007). It will be interesting 
to see if KIF21B functions together with any of these proteins in these cellular processes as 
well. Furthermore it should be noted that we used full length KIF21B in our analysis, which 
we have shown to undergo autoinhibition (Chapter 4 this thesis). It is thus likely that other 
binding partners are missed as they might only bind to the active form of the kinesin. This 
might also explain why we do not find the described binding partner TRIM3 in our results, 
as this protein is shown to bind to the coiled coil region of KIF21B (Labonté et al. 2013), 
which might not be accessible in the full length kinesin used in our analysis. In addition we 
did not observe GABAA receptors in our mass spectrometry, likely because these receptors 
are only expressed in neurons, or alternatively also due to the use of full length KIF21B that is 
autoinhibited. Mass spectrometry-based search with truncated versions of the kinesin, as was 
done for KIF21A, might thus reveal more partners.

In this study we have described multiple kinesin binding partners, which might act in 
regulation of kinesin activity. This can occur through specific activation or recruitment to the 
site of cellular localization of these proteins, however, how exactly these proteins are involved 
in kinesin regulation could not yet be established and should be subject of further study. 
 

Material and methods
Cell culture and DNA vector transfection
HeLa, Cos7 and HEK293T cells were cultured in DMEM/F10 (1/1 ratio, Lonza) and Jurkat cells in RPMI 1640 w/ 
L-Glutamine (Lonza), all supplemented with 10% fetal calf serum and penicillin and streptomycin. Jurkat cells were 
a kind gift of Piero Giansanti. Expression vectors were cloned in pEGFP-N3, pEGFP-C1 and mCherry-C1 vectors 
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by PCR and cloning strategies. Constructs were derived from the following sources; human cDNA clone KIAA0449 
for KIF21B (Kazusa DNA Research Institute), Flexi ORFclone pF1KA1708 human cDNA for KIF21A (Kazusa DNA 
Research Institute), pHJ421 plasmid for Ezrin (kind gift from Stephen Shaw, Addgene plasmid #20680), MAP7-GFP 
was a kind gift from Chloe Bulinski, TRIM46 as described in van Beuningen et al. 2015, IMAGE ID #5284128/
AK63K11 (M13F) for MAP7D3 (Source Bioscience LifeSciences), FSD1-GFP was a kind gift from Rick Horwitz, 
human cDNA clone KIAA0470 for CEP170 (Kazusa DNA Research Institute), GFP-KIF4A was a kind gift from 
Linda Wordeman, IMAGE ID #9055657 for KIF7 (Geneservice), KIF5B1-560-GFP as described in Doodhi et al. 
2014.

Additional TEV-protease recognition (ENLYFQG) and Bio-sequences (MASGLNDIFEAQKIEWHEGGG) were 
introduced in the vectors for protein purification or streptavidin pull down purposes (as described in Van der Vaart 
et al, 2013). Biotin ligase BirA expression construct was a kind gift from D. Meijer (Erasmus MC, Rotterdam, The 
Netherlands). 

Plasmids were transfected with polyethylenimine (PEI) or FuGene6 (Roche). Jurkat cells were nucleofected with 
2 μg DNA using Amaxa® Cell Line Nucleofector® Kit V (Lonza), program ATCC X-005 or Jurkat E6-01 X-001. 

For stable expression in Jurkat cells, lentiviruses were produced by MaxPEI-based co-transfection of HEK293T 
cells with KIF21B FL-GFP cloned into pLVX-IRES-Puro vector (Clontech) together with the packaging vector 
psPAX2 and pMD2.G (Addgene). Cell supernatant was harvested 48 and 72 hours after transfection, filtered, 
incubated with a PEG 6000-based precipitation solution overnight at 4°C and centrifuged for 30 minutes at 1500rpm 
for virus concentration. PBS resuspension of the virus pellet was added to Jurkat cells overnight in complete medium 
supplemented with 8 μg/ml Polybrene. Five days after infection, selection was achieved with puromycin (2µg/ml).
KIF21B knockout cells were generated using CRISPR-Cas9 system. Oligo sequence 
5’-caccgTGTGTGAGCAAGCTCATCGA-3’ targeting KIF21B was inserted into PX459 vector (Ran et al. 2013). Cells 
were selected by puromycin (2µg/ml) upon nucleofection of the vector.

KIF21A siRNA was used as described earlier (siRNA B, Chapter 2 this thesis). 

Antibodies and cell fixation
Rabbit anti-KIF21B antibody (07-525, Millipore), rabbit-anti-KIF21A (H-105) (sc-134592, SantaCruz Biotechnology 
for immunofluorescence or Upstate Biotechnology for Western blotting), rabbit anti-GFP (ab290, Abcam), mouse 
anti-mCherry (632543, Clontech), rat anti-αTubulin (YL1/2) (MA1-80017, Pierce-antibodies), mouse anti-βTubulin 
(Sigma Aldrich), rabbit anti-MAP7D3 (HPA035598, Sigma Aldrich), mouse anti-FSD1 (Abnova), mouse anti-
CEP170 (41-3200, Invitrogen), mouse anti-LL5B (Lansbergen et al. 2006), rabbit anti-KANK1 (Sigma), mouse 
anti-KU80 (611360, BD BioSciences) were used on fixed cells and Western blotting. We used following secondary 
antibodies: IRDye 800CW Goat anti-rabbit and anti-mouse (Li-Cor Biosciences), and goat Alexa-488/568/594 
conjugated antibodies against rabbit, mouse or rat IgG (Molecular Probes). Phalloidin-Alexa488/594 (Thermo Fisher 
Scientific). 

For tubulin, KANK1, KIF21A and CEP170 staining HeLa, Cos7 and Jurkat cells were fixed with –20 ̊ C methanol 
for 10 minutes and subsequently fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 
min at RT. For KIF21B, MAP7D3, FSD1 and LL5β staining only methanol fixation was performed as described 
above. Phalloidin staining was performed after PFA fixation. Cell membranes were permeabilized with 0.1% Triton 
X-100 in PBS and washed with 0.1% Tween-20 in PBS. Blocking and labeling were done in 0.1% Tween-20 in PBS 
supplemented with 1% bovine albumin serum. Except for Phalloidin staining, slides were rinsed with 70% ethanol in 
the last washing step, air-dried and mounded in Vectashield mounting medium with DAPI when indicated (Vector 
laboratories). 

For Jurkat activation anti-Human CD3 antibody, Clone UCHT1 (60011, Stemcell technologies) was coated at 2.5 
μg/ml on glass slides over night at 4°C. Slides were washed two times with PBS, one time with medium and incubated 
with medium at 37°C before addition of Jurkat cells. Jurkat cell activation was performed for indicated time intervals, 
after which cells were fixed as described above. 

Streptavidin pull down assays
Bio-GFP-Tagged bait constructs and mCherry-tagged prey constructs were cotransfected in HEK293T cells. A 
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Supplemental Figure 1
(A) Streptavidin pull down assay with 
HEK293T cell lysates expressing KIF21A Bio-
GFP-CC2 or -CC3 and indicated mCherry-
MAP7D3 deletion constructs. The results 
were analysed by Western blotting with GFP 
and mCherry antibodies. (B) Streptavidin 
pull down assay with HEK293T cell lysates 
expressing indicated KIF21A Bio-GFP-CC 
deletion constructs and full length mCherry-
MAP7D3. Results were analysed as described 
in A. (C) Streptavidin pull down assay with 
HEK293T cell lysates expressing MAP7-GFP-
Bio. The results were analysed by Western 
blotting with GFP and KIF21A antibodies. 

Supplementary Figures

(D) Cos7 cells were fixed and stained for indicated proteins. Images were collected by wide field fluorescence microscopy. 
(E) HeLa cells were transfected with indicated mCherry-MAP7D3 deletion constructs, fixed and analysed by wide field 
fluorescence microscopy. 
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Supplemental Figure 2
(A) Cos7 cells were fixed and stained for indicated proteins. Images were collected using wide field fluorescence 
microscopy. (B) Cos7 cells were transfected with indicated FSD1 deletion constructs, fixed and stained for β-Tubulin. 
Images were collected using wide field fluorescence microscopy. (C) HeLa cells were transfected with indicated FSD1 
deletion constructs, fixed and analysed by wide field fluorescence microscopy. (D) Streptavidin pull down assay with 
Hek293T cell lysates expressing KIF21A Bio-GFP-CT2 and mCherry-FSD1 deletion constructs. The results were analysed 
by Western blotting with GFP and mCherry antibodies. 
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Supplemental Figure 3
(A) Jurkat cells nucleofected with GFP control or KIF21B FL-GFP vectors were added to anti-CD3-coated surfaces, 
incubated for 10 minutes at 37°C and fixed with methanol. Cells were stained for KIF21B and α-tubulin antibodies 
and imaged using wide field fluorescence microscopy. (B) Cell lysates of wild type Jurkat cells, cells expressing KIF21B 
FL-GFP or knockouts of KIF21B generated using the CRISPR-CAS9 system were analysed by Western blotting with 
indicated antibodies. Antibody specificity is confirmed by a clear band in WT lysates and an additional band in KIF21B 
FL-GFP expressing cells. The signal is completely lost in the knock-out samples CR03_05 and CR03_15. KU80 is used 
as loading control.
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Table 1. 
Mass spectrometry results of streptavidin pull down assay with KIF21A Bio-GFP-CC2

Tables

Total of 480 proteins identified, the first 150 are shown here   

Description Accession
Σ# Unique 
Peptides

Kinesin-like protein KIF21A Q7Z4S6 110

MAP7 domain-containing protein 3 Q8IWC1 28

Lipoamide acyltransferase component of branched-chain 
 alpha-keto acid dehydrogenase complex, mitochondrial P11182 24

Lamina-associated polypeptide 2, isoform alpha P42166 11

Lamina-associated polypeptide 2, isoforms beta/gamma P42167 10

Casein kinase II subunit alpha’ P19784 17

Casein kinase II subunit alpha P68400 17

X-ray repair cross-complementing protein 6 P12956 19

Heat shock 70 kDa protein 1-like P34931 2

Tubulin alpha-1A chain Q71U36 1

Tubulin alpha-1B chain P68363 1

Replication protein A 70 kDa DNA-binding subunit P27694 15

40S ribosomal protein S3 P23396 14

Emerin P50402 14

Polyadenylate-binding protein 4 Q13310 7

RuvB-like 2 Q9Y230 11

Alpha-globin transcription factor CP2 Q12800 10

Tripartite motif-containing protein 26 Q12899 11

Probable ATP-dependent RNA helicase DDX5 P17844 7

Kinesin-like protein KIF21B O75037 3

40S ribosomal protein S19 P39019 9

40S ribosomal protein S18 P62269 8

Cellular tumor antigen p53 P04637 8

Histone-binding protein RBBP4 Q09028 8
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Dolichyl-diphosphooligosaccharide--protein  
glycosyltransferase 48 kDa subunit P39656 8

60S ribosomal protein L4 P36578 8

Synaptobrevin homolog YKT6 O15498 7

Actin, cytoplasmic 1 P60709 7

Prohibitin-2 Q99623 7

Upstream-binding protein 1 Q9NZI7 6

Glutamate dehydrogenase 1, mitochondrial P00367 7

40S ribosomal protein S13 P62277 6

60S ribosomal protein L10a P62906 6

Polymerase delta-interacting protein 3 Q9BY77 6

DnaJ homolog subfamily A member 1 P31689 6

Atherin Q6SPF0 6

60S acidic ribosomal protein P0 P05388 6

Eukaryotic initiation factor 4A-I P60842 5

Eukaryotic translation initiation factor 3 subunit E P60228 6

Heterogeneous nuclear ribonucleoprotein H P31943 4

Interleukin enhancer-binding factor 2 Q12905 6

Ras GTPase-activating protein-binding protein 1 Q13283 6

General transcription factor IIH subunit 4 Q92759 6

60S ribosomal protein L27 P61353 5

Single-stranded DNA-binding protein, mitochondrial Q04837 5

40S ribosomal protein S11 P62280 5

Nuclease-sensitive element-binding protein 1 P67809 3

40S ribosomal protein S10 P46783 5

40S ribosomal protein S4, X isoform P62701 5

Major centromere autoantigen B P07199 5

DnaJ homolog subfamily A member 3, mitochondrial Q96EY1 5

60S ribosomal protein L3 P39023 5

Eukaryotic translation initiation factor 2 subunit 3 P41091 5

tRNA-splicing ligase RtcB homolog Q9Y3I0 5

Bifunctional polynucleotide phosphatase/kinase Q96T60 5

Insulin-like growth factor 2 mRNA-binding protein 2 Q9Y6M1 4

YTH domain family protein 3 Q7Z739 3

T-complex protein 1 subunit gamma P49368 5

E3 ubiquitin-protein ligase SIAH1 Q8IUQ4 5

Table 1 continued - results with KIF21A Bio-GFP-CC2
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Pre-mRNA-processing factor 19 Q9UMS4 5

ATP-dependent Clp protease ATP-binding subunit  
clpX-like, mitochondrial O76031 5

ATPase family AAA domain-containing protein 3B Q5T9A4 3

Heterogeneous nuclear ribonucleoprotein R O43390 1

Zinc finger and BTB domain-containing protein 10 Q96DT7 5

60S ribosomal protein L38 P63173 4

40S ribosomal protein S15a P62244 4

60S ribosomal protein L12 P30050 4

40S ribosomal protein S16 P62249 4

60S ribosomal protein L35a P18077 4

60S ribosomal protein L30 P62888 4

60S ribosomal protein L11 P62913 4

40S ribosomal protein SA P08865 4

40S ribosomal protein S14 P62263 4

60S ribosomal protein L6 Q02878 4

60S ribosomal protein L5 P46777 4

40S ribosomal protein S9 P46781 4

40S ribosomal protein S6 P62753 4

Plasminogen activator inhibitor 1 RNA-binding protein Q8NC51 4

Heterogeneous nuclear ribonucleoprotein F P52597 2

Developmentally-regulated GTP-binding protein 1 Q9Y295 4

Cyclic AMP-dependent transcription factor ATF-1 P18846 2

Homeobox protein SIX1 Q15475 4

LEM domain-containing protein 2 Q8NC56 4

AP-3 complex subunit mu-1 Q9Y2T2 4

Cytoskeleton-associated protein 4 Q07065 4

Dual specificity protein phosphatase CDC14A Q9UNH5 4

T-complex protein 1 subunit delta P50991 4

Cyclic AMP-responsive element-binding protein 1 P16220 2

Insulin-like growth factor 2 mRNA-binding protein 3 O00425 3

Histone deacetylase 1 Q13547 4

Zinc finger protein 384 Q8TF68 4

Double-stranded RNA-binding protein Staufen homolog 1 O95793 4

T-complex protein 1 subunit zeta P40227 4

Hypermethylated in cancer 2 protein Q96JB3 4

Table 1 continued - results with KIF21A Bio-GFP-CC2
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Barrier-to-autointegration factor O75531 3

60S acidic ribosomal protein P2 P05387 3

Uncharacterized protein C4orf46 Q504U0 3

40S ribosomal protein S20 P60866 3

Peptidyl-prolyl cis-trans isomerase A P62937 3

60S ribosomal protein L26 P61254 3

60S ribosomal protein L23 P62829 3

Histone H3.1 P68431 3

40S ribosomal protein S12 P25398 3

CGG triplet repeat-binding protein 1 Q9UFW8 3

28S ribosomal protein S28, mitochondrial Q9Y2Q9 3

Casein kinase II subunit beta P67870 3

ETS domain-containing protein Elk-1 P19419 3

Homeobox protein Hox-A10 P31260 3

60S ribosomal protein L13 P26373 3

Prohibitin P35232 3

Cyclic AMP-dependent transcription factor ATF-7 P17544 3

Heterogeneous nuclear ribonucleoproteins A2/B1 P22626 3

DNA-binding protein A P16989 1

Cyclic AMP-dependent transcription factor ATF-2 P15336 3

60S ribosomal protein L7a P62424 3

SAP30-binding protein Q9UHR5 3

2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial P12694 3

Calcium/calmodulin-dependent protein kinase type II subunit alpha Q9UQM7 3

Probable ATP-dependent RNA helicase DDX6 P26196 3

COUP transcription factor 1 P10589 3

Eukaryotic translation initiation factor 3 subunit L Q9Y262 3

Heat shock protein 75 kDa, mitochondrial Q12931 2

Nucleosome assembly protein 1-like 1 P55209 3

T-complex protein 1 subunit beta P78371 3

Nuclear factor 1 A-type Q12857 2

ATPase family AAA domain-containing protein 3C Q5T2N8 1

Serine/threonine-protein kinase PLK1 P53350 3

Eukaryotic translation initiation factor 3 subunit D O15371 3

Metastasis-associated protein MTA2 O94776 2

Eukaryotic translation initiation factor 2A Q9BY44 3

Table 1 continued - results with KIF21A Bio-GFP-CC2



149

 Regulation of kinesin autoinhibition by microtubule associated proteins

5

Transcriptional enhancer factor TEF-3 Q15561 2

Poly(A) RNA polymerase, mitochondrial Q9NVV4 3

AT-rich interactive domain-containing protein 3B Q8IVW6 3

Inactive serine/threonine-protein kinase VRK3 Q8IV63 3

Inosine-5’-monophosphate dehydrogenase 2 P12268 3

Arginine--tRNA ligase, cytoplasmic P54136 3

Heterogeneous nuclear ribonucleoprotein U Q00839 3

Zinc finger protein 295 Q9ULJ3 3

Dihydrolipoyllysine-residue acetyltransferase component 
of pyruvate dehydrogenase complex, mitochondrial P10515 3

Fragile X mental retardation syndrome-related protein 1 P51114 3

Phenylalanine--tRNA ligase beta subunit Q9NSD9 3

40S ribosomal protein S5 P46782 3

Polypyrimidine tract-binding protein 1 P26599 3

Double-strand break repair protein MRE11A P49959 3

Protein RCC2 Q9P258 3

mRNA-capping enzyme O60942 3

Dolichyl-diphosphooligosaccharide--protein 
 glycosyltransferase subunit STT3B Q8TCJ2 3

Insulin receptor substrate 4 O14654 3

40S ribosomal protein S27 P42677 2

Up-regulated during skeletal muscle growth protein 5 Q96IX5 2

Table 1 continued - results with KIF21A Bio-GFP-CC2
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Table 2. 
Mass spectrometry results of streptavidin pull down assay with KIF21A Bio-GFP-CT2

Total of 245 proteins identified, the first 150 are shown here   

Description Accession
Σ# Unique 
Peptides

Kinesin-like protein KIF2A O00139 46

Kinesin-like protein KIF21A Q7Z4S6 39

Tyrosine-protein phosphatase non-receptor type 13 Q12923 33

Centrosomal protein of 170 kDa Q5SW79 30

T-complex protein 1 subunit delta P50991 24

T-complex protein 1 subunit beta P78371 24

T-complex protein 1 subunit theta P50990 23

T-complex protein 1 subunit alpha P17987 20

Tubulin alpha-1A chain Q71U36 1

T-complex protein 1 subunit gamma P49368 19

Tubulin beta-4A chain P04350 1

Tubulin beta-2B chain Q9BVA1 1

T-complex protein 1 subunit zeta P40227 16

Heat shock 70 kDa protein 1-like P34931 2

KN motif and ankyrin repeat domain-containing protein 2 Q63ZY3 14

T-complex protein 1 subunit epsilon P48643 14

KN motif and ankyrin repeat domain-containing protein 1 Q14678 10

Fibronectin type III and SPRY domain-containing protein 1 Q9BTV5 10

Tubulin beta-6 chain Q9BUF5 2

Dynein light chain 1, cytoplasmic P63167 4

40S ribosomal protein S19 P39019 7

Prefoldin subunit 6 O15212 6

Dynein light chain 2, cytoplasmic Q96FJ2 3

Glutamate dehydrogenase 1, mitochondrial P00367 6

60S ribosomal protein L11 P62913 5

Triosephosphate isomerase P60174 5

Crk-like protein P46109 5

RuvB-like 2 Q9Y230 5
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Serine/threonine-protein kinase PLK1 P53350 5

Mitochondrial import inner membrane translocase subunit TIM14 Q96DA6 4

40S ribosomal protein S15a P62244 4

Prefoldin subunit 2 Q9UHV9 4

Prefoldin subunit 5 Q99471 4

ATP synthase subunit O, mitochondrial P48047 4

40S ribosomal protein S10 P46783 4

Peptidyl-prolyl cis-trans isomerase B P23284 4

Prefoldin subunit 3 P61758 4

40S ribosomal protein S4, X isoform P62701 4

Lipoprotein lipase P06858 4

Liprin-beta-1 Q86W92 4

Cytoskeleton-associated protein 5 Q14008 4

60S ribosomal protein L38 P63173 3

60S ribosomal protein L27 P61353 3

60S ribosomal protein L30 P62888 3

40S ribosomal protein S25 P62851 3

Nascent polypeptide-associated complex subunit alpha Q13765 3

Protein-L-isoaspartate(D-aspartate) O-methyltransferase P22061 3

Synaptobrevin homolog YKT6 O15498 3

40S ribosomal protein S3 P23396 3

Serologically defined colon cancer antigen 3 Q96C92 3

Actin, cytoplasmic 1 P60709 3

L-lactate dehydrogenase A chain P00338 3

Transcriptional regulator Kaiso Q86T24 3

Lipoamide acyltransferase component of branched-chain  
alpha-keto acid dehydrogenase complex, mitochondrial P11182 3

Eukaryotic translation initiation factor 3 subunit E P60228 3

Inosine-5’-monophosphate dehydrogenase 2 P12268 3

Corneodesmosin Q15517 3

Arginine--tRNA ligase, cytoplasmic P54136 3

Protein KIAA0284 Q9Y4F5 3

Up-regulated during skeletal muscle growth protein 5 Q96IX5 2

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 O00483 2

Profilin-1 P07737 2

40S ribosomal protein S14 P62263 2

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4 O95168 2

Peptidyl-prolyl cis-trans isomerase A P62937 2

Table 2 continued - results with KIF21A Bio-GFP-CT2
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Mitochondrial import inner membrane translocase subunit TIM16 Q9Y3D7 2

60S ribosomal protein L22 P35268 2

60S ribosomal protein L12 P30050 2

Microtubule-associated protein RP/EB family member 1 Q15691 2

60S ribosomal protein L23a P62750 2

Prefoldin subunit 1 O60925 2

40S ribosomal protein S18 P62269 2

Emerin P50402 2

Adapter molecule crk P46108 2

Elongation factor 1-beta P24534 2

Ras-related protein Rab-7a P51149 2

40S ribosomal protein S16 P62249 2

60S ribosomal protein L8 P62917 2

Poly(rC)-binding protein 1 Q15365 1

N-alpha-acetyltransferase 30 Q147X3 2

Poly(rC)-binding protein 2 Q15366 1

Peroxiredoxin-4 Q13162 1

ATP synthase subunit gamma, mitochondrial P36542 2

Eukaryotic translation initiation factor 3 subunit I Q13347 2

Developmentally-regulated GTP-binding protein 1 Q9Y295 2

Cyclin-dependent kinase 4 P11802 1

Sideroflexin-4 Q6P4A7 2

60S acidic ribosomal protein P0 P05388 2

Cyclin-dependent kinase 1 P06493 1

DnaJ homolog subfamily A member 1 P31689 2

14-3-3 protein theta P27348 2

Serpin B12 Q96P63 2

Cytoplasmic dynein 1 light intermediate chain 1 Q9Y6G9 2

Alpha-enolase P06733 2

Syntaxin-binding protein 4 Q6ZWJ1 2

Caspase-14 P31944 2

Stress-induced-phosphoprotein 1 P31948 2

Protein-glutamine gamma-glutamyltransferase E Q08188 2

Probable ATP-dependent RNA helicase DDX5 P17844 2

Nucleolin P19338 2

Desmocollin-1 Q08554 2

60S ribosomal protein L37a P61513 1

UPF0640 protein C3orf78 Q8WVI0 1

Table 2 continued - results with KIF21A Bio-GFP-CT2
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40S ribosomal protein S27 P42677 1

Protein S100-A9 P06702 1

60S acidic ribosomal protein P2 P05387 1

U6 snRNA-associated Sm-like protein LSm3 P62310 1

ATP synthase subunit f, mitochondrial P56134 1

tRNA methyltransferase 112 homolog Q9UI30 1

Eukaryotic translation initiation factor 1A, Y-chromosomal O14602 1

Uncharacterized protein C10orf35 Q96D05 1

Protein transport protein Sec61 subunit beta P60468 1

Galectin-7 P47929 1

Single-stranded DNA-binding protein, mitochondrial Q04837 1

Endothelial differentiation-related factor 1 O60869 1

40S ribosomal protein S20 P60866 1

Macrophage migration inhibitory factor P14174 1

Active regulator of SIRT1 Q86WX3 1

60S ribosomal protein L21 P46778 1

Eukaryotic translation initiation factor 4H Q15056 1

LSM domain-containing protein 1 Q9BRA0 1

Thioredoxin P10599 1

Mitochondrial import receptor subunit TOM20 homolog Q15388 1

Trypsin-1 P07477 1

Small nuclear ribonucleoprotein Sm D3 P62318 1

60S ribosomal protein L26 P61254 1

40S ribosomal protein S12 P25398 1

60S ribosomal protein L27a P46776 1

60S ribosomal protein L35a P18077 1

Protein C8orf37 Q96NL8 1

60S ribosomal protein L31 P62899 1

Putative high mobility group protein B1-like 1 B2RPK0 1

Ras-related protein Rab-14 P61106 1

GTP-binding nuclear protein Ran P62826 1

60S ribosomal protein L18 Q07020 1

Eukaryotic translation initiation factor 3 subunit K Q9UBQ5 1

Fatty acid-binding protein, heart P05413 1

Protein LSM12 homolog Q3MHD2 1

Protein SCO1 homolog, mitochondrial O75880 1

Cofilin-1 P23528 1

Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 Q8WUK0 1

Table 2 continued - results with KIF21A Bio-GFP-CT2
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Translocon-associated protein subunit delta P51571 1

UPF0428 protein CXorf56 Q9H5V9 1

40S ribosomal protein S8 P62241 1

40S ribosomal protein SA P08865 1

60S ribosomal protein L10a P62906 1

TIP41-like protein O75663 1

Eukaryotic translation elongation factor 1 epsilon-1 O43324 1

60S ribosomal protein L24 P83731 1

60S ribosomal protein L23 P62829 1

Table 2 continued - results with KIF21A Bio-GFP-CT2
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Table 3. 
Mass spectrometry results of streptavidin pull down assay with KIF21A Bio-GFP-CT3

Total of 100 proteins identified   

Description Accession
Σ# Unique 
Peptides

Centrosomal protein of 170 kDa Q5SW79 50

Kinesin-like protein KIF2A O00139 48

Kinesin-like protein KIF21A Q7Z4S6 30

Tubulin alpha-1B chain P68363 18

Protein KIAA0284 Q9Y4F5 14

Fibronectin type III and SPRY domain-containing protein 1 Q9BTV5 16

Heat shock 70 kDa protein 1-like P34931 2

T-complex protein 1 subunit zeta P40227 10

Chromosome-associated kinesin KIF4A O95239 10

T-complex protein 1 subunit theta P50990 9

T-complex protein 1 subunit alpha P17987 9

T-complex protein 1 subunit delta P50991 9

WD repeat-containing protein 62 O43379 7

T-complex protein 1 subunit epsilon P48643 6

Triosephosphate isomerase P60174 5

T-complex protein 1 subunit gamma P49368 5

Protein FAM171A2 A8MVW0 5

Cytoskeleton-associated protein 5 Q14008 5

Zinc finger C2HC domain-containing protein 1A Q96GY0 4

Casein kinase I isoform alpha P48729 3

T-complex protein 1 subunit beta P78371 3

Eukaryotic translation initiation factor 3 subunit D O15371 3

Protein FAM83D Q9H4H8 3

Transthyretin P02766 2

GTP-binding nuclear protein Ran P62826 2

Trypsin-1 P07477 2

Stress-induced-phosphoprotein 1 P31948 2

Protein FAM171B Q6P995 2
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Nucleolin P19338 2

Protein FAM171A1 Q5VUB5 2

Protein FAM83B Q5T0W9 2

Structural maintenance of chromosomes protein 1A Q14683 2

Trinucleotide repeat-containing gene 6A protein Q8NDV7 2

Cytoplasmic dynein 1 heavy chain 1 Q14204 2

Up-regulated during skeletal muscle growth protein 5 Q96IX5 1

Progonadoliberin-1 P01148 1

Small ubiquitin-related modifier 2 P61956 1

Cytochrome c oxidase subunit 6C P09669 1

Protein transport protein Sec61 subunit beta P60468 1

40S ribosomal protein S19 P39019 1

Single-stranded DNA-binding protein, mitochondrial Q04837 1

Immunity-related GTPase family M protein A1A4Y4 1

40S ribosomal protein S25 P62851 1

60S ribosomal protein L15 P61313 1

40S ribosomal protein S14 P62263 1

Eukaryotic translation initiation factor 1A, Y-chromosomal O14602 1

Putative lipocalin 1-like protein 1 Q5VSP4 1

Microtubule-associated protein RP/EB family member 1 Q15691 1

Peptidyl-prolyl cis-trans isomerase B P23284 1

60S ribosomal protein L11 P62913 1

60S ribosomal protein L12 P30050 1

N-alpha-acetyltransferase 30 Q147X3 1

Caspase-14 P31944 1

Prefoldin subunit 5 Q99471 1

NEDD8-conjugating enzyme Ubc12 P61081 1

Nucleosome assembly protein 1-like 1 P55209 1

TAR DNA-binding protein 43 Q13148 1

Elongation factor 1-delta P29692 1

60S ribosomal protein L7a P62424 1

Synaptobrevin homolog YKT6 O15498 1

Eukaryotic translation initiation factor 3 subunit I Q13347 1

E3 ubiquitin-protein ligase CHIP Q9UNE7 1

Protein-L-isoaspartate(D-aspartate) O-methyltransferase P22061 1

Plasminogen activator inhibitor 1 RNA-binding protein Q8NC51 1

40S ribosomal protein S4, X isoform P62701 1

60S acidic ribosomal protein P0 P05388 1

Table 3 continued - results with KIF21A Bio-GFP-CT3
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Multifunctional protein ADE2 P22234 1

Nucleophosmin P06748 1

B-cell receptor-associated protein 31 P51572 1

60S ribosomal protein L6 Q02878 1

Alpha-enolase P06733 1

Actin, cytoplasmic 1 P60709 1

Estradiol 17-beta-dehydrogenase 12 Q53GQ0 1

Mitochondrial glutamate carrier 2 Q9H1K4 1

Citrate synthase, mitochondrial O75390 1

Ecto-ADP-ribosyltransferase 4 Q93070 1

60S ribosomal protein L3 P39023 1

UDP-N-acetylhexosamine pyrophosphorylase Q16222 1

Septin-11 Q9NVA2 1

ATPase family AAA domain-containing protein 3C Q5T2N8 1

X-ray repair cross-complementing protein 6 P12956 1

WD repeat-containing protein C2orf44 Q9H6R7 1

Hyaluronan mediated motility receptor O75330 1

YTH domain family protein 1 Q9BYJ9 1

Alpha-actinin-2 P35609 1

Zinc fingers and homeoboxes protein 3 Q9H4I2 1

C-1-tetrahydrofolate synthase, cytoplasmic P11586 1

ER membrane protein complex subunit 1 Q8N766 1

Protein transport protein Sec24A O95486 1

Epidermal growth factor-like protein 6 Q8IUX8 1

RNA-binding protein 26 Q5T8P6 1

Eukaryotic translation initiation factor 3 subunit C Q99613 1

N-alpha-acetyltransferase 35, NatC auxiliary subunit Q5VZE5 1

WD repeat-containing protein 11 Q9BZH6 1

Superkiller viralicidic activity 2-like 2 P42285 1

Structural maintenance of chromosomes protein 3 Q9UQE7 1

Kinesin-like protein KIF14 Q15058 1

Insulin receptor substrate 4 O14654 1

Pre-mRNA-processing-splicing factor 8 Q6P2Q9 1

Centriolin Q7Z7A1 1

Table 3 continued - results with KIF21A Bio-GFP-CT3
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Table 4. 
Mass spectrometry results of streptavidin pull down assay with KIF21B FL-GFP-Bio

 

Total of 536 proteins identified, the first 150 are shown here

Description Accession Score
# Unique 
Peptides

Kinesin-like protein KIF21B O75037 37677.32 54

Heat shock 70 kDa protein 1-like P34931 5120.80 1

Desmoplakin P15924 3962.66 77

Acetyl-CoA carboxylase 2 O00763 2268.59 2

Protein S100-A9 P06702 2162.03 11

Galectin-7 P47929 2068.75 10

Neuroblast differentiation-associated protein AHNAK Q09666 1858.12 36

Actin, alpha cardiac muscle 1 P68032 1684.28 1

Ig gamma-1 chain C region P01857 1677.49 5

Annexin A1 P04083 1561.99 15

Ig kappa chain C region P01834 1492.84 4

Alpha-enolase P06733 1492.40 12

Prelamin-A/C P02545 1424.44 20

Junction plakoglobin P14923 1356.90 16

Serpin B4 P48594 1337.24 8

Annexin A2 P07355 1225.37 17

14-3-3 protein sigma P31947 1115.67 9

Tubulin alpha-1C chain Q9BQE3 1077.56 4

Protein S100-A8 P05109 1055.72 9

Heat shock protein beta-1 P04792 1021.13 10

Serpin B3 P29508 1012.39 7

Involucrin P07476 994.33 19

Myosin-9 P35579 990.03 22

Calmodulin-like protein 5 Q9NZT1 979.82 6

Periplakin O60437 931.77 23

Envoplakin Q92817 916.11 27
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78 kDa glucose-regulated protein P11021 855.59 13

Tubulin beta-4B chain P68371 810.67 3

14-3-3 protein zeta/delta P63104 799.91 6

Pyruvate kinase PKM P14618 790.36 14

Fructose-bisphosphate aldolase A P04075 681.98 10

ATP synthase subunit alpha, mitochondrial P25705 675.25 10

Myeloperoxidase P05164 632.97 15

Ig lambda-2 chain C regions P0CG05 632.93 2

Complement C3 P01024 577.66 16

14-3-3 protein epsilon P62258 560.88 6

L-lactate dehydrogenase A chain P00338 558.39 10

Ig lambda-1 chain C regions P0CG04 542.43 1

Alpha-actinin-4 O43707 542.11 6

Peptidyl-prolyl cis-trans isomerase A P62937 512.00 8

Elongation factor 2 P13639 507.55 10

Suprabasin Q6UWP8 494.34 7

Plectin Q15149 482.47 18

Ig alpha-1 chain C region P01876 480.67 6

Glyceraldehyde-3-phosphate dehydrogenase P04406 449.14 5

Serpin B5 P36952 435.58 11

Protein disulfide-isomerase P07237 431.12 11

Histone H2A type 1-B/E P04908 425.83 1

Ig kappa chain V-III region SIE P01620 422.61 3

Fructose-bisphosphate aldolase C P09972 421.67 2

Protein-glutamine gamma-glutamyltransferase E Q08188 418.96 7

Ezrin P15311 413.94 7

Ig gamma-4 chain C region P01861 412.11 1

Protein S100-A7 P31151 408.85 5

Glutathione S-transferase P P09211 407.27 5

Histone H2A type 1-H Q96KK5 403.71 1

Gelsolin P06396 396.39 8

ATP synthase subunit beta, mitochondrial P06576 391.99 5

Plakophilin-1 Q13835 391.25 7

Epiplakin P58107 391.15 12

Calmodulin-like protein 3 P27482 379.60 3

Table 4 continued - results with KIF21B FL-GFP-Bio
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T-complex protein 1 subunit zeta P40227 376.28 7

Fatty acid synthase P49327 371.33 10

Alpha-actinin-1 P12814 370.72 2

Elongation factor 1-gamma P26641 363.09 8

T-complex protein 1 subunit gamma P49368 347.30 6

Ig heavy chain V-III region TEI P01777 333.12 1

Transketolase P29401 331.49 5

Stress-induced-phosphoprotein 1 P31948 317.88 7

Filamin-B O75369 313.77 9

T-complex protein 1 subunit delta P50991 311.85 4

Eukaryotic initiation factor 4A-I P60842 305.82 4

Protein disulfide-isomerase A3 P30101 300.07 7

Triosephosphate isomerase P60174 295.83 8

Protein POF1B Q8WVV4 289.46 8

T-complex protein 1 subunit beta P78371 287.14 5

BAG family molecular chaperone regulator 2 O95816 284.94 4

Aldehyde dehydrogenase, mitochondrial P05091 281.71 5

Cofilin-1 P23528 277.98 3

14-3-3 protein theta P27348 276.32 2

Heterogeneous nuclear ribonucleoprotein K P61978 270.56 5

60S acidic ribosomal protein P2 P05387 267.06 2

Three prime repair exonuclease 2 Q9BQ50 266.27 4

Ig gamma-2 chain C region P01859 262.54 2

Elongation factor 1-delta P29692 259.34 4

Calmodulin P62158 259.27 3

Caspase-14 P31944 256.02 5

Transitional endoplasmic reticulum ATPase P55072 251.36 6

Carbonyl reductase [NADPH] 1 P16152 250.85 4

14-3-3 protein gamma P61981 249.73 3

Plastin-3 P13797 249.07 3

Ras GTPase-activating-like protein IQGAP1 P46940 246.90 9

Serpin B13 Q9UIV8 244.04 2

40S ribosomal protein S8 P62241 239.28 4

Myosin-14 Q7Z406 238.79 4

T-complex protein 1 subunit alpha P17987 236.52 6

Table 4 continued - results with KIF21B FL-GFP-Bio
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Programmed cell death 6-interacting protein Q8WUM4 234.23 5

Cytoskeleton-associated protein 4 Q07065 234.14 6

Cystatin-B P04080 233.70 3

60S ribosomal protein L7 P18124 230.04 3

Ig heavy chain V-III region TIL P01765 229.22 1

60S ribosomal protein L11 P62913 227.83 2

Putative heat shock protein HSP 90-beta 4 Q58FF6 227.20 1

Chloride intracellular channel protein 1 O00299 225.68 4

Desmoglein-1 Q02413 225.20 5

Clathrin heavy chain 1 Q00610 223.49 6

40S ribosomal protein S25 P62851 221.70 2

F-box only protein 50 Q6ZVX7 219.74 2

Ubiquitin-like modifier-activating enzyme 1 P22314 214.97 3

Ras-related protein Rab-11A P62491 214.31 5

Splicing factor, proline- and glutamine-rich P23246 214.28 5

Phosphoglycerate kinase 1 P00558 214.11 6

Protein-glutamine gamma-glutamyltransferase K P22735 209.51 3

Histone H3.1 P68431 208.19 4

Tropomyosin alpha-4 chain P67936 206.95 2

Myosin light polypeptide 6 P60660 204.88 3

Casein kinase II subunit beta P67870 204.59 2

Desmocollin-3 Q14574 204.13 4

Thioredoxin P10599 198.24 3

Apolipoprotein A-I P02647 196.87 5

60S ribosomal protein L18 Q07020 196.11 2

Tropomyosin alpha-3 chain P06753 194.25 3

Ribonuclease inhibitor P13489 191.59 4

40S ribosomal protein S3 P23396 190.82 4

Alpha-2-macroglobulin-like protein 1 A8K2U0 187.89 6

Lysozyme C P61626 187.57 3

Moesin P26038 185.93 2

Tripartite motif-containing protein 29 Q14134 185.80 7

Phosphoglycerate mutase 1 P18669 183.08 4

Casein kinase II subunit alpha P68400 182.59 6

Heterogeneous nuclear ribonucleoprotein Q O60506 178.83 4

Table 4 continued - results with KIF21B FL-GFP-Bio
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Filaggrin P20930 175.63 5

Histone H2B type 1-J P06899 168.76 1

Leukocyte elastase inhibitor P30740 167.39 5

Propionyl-CoA carboxylase beta chain, mitochondrial P05166 165.66 4

Catenin beta-1 P35222 164.37 1

6-phosphogluconate dehydrogenase, decarboxylating P52209 163.92 2

Neutrophil gelatinase-associated lipocalin P80188 163.70 3

Cornifin-B P22528 161.05 2

Ras-related protein Rab-7a P51149 158.66 4

Rab GDP dissociation inhibitor beta P50395 156.96 2

Plastin-2 P13796 156.76 2

40S ribosomal protein S2 P15880 156.17 3

Heterogeneous nuclear ribonucleoprotein H P31943 155.67 2

Nascent polypeptide-associated complex subunit alpha Q13765 146.35 2

Signal transducer and activator of transcription 3 P40763 144.52 3

40S ribosomal protein S19 P39019 143.19 4

60S ribosomal protein L6 Q02878 142.82 3

Lipoamide acyltransferase component of branched- 
chain alpha-keto acid dehydrogenase complex, mitochondrial P11182 141.71 4

Fibrinogen gamma chain P02679 140.33 3

Table 4 continued - results with KIF21B FL-GFP-Bio



163

 Regulation of kinesin autoinhibition by microtubule associated proteins

5





6
General Discussion

Wilhelmina E. van Riel



166

Chapter 6

6

The microtubule network, part of the cytoskeleton, gives the cells support and structure, but 
in spite of that is highly dynamic. This dynamic behaviour reflects an intrinsic property of 
microtubules, however, inside the cell it is also regulated by multiple factors (described in 
Chapter 1). In this thesis, we focused on kinesins, motor proteins, which are essential for 
intracellular transport and are also required to control microtubule dynamics. With our 
studies, we have explored how two kinesins from the kinesin-4 family, KIF21A and KIF21B, 
participate in this process. In addition, we found a novel mechanism of autoinhibition that 
regulates the activity of both kinesins. In this chapter, we discuss these findings, place them in 
a broader context and make suggestions for further research.

Mechanism of microtubule dynamics regulation through kinesins
Regulation of microtubule dynamics by kinesins has been described for several members of 
this motor family, including kinesin-13’s and kinesin-14’s that depolymerize microtubules and 
kinesin-11 and kinesin-4 family members that inhibit microtubule polymerization (Endow 
et al. 1994, reviewed in Moores and Milligan 2006, Walczak et al. 2013, Zhou et al. 2009, 
Subramanian et al. 2013, Bieling et al. 2010, Stumpff et al. 2012, He et al. 2014). Kinesin-8 
family members have been described as both depolymerizers and growth inhibitors, which 
is dependent on the length of the microtubule and its ability to accumulate kinesin (Niwa et 
al. 2012, Su et al. 2011, Stumpff et al. 2012). Kinesins from the same family might function 
in different cellular processes, such as KIF4A and KIF7 from the kinesin-4 family, which 
inhibit microtubule growth at the mitotic spindle overlap and primary cilia respectively (Zhu 
et al. 2005, Bieling et al. 2010, Hu et al. 2011, Wandke et al. 2012, Stumpff et al. 2012, Coles 
et al. 2015, Liem et al. 2009, He et al. 2014, Maurya et al. 2013, Putoux et al. 2011). We show 
here that also kinesin-4 family members KIF21A and KIF21B are able to inhibit microtubule 
polymerization both in cells and in in vitro reconstitutions (Chapter 2 and 4). Although some 
kinesins are described to act on microtubule dynamics after accumulation at the microtubule 
tip (Su et al. 2011), no specific mechanisms at the molecular level have been described so far. 
The different tail regions are likely to play a role, but as we also show for KIF21A and KIF21B, 
alteration of microtubule growth can already be seen with deletion constructs lacking almost 
the entire stalk and tail (Chapter 2 and 4 this thesis). Since all kinesins share a conserved 
motor domain, an interesting question is how the different kinesins can exert distinct effects 
on microtubules. It is thus likely that also small differences in the otherwise conserved motor 
domain, such as unique loops, introduce specificity to kinesin activity (Kim et al. 2014, 
Ogawa et al. 2004, Shipley et al. 2004). An example for this is found in the kinesin-13 family, 
where a small motif (KVD) is shown to be important for the depolymerizing function of the 
kinesins, and is thought to be important to bind and stabilize tubulin dimers in the ‘peeled-
off ’ structure of microtubules (Ogawa et al. 2004). Similar regulatory motifs might be found 
in the motor domains of KIF21A and KIF21B and determine specificity. Involvement of the 
different stalks can then further specify the activity of kinesins.  

In our studies, we found KIF21B to be the most potent inhibitor of microtubule dynamics 
with one or two dimeric kinesins able to fully block microtubule polymerization in vitro 
(Chapter 4). Although pausing was previously shown to occur in presence of KIF4A as well 
(Stumpff et al. 2012), this is the first clear description of a very small number of dimeric 
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kinesins pausing the microtubule. This observation raises the question how the kinesin is 
able to lead to a full block of microtubule polymerization, while the microtubule consists of 
13 protofilaments with a diameter of 25 nm and the kinesin probably has a size around 150 
nm (other kinesins with shorter sequences are shown to range in size from 80 to 120 nm 
with globular heads of 10 nm, Sekine et al. 1994, Hirokawa 1998). Unlike kinesin-1, KIF4A, 
KIF3, kinesin-5 and KIF15 which are found in elongated forms by electron microscopy (EM) 
(Hirokawa 1998, Acar et al. 2012, Sturgill et al. 2014), we did not observe this for KIF21B 
which seemed to have a rather compact conformation more similar to KIF1A, KIF1B and 
KIF2, making the determination of its size complicated (Chapter 4, Hirokawa 1998). This 
compact conformation also suggests that there might be multiple intramolecular interactions 
in the protein, something that we could not yet verify. Better resolution in EM experiments 
or chemical crosslinking might provide insight into the internal folding of the protein, 
however, clear results might be difficult to obtain. We performed preliminary crosslinking 
mass spectrometry experiments, which showed multiple cross-linked sites spread throughout 
the KIF21B molecule (data not shown), however these could not yet be determined to be 
intramolecular interactions, as close proximity of multiple proteins during the crosslinking 
could give rise to crosslinks between molecules, something we could not yet distinguish. 
Further research is thus necessary to understand the kinesin at a structural level and its action 
on the microtubule, as our EM results suggest KIF21B to act in a compact conformation both 
when autoinhibited and in the microtubule-bound form. 

Interestingly, in our study we showed that KIF21B has multiple microtubule-binding 
sites, which are located in the motor domain, coiled coil region and the WD40 tail domain 
(Figure 1). Since KIF21A and KIF21B share about 74% sequence similarity (NCBI Blast), it is 
likely that also KIF21A has multiple microtubule binding sites, and indeed, also for KIF21A 
we found a microtubule binding region in the coiled coil stalk (unpublished data), although 
we did not detect any microtubule affinity for the WD40 domain. This should however be 
explored further, since we have shown for KIF21B that the microtubule binding of the WD40 
domain depends on a small linker region adjacent to the WD40 domain. Similar functions 
for the WD40 domain in both kinesins might thus exist, which makes it likely that both 
kinesins act in a similar manner. It is possible that the different microtubule binding sites all 
participate in blocking microtubule polymerization, and each domain might bind to different 
protofilaments. Understanding the mechanism at the molecular level thus needs further 
research. 

It is likely that KIF21A and KIF21B prefer to bind to a subset of microtubules in cells, since we 
observe high preference of KIF21B for the stable GMPCPP seeds in in vitro reconstitutions, 
and only few kinesins walk past these to the newly polymerized lattice in the case of the full 
length protein. This property probably depends on structural differences in microtubules, as 
GMPCPP-microtubules have been shown to have a less compact structure compared to GDP-
tubulin (Alushin et al. 2014, Zhang et al. 2015). The kinesin might thus recognize a more open 
structure of the microtubule. Interestingly, this is supported by the observation of occasional 
microtubule bending at the transition point, leading to more kinesins passing onto the dynamic 
lattice (unpublished data), suggesting preference of the kinesin to bent microtubules. Similar 
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dependence on microtubule spacing and bending has recently been shown for doublecortin 
(Ettinger et al. 2016). We could however not further analyse this due to the low occurrence 
of the microtubule bending in our in vitro reconstitutions. Using flow-induced bending of 
microtubules in the in vitro system, this could be further studied and might give clues about 
the mechanism of microtubule polymerization inhibition by the kinesin, since also at the 
GTP-bound tip the microtubule structure has a more open conformation (Brouhard and 
Rice 2014). The recognition of microtubule structure occurs through the WD40 domain, 
since kinesin truncations lacking this domain or constitutively active kinesins do not show 
preference for GMPCPP or GDP-tubulin in vitro (Chapter 4). In addition, we observed the 
construct containing the WD40 domain with the adjacent linker to specifically recognize the 
GMPCPP microtubule seed. Since the WD40 domain is not found in other kinesins, it probably 
directs specificity for both KIF21A and KIF21B. The WD40 domain forms a β-propeller and 
is considered to have a scaffolding function (Xu and Min 2011). So far, no other examples of 
microtubule-binding WD40 domains have been described, however, in NEDD1 the WD40 
domain has been shown to be essential for centrosomal localisation (reviewed in Manning 
and Kumar 2007). Also Lissencephaly 1 (LIS1) proteins have a C-terminal WD40 domain, 
but the microtubule end-tracking of these proteins depends on WD40 domain binding to 
CLIP170, dynein and dynactin (reviewed in Akhmanova and Steinmetz 2008), in contrary to 
the direct microtubule targeting observed in KIF21B.

Other indications for exact microtubule binding sites for the kinesins could come from 
mutations in tubulin isotype TUBB3 that were shown to induce reduced binding of KIF21A 
(Tischfield et al 2010), suggesting that the site of mutations might be part of the binding 
interface or affect it allosterically. 

In cells, the recognition of a more open microtubule structure might mean that the kinesin 
recognizes bent microtubule regions through its WD40 domain, which causes loading of the 
protein. Once loaded on the microtubule, the kinesin shows long processive motile tracks due 
to the multiple interactions with the microtubule and walks towards microtubule tips. Similar 
what has been described for other kinesins, including GAKIN (Yamada et al. 2007), CENPE 
(Espeut et al. 2008) and KIF1A (Hammond et al. 2009), we observed the full length KIF21A 
and KIF21B to be slower than constructs lacking the stalk and tail (Chapter 2 and 4), possibly 
due to the drag created by the additional microtubule-binding regions. The WD40 domain, 
in addition, slows down the kinesin on GMPCPP microtubules in vitro, since no difference 
in speed on the GMPCPP seeds or dynamic lattice was observed for a truncation which lacks 
this domain. This would be different from CENPE which was shown to have similar speeds 
of full length protein compared to the motor only, when phosphorylation of the tail caused 
relief of autoinhibition, even though it also has an additional microtubule binding site in 
its C-terminal tail (Espeut et al. 2008). Long retention of the kinesins at the microtubule 
tip could be caused by specific recognition of the tip structure, similar to kinesin-13 which 
prefers the ‘peeling’-conformation of protofilaments (Ogawa et al. 2004), although we did 
not observe specific KIF21B recruitment to the tip. Alternatively, induced autoinhibition at 
the tip and prolonged microtubule binding through the tail might prevent the kinesin from 
“falling off ”. Similarly, the dwell time of kinesin-8 at the tips of microtubules was shown to be 
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increased by the C-terminal tail of the kinesin (Su et al. 2011, Stumpff et al. 2011). However, 
the two mechanisms do not exclude each other since the prolonged microtubule binding 
might be caused by specific recognition of microtubule structure. 

Our results with truncated proteins in the in vitro reconstitution suggest that the ability to 
acquire an autoinhibited conformation contributes to the activity of KIF21B at the microtubule 
tip, since constitutively active kinesins fail to cause a clear block of microtubule polymerization 
as observed for the full length protein (Chapter 4). Also cellular data on KIF21A suggest 
it to act in an autoinhibited fashion at the cortical patches, since a kinesin version bearing 
CFEOM1 mutations which cause relief of autoinhibition displays increased motility on 
microtubules (Chapter 2). In an autoinhibited state, the motor domains are blocked by binding 
to the antiparallel coiled coil (Chapter 3), yet, the motor domains of KIF21A and KIF21B 

Figure 1. Schemetic representation of the interactions found in kinesins KIF21A and KIF21B
KIF21A and KIF21B are dimeric motor proteins, containing motor domains, coiled coil stalk regions and WD40 domains. 
We found an antiparallel coiled coil in the stalk important for autoinhibition by binding to the motor domain. CFEOM1 
mutations were found in KIF21A in the motor domain and the antiparallel coiled coil, interfering with autoinhibition. 
In addition, multiple microtubule binding sites were discovered in the kinesins, and for KIF21B binding to microtubules 
through the WD40 domain caused loading of the molecule. Several partners were found to bind to KIF21A and KIF21B 
at indicated sites. 
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are involved in inhibiting microtubule polymerization, as observed for truncated kinesins 
containing only the motor domain and a small fragment of the stalk (Chapter 2 and 4). It is 
hard to imagine that kinesins can act on microtubule dynamics when being autoinhibited. 
However, recently it was shown that the effect of KIF21B on microtubule dynamics does 
not seem to depend on its motility, as mutations in the motor domain preventing it from 
movement were shown to exert an effect on microtubule growth (Muhia et al. 2016). Also the 
polymerization inhibition by kinesin-4 Xklp1 is shown to depend on its microtubule binding 
ability but not on the ability to hydrolyse ATP (Bringman et al. 2004). This is, however, in 
contrast to the immotile KIF7, where ATP hydrolysis was shown to be important for kinesin 
activity on microtubule dynamics (He et al. 2014). It would thus be interesting to test if indeed 
KIF21A and KIF21B block microtubule dynamics while being in an autoinhibited state, and if 
so, what is the exact mechanism of the polymerization inhibition. 

Since we observed KIF21A and KIF21B to have multiple microtubule binding sites, this raises 
the possibility that the kinesins also act in microtubule guidance or transport, similar to what 
has been described to occur in KIF15 (Sturgill et al. 2014), engineered kinesin-1 KIF5B-SxIP 
that binds to microtubule tips (Doodhi et al. 2014), and kinesin-2 in engineered complex with 
EB1 (Chen et al. 2014). We did observe transport of microtubules by KIF21B using in vitro 
reconstitutions, but could not explore this in cellular assays yet. In addition to the regulation 
of microtubule dynamics, KIF21A and KIF21B might thus also be involved in microtubule 
transport or reorganization of the microtubule network, activities which should be explored 
further. 

Kinesin autoinhibition
Autoinhibition, or inactivation of a protein through intramolecular interactions, is known to 
occur in numerous cytoskeletal proteins including several kinesins. Different interactions have 
been described to occur and often involve a region in the stalk to bind to the motor domain 
(Friedman and Vale 1999, Coy et al. 1999, Hackney and Stock 2000, Lee et al. 2004, Imanishi 
2006, Cai et al. 2007, Yamada et al. 2007, Dietrich et al. 2008, Hackney and Stock 2008, Espeut 
et al. 2008, Wong et al. 2009, Hackney et al. 2009, Hammond et al. 2009, Hammond et al. 
2010, Kaan et al. 2011, as described in Chapter 1). We found here that both kinesins KIF21A 
and KIF21B also contain a regulatory domain in the coiled coil region, which is able to bind 
to the motor domain and cause autoinhibition of the kinesin (Chapter 2 and 4). We have 
described this region to form an intramolecular antiparallel coiled coil (Chapter 3). Although 
other coiled coil regions have been found to block kinesin activity, to our knowledge this is 
the first time it is shown that an intramolecular antiparallel coiled coil is formed which binds 
to the motor domain, and adds a new mechanism to autoinhibition of kinesins. 

We observed similar autoinhibitory mechanisms occurring in KIF21A and KIF21B, 
raising the question if similar inhibitory structures exist in other kinesins as well. Several 
essential amino acids in the antiparallel coiled coil have been found to be conserved amongst 
KIF7 and KIF27, two other proteins from the kinesin-4 family (Chapter 3), suggesting the 
antiparallel coiled coil structure might be present in these kinesins. Structural analysis should 
reveal if this is indeed the case. Further sequence analysis of other kinesins might also give an 
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indication on the presence of a similar autoinhibitory region in kinesins from other families. 

KIF21A is mutated in Congenital Fibrosis of the Extraocular Muscles type 1 (CFEOM1) 
(Yamada et al. 2003, Engle 2006, Chan et al. 2007, Lu et al. 2008, Yang et al. 2010, Wang et 
al. 2011, Ali et al. 2014), and mutations described so far are located either in the regulatory 
antiparallel coiled coil or in the motor domain at the site of regulatory domain binding. We 
found that these mutations cause relief of autoinhibition, leading to hyperactivation of the 
protein. Based on these findings, we made a docking model showing the interactions between 
the antiparallel coiled coil and the motor domain, which gives a good indication on the precise 
binding interactions (Chapter 3). CFEOM1 mutations were shown be present at the site of the 
motor binding or were destabilizing the antiparallel coiled coil structure. It will be interesting 
to find proper conditions for crystallization so that the binding interfaces of our docking 
model can be confirmed; however many attempts to crystalize the complex of the motor with 
the antiparallel coiled coil were not succesful so far.

Having similar autoinhibitory mechanism for KIF21A and KIF21B, interactions in pull 
down assays of the motor and monomeric antiparallel coiled coil suggest that the autoinhibition 
through the regulatory antiparallel coiled coil is slightly different for both kinesins (Chapter 
3 and 4). In addition, we found the WD40 domain and adjacent linker to be important for 
the activation of KIF21B, as deletion of either of them rendered the protein diffuse while full 
length protein was observed on microtubules. We could not yet test full length KIF21A in in 
vitro reconstitutions, due to technical difficulties, but we did not find similar activation for 
KIF21A in Cos7 cells, as full length KIF21A shows a diffuse pattern when overexpressed. It 
will be interesting to see where these differences in the two kinesins arise. 

Autoinhibition has been shown to be relieved through distinct mechanisms for different 
kinesins, such as phosphorylation for CENPE or binding of the cargo Dlg1 to KIF13B 
(Espeut et al. 2008, Yamada et al. 2007, also described in Chapter 1). Also kinesin-1 is shown 
to relieve autoinhibition through binding partners FEZ1 and JIP1, and is shown to have an 
essential cofactor in MAP7 (Blasius et al. 2007, Sung et al. 2008, Metzger et al 2012, Barlan 
et al 2013). Binding of partners can induce changes in kinesin structure, as was also shown 
for Kar3 and its binding partner Cik1 (Chu et al. 2005). Similarly, MAPs or other binding 
partners might regulate the activity of KIF21A and KIF21B through structural changes in the 
kinesins, relieving their autoinhibition. Alternatively the binding partners might physically 
block the inhibitory interactions in the kinesins. So far the binding partners that are found for 
KIF21A are not shown to regulate kinesin activity. However, a cofactor seems to be described 
for KIF21B since TRIM3 depletion reduced KIF21B’s activity in neurons (Labonte et al. 
2013, Lee et al. 2012, Cheng et al. 2014, Shen et al. 2008, described in Chapter 1). With our 
studies, we add several binding partners to these kinesins (Figure 1). In Chapter 2 we show 
binding of KANK1 to KIF21A being important for its recruitment to cortical sites at the cell 
periphery, but it was not clear whether KANK1 binding affects autoinhibition of KIF21A. 
Also CEP170 could not be linked to regulation of autoinhibition yet, but two other MAPs 
might be implicated in relief of kinesin autoinhibition of KIF21A, as we observed KIF21A 
recruitment to microtubules upon coexpression with either MAP7D3 or FSD1 (Chapter 5). 
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Interestingly, MAP7D3 binds to the protein regions flanking the autoinhibitory antiparallel 
coiled coil and could thus indeed lead to a block of the inhibitory interaction. If MAP7D3 acts 
through this mechanism should, however, be investigated further. FSD1 was found to bind 
to the tail of KIF21A and might add a microtubule interaction site to the kinesin. Further, we 
found Ezrin as an interactor of KIF21B. It might act similar to KANK1 in recruiting KIF21B 
to the cortex, or might act to affect autoinhibition of the kinesin. In addition, we observed a 
clear relief of autoinhibition of KIF21B through binding to microtubules, which is the first 
time the involvement of a specialized microtubule-binding domain in autoinhibition relief 
has been described to our knowledge.

Also different tubulin isotypes are indicated to have an effect on kinesin activity. Previous 
studies have shown that a CFEOM mutation in TUBB2B alters kinesin Kip3p binding to 
microtubules and, similarly, CFEOM3 mutations in TUBB3 were shown to reduce the binding 
of KIF21A (Cederquist et al. 2012, Tischfield et al. 2010). It will thus be interesting to see how 
different tubulin isotypes can participate in the activity regulation of KIF21A and KIF21B. 

Disease related activity of kinesins
Since kinesins are essential in multiple cellular processes, it is not a surprise that several 
kinesins have been linked to diseases, such as cancer or neurological syndromes (Rath and 
Kozielski 2012, Chandrasekaran et al. 2015, Hirokawa et al. 2010, Hirokawa and Tanaka 2015). 
For some diseases, mutations have been described to occur in the kinesins themselves, but 
also mutations in the regulators of kinesins have been described (Brooks et al. 2005, Atherton 
et al 2013). Aberrant regulation of kinesins can lead to incorrectly distributed cargo or can 
alter the microtubule cytoskeleton. 

Patients with the developmental syndrome CFEOM1 were found to have mutations in 
KIF21A. In our study we found that these cause a hyperactive kinesin, leading to kinesin 
accumulation in neuronal growth cones and alterations of microtubule dynamics, causing 
impaired growth cone morphology and pathfinding (Chapter 2, Cheng et al 2014). It will be 
interesting to understand why only the oculomotor nerve is affected in CFEOM1 individuals, 
while the kinesin is broadly expressed at multiple tissues of the body. It should be explored 
if the expression only occurs after the development of other neurons, or if the oculomotor 
nerve is more sensitive to defects in axonal pathfinding. Alternatively it could be that different 
isoforms of tubulin proteins, posttranslational modifications, phosphorylation or MAPs 
are regulating KIF21A activity, which could be altered upon mutations in the kinesin. It is 
however not yet clear if KIF21A needs cofactors, or has specificity for tubulin isotypes, which 
is something that should be explored further. Better understanding the development of the 
disorder can also broaden the knowledge on axonal pathfinding and open up possibilities for 
treatment after neuronal injuries.  

It is shown that KIF21A interacts less well with microtubules containing TUBB3 mutations 
that are found in CFEOM3 (Tischfield et al. 2010), a disorder which also displays defects in 
the development of the oculomotor nerve, which suggests KIF21A might also be an important 
regulator in CFEOM3. Note however that CFEOM1 is associated with an increased activity of 
KIF21A, while here a decrease in binding was described. It is thus possible that a decrease in 
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KIF21A binding is merely an effect rather than a cause of the syndrome. 
Interesting is the observation that KIF21A is upregulated in samples of patients with 

Down syndrome (Salemi et al. 2012), indicating KIF21A might play an important role in 
the development of other neurons as well which might be altered upon increased expression 
or expression at undesired moments. It should be noted however that the indicated study 
investigated levels in peripheral blood leukocytes of patients with Down syndrome, which 
does not necessarily mean that also neurons have upregulated KIF21A levels and neuronal 
development will be affected. 
 
Also KIF21B has been linked to several neurological and immunological diseases (IMSGC 
2010, Goris et al. 2010, Danoy et al. 2010, Liu et al. 2013, Robinson et al. 2015, Yang et al. 
2015), however, no functional relation of the kinesin has been found yet. It should be noted 
that these studies focused on mRNA levels, which might not relate to the actual protein 
expression, as was also shown for KIF21A, for which protein levels decreased in mice and 
human with CFEOM1 in post-mortem brain tissue lysates, while mRNA levels were not 
changed (Desai et al. 2012, Cheng et al. 2014). Tissue samples should therefore be analysed 
for KIF21B protein levels to validate an upregulation. Similar to increased activity of KIF21A 
in CFEOM1, protein upregulation can lead to an increase in activity of KIF21B in these 
disorders, leading to altered regulation of microtubule dynamics. 

In our studies, we observed a possible defect in immunological synapse formation in 
Jurkat cells depleted of KIF21B (Chapter 5). We could show that these cells were less able 
to spread on anti-CD3 coated surfaces, a commonly used assay to analyse the formation of 
the immunological synapse. Synaptic activity should however still be tested and, in addition, 
we could not yet describe the exact role of KIF21B in this process, which could be linked 
to its activity in regulation of microtubule dynamics or in cargo transport. It would be 
interesting to see if KIF21B depletion causes improper redirection of microtubules towards 
the immunological synapse or aberrant microtubule stabilization at the cell cortex, similar 
as observed for KIF21A in HeLa cells (Chapter 2). Understanding the role of KIF21B in the 
formation of immunological synapses will be interesting, as it might provide understanding 
in the development of the diseases linked to KIF21B. It is, however, not clear if KIF21B has 
a causal or effective role in these diseases, something which is interesting to find out as well. 

Interestingly, KIF21B depletion was also shown to decrease the amount of spines formed 
in neurons, which could be rescued by re-expression of the kinesin (Muhia et al. 2016), 
suggesting KIF21B’s regulation of microtubule dynamics might also be important in the 
formation of dendritic spines in neurons.

In addition, immunological responses have been implicated in the development of 
multiple sclerosis (Hemmer et al. 2015), possibly providing a link for upregulated levels of 
KIF21B in multiple sclerosis. Also, KIF21B levels have been shown to be increased upon 
astrocyte activation (Kreft et al. 2014), something which might also occur after activation 
of T-cells. Recently, it was shown that KIF21B knock out mice are viable but have impaired 
functions in memory and learning (Muhia et al 2016). It would be interesting to test if these 
knock out mice possess altered immunological responses. 
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Concluding remarks
Microtubule networks are important for cell structure, cargo transport, cell division and 
survival. In addition to being regulated by kinesins, microtubule dynamics is also regulated 
by multiple other factors. As discussed in Chapter 1 of this thesis, microtubule dynamics 
also depends on GTP hydrolysis by tubulin, tubulin isotypes, posttranslational modifications 
and MAP binding. An additional level of complexity is created by the regulation of each 
individual step, for instance through autoinhibition of kinesins, phosphorylation, or binding 
to other proteins. The studies described in this thesis provide insight into the regulation of 
two kinesins, KIF21A and KIF21B, which are highly conserved homologs from one family 
that share functions in regulation of microtubule dynamics. However, the two motors are 
unique as they act in different cellular processes. Small alterations in domains seem to give rise 
to specific functions of the kinesins, either through directly changing interfaces for binding 
partners, affecting the strength of autoinhibition or modulating the kinesin’s ability to interact 
with microtubules. Understanding the molecular details underlying the mechanism of action 
of these protein helps to reveal basic principles of cell organization and also provides insights 
into human development and disease. 
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Summary

Control of microtubule dynamics plays an important role in cell morphogenesis. Kinesins, 
motor proteins well known for their role in cargo transport, were recently also implicated 
in altering the microtubule network. Several kinesins have been described to either induce 
microtubule depolymerization or inhibit polymerization, causing reorganization or 
stabilization of the microtubule network. With the studies described in this thesis we add 
the kinesins KIF21A and KIF21B, two homologs belonging to the kinesin-4 family, to the list 
of microtubule growth inhibitors. Using both cellular assays and in vitro reconstitutions, we 
show that the motor domains of these kinesins have an intrinsic ability to inhibit microtubule 
polymerization (Chapter 2 and 4). KIF21B was shown to be a strong inhibitor as one or two 
dimers could lead to a pause in microtubule growth (Chapter 4). Furthermore, by dissecting 
the proteins we found different domains to be involved in regulation of protein activity. We 
show kinesin stalk and tail domains to be involved in recruiting the molecules to specific sites 
in the cell through interaction with binding partners. Cortical localization of KIF21A occurs 
through interaction of its stalk with the scaffolding protein KANK1 (Chapter 2), while KIF21B 
might be recruited to the cortex by binding to the actin-binding protein Ezrin (Chapter 5). 
At the cortex, the kinesins can promote stabilization of the microtubule network as shown for 
KIF21A (Chapter 2). In addition to the motor domain, microtubule binding sites were found 
in different parts of the kinesins, possibly all contributing to the inhibitory function of the 
kinesins on microtubule dynamics. 

To prevent futile use of energy and aberrant transport of cargo, several kinesins have been 
described to be inactivated through autoinhibition. We observed KIF21A and KIF21B activity 
to also be regulated through autoinhibition, which depends on a region of the coiled coil stalk 
interacting to the motor domain (Chapter 2 and 4). Using structural and cellular assays, we 
found that the inhibitory segment in the coiled coil of KIF21A folds into an intramolecular 
antiparallel coiled coil, a structure not yet described in other kinesins (Chapter 3). 
Furthermore, regulation of kinesin activity was shown to be important, as KIF21A mutations 
found in the developmental syndrome Congenital Fibrosis of the Extraocular Muscles type 
1 (CFEOM1) caused hyperactivation of the kinesin, leading to its increased accumulation in 
neuronal growth cones and defects in neuronal pathfinding (Chapter 2). We found CFEOM1 
mutations in KIF21A to either alter the antiparallel coiled coil structure, or interfere with 
the binding interface between the inhibitory region and the motor domain, preventing the 
kinesin to undergo autoinhibition (Chapter 3). 

Relief of kinesin autoinhibition can be regulated through multiple factors. For KIF21B, 
it was shown to occur through microtubule binding by the WD40 domain in the tail of 
the molecule (Chapter 4). In addition, in Chapter 5, we identified binding partners of both 
KIF21A and KIF21B which might regulate their activity. We found several MAPs binding 
to KIF21A and showed that these could recruit KIF21A to microtubules. In addition, we 
found that KIF21B binds to Ezrin, which is shown to be involved in microtubule organization 
at immunological synapses. A possible role for KIF21B in this process was shown through 
depletion of KIF21B, which led to decreased spreading of T-cells on an activating substrate, 
possibly reflecting defects in synapse formation.   
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With our work, we show both KIF21A and KIF21B to be important regulators of 
microtubule dynamics, and demonstrate that microtubule growth inhibition is a general 
function of kinesin-4 family members. Regulation of microtubule growth is important in 
different cellular processes, and perturbation of its regulation might lead to pathogenesis, as 
observed for KIF21A and suggested for KIF21B. 
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Samenvatting

Het microtubuli netwerk is onderdeel van het cytoskelet van de cel en zorgt voor stevigheid 
en vormgeving. Daarnaast vormen microtubuli de wegen waarlangs vracht getransporteerd 
wordt. Ondanks deze functies is het netwerk constant onderhevig aan veranderingen door 
groei en krimp van de microtubuli. Controle over deze dynamiek is essentieel voor de cel 
om te kunnen reageren op veranderende behoeften. In de cel zorgen kinesines, een type 
motoreiwitten, voor correct transport van vracht naar de juiste plek, maar recent zijn deze 
motoreiwitten ook gelinkt aan het direct reguleren van het microtubuli netwerk. Verschillende 
kinesines zijn al beschreven die zorgen voor afbraak of inhibitie in de aanmaak van microtubuli 
en er zo voor zorgen dat het netwerk reorganiseert of juist stabiliseert. In de verschillende 
studies beschreven in dit proefschift laten we zien dat ook de kinesines KIF21A en KIF21B, 
homologen uit de kinesine-4 familie, microtubuli groei inhiberen. Door middel van cellulaire 
experimenten en reconstitutie in vitro, waar individuele componenten toegevoegd kunnen 
worden en zo het effect op microtubuli groei bekeken kan worden, laten we zien dat deze 
kinesines zelf de inhibitoire functie bezitten en niet afhankelijk zijn van bindingspartners 
(Hoofdstuk 2 en 4). In hoofdstuk 4 laten we zien dat KIF21B de polymerisatie van microtubuli 
sterk kan inhiberen; we observeren dat een paar dimeren van de kinesine genoeg zijn om voor 
pauzes in microtubuli groei te zorgen. Verder laten we met truncaties van de eiwitten zien 
dat de kinesines verschillende domeinen bevatten die nodig zijn voor regulatie van de eiwit 
activiteit. Zo observeren we dat de steel en staart van de motoreiwitten nodig zijn voor het 
localiseren naar verschillende plekken in de cel doordat ze een interactie aangaan met andere 
eiwitten. Localisatie van KIF21A naar de cortex van de cel gebeurt door binding aan KANK1 
(Hoofdstuk 2), en voor KIF21B waarschijnlijk door binding aan Ezrin (Hoofdstuk 4). Bij de 
cortex zijn deze kinesines betrokken bij de stabilisatie van het microtubuli netwerk, zoals 
we laten zien voor KIF21A (Hoofdstuk 2). Door middel van de getrunceerde fragmenten 
hebben we ook kunnen aantonen dat de kinesines meerdere microtubuli-bindende domeinen 
bezitten, die waarschijnlijk allemaal contribueren aan de inhibitoire functie van de kinesines 
op microtubuli groei. 

Om te voorkomen dat energie verspild wordt en vracht verkeerd verplaatst wordt, worden 
verschillende kinesines geïnactiveerd door autoinhibitie, een proces waarbij de kinesine op 
zichzelf terugvouwt en zo inactief wordt. We tonen aan dat ook KIF21A en KIF21B autoinhibitie 
ondergaan, wat veroorzaakt wordt door binding van een segment in de coiled coil aan het 
motor domein. Door middel van onderzoek naar de eiwitstructuur hebben we aangetoond 
dat het inhibitoire segment op zichzelf vouwt en een intramoleculaire antiparallelle coiled coil 
vormt, een structuur waarvan nog niet eerder beschreven is dat deze in kinesines voorkomt 
(Hoofdstuk 3). Dat de regulatie van kinesine activiteit belangrijk is wordt onderstreept 
door de observatie dat mutaties in KIF21A, die gevonden zijn in een neuronaal syndroom 
Congenital Fibrosis of the Extraocular Muscles type 1 (CFEOM1), zorgen dat de kinesine 
overactief wordt. Dit leidt tot ophoping van KIF21A in de axon van neuronen wat vervolgens 
de groei van de axon verstoort (Hoofdstuk 2). We hebben aangetoond dat de mutaties zoals 
beschreven in CFEOM1, de structuur van de inhibitoire antiparallelle coiled coil beïnvloeden 
of een direct effect hebben op de bindingsplaats van de antiparallelle coiled coil met het motor 
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domein, waardoor de kinesine geen autoinhibitie kan ondergaan. 
Opheffing van de autoinhibitie in kinesines kan via verschillende paden gebeuren, zoals 

fosforylatie van de kinesines of binding van andere eiwitten. Voor KIF21B hebben we gezien dat 
dit gebeurt door binding van het WD40 domein van de kinesine aan microtubuli (Hoofdstuk 4). 
Verder beschrijven we in Hoofdstuk 5 meerdere bindings partners van KIF21A en KIF21B die 
de activiteit van de kinesines zouden kunnen reguleren. Verschillende microtubuli bindende 
eiwitten zijn gevonden die KIF21A binden en de kinesine naar microtubuli rekruteren. Voor 
KIF21B beschrijven we een bindingspartner, Ezrin, die eerder aangetoond is belangrijk te 
zijn in de organisatie van het microtubuli netwerk in immunologische synapsen. Verder laten 
we zien dat depletie van KIF21B in T-cellen voor een mindering in spreiding van deze cellen 
zorgt na activatie, wat suggereert dat de immunologische synaps niet goed gevormd wordt. 

Met ons werk laten we zien dat zowel KIF21A als KIF21B belangrijke factoren zijn in de 
regulatie van microtubuli dynamiek en laten we zien dat de inhibitie van microtubuli groei 
een algemene functie is van kinesines uit de kinesine-4 familie. Regulatie van microtubuli 
groei is belangrijk in verschillende cellulaire processen en onjuiste regulatie kan leiden tot 
ziektes, wat ook gevonden is voor KIF21A en waarschijnlijk ook gebeurt voor KIF21B.
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Yes! Daar is hij dan, het boekje! Een mooie tijd wordt nu afgesloten, een tijd vol met emoties; 
motivatie/iets mindere motivatie, goede resultaten/slechte resultaten...oftewel; het leven 
van een wetenschapper. De beste motivatie blijft toch wel het ontdekken van de wondere 
wereld van de cel. Wat is het toch mooi om processen onder je ogen te zien gebeuren! Met dit 
onderzoek heb ik een (zeer kleine) bijdrage geleverd aan het begrip van deze wondere wereld, 
maar natuurlijk heb ik dit niet alleen gedaan. Daarom mijn dank aan iedereen die mij hebben 
gesteund, geholpen en gemotiveerd! 

Als eerste Anna, dank je wel voor het opnemen van mij in jouw groep en mij deze kans te 
geven om mooi onderzoek te verrichten. Wat heb jij ontzettend veel inzet en misschien wel 
nog meer kennis door je super geheugen! Ik verwonder me nog elke keer hoe je dat toch 
allemaal onthoudt! Altijd probeer je het beste uit iemand te halen en dat heeft al veel mooie 
resultaten opgeleverd. Ik heb veel van je geleerd en ben blij dat ik dit allemaal mee kan nemen 
in mijn volgende stap. Veel dank voor jouw supervisie, het altijd klaar staan voor welke vraag 
dan ook (op welk moment dan ook), je kritische kijk op resultaten en schrijfwerk en alle 
andere zaken waarmee je mij geholpen hebt en die je mij hebt bijgebracht de afgelopen jaren. 
Voor jou ook veel succes voor de volgende jaren met nog vele mooie resultaten te gaan.
Casper, vooral de eerste jaren van mijn PhD waren het Anna-lab en Casper-lab meer verweven 
en voelde ik me toch ook een beetje onderdeel van jouw lab. Ik ben zelfs gaan inzien dat 
die niet-delende neuronen toch ook interessant zijn! :-) Dank je voor je inzichten tijdens 
besprekingen en voor de praatjes op de fiets naar het station. Heel veel succes met je nieuwe 
groep erbij bij Genentech! Natuurlijk ook een grote dank voor het zitting nemen in mijn 
promotiecommissie. Zo ook Sander, bedankt voor de vele geinteresseerde vragen en zinvolle 
opmerkingen tijdens werkbesprekingen en het deelnemen in mijn promotiecommissie. Ook 
de andere leden van de promotiecommissie, Jeroen Pasterkamp, Marileen Dogterom en Geert 
Kops, bedankt voor het lezen en beoordelen van mijn proefschrift. 

During my research we had a lot of contact with the Swiss lab; Michel, thank you for the great 
collaborations we had! It is great to see your enthusiasm and I absolutely enjoyed my visit to 
your lab. All the best and success. Richard, thank you for the nice collaboration which resulted 
in a good publication after all your efforts. Sarah, the enthusiastic Swiss girl! Thank you for 
all the nice collaborations, hard work, suggestions and everything else you did. We published 
some nice results together! I really enjoyed working together with you, from a distance, but 
also always reachable by phone, WhatsApp or mail. And thank you so much for dragging me 
everywhere during my visit to you! Let’s have some cheese fondue sometime again! Also big 
thanks to the other lab members for making my stay so nice!

Lukas, dank je voor de hulp bij het nalezen van papers, suggesties voor experimenten en 
alle inzichten tijdens werkbesprekingen. Esther, dank voor je vrolijkheid, je inzichten 
en goede gesprekken als altijd geinteresseerde buurvrouw. Voor jou veel kracht gewenst 
en keep on fighting! Paul, altijd in voor verhalen, Corette, tegendraads bij de labuit-dans, 
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Fons, de Maastrichtse enthousiasteling, dank voor al jullie belangstelling en inbreng tijdens 
besprekingen en de gezelligheid tijdens de lunch en uitjes. 

Then the joyful ‘chicks’ in our ladies-office (where we also worked very hard although some 
people think otherwise!) Andrea, from the moment I started my PhD you were there at the 
other side of the computers. I am so happy to have you as a close friend now. I enjoyed all the 
diners (crazy Italiano), Pinkpop, and all other things we did together. Not only are you a great 
friend, bus also a good scientist and always willing to help. Also interesting to learn some 
Portuguese words from you when you thought you were alone in the office! ;-) I wish you 
good luck on the other side of the ocean, may there be nice results coming soon. Qingyang, 
you joined the office later, but also became a good friend soon. We have seen some unexpected 
behaviour of you (some things are just not to eat ;-)). I am happy to have you as a friend and 
I wish many more dinners, chats and visits for us! Thanks for being my paranimf! Amol, the 
guy who had to survive amongst the girls…you did well! Also for you, thank you for all the 
nice chats, the enthusiasm you have for the work (most of the time at least ;-)) and the nice 
dinners and activities we had (and will have). Mister fast guy, always aiming for the best! 
Thanks for being my other paranimf! Renu, the vampire lady, and Carol, always running, 
thank you for all your help in and around the lab and for the nice chats! It was nice to have you 
around at the start of my PhD. Hope you are doing great and wish you all the best.  

Tijdens deze jaren heb ik ook verschillende studenten begeleid, tijdens bachelor of master 
stages of via projecten voor middelbare scholieren, die mij allen ook wijzer gemaakt hebben! 
Kim, de vrolijke ochtend dame, Peter Jan, altijd in voor geintjes, en Daan, de altijd-druk-
met-vanalles-man, bedankt voor de mooie stages die jullie gelopen hebben en het werk dat 
jullie verricht hebben! Peter Jan, jij bent nu ook de nieuwe aanvulling van het lab (no longer a 
girls-office..), veel succes met je eigen promotieonderzoek! Met jouw inzet komt dat helemaal 
goed. En...keep me updated :-)

Ivar, al een aantal jaren werken we samen, maar pas op je eigen bruiloft kwamen we 
achter de vele andere talenten die je bezit...geweldige moves en zangkwaliteiten! Mocht je 
wetenschappelijke carriere toch niet bevallen dan zien we je zeker terug als singer-song writer. 
Bedankt voor de mooie tijd in het lab! Jingchao, my lab-neighbour, always curious what I was 
doing in the lab and in for talks. I remember drawing the Netherlands for you, but now you 
should be able to do it yourself ;-). Thank you for the nice times and good luck with the last 
moments of your PhD! Kai and Shasha, the two sources of nearly all in the lab. Thank you for 
the help with literally almost everything when needed. How you two get all these things done 
still surprises me. Wish you the best and a ‘final’ publication soon so you can start your own 
lab! Ben, many thanks to you for the help when I started in the lab. You introduced me to the 
world of the cortical patches. I’m happy that all your hard work seems to pay off at the end of 
your postdoc! Also you are always in for extensive talks, thanks for all the nice chats we had. 
Mr. in vitro, Hari, thanks for introducing me to that special world and for the fun times in 
the lab. All the best in the UK. Eugene, thanks for your help with all questions about analysis 
and for your work on the KIF21B story. I enjoyed having your joyful attitude around! I still 
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feel sorry for you that you had to miss the most important band of the weekend at Pinkpop… 
Ankit, BIG thank you for your help with the KIF21B story! You manage to always be cheerful, 
even when experiments need to be repeated again and again. Thank you!! Wish you the best 
with this postdoc and with your family. Ilya, what to say about you…the guy always in for 
weird conversations, help with microscopes, blocking cell culture hoods for hours while using 
only little time, stealing our chocolates, perfectly able to speak Dutch but just refusing it… I 
think I can go on for a while ;-) Many thanks for all your help and all the nice talks! Maud, 
somehow we mainly meet during drinks and parties...thanks for all these nice moments! (And 
with making the stable lines of course). Much success for the next years in the postdoc and 
wish you all the best with the family. Dieudonnée, bedankt voor de leuke gesprekken tijdens 
het pipetteren. Mooi om zaken ook eens met jouw nuchterheid te bekijken. Heel veel succes 
met jouw PhD! Ruben, stiekem onderdeel van het Anna-lab, al zag ik je daar (bijna) nooit…
gelukkig hebben we de borrels! Veel succes met je wormen. Ruddi, always in to tell some 
unbelievable stories giving us insight in your country. Thanks for your happiness around and 
your honest questions during meetings! Chao, York, Chiung-Yi, the newest additions to the 
lab, good luck with your PhD! Ook bedankt aan alle andere studenten die voor korte, of 
langere tijd, extra gezelligheid brachten in het lab. Smiriti, bedankt voor het introduceren van 
mij in het Akhmanova lab en je altijd vrolijke noot in het lab tijdens de start van mijn PhD! 
Natuurlijk ook een bedankje voor Babet, al hebben we niet direct samengewerkt, zonder jouw 
opzet van het KIF21A project zou de start van mijn PhD een stuk moeizamer verlopen zijn. 

Josta en Petra, ik zie ons daar nog staan bij de sollicitatie! Maar we werden er verzekerd 
van dat er meerdere posities waren, en alle drie mochten we ook beginnen. Super om deze 
tijd van begin tot (bijna) eind met jullie te doorlopen. Inmiddels zijn jullie al klaar en volop 
druk met jullie nieuwe banen. Bedankt voor alle mooie jaren! (En natuurlijk voor alle mooie 
uitjes die jullie georganiseerd hebben!) Phebe, het is al in menig dankwoord gezegd, maar 
ook voor het Akhmanova-lab is het waar; zonder jou zou niet alleen het Hoogenraad-lab 
problemen hebben, maar ook het Akhmanova-lab! Heel erg bedankt voor alle laborganisatie, 
maar ook voor de mooie borrels en activiteiten die je geregeld hebt. Sweetest Mariella, wat 
heb ik fijne gesprekken met jou gehad over gedeelde ‘issues’. Tijd voor meerdere lunches/
borrels/etentjes om dit in stand te houden! The Portuguese crew; Marta, Ines and Cátia, 
thanks for all the talks, laughs and all, although we did see you a lot less since Andrea left 
our office ;-). Cátia, thanks for always being so cheerful and letting me stay at your B&B. 
Ines, thanks for all the supportive talks and nice dinners. Marta, champions in volleyball! 
Thanks for the nice times! Marleen, nog zo’n enthousiaste activiteiten regelaar, dank daarvoor 
en voor de vele geinteresseerde gesprekken tijdens celkweek, lunch, enz! Succes met jouw 
laatste loodjes! Joanna, thanks for the nice times in Heidelberg, keeping me company in the 
camping-car and great chats in the lab! Sam, Bas, Max, the party guys van de afdeling en Kah 
Wai, de nuchterheid zelve. Altijd gezellig met jullie tijdens lunch/borrels/op feestjes! Robert, 
bedankt voor de eerste introducties in de wereld van KIF21B. Veel succes met de afronding 
van jouw thesis en je werk in het ziekenhuis. Lars, mooi om te zien hoe jij van kleine dingen 
geniet! Benieuwd wanneer we buren worden in het kasteel. Suzanne, nooit tegen je gespeeld, 
maar toch leuk die gedeelde interesse (volleybal!). Dank voor de leuke gesprekken in de gang. 
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Nog even doorzetten en ook jullie kunnen met trots je PhD afronden! Thijs, bedankt voor 
de verhelderende vrolijke gesprekken! Bart (altijd bedenken of je iets nou serieus bedoelt, 
eigenlijk is het antwoord altijd nee), Hai Yin (super knap hoe jij erboven op bent gekomen!), 
Marina (happy laugh!), Phill (always in a hurry), Martin (bodyguard in Barcelona), Marijn 
(met je vrolijke sarcasme), Laura (great times at Pinkpop!), Anaël (always a happy face!), 
Karin, Elena, Lena, Suzan, Selma, Vincent, Mike, Inge, Sabrina (congrats with your own lab!), 
Raimond, Bram, Purvi, Marta, Alex, Anne, Roderick, Riccardo, Margriet, Gabi, Michael, 
Yujie, Feline (hou dat enthousiame vast), Xingxiu, Gabi, Harold, Amélie, Wilco, René, 
Dennis, Sofia, Katerina, Dusan, Rachid, Jarno, thanks for all the nice chats and laughs in the 
corridors/at the microscopes/during lunch/at conferences/at lab outing etc! Fan, thanks for 
all the efforts in crosslinking! Although not directly involved in my PhD research, I still own 
a lot to my previous supervisors; Emmy, Sandra, Juan, Linda; thank you for introducing me to 
the world of research and preparing me for the PhD!

Natuurlijk zijn er buiten het lab nog velen die mijn leven mooier maken en de nodige afleiding 
geven van het werk. Een grote ontspanning van het werk komt toch wel uit sporten. Bedankt 
aan de vele volleybalmaatjes door de jaren heen voor de sportieve momenten en gezellige 
borrels, diners en feestjes! Veel goede vriendschappen zijn hieruit ontstaan. Zoals de stapclub, 
al is het nu meer een borrelclubje geworden met alle mama’s, bedankt voor alle steun en leuke 
feestjes/fuiven, toernooien, borrels, vrijgezellendagen, enz enz! 
De Zeeuwse meiden, super dat we na al die jaren nog steeds contact hebben! We zien elkaar 
dan niet super vaak, maar altijd voelt het alsof het gisteren was! Dank voor de gezellige 
lunches, etentjes, feestjes, borrels enz. aan jullie en ook aan de Eindhovense boys en vrouwen. 
Jullie hebben mooie herinneringen gemaakt op onze bruiloft! 
De Simonsjes, al een behoorlijk aantal jaar kom ik nu bij jullie. Bedankt voor de warme 
ontvangst, alle gezellige momenten, lekkere etentjes (maar liever geen bbq ;-)), bezoekjes aan 
Zandvoort, terrasjes, uitstapjes en noem maar op! 
Liesbeth, mijn altijd lieve zus! Ik ben trots op hoe je je er toch allemaal doorheen slaat en blij 
met jou als zus! Bedankt voor alle interesse die je altijd toont en alle mooie momenten die we 
delen (dat zijn er te veel om hier te benoemen!). Daniel, dit geldt ook voor jou. Jij bent verder 
ook een van de weinige buiten het lab die (enigszins ;-)) lijkt te begrijpen wat ik nou eigenlijk 
doe. Super leuk dat je altijd zo geinteresseerd bent! Pap, jouw ziekte is de grootste drijfveer 
geweest om me te verdiepen in de biologie. Ook al ben je al een hele tijd niet meer onder ons, 
je betekent ontzettend veel voor me. Remember you always with a big smile! Mam, altijd ben 
je er voor ons geweest, bedankt daarvoor! Het afgelopen jaar is zwaar geweest, maar het leven 
in het Zeeuwse land heeft ons een wijze les geleerd; Luctor et Emergo!! Ik ben super trots hoe 
je je er doorheen hebt geknokt. Op naar nog vele mooie momenten samen.
Roel, op het moment van mijn promotie zijn we al ruim 13 jaar samen en een half jaar man-
en-vrouw. Nog steeds ben ik erg gelukkig met je en ik ben ontzettend trots op wat je allemaal 
voor elkaar krijgt. Jouw relativeringsvermogen heeft me ook al vaak geholpen :-). Dank je wel 
voor al jouw steun in moeilijke, maar ook mooie tijden!




