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1 Introduction to the 

Kinesin Superfamily 

Hannah R. Belsham and Claire T. Friel 

CONTENTS 

1.1 Kinesins are Defned By a Characteristic Motor Domain ...............................2 

1.1.1 The Nucleotide-Binding Site ................................................................2 

1.1.2 The Microtubule-Binding Interface......................................................3 

1.2 Outside the Motor Domain ...............................................................................4 

1.3 The Various Functions of Kinesins ..................................................................5 

1.4 A Potted History of Kinesin Nomenclature and Classifcation........................6 

1.5 Purpose and Layout of This Book....................................................................8 

References..................................................................................................................8 

The kinesins are a superfamily of proteins that interact with the microtubule cyto-

skeleton. Kinesins use the turnover of ATP to regulate their interaction with micro-

tubules. The frst kinesin was discovered in 1985 as a soluble protein that supported 

ATP-dependent movement of purifed microtubules (Vale, Reese, and Sheetz 1985). 

This protein was found to be distinct from the previously identifed actin-associated 

motor protein, myosin, and from the microtubule-associated motor protein, dynein, 

and was given the name kinesin from the Greek ‘kinein’, meaning ‘to move’ (Vale, 

Reese, and Sheetz 1985). The principal role of kinesin was initially considered 

to be transport of organelles (Vale, Reese, and Sheetz 1985, Vale et al. 1985a, b), 

although a role in mitosis was also suggested (Scholey et  al. 1985). This original 

kinesin was shown to be a complex consisting of two kinesin heavy chains (KHCs) 

and two light chains (KLCs) (Bloom et al. 1988). The nucleotide- and microtubule-

binding activity was soon shown to be confned to an ~45kD N-terminal region of 

the KHC containing the so-called ‘motor domain’ (Scholey et al. 1989, Kuznetsov 

et al. 1989). Kinesin was found in a wide variety of organisms and cell types, includ-

ing avian and mammalian neuronal tissue (Vale, Reese, and Sheetz 1985, Brady 

1985, Kuznetsov and Gelfand 1986); squid neural tissue (Vale, Reese, and Sheetz 

1985); sea urchin eggs (Scholey et al. 1985); Xenopus eggs (Neighbors, Williams, 

and McIntosh 1988); and Drosophila melanogaster (Saxton et al. 1988), although 

it remained unclear whether kinesin was part of a multigene family. However, after 

the frst sequence of a kinesin, the D. melanogaster KHC, became publicly available 

(Yang, Laymon, and Goldstein 1989), a large number of kinesin-like proteins were 

discovered by screening for sequence homology to the characteristic kinesin motor 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

2 The Kinesin Superfamily Handbook 

domain. Kinesins are now known to be ubiquitous among eukaryotes (Wickstead 

and Gull 2006, Wickstead, Gull, and Richards 2010). There are currently 45 kinesin 

genes identifed in mammalian species, with alternative splicing expanding the total 

number of different kinesin proteins (Miki et al. 2001). 

1.1 KINESINS ARE DEFINED BY A 
CHARACTERISTIC MOTOR DOMAIN 

The conserved kinesin motor domain consists of ~350 amino acids and contains 

both the nucleotide-binding site and the microtubule-binding interface. The kinesin 

motor domain acts as a nucleotide-gated switch, with its conformation dependent 

on nucleotide status (Arnal and Wade 1998, Hirose et al. 2006, Kikkawa et al. 2001, 

Yun et  al. 2001). The affnity of the motor domain for the microtubule depends 

on whether ATP, ADP·Pi, ADP or no nucleotide is bound (Hackney 1994, Ma and 

Taylor 1997). Therefore, the motor domain switches between high and low affn-

ity for the microtubule as a nucleotide binds, is hydrolysed and the products are 

released. Interaction of the motor domain with the microtubule alters the kinetics 

of changes in nucleotide state and therefore affects the transitions between different 

microtubule affnity conformations. This reciprocal infuence of nucleotide status 

on microtubule binding and interaction with the microtubule on nucleotide binding 

and hydrolysis results in a mechanochemical coupling that drives the motor activity 

of kinesins. 

The kinesin motor domain is structurally conserved throughout the superfam-

ily, consisting of an eight-stranded β-sheet fanked by three α-helices on either side 

(Kull et al. 1996, Sablin et al. 1996, Song et al. 2001). The β-strands are named β1 

to β8, the helices α1 to α6, and the connecting loops, in which most of the structural 

diversity exists, are typically named L1 to L12. 

1.1.1 THE NUCLEOTIDE-BINDING SITE 

The nucleotide-binding site of kinesins is formed of four conserved motifs named 

N1 to N4 (Sablin et  al. 1996) (Figure 1.1A and Table 1.1). These nucleotide-

binding motifs contain the most highly conserved amino acid residues across the 

kinesin superfamily and are responsible for the binding and hydrolysis of ATP. 

Similar motifs are found in the myosin motor domain and in G proteins, and the 

topology of the nucleotide-binding site is similar among these three nucleotide-

gated switch domains (Kull, Vale, and Fletterick 1998, Vale 1996, Song, Marx, 

and Mandelkow 2002). 

The N1 motif, more commonly referred to as the p-loop, binds the α- and 

β-phosphates of the nucleotide. The p-loop is a common phosphate-binding motif 

found in proteins that bind nucleotides. Residues of the p-loop, located in L7 of 

the kinesin motor domain, also coordinate the Mg2+ ion required for tight binding 

of the nucleotide (Muller et al. 1999). The N2 and N3 motifs are more commonly 

called the ‘switch motifs’ by analogy with G proteins (Sack, Kull, and Mandelkow 

1999). The Switch I motif is found in L9 and the Switch II motif in L11 of the kine-

sin motor domain (Figure 1.1A). The switch regions sense the presence or absence 



 

   

 

 

 

3 The Kinesin Superfamily 

FIGURE 1.1 Structure of a Kinesin-1 motor domain in complex with the α-/β-tubulin het-

erodimer (pdb; 3J8Y). α-tubulin (light blue), β-tubulin (orange) and kinesin motor domain 

(green). (A) The conserved nucleotide-binding motifs highlighted are the p-loop (dark blue), 

Switch I (pink), Switch II (yellow) and RxRP (purple). The nucleotide (ATP analogue) is 

shown in red stick form. (B) Structural elements commonly involved in the microtubule-

binding interface are highlighted as the α4 helix (dark blue), Loop 11 (pink), Loop 12 (pur-

ple), Loop 8 (yellow), Loop 2 (grey) and α6 helix (arrow). 

TABLE 1.1 

The Four Conserved Nucleotide-Binding Motifs Found in the Kinesin Motor 

Domain 

Nucleotide-binding motif N1 N2 N3 N4 

Alternative names p-loop, Walker A Switch 1 Switch II RxRP 

Typical sequence in GQTxxGKT NxxSSRSH DLAGxE RxRP 

kinesins 

Interacts with α- and β-phosphate γ-phosphate γ-phosphate adenosine ring 

and Mg2+ ion 

of the γ-phosphate and therefore detect the nucleotide status of the motor domain. 

The switch loops undergo conformational changes depending on the nature of the 

bound nucleotide, and thereby transmit nucleotide status to the microtubule-binding 

interface and vice versa (Kikkawa et al. 2001, Naber et al. 2003). The N4 motif coor-

dinates the base moiety of the nucleotide via stacking interactions with proline and 

the aliphatic side chains of the conserved arginine residues. 

1.1.2 THE MICROTUBULE-BINDING INTERFACE 

The structure of the motor domain of various kinesin families in complex with 

tubulin have been solved (Shang et al. 2014, Ogawa et al. 2017, Gigant et al. 2013, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

4 The Kinesin Superfamily Handbook 

Atherton et al. 2014, Wang et al. 2017, Trofimova et al. 2018, Goulet et al. 2012). 

Each of these structures shows a common tubulin/microtubule interface and a 

common orientation of this interface in relation to the α-/β-tubulin heterodi-

mer (Figure 1.1B). The microtubule interface of the kinesin motor domain is 

consistently composed of the following elements of secondary structure: L8, 

L11/α4 and L12. The degree of involvement of other secondary structural ele-

ments (L2, α5 and α6) varies according to the kinesin family. For example, 

the length of L2 is considerably different between families, ranging from 2–3 

residues in the Kinesin-1 family to 13–15 residues in the Kinesin-13 family. For 

kinesins with a long L2, this region becomes a more important element of the 

microtubule interface (Ogawa et al. 2004, Shipley et al. 2004, Kim, Fonseca, 

and Stumpff 2014). 

The orientation of the microtubule-binding face of the motor domain is also 

preserved across kinesin families. All structures of the kinesin motor domain in 

complex with tubulin or the microtubule which are currently available show that 

the interface is centred on the α4 helix, which contacts the interface between the 

α- and β-tubulin subunits, the so-called ‘intradimer groove’ (Figure 1.1B). The 

L2 side of the motor domain is oriented toward the α-tubulin end of the heterodi-

mer, whilst L8 is oriented toward the β-tubulin end. The α4 helix connects, at 

its N-terminus, directly to L11, which contains the Switch II nucleotide-binding 

motif. The length of the α4 helix has been shown to change, depending on the 

nucleotide- and microtubule-binding status of the motor domain (Sindelar and 

Downing 2010, Kikkawa et al. 2001); thus the relative lengths and conformation 

of L11 and α4 respond to both nucleotide and microtubule interaction status. This 

L11/α4 region is a particularly important route of communication between the 

microtubule-binding face of the motor domain and the nucleotide-binding site 

and is critical to the mechanochemical coupling upon which motor domain func-

tion is founded. 

1.2 OUTSIDE THE MOTOR DOMAIN 

Adjacent to the motor domain, on either the N- or C-terminal side, many kinesins 

possess a region referred to as the neck. For motile kinesins, this region is important 

for motor domain coordination and dictates the directionality of movement upon 

the microtubule (Endow and Waligora 1998, Case et al. 1997). The Kinesin-13 non-

motile, microtubule-depolymerising kinesins possess a region N-terminal to the 

motor domain, also referred to as the neck (Maney, Wagenbach, and Wordeman 

2001, Vale and Fletterick 1997), which is required for maximal activity but appears 

unrelated to the region of the same name in motile kinesins (Maney, Wagenbach, and 

Wordeman 2001, Ovechkina, Wagenbach, and Wordeman 2002). 

The non-motor regions are diverse both across and within kinesin families. These 

regions dictate the multimerisation state of a kinesin, its cellular localisation and 

attachment to cargo or to adaptor proteins (Tao et al. 2006, Chu et al. 2005, Skoufas 

et  al. 1994, Lee et  al. 2010). Some kinesins even possess additional microtubule-

binding sites outside the motor domain, which can increase processivity of movement 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

5 The Kinesin Superfamily 

(Mayr et al. 2011) or allow crosslinking of microtubules to promote sliding (Weinger 

et al. 2011, Fink et al. 2009). 

1.3 THE VARIOUS FUNCTIONS OF KINESINS 

Kinesin superfamily members are present in all eukaryotes analysed to date 

(Wickstead, Gull, and Richards 2010). The kinesin motor domain can function as 

part of a monomer (Okada et al. 1995), dimer (Maney et al. 1998, Setou et al. 2000, 

Chu et al. 2005, Yildiz et al. 2004) or tetramer (Decarreau et al. 2017, Drechsler 

et al. 2014, Kapitein et al. 2005, Howard, Hudspeth, and Vale 1989). As a generali-

sation, the activity of all kinesins studied to date fall into one or both of two classes: 

translocating kinesins, that move directionally with respect to the microtubule, 

and regulating kinesins, that bind to microtubule ends and infuence microtubule 

dynamics. Translocating kinesins may be highly processive, such that individual 

molecules can take many steps along a microtubule before dissociating, or less 

processive, able to take only one or a few steps before dissociating. Microtubule-

regulating kinesins may be depolymerisers, that antagonise microtubule growth 

and/or promote shrinkage, polymerisers, that promote microtubule growth, or 

dynamics inhibitors, that antagonise both growth and disassembly of microtubules 

(Friel and Howard 2012). 

The type of activity displayed by a kinesin is largely specifed by the motor 

domain. Since the motor domain sequence is suffcient to place a kinesin into a fam-

ily (Wickstead and Gull 2006, Lawrence et al. 2004), the location of a particular 

kinesin within a family gives some information as to its activity and/or function. For 

example, all members of the Kinesin-13 family studied to date have been found to 

be non-motile microtubule depolymerisers or destabilisers (Friel and Welburn 2018). 

Also, certain kinesin families are specialised to carry out particular functions and 

this affects their distribution across species. For example, several kinesin families (2, 

9, 16 and 17) are cilia/fagella specifc and so their expression is confned to species 

which contain cilia and/or fagella (Wickstead, Gull, and Richards 2010). The com-

bination of the range of activities displayed by the various kinesin motor domains 

and the diversity of the non-motor regions allows kinesins to carry out a wide range 

of cell biological functions. These include transport of cargo such as organelles 

(Nangaku et al. 1994, Nakata and Hirokawa 1995, Hoepfner et  al. 2005), protein 

complexes (Shi et al. 2004) and mRNA particles (Kanai, Dohmae, and Hirokawa 

2004); intrafagellar transport particles (Kozminski, Beech, and Rosenbaum 1995) 

and chromosomes (Wood et  al. 1997, Schaar et  al. 1997); microtubule sliding 

(Kapitein et al. 2005, Fink et al. 2009); microtubule depolymerisation (Desai et al. 

1999); and microtubule nucleation/elongation (Rome and Ohkura 2018, Hibbel et al. 

2015). This range of functions means that kinesins play vital roles in many critical 

cellular systems, including cell division via mitosis or meiosis; development, mainte-

nance and function of neural projections; growth, maintenance and function of cilia 

and fagella; and development and maintenance of cell polarity (Cross and McAinsh 

2014, Goldstein and Yang 2000, Scholey 2008, Bachmann and Straube 2015, Endow, 

Kull, and Liu 2010, Hirokawa et al. 2009, Verhey, Dishinger, and Kee 2011). 
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1.4 A POTTED HISTORY OF KINESIN 
NOMENCLATURE AND CLASSIFICATION 

The frst indication of the existence of a kinesin superfamily came in the early 1990s 

as more and more genes were discovered that contained a ~350 amino acid region 

with 30–50% similarity to the motor domain of the earliest discovered kinesin (Enos 

and Morris 1990, Meluh and Rose 1990, Hagan and Yanagida 1990, Otsuka et al. 

1991, Endow and Hatsumi 1991, McDonald and Goldstein 1990, Zhang et al. 1990, 

Le Guellec et al. 1991, Stewart et al. 1991, Endow, Henikoff, and Soler-Niedziela 

1990, Aizawa et al. 1992, Nakagawa et al. 1997). These sequences often showed no 

similarity in regions outside the motor domain, suggesting that the conserved kine-

sin motor domain had become combined with different non-motor regions, allowing 

expansion of its functional capabilities. As the number of identifed genes containing 

the kinesin motor domain rose, an increasingly complex nomenclature also grew. 

Some kinesins were named based on their localisation or cellular function, some-

times in advance of their identifcation as a kinesin, for example Ncd, non-claret 

disjunctional, identifed in D. melanogaster (Walker, Salmon, and Endow 1990, 

McDonald, Stewart, and Goldstein 1990). Others were called KIF (an acronym for 

kinesin family), KLP (for kinesin-like protein) or KRP (for kinesin-related protein) 

and given numbers based on their chromosomal location or clone number (Aizawa 

et al. 1992, Stewart et al. 1991, Cole et al. 1992). 

Analysis of the growing collection of motor domain sequences and the construc-

tion of phylogenetic trees began to suggest the existence of related groups within 

the myriad of somewhat arbitrarily named kinesin genes (Goldstein 1993, Goodson, 

Kang, and Endow 1994, Hirokawa 1996). This suggested that a classifcation system 

could be derived which could be used to produce a simplifed nomenclature to facili-

tate communication between researchers in the motor protein feld. Some of the frst 

attempts at a classifcation of the kinesin superfamily used a nomenclature based on 

the position of the motor domain (Vale and Fletterick 1997, Hirokawa 1998, Miki 

et al. 2001). Three major groups were identifed according to motor domain position 

within the full protein sequence, termed KIN N, KIN C and KIN I for motor domains 

at the N-terminus, C-terminus or Internal locations, respectively (Vale and Fletterick 

1997), or KIN N, KIN C and KIN M, also referring to the motor domain located near 

the N-terminus, C-terminus or in the middle of the full sequence (Hirokawa 1998, 

Miki et al. 2001). These groups were further divided based on sequence similarity 

of the motor domain, eventually resulting in 11 N kinesin groups (N1–N11), two C 

kinesin groups (C1–C2) and one group of M kinesins (Miki et al. 2001). 

As the number of identifed kinesin genes continued to grow and bioinformatic 

techniques for performing phylogenetic analysis improved, the classifcation of 

related groups within the kinesin superfamily moved toward a consensus (Lawrence 

et  al. 2002, Dagenbach and Endow 2004). However, the nomenclature associated 

with kinesin classifcation remained unresolved and disparate naming systems 

used by researchers in the feld often resulted in confusion and miscommunica-

tion. Discussion among researchers in the kinesin feld, and particularly following 

a special interest subgroup held at the 2003 meeting of the American Society for 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 The Kinesin Superfamily 

Cell Biology, eventually led to agreement on a standardised nomenclature, with an 

accepted system of classifcation for the kinesin superfamily (Lawrence et al. 2004). 

Kinesins were classifed into 14 families based on phylogenetic analyses, and a set 

of rules agreed upon as to what constituted a family and how each family should be 

named. Each family would bear the name ‘Kinesin’, an Arabic number would be 

used to designate individual families and recognised subfamilies would be referred 

to by adding a letter to the family name. It was also agreed that to gain the status of 

a recognised family or subfamily, a group must contain sequences from at least two 

kingdoms. Any sequences that could not be consistently grouped within a family 

would be referred to as ‘orphan’ kinesins. These rules, defning what constitutes a 

kinesin and how families should be named, remain the accepted gold standard of the 

kinesin feld (Lawrence et al. 2004). 

Whilst the rules defning distinct families and their associated nomenclature 

have not changed, the increase in available genome sequences from a greater diver-

sity of organisms and advancements in phylogenetic methods have permitted more 

sophisticated and inclusive analyses of kinesin repertoires. In 2006, an updated 

kinesin phylogeny was presented, based on the analysis of complete or near-com-

plete sets of kinesin sequences from 19 organisms spanning fve of the six pro-

posed eukaryotic supergroups (Wickstead and Gull 2006). This analysis expanded 

the membership of 11 of the previously defned kinesin families, identifed three 

new families, and united two previously identifed families. The Kinesin families 

1–3, 5–9, 13 and 14 were again identifed, and additional, previously unassigned 

sequences were encompassed within these families. This analysis found no support 

for separate Kinesin-4 and Kinesin-10 families. Instead these two families formed a 

single, well-supported group which was named the Kinesin-4/10 family. Increased 

sampling of sequences from a more diverse range of organisms resulted in the pre-

viously identifed Kinesin-12 family becoming resolved into two monophyletic 

groups. To avoid confusion, these two distinct families were named Kinesin-15 

(containing HsKIF15) and Kinesin-16 (containing HsKIF12). The only previously 

identifed family not accounted for in this analysis was Kinesin-11; no evidence 

was found for the existence of this family as a monophyletic group. This analysis of 

an expanded set of kinesin sequences also identifed a new cross-kingdom family 

named Kinesin-17, which consisted only of sequences from organisms that produce 

cilia or fagella. 

An analysis of an even more comprehensive set of kinesin sequences was pub-

lished in 2010 (Wickstead, Gull, and Richards 2010). This study used the kinesin 

repertoire from 45 organisms and ultimately an alignment of 1263 kinesin motor 

domain sequences to produce the phylogenetic analysis. This study confrmed the 

previously identifed Kinesin-1, 2, 3, 4/10, 5, 6, 7, 8, 9, 13, 14, 15, 16 and 17 families 

and identifed a further three families named Kinesin-18, 19 and 20. 

The commonly accepted phylogenetic classifcations of the kinesin superfam-

ily use only the sequence of the motor domain region of the various kinesin genes 

analysed (Lawrence et  al. 2004, Wickstead and Gull 2006, Wickstead, Gull, and 

Richards 2010). Therefore, the motor domain sequence alone is suffcient to place a 

kinesin within a family. 
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1.5 PURPOSE AND LAYOUT OF THIS BOOK 

This book is intended to facilitate easy comparison of the individual families that 

comprise the kinesin superfamily. Therefore, each family for which suffcient infor-

mation is currently available is allocated its own chapter and each chapter is laid 

out according to the same format, to allow ready comparison between families of 

1) Example family members, 2) Structural information, 3) Functional proper-
ties, 4) Physiological roles and 5) Involvement in disease of the various members. 

The information available in the literature relating to the Kinesin families 7, 9 and 

17–20, at the time of writing, was considered insuffcient to merit complete chap-

ters and so these families have been grouped together in a single chapter entitled 

‘Other Kinesins’. The nomenclature used in this work adheres to the rules laid out in 

Lawrence et al. (2004) and the classifcation is according to the analysis of Wickstead 

and Gull (2006) and Wickstead, Gull, and Richards (2010). 
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The Kinesin-1 family contains the founding members of the kinesin superfam-

ily. Members of this family are general purpose motor proteins for movement 

towards the plus end of microtubules. 

2.1 EXAMPLE FAMILY MEMBERS 

Heavy Chains (HCs): 

Mammalian: KIF5A, B and C 

Drosophila melanogaster: KHC 

Neurospora crassa: NKin 

Caenorhabditis elegans: Unc116 

Note: KHC is often used to refer to “kinesin heavy chain”, irrespective of 

source. Kinesin-1 is also known as “conventional” kinesin because it was 

the frst to be discovered and thus became the benchmark with which other 

kinesins are compared. 

Light Chains (LCs): 

Mammalian: KLC1, 2, 3 and 4 

Drosophila melanogaster: KLC 
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2.2 STRUCTURAL INFORMATION 

Kinesin-1s in higher organisms are heterotetramers composed of two heavy chains 

(HCs), each of which contains a motor domain, and two light chains (LCs) (see Vale 

and Fletterick (1997), Hirokawa et  al. (2010) and Wang et  al. (2015) for reviews) 

(Figure 2.1A). Kinesin-1 is classifed as an N-terminal kinesin because the motor 

domains (MDs) or heads are at the N-terminus of the HCs. The HCs dimerise 

through the long coiled-coil regions of the stalk (Coils 1 and 2). The cargo- and 

LC-binding regions are located in the C-terminal region (tail). The stalk region con-

nects the tail and head domains and serves as a fexible spacer to link the motor and 

cargo-binding regions. 

The motor domains (MDs) consist of a core domain of approximately 340 amino 

acids, with sites for binding ATP and microtubules. Following the core MD on the 

HC is a short sequence of amino acids that is called the neck linker (NL), shown in 

magenta in Figures 2.1A and B. The NL in Figure 2.1B is bound to the core motor 

in a docked confguration that is favoured by binding of non-hydrolysable ATP ana-

logues or transition state analogues to the motor domain, but can be undocked (dis-

ordered and not seen in X-ray structures) when ADP is bound or in the absence of a 

nucleotide. Reversible docking of the NL (Rice et al., 1999) plays a key role in the 

FIGURE 2.1 Kinesin-1 structure. (A) Domain organisation of Kinesin-1. Modifed 

from ©2007 Hackney, D.D. Originally published in J. Cell Biol. https://doi.org/10.1083/ 

jcb.200611082. (B) Kinesin-1 rat monomer motor domain (PDB 2kin) (Sack et  al., 1997). 

Neck linker (NL, magenta), cover strand (cyan), helix at start of neck coil (green), critical 

Ile327 at start of NL (blue); and ADP in spacefll at back of view. HC: heavy chain; LC: light 

chain. 

https://doi.org
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generation of processive movement as discussed below. Additionally, the neck linker 

is overlaid by the N-terminal region (shown in cyan in Figure 2.1B), designated the 

cover strand (Khalil et al., 2008). The NL is followed by a short coiled-coil region 

(Coil-0), called the neck coil (shown in green in Figures 2.1A and B), and a hinge 

region. The neck coil dimerises tightly (Morii et al., 1997; Tripet et al., 1997) and 

produces a functional dimer of heads that is suffcient for generation of processive 

motility. When their NLs are docked, the heads are constrained by the neck coil to 

be next to each other but can move away from the neck coil if undocked, as indicated 

by one undocked NL in Figure 2.1A. The stalk is largely coiled-coil in solution, but 

Coil-1 is surprisingly unstable in isolation (de Cuevas et al., 1992). 

Following the stalk are two additional predicted coiled-coil regions in metazoan 

Kinesin-1s. The frst region (Coil-3) binds the coiled-coil region of the LCs to gener-

ate the heterotetramer. The second conserved region (Coil-4) is a site for binding of 

cargoes directly to the HC. It was initially recognised and studied in Neurospora 

(Seiler et al., 2000), which lacks light chains and therefore all cargo must bind to the 

HCs. However, many HC-interacting proteins bind outside this region. 

The C-terminal region of the HC binds to the MDs to form a folded conformation 

that is facilitated by the fexible hinge in the centre of the stalk between Coil-1 and 

Coil-2. The extended conformation in Figure 2.1A is only observed at high ionic 

strength, which weakens the tail-head interaction. Under typical physiological condi-

tions, Kinesin-1 is in the folded state and is autoinhibited. A highly conserved IAK 

motif and surrounding residues in this region are required for interaction with the 

heads (Stock et al., 1999). Unexpectedly, only one of the tail peptides of a HC dimer 

binds tightly to a dimer of heads (Kaan et al., 2011). The tail also contains a nucle-

otide-independent microtubule-binding site (Navone et  al., 1992). This positively 

charged auxiliary microtubule-binding site (ABS) is upstream of the IAK motif and 

also increases the affnity of the tails for the heads (Hackney and Stock, 2000). The 

extreme C-terminal region is disordered and highly variable. Neurospora NKin con-

tains a conserved IAK region but lacks a conserved positively charged ABS region. 

Schizosaccharomyces pombe klp3 has a much shorter stalk and tail, with, at most, a 

weakly homologous IAK region. 

See Wickstead et al. (2010) for a detailed phylogenetic tree of the Kinesin-1 fam-

ily. Note that the designations Kinesin-1A,1B and 1C of Wickstead et al. (2010) rep-

resent an ancient divergence into three major Kinesin-1 clades and should not be 

confused with the more recent divergence into the three mammalian isoforms KIFA, 

B, C, which are all part of the Kinesin-1A clade. 

The LCs contain an N-terminal coiled-coil followed by a highly charged spacer, 

a TPR (tetratrico peptide repeat) protein interaction domain (D’Andrea and Regan, 

2003) and a C-terminal tail which is subject to extensive alternative splicing (Cyr 

et al., 1991; McCart et al., 2003). LCs can dimerise and interact with the HC coil-3 to 

produce the complete Kinesin-1 heterotetramer (Diefenbach et al., 1998). S. pombe, 

Neurospora crassa and Dictyostelium discoideum lack a gene for LCs in their genome 

and their HCs lack the LC-binding region of higher organisms. Drosophila has only 

one LC gene (KLC), but humans have four genes; KLC1 and KLC2 are broadly 

expressed, with KLC2 being more enriched in the brain (Rahman et al., 1998) and 

KLC3 having a specialised role in spermatids (Junco et al., 2001). Many cargoes of 
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kinesin bind to the TPR domain, but the C-terminal tail is also involved in cargo 

specifcity (Woźniak and Allan, 2006). 

2.3 FUNCTIONAL PROPERTIES 

2.3.1 MOTILITY 

The principal function of Kinesin-1 is to move cargo towards the plus end of micro-

tubules. It is exquisitely adapted to accomplish this task as demonstrated by many 

studies on the motile properties of the isolated protein. For these biophysical stud-

ies, Kinesin-1 has the advantage that it has a comparatively simple structure with 

a very compact MD that is composed of a single polypeptide chain and requires 

no accessory proteins for activity, unlike the other cytoskeletal motor protein fami-

lies, myosin and dynein, which are much more complex. In addition, monomers and 

dimers of MDs from a range of species are well expressed in Escherichia coli, and 

are biochemically “well behaved” and stable if maintained with MgADP or MgATP 

(Hackney and McGoff, 2016). Extensive knowledge of the biophysical properties of 

Kinesin-1 as a motor protein has been obtained through in vitro reconstituted motil-

ity assays. The initial work was done with squid kinesin because of the ability to 

observe microtubules and kinesin-driven movement in the axoplasm from the giant 

axon. However, most subsequent mechanistic work has been done with Drosophila, 

mouse, rat or human Kinesin-1s, which have remarkably similar motile properties. 

Assays are performed in two major confgurations. One is to adsorb motors to a 

surface and then observe the ATP-driven movement of microtubules along the sur-

face, often termed a gliding assay. With purifed motors, casein is often used to frst 

passivate the glass surface (Verma et al., 2008), which allows Kinesin-1s to bind, 

with their MDs free to interact with microtubules. A high surface density of kinesin 

results in many motors pushing on a microtubule in the “multi motor mode”, whereas 

the “single motor mode” occurs at a limiting low surface density of motors, with a 

microtubule being pushed by only one Kinesin-1. A striking early observation was 

that Kinesin-1s, in the single motor mode, were capable of moving a microtubule 

over long distances without the microtubule diffusing away, and thus could move 

processively down a microtubule (Howard et  al., 1989). The velocity was similar 

at 0.5–1 µm/s for both single and multi motor movement, however, more complex 

behaviour is observed when kinesin is free to move in a membrane (Grover et al., 

2016). See Arpağ et al. (2019) and Belyy et al. (2016) for recent examples of how 

multiple and different motors on the same cargo can interact. 

The other method is to attach a microtubule to a surface and watch kinesins mov-

ing along the microtubule (observed by attaching a kinesin to a bead or by attaching 

a fuorescent tag to a kinesin). During processive movement, Kinesin-1s track along 

the path of a single protoflament (Ray et al., 1993) with 8-nm steps per dimer for 

each ATP hydrolysed (Yildiz et al., 2004), but can take sidesteps if stalled at road 

blocks (Schneider et al., 2015) or if spacers are introduced between the NL and NC 

to allow a larger diffusional search for the tethered head (Hoeprich et  al., 2014). 

Tracking of dimers at high temporal resolution has greatly extended our knowledge 

of the substeps and demonstrated that Kinesin-1 dimers rotate as they move and 
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transmit torque to the stalk (Isojima et al., 2016; Mickolajczyk et al., 2019; Ramaiya 

et  al., 2017). A bead with an attached Kinesin-1 can be held in an optical trap, 

which can be used both to track the bead and to study the role of applied force (see 

Greenleaf et al. (2007) for this and other methods of tracking). The force of the trap 

increases with the distance from the centre and can also be adjusted in a calibrated 

manner by varying the intensity of the trapping light. As a hindering force increases, 

the velocity of the kinesin decreases until movement stops at a stall force of ~7 pN/ 

nm in the single motor mode (Visscher et al., 1999). 

2.3.2 COUPLING TO ATP HYDROLYSIS 

A key feature of kinesins in general is that both the ATP-bound state and the no-

nucleotide rigour state, but not the ADP state, are tightly bound to microtubules (Cross, 

2016). It was, in fact, the high affnity for microtubules in the presence of the non-

hydrolysable ATP analogue AMP-PNP that was the frst property of kinesin to be 

observed (Lasek and Brady, 1985) and was used to initially purify the enzyme (Vale 

et al., 1985). Monomeric Kinesin-1 MDs hydrolyse ATP and release Pi rapidly, but the 

release of ADP, and thus the steady-state ATPase rate, is extremely slow. However, 

binding of the motor-ADP complex to a microtubule results in a conformational change 

of the motor that accelerates ADP release (Hackney, 1988). Passing through a weakly 

bound ADP state allows kinesin to detach from the microtubule so that it can relocate 

to new tubulin-binding sites further toward the plus end. This also means that a single 

MD cannot generate a high degree of processive movement, because when it cycles off 

the microtubule in the ADP state, it would diffuse away from the microtubule. 

Dimers of Kinesin-1 MDs can move processively for long distances even under 

load without falling off the microtubule because the ATPase cycles of the two MDs 

are forced to be out of phase so that one or the other is always in a tight microtubule-

binding state. When a dimer with one ADP per head binds to a microtubule, only 

one of the two ADPs is released (Hackney, 1994) to generate a tethered intermediate 

having one MD without a nucleotide and tightly bound to the microtubule, whereas 

the other MD retains its ADP as illustrated schematically in Figure 2.2. The head 

with the ADP can be bound to the trailing site (Figures 2.2A and C), but since the 

ADP state binds weakly to microtubules, it can also dissociate from the microtubule 

(Figures 2.2B and D), particularly at low ATP concentration (Mori et  al., 2007). 

The NL plays a central role in coordination of the two MDs because in the two-

head bound state the NLs are close to being fully extended and thus generate inter-

MD tension. Changing the length of the NLs infuences the coupling (Shastry and 

Hancock, 2011). The leading nucleotide-free MD will have an undocked NL that can 

be directed backwards, but the trailing head with an ADP can only bind to the micro-

tubule with its NL directed forward, in order for both NLs to meet at the start of the 

neck coil. The trailing head cannot release the ADP rapidly because it cannot both 

bind to the trailing site and move its NL away from a docked orientation, as required 

for ADP release, without causing the neck coil to unwind. ATP binding to the lead 

MD will favour docking of its NL, which will force the trailing head forward to the 

next upstream microtubule-binding site, where it can now undock and release ADP. 

Hydrolysis completes the cycle. 
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FIGURE 2.2 Schematic illustration of the interaction of Kinesin-1 with microtubules 

throughout its ATP turnover cycle (based on KIF1A-microtubule complex pdb 2hxh (Kikkawa 

and Hirokawa, 2006)). Microtubule protoflament (three dimers end to end), motor domain 

(nucleotide binding state indicated), neck linker (covering motor domains), helix at start of 

neck coil (parallel upward lines). (A) When dimeric Kinesin-1 initially binds to a microtu-

bule ADP dissociates from only one of the two motor domains. (B) The ADP-bound motor 

domain dissociates from the microtubule. (C) The no nucleotide (APO) motor domain binds 

and hydrolyses ATP while remaining tightly associated with the microtubule. ATP hydrolysis 

causes the plus-end directed movement of the ADP-bound motor domain, which in the for-

ward orientation can bind tightly to the microtubule and release ADP. (D) The trailing motor 

domain from (A) becomes the microtubule bound APO motor domain and the cycle starts 

again with dissociation from the microtubule of the new trailing ADP-bound motor domain. 

The scheme depicted in Figure 2.2, however, is grossly oversimplifed and is only 

applicable at low concentration of ATP, where hydrolysis and Pi release have time 

to occur before a new ATP binds to the lead apo-MD. In fact, the conformations in 

Figure 2.2 are referred to as the “ATP waiting state” because they will only accumu-

late at low ATP concentrations, where the ATP-binding rate is reduced. Considerable 

attention is being directed towards revealing the detailed mechanism for these tran-

sitions. One issue is whether a trailing head with ADP will remain attached to the 

microtubule immediately after Pi release or is so weakly bound that it dissociates 

even before ATP at a high concentration can bind to the leading head. At high ATP 

concentrations, can ATP binding start to occur at the new lead MD before hydrolysis 

and Pi release occurs at the new trailing head? Does the trailing head release from 

the microtubule in the ADP or in the ADP-Pi state? A related issue is how tightly 

is a MD bound to the microtubule in the ADP-Pi state. See Muretta et al. (2015), 

Atherton et al. (2014), Mickolajczyk et al. (2019) and Andreasson et al. (2015) for 

current approaches to these questions. 
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2.4 PHYSIOLOGICAL ROLES 

Members of the Kinesin-1 family play critical roles in diverse processes, from fast 

axonal transport of membrane-bound organelles down axons and positioning of 

mitochondria and nuclei to movement of RNA granules, intermediate flaments and 

even dynein and microtubules (Maday et al., 2014; Hirokawa et al., 2010; Lu and 

Gelfand, 2017). Drosophila has only one HC gene, KHC, which is expressed ubiq-

uitously and must be responsible for all Kinesin-1-driven transport. Mammals have 

three HC isoforms KIF5A/B/C. KIF5B is sometimes called “ubiquitous” kinesin 

because it is the orthologue of Drosophila KHC and is also expressed in all cells. 

KIF5A and KIF5C are enriched in the brain, with marked differences in their distri-

bution between cell type and region (Kanai et al., 2000; Brady and Morfni, 2017). 

Kinesin-1 moves many different adaptors/cargoes that can bind to the LCs, HCs or 

both (see Gindhart (2006) for an early and now incomplete list). Since the function 

of Kinesin-1 is to transport cargoes, the role of this kinesin is largely defned by the 

identity of its cargoes and how transport is regulated. 

2.4.1 CARGOES/ADAPTORS 

Kinesin-1 moves both vesicular and non-vesicular cargoes, using sites on its HC or 

LC or both. Numerous proteins have been reported to bind to Kinesin-1 by a range 

of approaches, including pull-down, yeast two-hybrid and colocalisation assays, and 

genetic and functional interactions, with varying extents of confrmation (Gindhart, 

2006; Adio et  al., 2006). Their characterisation has revealed a large diversity of 

Kinesin-1 cargo recognition. 

Many cargos bind directly to the HCs. Transmembrane cargoes can bind directly 

to HCs, as is the case for potassium channels (Xu et al., 2010), or through adaptor 

proteins, cytosolic proteins that couple a transmembrane cargo to the motor protein. 

Examples of adaptor proteins include GRIP1, an adaptor/scaffold to link HCs to 

excitatory AMPA receptors (Setou et al., 2002); HAP1, linking inhibitory GABAA 

receptors (Twelvetrees et al., 2010); fasciculation and elongation protein ζ1 (FEZ1 

or Unc76 in Drosophila and C. elegans) (Gindhart et al., 2003; Blasius et al., 2007); 

and milton (TRAK1/2) to couple mitochondria through the transmembrane protein 

miro (Glater et  al., 2006). Alternatively, cytosolic cargos linking directly to HCs 

without adaptors include RNA granules (Kanai et al., 2004) and intermediate fla-

ments (Robert et al., 2019). 

The LCs are just as critical as HCs for cargo binding. For example, the JIP pro-

teins (c-Jun N-terminal kinase (JNK)-interacting protein) bind to KLCs, JNK family 

kinases and other proteins (Whitmarsh, 2006). Early work demonstrated the role of 

JIPs in the activation of kinesin and the linking of Kinesin-1 to membrane-bound 

cargoes, including amyloid precursor protein, APP (Matsuda et al., 2001; Scheinfeld 

et al., 2002; Verhey et al., 2001; Bowman et al., 2000) and the requirement, in some 

cases, for multiple binding partners to achieve full activation (Blasius et al., 2007; 

Hammond et  al., 2008). Recent structural studies have provided insights into the 

molecular basis for their binding and activation (see Cross and Dodding (2019) and 

Fu and Holzbaur (2014) for reviews). JIP1 has a “W-acidic” motif near its C-terminal 
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end, that binds to the TPR region of KLCs (Pernigo et al., 2013; Nguyen et al., 2018), 

whereas the nonhomologous JIP3/4 uses a coiled-coil region to bind and crosslink 

the TPR region (Cockburn et al., 2018). An additional aspect is that isolated LCs are 

autoinhibited (Yip et al., 2016). The charged spacer between the N-terminal coiled-

coil region and the TPR domain contains a conserved Leucine, Phenylalanine, 

Proline (LFP) sequence with fanking negatively charged residues that bind to the 

TPRs in a region that partially overlaps with the W-acidic binding site on the TPRs 

and cross links these two regions. Binding of the W-acidic motif of JIP1 to the TPRs 

can displace the LFP region as one component in activation. Other cargoes contain-

ing W-acidic motifs include SifA-kinesin interacting protein (SKIP) (Rosa-Ferreira 

and Munro, 2011; Ishida et al., 2015); calsyntenin-1/alcadein-α (Konecna et al., 2006; 

Araki et al., 2007); Nesprin-2 (Wilson and Holzbaur, 2015); vaccinia virus protein 

A36R (Dodding et al., 2011); and dynein (Twelvetrees et al., 2016). 

The necessity of multi-point contacts with kinesin HCs and LCs for motor recruit-

ment is emerging as a requirement for transport. JIP1, JIP3, SKIP, HAP1 and cyto-

plasmic dynein all bind both HCs and LCs (Chiba et al., 2014; Fu and Holzbaur, 2013; 

Sanger et al., 2017; Twelvetrees et al., 2010; McGuire et al., 2006; Bowman et al., 

2000; Twelvetrees et al., 2016). Binding along the stalk of Kinesin-1, not just the 

cargo-binding regions, may also be necessary (Fu and Holzbaur, 2013; Twelvetrees 

et al., 2019). 

2.4.2 REGULATION 

Under physiological conditions Kinesin-1 is in a folded autoinhibited conformation, 

produced by binding of the IAK motif of the tail of the HC to bridge the two heads 

and prevent microtubule-stimulated ADP release (Kaan et al., 2011). The LCs and 

the ABS on the HCs also interact with the heads in the folded conformation (Cai 

et al., 2007), but these interactions have not been structurally defned. Relief of auto-

inhibition is likely to be a multistep process as discussed above. 

Kinesin-1 is also regulated by post-translational modifcations including phos-

phorylation (Brady and Morfni, 2017). When isolated from cells, Kinesin-1 con-

tains phosphate groups on both the HC and LC (Lee and Hollenbeck, 1995). JNK3, 

which is upregulated in patients with Alzheimer’s disease, phosphorylates MDs 

at Ser176, resulting in inhibition of transport (Morfni et  al., 2009). Kinesin and 

adaptors can also be phosphorylated/dephosphorylated to infuence their binding 

interactions, which is important for both loading and unloading of cargoes. JIP1 is 

phosphorylated at Ser421 by JNK with enhancement of HC binding and stimula-

tion of anterograde movement (Fu and Holzbaur, 2013). Phosphorylation of KLC1 at 

Ser460 inhibits association of calsyntenin-1 (Vagnoni et al., 2011; Sobu et al., 2017). 

An additional mechanism of cargo unloading is binding of the heat shock protein 

HSP70 to the LCs (Tsai et al., 2000). HSP70 can also play a role in slow axonal 

transport (Terada et al., 2010). An example of transport regulation by control of the 

interaction between adaptor and cargo is the binding of SKIP to lysosomes, mediated 

by the small GTPase Arl8 (Rosa-Ferreira and Munro, 2011). 

In general, microtubule-associated proteins (MAPs) such as Tau inhibit the 

processive movement of Kinesin-1 along microtubules (Dixit et  al., 2008; Stern 
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et al., 2017), however, MAP7 (ensconsin in Drosophila) actually activates Kinesin-1 

(Hooikaas et al., 2019). MAP7 possesses both a domain that binds Kinesin-1 HCs in 

the stalk (coil-1) and a domain that binds microtubules. The additional microtubule-

binding domain in the MAP7-Kinesin-1 complex increases net microtubule affnity, 

but the interactions are suffciently weak and reversible that the extra microtubule 

binding does not exert a load on moving kinesins and slow them down. 

2.5 INVOLVEMENT IN DISEASE 

In recent years, many mutations in genes encoding Kinesin-1 subunits have been 

linked to neurological diseases in humans, connected to the dependence of neurons 

on long-distance transport. 

Gene knockout animals gave some of the frst indications that mutations in 

kinesin-1 genes were likely to lead to human disease. Whilst the fusion yeast S. 

pombe, which is null for Kinesin-1 HC, survives, albeit with a slow growth rate 

(Brazer et al., 2000), knockout or loss of function mutation of the single HC gene 

is lethal in complex organisms such as Drosophila (Brendza et al., 1999; Saxton 

et al., 1991), as is LC gene knockout (Gindhart et al., 1998). Similarly, homozy-

gous disruption of the ubiquitous KIF5B in mouse is embryonic lethal (Tanaka 

et al., 1998), consistent with the central role of KIF5B in a broad range of cellu-

lar functions. The phenotypes of knockout mice for the neuronal kinesins KIF5A 

and KIF5C emphasise their key role in the nervous system; homozygous KIF5A 

knockout mice die shortly after birth (Xia et  al., 2003), whereas homozygous 

KIF5C knockouts are viable, but with smaller brains and fewer motor neurons 

(Kanai et al., 2000). KLC1 is the most abundant of the light chains expressed in 

the brain and KLC1 knockout mice are smaller than their littermates, displaying 

pronounced motor disabilities (Rahman et al., 1999). KLC1 knockouts also exhibit 

age-related pathology of the retina due to defective phagocytosis in retinal pigment 

epithelium cells (Jiang et al., 2015). 

Consistent with a key role in neuronal cell biology, mutations within genes 

encoding kinesin subunits cause neurological phenotypes in patients. Mutations 

in KIF5A have been linked to hereditary spastic paraplegia (HSP) (Reid et  al., 

2002) and Charcot-Marie-Tooth disease Type 2 (CMT2) (Goizet et  al., 2009), 

both being associated with dysfunctional long axons (see Sleigh et al. (2019) for 

an overview). CMT2 and HSP mutations tend to occur in the MD of KIF5A and 

have been predicted to disrupt motility through a range of mechanisms (Ebbing 

et al., 2008; Jennings et al., 2017; Dutta et al., 2018). Given the uniform polarity of 

microtubules in the axon and the key role of KIF5A in axonal transport, it is likely 

that transport-defcient KIF5A shows relatively poor penetration into the distal 

axon. More recently, mutations in the cargo-binding regions of KIF5A have been 

linked to amyotrophic lateral sclerosis (ALS) (Nicolas et al., 2018; Brenner et al., 

2018). The age of onset in ALS is typically later than in HSP or CMT2, but it is a 

much more aggressive degenerative disease, causing death two to fve years after 

diagnosis. MD mutations in KIF5C have been linked to intellectual disability, epi-

lepsy and malformations of cortical development (Poirier et al., 2013). Here, the 

differences in phenotypes linked to function-blocking mutations in KIF5A and 
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KIF5C MDs likely refect the specialisations of kinesin isoforms. Characterised 

mutations in genes encoding LCs are currently less common, but overexpression 

of KLC2 has been linked to spastic paraplegia, optic atrophy and neuropathy syn-

drome (SPOAN) (Melo et al., 2015), whereas a mutation causing a truncated KLC4 

again links Kinesin-1 to HSP (Bayrakli et  al., 2015). Recently, mutation of the 

gene encoding a key functional partner of Kinesin-1, the adaptor JIP3, was shown 

to cause developmental delay and intellectual disability, and these mutations occur 

at sites important for the interaction with KLC2 (Cockburn et  al., 2018; Platzer 

et al., 2019). 

The broad range of patient phenotypes, even across mutations within the same 

Kinesin-1 subunit, highlight the need to expand our understanding of Kinesin-1 

function. Conditional knockouts are currently proving useful in understanding 

connections between phenotypes associated with human mutations and molecular 

mechanisms of motor function. Conditional knockout of KIF5A in postnatal neu-

rons causes seizures, sensory neuron degeneration and abnormal posture (Xia et al., 

2003). Sensory neuron phenotypes were linked to altered neuroflament transport 

(Xia et al., 2003), but it’s been suggested that seizures are due to impaired GABAA 

receptor mediated synaptic inhibition, with reduced GABAA receptors on the surface 

of the neurons (Nakajima et al., 2012). Some of these phenotypes are similar to that 

in a zebrafsh mutant for KIF5A (Campbell et al., 2014). Mice with a conditional 

knockout of KIF5B in neurons developed hypolocomotion, motor coordination def-

cits and axonal transport disruption, with reduced surface expression of dopamine 

D2 receptors (Cromberg et al., 2019). 
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The Kinesin-2 family carry out transport functions and members of this fam-

ily are crucial for intrafagellar transport. The family can be divided into the 

homodimeric and heterotrimeric members. 

3.1 EXAMPLE FAMILY MEMBERS 

Homodimeric 

Mammalian: KIF17 

Caenorhabditis elegans: Osm3 

Heterotrimeric 

Mammalian: KIF3A/B 

Drosophila melanogaster: KLP64D/68D 

C. elegans: KLP11/20 

Chlamydomonas: FLA8/10 

3.2 STRUCTURAL INFORMATION 

The Kinesin-2 heavy chain (HC) contains an N-terminal motor domain, a central 

coiled-coil domain and a C-terminal tail domain. Similar to Kinesin-1, the cen-

tral domain contains a proximal “neck-coil” dimerisation region, and then a long 
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coiled-coil region broken by a hinge domain that allows the motor to fold up and 

the tail to inhibit the motor domains in the absence of cargo (Hammond et al. 2010). 

The Kinesin-2 family can be divided into two classes, the homodimeric members 

and the heterotrimeric members (Figure 3.1; Table 3.1) (Scholey 2013). Homodimeric 

Kinesin-2s contain two identical HCs that homodimerise, but currently no accessory 

light chains are known. Heterotrimeric Kinesin-2s contain two HCs that heterodi-

merise through a coiled-coil, and a single KAP3 domain that binds to the tail of the 

motor. 

The two HCs in heterotrimeric Kinesin-2 contain a region of opposing charges 

in the proximal coiled-coil region, that had been hypothesised to drive heterodi-

merisation, but it was subsequently shown that heterodimerisation is instead driven 

by a trigger sequence at the C-terminal end of the coiled-coil domain (De Marco 

et al. 2001). In heterotrimeric Kinesin-2, the KAP3 subunit binds to the globular 

C-terminal tail of the HCs. 

One notable structural detail is that the neck linker of Kinesin-2 that connects 

the catalytic core to the dimerisation domain, and which undergoes important 

structural changes during stepping, is three residues longer than the correspond-

ing Kinesin-1 neck linker (17 rather than 14 residues). This extension was shown to 

explain the shorter unloaded run length of Kinesin-1 relative to Kinesin-2 (Shastry 

and Hancock 2010). 

FIGURE 3.1 Diagram of Kinesin-2 structure. The family can be separated into hetero-

trimeric and homodimeric members, each of which has two N-terminal motor domains, a 

coiled-coil domain, and a C-terminal tail domain. 

TABLE 3.1 

Kinesin-2 Nomenclature Across Species 

Heterotrimeric subunits Homodimeric 

Species α β κ γ 

Vertebrate KIF3A KIF3B, KIF3C KAP3/KIFAP3 KIF17 

Sea urchin KRP85 KRP95 KAP 

Drosophila KLP64D KLP68D KAP 

C. elegans KLP20 KLP11 KAP1 OSM-3 

Chlamydomonas FLA10 FLA8 FLA3 
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3.3 FUNCTIONAL PROPERTIES 

The Kinesin-1, 2 and 3 families are the core transport motors in the kinesin superfam-

ily. As such, Kinesin-2 motors are generally processive, but they are generally slower 

than Kinesin-1 and 3 (although there are exceptions), and the mechanochemical par-

adigms set out for Kinesin-1 generally ft well for Kinesin-2 motors. Although they 

carry out a range of transport functions, two notable Kinesin-2 functions are vesicle 

transport in neurons and intrafagellar transport in fagella and cilia (Figure 3.2). One 

notable property of heterotrimeric Kinesin-2 is that its detachment rate is very sensi-

tive to load. Andreasson et al. (2015) compared Kinesin-1 and Kinesin-2 and found 

that, whereas Kinesin-1 would step against substantial loads up to its stall force, the 

Kinesin-2, KIF3A/B, detached readily, even at low loads (Andreasson et al. 2015). 

Other studies supported this claim (Arpag et al. 2014, Milic et al. 2017, Schroeder 

et al. 2012). Interestingly, the homodimeric Kinesin-2, KIF17, was shown to be much 

more resistant to loads, and to have load-dependent detachment properties very simi-

lar to Kinesin-1 (Milic et al. 2017). This propensity to detach under load seems sur-

prising for a transport motor that competes against dynein; however, it was shown 

that the rate of motor reattachment (and initial attachment from solution) is of the 

order of four times faster for Kinesin-1 than Kinesin-2 (Feng et al. 2018). Thus, it can 

be argued that heterotrimeric Kinesin-2 functions primarily as a tether that keeps 

vesicles close to the microtubule, while Kinesin-1s attached to the same vesicle are 

responsible for the bulk of the transport and force generation. 

One interesting characteristic of some Kinesin-2 family members is their 

propensity to spiral around microtubules with a left-handed pitch (Brunnbauer 

et  al. 2012). This property, which was measured using beads coated with mul-

tiple motors, was more pronounced in less processive motors, though a subset of 

processive motors also showed spiralling, and spiralling did not require two dis-

similar heads (Figure 3.3). Structurally, the neck linker domain was the crucial 

domain that controlled the spiralling behaviour. Introducing a long and fexible 

Gly-Ser insert into the neck linker of a Kinesin-1 conferred spiralling behaviour, 

whereas introducing a cysteine crosslink into a Kinesin-2 abolished the spiralling 

behaviour. 

FIGURE 3.2 (A) Kinesin-2 transports cargo toward the cell periphery along cytoplas-

mic microtubules and (B) carries cargo towards the tips of cilia and fagella. Taken from 

Hancock (2014). 
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FIGURE 3.3 Kinesin-2 behaviour in intrafagellar transport that limits head-on traffc 

jams. (A) Heterotrimeric Kinesin-2s were shown to take spiral tracks around microtubules, 

with less processive motors having tighter spiral pitches. Taken from Brunnbauer et  al. 

(2012). (B) Cryogenic electron microscopy (Cryo-EM) image of one fagellar microtubule 

doublet, with superimposed position of retrograde-transported cargo, driven by dynein 

along A-tubules, and anterograde-transported cargo, driven by Kinesin-2 along B-tubules. 

Scale bar 25 nm. Taken from Stepanek and Pigino (2016). (C) Model of how spiralling 

behaviour of Kinesin-2 brings anterograde-transported cargo away from the A-tubule. Inter-

doublet connections on the B-tubule limit further spiralling and keep the cargo away from 

the A-tubule, thus preventing collisions with cargo moving retrograde along the A-tubule. 

Taken from Stepp et al. (2017). 

3.4 PHYSIOLOGICAL ROLE 

The paradigmatic physiological role of the Kinesin-2 family is anterograde intrafa-

gellar transport (IFT). However, heterotrimeric and homodimeric Kinesin-2s have 

many other cytoplasmic transport functions in cells. In virtually every ciliar and 

fagellar structure known, heterotrimeric Kinesin-2s are required for proper devel-

opment and maintenance of the cilia or fagella. One hallmark of IFT is that car-

goes move continuously to the tip of the cilium, and, after a waiting time, move 

continuously back to the cell body. This continuous unidirectional transport, with 

a single directional switch, differs from axonal and most other cytoplasmic trans-

port, where cargoes pause, switch directions and periodically diffuse freely before 

engaging with another microtubule (Hancock 2014). This uninterrupted movement 

likely results from the fact that anterograde transport occurs on the B-tubule of the 

axonemal microtubule doublet, whereas retrograde transport occurs on the A-tubule 

(Figure 3.3) (Stepanek and Pigino 2016). 

An interesting model system that highlights the physiological role of Kinesin-2 

transport, is the sensory cilium in C. elegans nematodes. This structure differs from 

most cilia and fagella because, in addition to the doublet axonemal microtubules 

that are found in the central region of the cilium, the B-tubules do not extend to the 

tip of the cilium, leaving a distal segment containing only singlet A-tubules. In these 

sensory cilia, the IFT rafts contain both heterodimeric KLP11/20 and homodimeric 

OSM3 Kinesin-2 motors, and the trajectories of IFT particles include a slower veloc-

ity region in the middle of the cilium and a faster velocity region in the last few 

microns at the end of the cilium (Snow et al. 2004). This behaviour was traced to the 

two motors; along the proximal microtubule doublets, the slower KLP11/20 and the 

faster OSM3 worked together, whereas only the faster OSM3 moved along the distal 
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singlet microtubules (Snow et al. 2004). This behaviour presumably results from the 

fact that the heterotrimers move along the B-tubule in doublets (Stepanek and Pigino 

2016), whereas the homodimers either preferentially walk on A-tubules or walk on 

both A- and B-tubules. 

In axons, heterotrimeric Kinesin-2s carry fodrin-bound vesicles and choline 

acetyltransferase receptors out to synapses, whereas, in dendrites, homodimeric 

Kinesin-2s transport N-methyl-D-aspartate (NMDA) receptors and voltage-gated 

potassium channels (Scholey 2013). In rod photoreceptor cells, heterotrimeric 

Kinesin-2 transports opsin to the outer segment, and homodimeric Kinesin-2 has 

been implicated in ciliogenesis in vertebrate photoreceptor cells (Scholey 2013). In 

non-neuronal cells, Kinesin-2 transports a range of vesicles, including Golgi-derived 

vesicles, melanosomes, late endosomes and lysosomes (Scholey 2013). Kinesin-2s 

are also thought to transport HIV viruses in macrophages (Gaudin et al. 2012) and 

mRNA in Xenopus oocytes (Messitt et al. 2008). 

Kinesin-2 motors are also implicated in establishing and maintaining cell polar-

ity. In dendrites of Drosophila dopamine neurons, a complex of Kinesin-2, EB1 

and adenomatous polyposis coli (APC) was found to be necessary for maintaining 

uniform minus-end-out microtubule organisation (Mattie et  al. 2010). It was pro-

posed that EB1 tracks the plus-ends of microtubules growing into branch points, and 

that Kinesin-2 generates force along the existing microtubules to guide the growing 

plus-ends toward the cell body, thus maintaining the minus-end-out orientation. In 

support of this mechanism, in vitro reconstructions showed that the strength of inter-

actions between microtubules and both EB1 and Kinesin-2 was suffcient to bend 

growing microtubules (Chen, Rolls, and Hancock 2014). Kinesin-2s have also been 

shown to associate with beta-catenin and cadherins, implicating these motors in cell 

adhesion and cell polarity (Jimbo et al. 2002, Murawala et al. 2009). 

3.5 INVOLVEMENT IN DISEASE 

Based on the diverse cellular functions of Kinesin-2, it is not surprising that defects 

in Kinesin-2-based transport are implicated in a diverse range of diseases. The pri-

mary cilium, which is found on most cells in the human body, is a sensory organelle 

that carries out a range of signalling functions, including those in the Hedgehog and 

Wnt pathways. The importance of intrafagellar transport for building and main-

taining these cilia cannot be overstated. One of the most striking examples of the 

importance of Kinesin-2-driven transport is the observation that mouse knockouts 

of the gene encoding the KIF3B subunit of heterotrimeric Kinesin-2 displayed sinus 

invertus – randomisation of the left-right body axis asymmetry – as well as heart 

and other developmental defects (Nonaka et al. 1998). This phenotype was traced to 

a structure called the nodal cilium, that rotates and generates directional fuid fow 

in the developing embryo. In KIF3B mutants, IFT defects led to immotile cilia and 

resulted in a lack of directional fow of morphogens that specify asymmetrical left-

right development of the embryo. 

In addition to ciliary defects, Kinesin-2 has been linked to cell migration in breast 

cancer cells (Lukong and Richard 2008), and a truncation of homodimeric Kinesin-2 

KIF17 has been linked to schizophrenia (Scholey 2013, Tarabeux et al. 2010). 
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The Kinesin-3s are a family of cargo transporters. They typically display 

highly processive plus-end-directed motion, either as dimers or in teams, 

formed via interaction with cargo. 

4.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF1A, KIF1B, KIF1C, KIF13A, KIF13B, KIF14, KIF16B 

Drosophila melanogaster: UNC-104 

Caenorhabditis elegans: UNC-104, KLP6 

4.2 STRUCTURAL INFORMATION 

The Kinesin-3 family is classifed into fve subfamilies, named Kinesin-3A/KIF28, 

-3B/KIF16, -3C/KIF1, -3D/KIF13 and -3E/KIF14 (Miki et  al., 2005, Wickstead 

and Gull, 2006). Members of the family possess an N-terminal motor domain, fol-

lowed by a neck domain, a subfamily-specifc forkhead-associated (FHA) domain 

(Westerholm-Parvinen et  al., 2000), typically several regions of predicted coiled-

coil and a diverse C-terminal tail containing short coiled coils, with lipid- and pro-

tein-interaction regions that aid in cargo- as well as adapter-binding (Figure 4.1A). 

The Kinesin-3 motor domain contains a characteristic stretch of lysine residues 

in Loop 12, known as the K-loop. This loop forms part of the microtubule-bind-

ing surface and interacts with the glutamate-rich C-terminal tail of β-tubulin. This 
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FIGURE 4.1 Structure of members of the Kinesin-3 family. (A) Domain organisation in 

Kinesin-3s shows the characteristic N-terminal location of the motor domain, FHA domain 

and tail, with several short coiled-coil (CC) regions in addition to a variety of protein- or 

lipid-interaction motifs. (B) KIF1A motor domain (dark red) bound to tubulin (grey) with 

C-terminal tubulin tails indicated in green. Key residues specifc for the Kinesin-3 family that 

increase processivity of KIF1A (Atherton et al., 2014, Scarabelli et al., 2015) are highlighted 

in blue. PDB: 4UXP. (C) Composite of a dimeric Kinesin-3 with motor domains (red) from 

KIF1A, FHA domain (yellow) and CC1 (blue) from KIF13B and PX domain (orange) from 

KIF16B. PDB: 4UXP, 5DJO and 2V14, using Illustrate (Goodsell et al., 2019). 

interaction has been reported to infuence the microtubule on-rate for the 3B, 3C and 

3D subfamilies (Soppina and Verhey, 2014, Rogers et al., 2001, Lessard et al., 2019, 

Matsushita et al., 2009). The K-loop has also been proposed to enable diffusive move-

ment on the microtubules for a subset of Kinesin-3s (Okada and Hirokawa, 1999, 

2000), as well as facilitating Kinesin-3 motors to work in teams (Rogers et al., 2001, 

Soppina and Verhey, 2014). Comparison of high-resolution cryo electron micros-

copy structures of Kinesin-1 (KIF5A) and Kinesin-3 (KIF1A) motor domains bound 
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to microtubules in different nucleotide states, combined with molecular dynamics 

simulations, suggests that multiple amino acid differences spread over the micro-

tubule-binding interface contribute to the 200-fold greater affnity of Kinesin-3 for 

microtubules compared with Kinesin-1 (Scarabelli et al., 2015, Atherton et al., 2014). 

This greater affnity results in increased processivity of dimeric Kinesin-3 motors 

(Atherton et al., 2014). The key processivity-determining residues are Arg167 in loop 

8, Lys266 in loop 11 and Arg346 in α-helix 6 of KIF1A (Scarabelli et  al., 2015) 

(Figure 4.1B). 

Most Kinesin-3s act as dimers, with coiled-coil regions enabling motor dimerisa-

tion as well as interaction with binding partners (Peckham, 2011) (Figure 4.1C). The 

neck coil has been reported to drive dimerisation for KIF1A, KIF13A and KIF13B 

(Hammond et al., 2009, Soppina et al., 2014), whereas for KIF1C, the fourth coiled-

coil domain is suffcient to promote dimerisation (Dorner et al., 1999). For the C. 

elegans Kinesin-3, Unc-104, coiled-coil regions mediate interaction with dynein/ 

dynactin subunits (Chen et  al., 2019). Recent X-ray crystallographic structures of 

monomeric and dimeric conformations of KIF13B confrm that coiled-coil 1 is cru-

cial for maintaining autoinhibition of the motor domain (Ren et al., 2018). 

FHA domains are phospho-peptide recognition domains, found in several regu-

latory proteins, that mediate protein–protein interactions. In Kinesin-3s, the FHA 

domain provides structural support, as well as mediating cargo interactions. Cargo 

binding by KIF13B is regulated by the phosphorylation of T506 in the FHA domain 

by the cyclin-dependent kinase 5 (Cdk-5), which allows binding of transient recep-

tor potential vanilloid 1 (TRPV1) (Xing et al., 2012). A change in the susceptibility 

of mice to anthrax lethal toxin was reported as a result of a point mutation in the 

FHA domain of KIF1C, that is likely to alter the folding, which further highlights 

the functional importance of the domain (Durocher and Jackson, 2002, Watters 

et al., 2001). 

The C-terminal region is diverse, but several Kinesin-3s contain a lipid-inter-

action domain (Figure 4.1A). KIF1A and KIF1B have a pleckstrin homology (PH) 

domain that is important for binding cargo vesicles (Xue et al., 2010). KIF16A con-

tains a StAR-related lipid transfer (START) lipid/sterol-binding domain (Torres 

et al., 2011), whereas KIF16B contains a phosphoinositide-binding structural domain 

(PX), which is involved in the traffcking of early endosomes (Blatner et al., 2007, 

Hoepfner et al., 2005). KIF1C has a proline-rich region in the C-terminal region, 

which interacts with the cargo adapter protein BICDR1, 14-3-3 proteins and Rab6 

(Schlager et al., 2010, Dorner et al., 1999, Lee et al., 2015b). The C-terminal region 

of KIF13B contains a CAP-Gly domain, and mice expressing a truncated KIF13B, 

lacking the CAP-Gly domain, exhibit reduced uptake of LRP-1 (LDL receptor-

related protein-1) (Mills et al., 2019). 

4.3 FUNCTIONAL PROPERTIES 

Kinesin-3s are a family of transporters and most of their members are implicated 

in long-distance cargo transport. In general, dimeric Kinesin-3 motors are highly 

processive (Table 4.1). This is achieved by the presence of the K-loop and other 

structural features of the motor domain, which maintain a stable interaction between 
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TABLE 4.1 

Reported Speed and Run Length of Kinesin-3 Motors 

Average speed Run length 

KIF1 1.4 µm/s 3.4 µm 

KIF1A 1.2 µm/s 

0.65 µm/s 0.44 µm 

1.5 µm/s 2.6 µm 

2.45 µm/s 9.8 µm 

0.08 µm/s 

Unc104 1.6 µm/s 1.5 µm 

KIF1B 0.17 µm/s 

KIF1C 0.28 µm/s 

2.0 µm/s 

0.45 µm/s 8.6 µm 

0.73 µm/s 15.8 µm 

KIF13A 0.1–0.3 µm/s 

1.4 µm/s 10 µm 

KIF13B 0.08 µm/s 

1.3 µm/s 10 µm 

Khc73 1.5 µm/s 1 µm 

KIF16B 0.97 µm/s 9.5 µm 

0.09 µm/s 

Nature of construct/assay 

DCVs in neurons 

Full-length purifed motor, 

gliding assay 

Full-length motor, SMMA 

using COS-7 lysates 

Truncated motor, SMMA 

using COS-7 lysates 

Truncated motor, LZ, SMMA 

using COS-7 lysates 

Truncated motor in COS-7 

cells 

Truncated motor, LZ, SMMA 

Truncated motor in COS-7 

cells 

Truncated motor in COS-7 

cells 

Truncated motor, gliding assay 

Full-length purifed motor, 

SMMA 

Full-length purifed motor, 

SMMA 

Full-length purifed motor, 

gliding assay 

Truncated motor, SMMA 

using COS-7 lysates 

Truncated motor in COS-7 

cells 

Truncated motor, SMMA 

using COS-7 lysates 

Truncated motor SMMA 

Truncated motor, SMMA 

using COS-7 lysates 

Truncated motor in COS-7 

cells 

References 

Lipka et al. (2016) 

Okada et al. (1995) 

Hammond et al. (2009) 

Soppina et al. (2014) 

Soppina et al. (2014) 

Lipka et al. (2016) 

Tomishige et al. (2002) 

Lipka et al. (2016) 

Lipka et al. (2016) 

Rogers et al. (2001) 

Siddiqui et al. (2019) 

Kendrick et al. (2019) 

Nakagawa et al. (2000) 

Soppina et al. (2014) 

Lipka et al. (2016) 

Soppina et al. (2014) 

Huckaba et al. (2011) 

Soppina et al. (2014) 

Lipka et al. (2016) 

Note: SMMA, single-molecule motility assay; LZ, dimerised using leucine zipper; DCVs, dense core 

vesicles labelled with neuropeptide Y; COS-7, immortalised African Green Monkey cells. 

the motor domain and the microtubule throughout the ATPase cycle (Atherton et al., 

2014, Okada and Hirokawa, 2000, Scarabelli et  al., 2015). Full-length KIF1A is 

monomeric and can generate about 0.15 pN force (Okada et al., 2003) and very slow 

(0.15 µm/s) plus-end-directed movement along microtubules (Okada and Hirokawa, 

1999). When dimerised or acting in teams, Kinesin-3 motors are 100 times faster 
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and stronger (Okada et  al., 2003, 1995, Oriola and Casademunt, 2013). Indeed, 

full-length KIF1A, dimerised by addition of a leucine zipper, moves with an aver-

age speed of 1.3 µm/s and an average run length of 6 µm (Lessard et  al., 2019), 

and dimerised Unc-104 can generate forces of up to 6 pN (Tomishige et al., 2002). 

Full-length KIF1C forms a natural dimer and has an average speed of 0.5–0.7 µm/s 

and an average run length of 9–16 µm (Siddiqui et al., 2019, Kendrick et al., 2019). 

Removal of its autoinhibitory stalk domain results in a hyperactive KIF1C, with an 

average speed of 1.2 µm/s (Siddiqui et al., 2019), similar to the transport speed of 

KIF1C-dependent cargo in cells. 

4.3.1 AUTOINHIBITION OF KINESIN-3 MOTORS AND THEIR ACTIVATION 

Two mechanisms for Kinesin-3 motor regulation have been described. Most 

Kinesin-3s undergo a monomer-to-dimer transition upon cargo binding, but some 

are autoinhibited dimers, in which the stalk blocks motor activity until a cargo binds 

and releases the inhibition (Siddiqui and Straube, 2017). 

Regulation by monomer-to-dimer switch is mediated by intramolecular interac-

tions between the neck and tail regions, that hold the kinesin in a monomeric, inactive 

state. Upon cargo binding, the intramolecular interaction between the neck and tail 

regions is disrupted and these motors dimerise (Soppina et al., 2014, Tomishige et al., 

2002, Okada and Hirokawa, 1999). This can be observed for Unc-104 and KIF1A, 

which are largely inactive in single motility assays, with intermolecular interactions 

of the neck coil segment regulating the monomer-dimer transition (Hammond et al., 

2009, Al-Bassam et al., 2003). Mutations in the frst coiled-coil segment of KIF1A 

also result in activation of the motor in cells (Yue et al., 2013, Huo et al., 2012). In 

the KIF13 subfamily, neck coil 1 and coiled-coil 1 are important for the regulation 

of dimerisation, and deletion of a proline residue at the junction of these domains 

results in processive dimeric motors (Ren et al., 2016, Soppina et al., 2014). 

Autoinhibited dimer regulation occurs for Kinesin-3s that are stable dimers. The 

stalk, usually a region in the middle of the molecule, interacts with the motor domain 

to form an autoinhibited state. When an adapter protein or cargo binds to the stalk 

region, the motor is released from this autoinhibited state. For KIF1C, the binding of 

PTPN21 or Hook3 to the stalk releases the motor domain and activates intracellular 

transport (Siddiqui et al., 2019). A similar mechanism seems to regulate KIF13B, 

which is autoinhibited in solution, but active in a gliding assay. This is likely because 

binding of the C-terminal tail to the surface resembles the cargo-bound state. In 

cells, KIF13B is activated when its cargo – human discs large (hDlg) tumour sup-

pressor – binds to the stalk domain and relieves inhibition (Yamada et al., 2007). 

KIF13B is also regulated by phosphorylation at S1381 and S1410 by Par1b/MARK2 

(microtubule affnity-regulating kinase). This allows 14-3-3β binding to the stalk 

and promotes the intramolecular interaction of KIF13B motor and stalk domains. 

Consequently, KIF13B microtubule binding is impaired, resulting in the dispersal 

of the motor in the cytoplasm and a reduction in cell protrusion and axon formation 

(Yoshimura et al., 2010). 

KIF16B exhibits a mechanism of autoinhibition whereby the monomeric motor is 

held in an autoinhibited conformation by intramolecular interactions of the second 
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and third coiled-coil with the motor domain (Farkhondeh et al., 2015). Using Förster 

resonance energy transfer (FRET), it was observed that these motors dimerise on the 

surface of endosomes (Soppina et al., 2014), so that cargo binding both releases the 

autoinhibition and facilitates dimerisation of the motor. 

4.4 PHYSIOLOGICAL ROLES 

Cargoes have been identifed for most Kinesin-3 family members (Table 4.2, online 

material). These range from organelles, such as mitochondria, lysosomes and endo-

somes, to specifc proteins, mRNAs and viral particles. Due to their speed and pro-

cessivity, Kinesin-3 motors are implicated primarily in neuronal transport. 

The movement of dense core vesicles in neurons depends on KIF1A and KIF1C 

and occurs at an average speed of 1.4 µm/s (Lipka et al., 2016). Integrin-containing 

vesicles are KIF1C-dependent cargoes that reach top speeds of 2 µm/s and move 

at an average rate of 0.4 µm/s in human retinal pigment epithelial cells (Theisen 

et al., 2012). In COS-7 cells, using a rapamycin analogue (rapalogue)-inducible per-

oxisome-traffcking assay, six out of eight kinesin-3 members were found to signif-

cantly enhance transport. 

In C. elegans, the KIF1A orthologue Unc-104 is a neuron-specifc fast antero-

grade transporter of synaptic vesicle precursors (Okada et al., 1995). Unc-104 car-

goes include synaptotagmin, synaptophysin and synaptobrevin-1 (Nonet, 1999, 

Okada et al., 1995). 

Other than neurons, KIF1C has been suggested to mediate Golgi-to-endoplasmic 

reticulum transport (Dorner et al., 1998) and to maintain Golgi structure (Lee et al., 

2015b). In migrating cells, KIF1C transports integrins and is responsible for the 

maintenance of cell tails and the maturation of focal adhesion sites (Theisen et al., 

2012). In macrophages and vascular smooth muscle cells, KIF1C contributes to the 

formation and regulation of actin-rich podosome structures (Efmova et al., 2014, 

Kopp et al., 2006). Members of the Kinesin-3 family also play a role in cell division. 

KIF16A enables the formation of a bipolar mitotic spindle by tethering the pericen-

triolar material (PCM) to the daughter centriole during mitosis, thereby preventing 

PCM fragmentation (Torres et al., 2011). KIF13A plays a central role in cytokinesis 

by translocating FYVE-CENT, a component of the cell abscission machinery, to 

the spindle midzone (Sagona et al., 2010). KIF14 is upregulated during mitosis and 

localised to the spindle midzone, with its depletion causing cytokinesis failure and 

cell death (Carleton et al., 2006). In Ustilago maydis, deletion of the sole kinesin-3 

leads to a cell separation defect (Wedlich-Soldner, 2002). 

The localisation of vesicles is largely controlled by members of the Rab fam-

ily of GTPases (Zerial and McBride, 2001), and Kinesin-3 members interact with 

many different Rabs. KIF1A and KIF1Bβ transport Rab3, a synaptic vesicle protein 

that controls exocytosis of synaptic vesicles along the axon. KIF1C interacts with 

Rab6 at two sites. Rab6 binding to the motor domain disrupts the motor–microtu-

bule interaction (Lee et al., 2015b), whereas binding to the C-terminus is proposed 

to mediate cargo loading and subsequent activation. KIF1C also transports Rab11-

positive vesicles for the recycling of integrins (Theisen et  al., 2012), but the role 

of Rab11 in controlling the activity of KIF1C remains to be understood. Another 
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motor protein that binds Rab11-positive vesicles is KIF13A, that controls endosomal 

sorting and recycling of Rab11-positive endosomal cargo (Delevoye et  al., 2014). 

KIF13A and KIF13B were also identifed as interacting partners for Rab10 and the 

Rab10–KIF13 complex was implicated in the formation of tubular endosomes (Etoh 

and Fukuda, 2019). This suggests that the KIF13 motors might be able to interact 

with several Rabs to mediate consecutive steps of cargo sorting, endosome biogen-

esis and transport. 

In non-neuronal cells, KIF16B transports Rab5-positive early endosomes and 

Rab14-positive vesicles (Hoepfner et al., 2005, Ueno et al., 2011). 

An emerging feld in Kinesin-3 biology is their cooperation with dynein in bidi-

rectional cargo transport. KIF1C is activated by the cargo adapter Hook3 (Siddiqui 

et al., 2019) and also interacts with BICDR-1 via its proline-rich tail region (Schlager 

et  al., 2010). Both Hook3 and BICDR-1 are activators of the minus-end-directed 

motor dynein, and Hook3 can bind simultaneously to KIF1C and dynein (Redwine 

et al., 2017, Urnavicius et al., 2018, Kendrick et al., 2019). The possibility of com-

plexes containing opposite-polarity motors opens interesting new possibilities in the 

regulation of Kinesin-3 activity. 

It is becoming clear that no typical mechanism for regulating Kinesin-3 motor 

activity exists and each motor–cargo combination needs to be studied separately to 

understand how loading of a specifc cargo modulates motor activity and thereby 

determines its cellular distribution. 

4.4.1 PREFERENCE FOR SUBSETS OF MICROTUBULE TRACKS 

Tubulin undergoes a diverse range of post-translational modifcations, usually after 

it polymerises into microtubules. These modifcations occur predominantly on the 

C-terminal tails of both α- and β-tubulin (Magiera and Janke, 2014). The affn-

ity of motors for microtubules can be altered by these modifcations, ultimately 

acting as guides for motor transport (Janke, 2014). The Kinesin-3 family-specifc 

K-loop is proposed to interact with the C-terminal tail (CTT) of β-tubulin, so it is 

expected that changes in this region would impact Kinesin-3 binding. In ROSA22 

mice, knockdown of the polyglutamylase PGs1 resulted in reduced localisation of 

KIF1A to neurites (Ikegami et al., 2007). Single-molecule imaging of dimerised 

full-length KIF1A implicates the K-loop in engaging with polyglutamylated CTTs 

during pause events, thereby linking several processive runs and resulting in the 

super-processive behaviour typical of Kinesin-3s (Lessard et al., 2019). However, 

some reports suggest that KIF1A and KIF1Bβ drive lysosomal transport preferen-

tially along tyrosinated (i.e. non-modifed) microtubules (Guardia et al., 2016) and 

that the tubulin deglutamylase CCPP-1 positively regulates the ciliary localisation 

of C. elegans KLP-6 (O’Hagan et al., 2011). In primary human macrophages, the 

peripheral localisation of KIF1C is negatively regulated by acetylation (Bhuwania 

et  al., 2014), suggesting that acetylation reduces motor activity. For the fungal 

Kinesin-3 UncA, the tail is necessary and suffcient to guide the motor to selec-

tively recognise detyrosinated microtubules (Zekert and Fischer, 2009; Seidel et al., 

2012). These data suggest that most Kinesin-3s recognise post-translational tubulin 

modifcations. 
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Kinesin-3 interaction with microtubules can also be regulated via the presence 

of other microtubule-associated proteins (MAPs). MAP7 and Tau have been shown 

to negatively regulate KIF1A activity, observed as a reduction in the landing rate 

in the presence of MAP7 or Tau proteins (Monroy et al., 2018). MAP9 was shown 

to promote KIF1A motility by interacting with the K-loop of KIF1A, mediated by 

a transient ionic interaction (Monroy et al., 2019). MAP2 localises to the dendrites 

and an initial segment of the axon, promoting Kinesin-3 (KIF1) cargo transport and 

slowing down Kinesin-1 (KIF5) transport into axons (Gumy et al., 2017). 

4.5 INVOLVEMENT IN DISEASE 

Mutations identifed in Kinesin-3 family members cause hereditary spastic paraple-

gia (HSP) and related disorders, such as type 2 hereditary sensory and autonomic 

neuropathy (HSAN2) and progressive encephalopathy with oedema, hypsarrhyth-

mia and optic atrophy (PEHO) syndrome (Gabrych et al., 2019). 

HSP is classifed into pure (uncomplicated) or complicated forms, based on the 

presence or absence of additional neurological defects (Harding, 1993, Fink, 2003). 

It was recently proposed that manifestation of HSP as a pure or complicated form 

depends on whether the mutation results in gain of function (i.e. motor becomes 

hyperactive) or loss of function (i.e. motor becomes weak) (Chiba et al., 2019). Since 

Kinesin-3 motors are implicated in long-distance transport, their disruption would 

be expected to most affect the longest cells in the body, i.e. sensory and motor neu-

rons in the sciatic nerve. This might explain why the lower limbs are preferentially 

affected in these patients. 

A homozygous mutation in the gene encoding the highly conserved motor 

domain of KIF1A was identifed in a Palestinian family, presenting with early child-

hood onset resulting in spastic paraplegia (SPG) 30 (Erlich et al., 2011). Additional 

mutations were shown by exome sequencing along the regulatory and cargo-binding 

regions in several families to cause HSAN2 (Riviere et al., 2011), SPG 30 (Klebe 

et al., 2006, Klebe et al., 2012) or PEHO syndrome (Langlois et al., 2016). In cases 

where the mutation is heterozygous, it manifests as a non-syndromic intellectual dis-

ability (mental retardation, autosomal dominant 9: MRD9) with cerebellar atrophy 

and axonal neuropathy (Hamdan et al., 2011, Ohba et al., 2015, Yoshikawa et al., 

2019). Interestingly, mutations T99M and E253K responsible for SPG 30 are also 

implicated in PEHO syndrome (Samanta and Gokden, 2019, Esmaeeli Nieh et al., 

2015, Lee et  al., 2015a). In vitro, these two mutations resulted in non-motility in 

gliding assays, failing to localise to peripheral regions of cultured hippocampal neu-

rons and accumulation in proximal axon regions instead (Esmaeeli Nieh et al., 2015, 

Cheon et al., 2017). Other KIF1A mutations tested in vitro, such as V8M, suggest 

that an over-activation of the motor results in gain-of-function mutations, leading to 

pure SPG (Chiba et al., 2019). 

For KIF1C, mutations identifed in two different families resulted in a novel 

complicated form of SPG 58, which presented with cerebellar ataxia and pyramidal 

tract dysfunction (Dor et al., 2014, Caballero Oteyza et al., 2014). Additional muta-

tions, causing either KIF1C truncated at the stalk region or nonsense-degradation, 

have also been identifed (Yucel-Yilmaz et  al., 2018, Marchionni et  al., 2019). A 
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homozygous single nucleotide polymorphism in bovine KIF1C results in loss of 

protein and causes progressive ataxia in Charolais cattle (Duchesne et  al., 2018). 

Interestingly, this KIF1C mutation is correlated with desirable traits in this cattle 

breed. A slightly better muscular and skeletal development and higher weight of het-

erozygote carriers of the KIF1C mutation explains why the incidence of the mutation 

has been maintained at a high frequency in this breed (Duchesne et al., 2018). 

A list of known disease-causing mutations in Kinesin-3s is available in online 

downloadable material (Table 4.3). 
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Members of the Kinesin-4 family, which incorporates the previously identifed 

Kinesin-10 family, have the ability to alter microtubule dynamics. They dis-

play a range of modes of movement upon microtubules, from diffusive motion 

with no consistent direction, to plus-end-directed movement with varying 

degrees of processivity. 

5.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF4A, KIF4B, KIF7, KIF21A, KIF21B, KIF27 

Drosophila melanogaster: KLP3A, KLP31E 

Caenorhabditis elegans: KLP-12, KLP-19 

Xenopus laevis: XKLP1 

Arabidopsis thaliana: FRA1 

5.2 STRUCTURAL INFORMATION 

The motor domain of members of the Kinesin-4 family is located N-terminally in 

the primary sequence and is immediately followed by a short neck-linker region 

(Figure 5.1). This is followed by a discontinuous α-helical region, predicted to form a 

coiled-coil facilitating oligomerisation, and a C-terminal globular tail domain. This 

domain architecture is typical across the Kinesin-4 family. A crystal structure exists 
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FIGURE 5.1 Typical domain layout for the Kinesin-4 family members (A) KIF7 and (B) 

KIF27. The globular motor domain (MD) and short neck linker (Neck) are followed by a 

region predicted to form a discontinuous coiled-coil domain (Coiled coil) and a C-terminal 

globular tail domain (Tail). Taken from Klejnot and Kozielski (2012). 

for the Kinesin-4, KIF7, motor domain which contains the eight-stranded β-sheet 

core with three major α-helices on either side characteristic of the kinesin superfam-

ily (Klejnot and Kozielski 2012). 

Many members of the Kinesin-4 family interact with chromosomes, and the fam-

ily at one time was considered to be a family of chromokinesins (Mazumdar and 

Misteli 2005). The interaction with DNA is mediated via the C-terminal part of the 

sequence. Human KIF4, which is highly conserved across different species (Vernos 

et al. 1995, Williams et al. 1995, Oh et al. 2000, Powers et al. 2004), contains two 

conserved motifs critical for binding to chromatin (Wu and Chen 2008). A ZIP1/ 

ZBZ leucine zipper motif is found within the coiled-coil region and a cysteine-rich 

(CR) motif is located in the globular tail domain. The interaction with DNA and 

DNA-related proteins, such as condensin (Takahashi, Wakai, and Hirota 2016) and 

PRC1 (Kurasawa et al. 2004), is mediated via these motifs, which are essential for 

chromosome condensation, DNA repair and DNA replication (Sekine et al. 1994, 

Wu et al. 2008). 

5.3 FUNCTIONAL PROPERTIES 

5.3.1 MICROTUBULE MOTILITY 

Members of the Kinesin-4 family display a range of modes of interaction with micro-

tubules, although all members studied to date share the ability to alter microtubule 

dynamics. Many members of the family display motility directed towards the micro-

tubule plus-end, with varying degrees of processivity. The processivity of the motor 

domain is modulated by additional microtubule-binding sites within the kinesin or 

by interaction with an external partner with microtubule-binding capabilities. 

The mammalian Kinesin-4, KIF4, shows weakly processive, plus-end-directed 

motility and microtubule-activated ATP turnover (Sekine et al. 1994, Subramanian 

et al. 2013). The processivity of motility is increased by interaction with the mitotic 

spindle-associated microtubule-bundling protein, PRC1 (Subramanian et al. 2013). 

The Kinesin-4, KIF21B, displays plus-end-directed motility with greater processivity 
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than KIF4 (van Riel et al. 2017). This increased processivity results from an addi-

tional microtubule-binding region located in the tail, which has a similar effect as 

the binding of PRC1 to KIF4. Truncated KIF21B, lacking the tail, displays short 

plus-end-directed runs, like KIF4 in the absence of PRC1. A truncated form of the 

cilium-associated Kinesin-4, KIF7, lacking the C-terminal region, displays a nucle-

otide-dependent diffusive interaction with microtubules lacking directed motility 

(He et al. 2014). 

A truncation of the Xenopus Kinesin-4, XKLP1, lacking the C-terminal end, also 

shows weakly processive plus-end-directed movement (Bringmann et al. 2004). However, 

full-length XKLP1 in the presence of PRC1 is found to accumulate at the microtubule 

plus-ends, due to long-distance processive motility (Bieling, Telley, and Surrey 2010). 

Measurements of motility of C-terminally truncated dimeric versions of Kinesin-4 

from D. melanogaster, KLP31E, and C. elegans, KLP12, on microtubules shows 

that all of these are plus-end-directed, moderate-velocity kinesins. The same study 

showed that human KIF27 is a slow plus-end-directed motor and supports the fnd-

ing that human KIF7 shows no directed motility (Yue et al. 2018). 

5.3.2 REGULATION OF MICROTUBULE DYNAMICS 

Whether or not they possess directed motility, all members of the Kinesin-4 fam-

ily studied to date have the ability to alter microtubule dynamics. A study of the 

impact of an N-terminal fragment of XKLP1 on the dynamics of microtubule asters 

showed that growth velocity was slowed and eventually completely inhibited as the 

concentration of XKLP1 increased (Bringmann et al. 2004). The presence of XKLP1 

also slowed and eventually completely inhibited microtubule depolymerisation. This 

effect on microtubule dynamics could be reversed by washing out XKLP1 and did not 

require ATP turnover. The same effect is seen for full-length XKLP1, which inhibits 

turnover of tubulin at growing microtubule ends (Bieling, Telley, and Surrey 2010). 

KIF7, a Kinesin-4 which localises to the microtubule plus-end at the tip of the 

cilium, has been shown to reduce the rate of microtubule growth and increase the 

frequency of catastrophe (He et al. 2014). In other studies, both KIF7 and KIF27 

have been shown to inhibit microtubule growth (Yue et al. 2018). The mechanism by 

which KIF7 recognises the microtubule end is via preferential interaction with GTP-

tubulin, which is found at the growing microtubule tip, relative to the GDP-tubulin 

of the microtubule lattice (Jiang et al. 2019). 

The effect of KIF4A on microtubule dynamics is regulated by Aurora B kinase. 

Phosphorylation of KIF4A by Aurora B increases its microtubule-stimulated rate of 

ATP turnover and promotes interaction with PRC1 (Nunes Bastos et al. 2013). In the 

presence of phosphorylated KIF4A, microtubules grow more slowly and show long 

pauses in growth compared to phospho-null mutants. 

5.4 PHYSIOLOGICAL ROLE 

The mammalian Kinesin-4, KIF4, was originally discovered in the murine cen-

tral nervous system and is strongly expressed in juvenile brain tissue (Sekine et al. 

1994, Aizawa et al. 1992). Although some studies do not differentiate between KIF4 
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subtypes, referring only to KIF4, in humans KIF4A and KIF4B are shown to be two 

closely related but distinct kinesins (Oh et al. 2000, Ha et al. 2000). 

5.4.1 THROUGHOUT THE CELL CYCLE 

KIF4 interacts with chromatin (Mazumdar, Sundareshan, and Misteli 2004, 

Samejima et al. 2012), and is involved in setting the length of the mitotic spindle (Hu 

et al. 2011) and in regulating cytokinesis (Lee and Kim 2004). 

KIF4 interacts with DNA and DNA-associated proteins to maintain chromatin 

and chromosome structure throughout the cell cycle (Mazumdar, Sung, and Misteli 

2011, Mitchison et al. 2013, Camlin, McLaughlin, and Holt 2017). During interphase, 

the majority of KIF4 is located in the nucleus, where it functions as a structural 

component of chromatin (Mazumdar, Sundareshan, and Misteli 2004, Mazumdar, 

Sung, and Misteli 2011). After disruption of the nuclear membrane, KIF4A interacts 

with condensin I and localises along the long axis of chromosomes (Mazumdar, 

Sundareshan, and Misteli 2004, Samejima et al. 2012, Takahashi, Wakai, and Hirota 

2016). RNA interference-mediated knockdown of KIF4A or 4B results in an abnor-

mally elongated mitotic spindle and multinucleated cells, as cells fail to complete 

cytokinesis (Zhu et al. 2005, Wandke et al. 2012). 

Early in mitosis, a proportion of KIF4 moves to the plus-ends of non-kineto-

chore microtubules to regulate microtubule growth, and the absence of KIF4 results 

in abnormal elongation of the midzone and unfocused overlap regions (Hu et  al. 

2011). The Drosophila Kinesin-4, KLP3A, also associates with chromosomes and 

the mitotic spindle to organise bundles of interpolar microtubules (Kwon et  al. 

2004). Xenopus Kinesin-4, XKLP1, is recruited to antiparallel microtubules by 

the microtubule-bundling protein PRC1, where it selectively inhibits the growth of 

overlapping microtubules (Bieling, Telley, and Surrey 2010). This is likely also the 

mechanism by which KIF4 regulates spindle midzone length. Human KIF4 binds to 

PRC1; in KIF4-defcient cells, PRC1 fails to concentrate at the midzone, and both 

midzone formation and cytokinesis are inhibited (Zhu et al. 2005, Kurasawa et al. 

2004). During cytokinesis, KIF4-mediated regulation of midzone length is required 

to focus the cleavage furrow (Hu et al. 2011). 

KIF4 appears to play similar roles in meiosis, localising to chromosomes through-

out metaphase and transitioning to the midzone during anaphase (Heath and Wignall 

2019). In mouse oocytes, KIF4 knockdown results in defective midzone formation 

and elongated spindles (Heath and Wignall 2019, Camlin, McLaughlin, and Holt 

2017). KLP-19 in C. elegans oocytes associates with chromatids during meiosis and 

plays a role in chromosome congression (Wignall and Villeneuve 2009). 

5.4.2 DNA DAMAGE RESPONSE 

KIF4A has been shown to bind to BRCA2 via its C-terminal cargo-binding domain 

(Wu et al. 2008). BRCA2 plays an essential role in the regulation of Rad51-driven 

DNA recombinase activity. When DNA damage is caused by laser micro-irradiation, 

KIF4A is rapidly recruited to sites of damage. When expression of KIF4A is knocked 

down, the formation of Rad51 DNA damage foci is impaired and homologous 
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recombination is signifcantly reduced. Cells in which KIF4A is depleted become 

highly sensitive to ionising radiation (Wu et al. 2008). 

This role for KIF4A in DNA repair underlies its effect as a modulator of sen-

sitivity to the anticancer therapy cisplatin, which acts, among other mechanisms, 

by inducing DNA double-strand breaks. Cisplatin treatment is shown to stimulate 

expression of KIF4A in non-small-cell lung cancer cell lines, with depletion of 

KIF4A enhancing sensitivity to the cytotoxic effect of cisplatin via inhibition of the 

formation of BRCA2/Rad51 DNA repair foci (Wan et al. 2019). 

5.4.3 NERVE CELL DEVELOPMENT 

The mammalian Kinesin-4, KIF21B, plays a role in the regulation of both transport 

and microtubule dynamics in dendrites (Ghiretti et al. 2016). These functions are inde-

pendent of one another and neuronal activity is found to enhance the transport function 

of KIF21B at the expense of its microtubule-remodelling function. The closely related 

KIF21A accumulates in growth cones of axons and is recruited to the cortex by inter-

action with the protein KANK1 (van der Vaart et al. 2013). KIF21A suppresses micro-

tubule dynamics and is involved in organising microtubule arrays at the cell edge. 

KIF4A is expressed in juvenile neurons and is involved in activity-dependent neu-

ronal survival, in which unnecessary neurons are eliminated during brain develop-

ment. Activity-dependent prevention of apoptosis of juvenile nerve cells is mediated 

by suppression of the activity of a nuclear enzyme, PARP-1, via interaction with the 

C-terminal domain of KIF4 (Midorikawa, Takei, and Hirokawa 2006). KIF4 has 

also been shown to be involved in traffcking of ribosomal components in axons and 

of cell adhesion molecules implicated in axon elongation (Bisbal et al. 2009, Heintz 

et al. 2014, Peretti et al. 2000). 

5.4.4 CILIA 

The human Kinesin-4, KIF7, localises to the tips of primary cilia and plays a criti-

cal role in correct formation of cilium structure. Primary cilia, formed by cultured 

fbroblasts with a mutated form of KIF7, are longer and less stable than those formed 

by wild-type cells (He et al. 2014). KIF7 does not perform a transport function in 

cilia but rather accumulates at the plus-ends of axonemal microtubules and regulates 

cilium length via its impact on microtubule dynamics. The Kinesin-4, KIF27, is also 

associated with cilia, and evidence suggests a role in the formation and function of 

motile cilia (Vogel et al. 2012, Wilson et al. 2009). 

KIF7 plays a key role in the Hedgehog signalling pathway, with its function sug-

gested to be control of cilium tip architecture to create a single ciliary tip com-

partment from which the activity of other Hedgehog pathway components can be 

correctly regulated (Cheung et al. 2009, Endoh-Yamagami et al. 2009). 

5.5 INVOLVEMENT IN DISEASE 

KIF4 is abnormally expressed in a variety of cancers and plays crucial roles in 

the progression of cancers, including promotion of drug resistance or inhibition 
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of apoptosis (Sheng et al. 2018). The mechanism of action of KIF4 in infuencing 

cancer progression is often unclear and the impact of KIF4 overexpression varies 

between cancer types. For example, overexpression of KIF4 inhibits proliferation 

of gastric cancer cell lines (Gao et  al. 2011) but enhances both proliferation and 

invasiveness of liver cancer cell lines (Hou et al. 2017). Two different mechanisms 

have been described for the impact of KIF4 expression on drug resistance in can-

cers. Overexpression of KIF4A results in resistance to doxorubin in breast cancer 

cell lines via suppression of apoptosis by inhibiting the activity of PARP-1 (Wang 

et al. 2014), whilst resistance of lung cancer cell lines to cisplatin is mediated via 

upregulation of DNA repair mechanisms by KIF4A (Wan et al. 2019). Bioinformatic 

analysis of available data on the expression of KIF4A in breast cancer suggests that 

KIF4A may be a strong prognostic biomarker for breast cancer and a promising 

therapeutic target (Xue et al. 2018). 

Due to its role in neural cell development, certain mutations of KIF4A have 

pathogenic consequences, such as intellectual disability caused by an imbalance 

in excitatory and inhibitory synaptic activity (Willemsen et al. 2014). Also associ-

ated with a role in neural development, mutations in KIF21A are linked to both 

familial and sporadic classes of congenital fbrosis of the extraocular muscles type 

1 (CFEOM1), a disorder associated with defects of the oculomotor nerve (Yamada 

et al. 2003). CFEOM1-associated mutations, found in a primary mutational hotspot 

within the stalk domain, have been shown to relieve autoinhibition of the KIF21A 

motor domain and result in aberrant axon morphology and accumulation of KIF21A 

at axonal growth cones (van der Vaart et al. 2013). 

KIF4 is also shown to be involved in viral replication via the transport of group-

specifc antigen (Gag) polyproteins to the plasma membrane (Kim et  al. 1998, 

Martinez et al. 2008). Microarray data suggests a role for KIF4 in the growth and 

survival of macrophages, possibly via involvement in lipid metabolism (Luan et al. 

2019, Xu et al. 2017). 

Due to their involvement in cilium development and function, mutations to the 

Kinesin-4 proteins KIF7 and KIF27 result in a number of ciliopathies, such as 

Joubert syndrome (Dafnger et al. 2011). Mutations to KIF7 result in developmental 

disorders consistent with its role in Hedgehog signalling and are found in individu-

als with hydrolethalus and acrocallosal syndromes (Putoux et al. 2012, Putoux et al. 

2011). Mice with KIF27 knocked out do not survive beyond eight weeks after birth 

and exhibit hydrocephalus (Vogel et al. 2012). 
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The Kinesin-5 family are homotetrameric, typically plus-end-directed motors 

with the ability to slide anti-parallel microtubules and to alter microtubule dynam-

ics. Yeast Kinesin-5s display the fascinating ability to switch direction of motility. 

6.1 EXAMPLE FAMILY MEMBERS 

Mammalian: HsEg5, Kif11 

Xenopus laevis: Eg5 

Drosophila melanogaster: Klp61F 

Aspergillus nidulans: BimC 

Schizosaccharomyces pombe: Cut7 

Saccharomyces cerevisiae: Cin8, Kip1 
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6.2 STRUCTURAL INFORMATION 

Kinesin-5 motors are unique in that they act as homotetramers, with pairs of 

catalytic motor domains located on opposite sides of a 60-nm-long rod-like 

mini-filament (Acar et al., 2013; Gordon and Roof, 1999; Kashina et al., 1996; 

Scholey et al., 2014) (Figure 6.1A). The motor domain is located N-terminally 

in the primary sequence and contains Kinesin-5-specific regions. The motor 

domain is followed by a flexible 14- to 18-amino acid neck linker, then a stalk 

region, containing stretches of coiled-coil responsible for multimerisation and 

a C-terminal tail. 

6.2.1 N-TERMINAL NON-MOTOR EXTENSION 

The region from the N-terminal to the motor domain in Kinesin-5s is consider-

ably longer than in the Kinesin-1 family (Goulet and Moores, 2013; Singh et al., 

2018). Cryogenic electron microscopy and kinetic experiments indicate that 

the longer non-motor N-terminal region of the Xenopus Kinesin-5, Eg5, docks 

onto the motor domain in several nucleotide-states (Goulet et  al., 2012; 2014). 

Bidirectional Kinesin-5s have longer and more divergent N-terminal extensions, 

as compared with Kinesin-1 and plus-end-directed Kinesin-5 motors (Singh 

et al., 2018). 

FIGURE 6.1 Schematic representation of a full-length Kinesin-5 tetramer and its arrange-

ment when crosslinking spindle microtubules. Adapted from Singh et  al. (2018). (A) The 

motor and tail domains are found at either end of the bipolar structure, connected through the 

central stalk that consists mainly of a coiled-coil structure and includes the bipolar-assembly 

(BASS) domain. The models of Cin8 motor and tail domains were constructed by homol-

ogy modelling using the Swiss Model server (Arnold et al., 2006) and depicted using UCSF 

Chimera (Pettersen et al., 2004). The motor domain is superimposed on the cryogenic elec-

tron microscopy structure of a S. pombe Cut7 motor domain-decorated microtubule in the 

adenylyl-imidodiphosphate (AMP-PNP)-bound state (PDB: 5M5I) (Britto et al., 2016). (B) 

Schematic representation of the interaction of Kinesin-5 with two anti-parallel microtubules. 

Blue arrows indicate the direction of Kinesin-5 movement and black arrows represent the 

direction of microtubule movement during anti-parallel sliding. 
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6.2.2 LOOP 5 

Loop 5 of the Kinesin-5 motor domain is long compared with other kinesin families, 

typically consisting of 18 residues (Behnke-Parks et al., 2011). The conformation of 

Loop 5 changes between “open” and “closed” conformations, affecting the ATPase 

cycle and the microtubule affnity of the Kinesin-5 motor domain (Behnke-Parks 

et al., 2011; Cochran and Gilbert, 2005; Larson et al., 2010; Waitzman et al., 2011). 

Coordinated conformational changes in Loop 5, the nucleotide-binding site and the 

neck linker during the ATPase cycle have been observed in solution (Larson et al., 2010; 

Maliga et al., 2006) and are abolished upon deletion of a portion of Loop 5 (Larson et al., 

2010). Specifc point mutations affecting proline residues within Loop 5 decreased both 

microtubule and nucleotide affnity and slowed Loop 5-dependent structural rearrange-

ments that control neck linker docking (Behnke-Parks et al., 2011). Deletion of Loop 

5 decreases the rate of microtubule-stimulated ADP release by Kinesin-5 monomers 

and dimers (Waitzman et al., 2011). Loop 5 also plays a role in synchronising the motor 

domains of Kinesin-5 dimers, thus enabling initiation of stepping from a two-head 

microtubule-bound state (Krzysiak and Gilbert, 2006; Waitzman et al., 2011). 

Loop 5 is the binding site for small-molecule inhibitors specifc to vertebrate 

Kinesin-5s (Asraf et al., 2015; Cochran et al., 2006; Kwok et al., 2006; Lakamper 

et al., 2010; Leizerman et al., 2004; Mayer et al., 1999; Yan et al., 2004). Available 

data suggest a mechanism whereby allosteric inhibitors bind to a specifc confor-

mation of Loop 5 and prevent any subsequent rearrangement of the motor domain 

required for the catalytic cycle (Brier et  al., 2006; Kim et  al., 2010; Maliga and 

Mitchison, 2006; Marshall et al., 2009). 

6.2.3 NECK LINKER 

A fexible 14- to 18-amino acid long neck linker immediately follows the motor 

domain and undergoes ATP- and microtubule-dependent docking onto the motor 

domain. The Kinesin-5 neck linker is longer than that of Kinesin-1, a trait that is sug-

gested to contribute to the relatively low processivity of Kinesin-5 motors (Duselder 

et al., 2012; Shastry and Hancock, 2011). It was recently reported that the neck linker 

of Eg5 assumes different conformations, as compared with Kinesin-1, in some nucle-

otide-bound states (Muretta et al., 2015). 

6.2.4 STALK REGION 

The Kinesin-5 stalk contains four regions of heptad repeat sequences that form an 

α-helical coiled-coil, responsible for multimerisation. Deletion studies on the S. 

cerevisiae Kinesin-5, Cin8, and comparisons with other Kinesin-5 proteins suggest 

that the coiled-coil region located immediately after the neck linker (see below) 

is essential for self-interaction and suffcient for Cin8 dimerisation (Hildebrandt 

et al., 2006). The central bipolar assembly domain (BASS) spans ~200 residues in 

the central part of the stalk (Figure 6.1A) and is essential for Kinesin-5 activity 

and cell viability (Hildebrandt et al., 2006; Tao et al., 2006). The crystal structure 
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of the D. melanogaster Kinesin-5 Klp61F BASS domain reveals that it consists of 

two anti-parallel coiled-coils, stabilised by alternating hydrophobic and ionic four-

helical interfaces (Scholey et al., 2014). The helices emerge from the central part of 

the domain towards the N-terminal, where they bend, swap partners and form paral-

lel coiled-coils offset by 90°. Based on this structure, it has been proposed that the 

central BASS domain plays a role in transmitting forces between motors situated at 

the opposite ends of the molecule (Fakhri and Schmidt, 2014; Scholey et al., 2014). 

6.2.5 THE C-TERMINAL TAIL DOMAIN 

The C-terminal tail domain is shown to be essential for microtubule crosslinking 

(Figure 6.1B). The Kinesin-5 tail contains an important Cdk1 (p34/Cdc2) kinase 

phosphorylation site (Figure 6.1A). In higher eukaryotes, this site is located within 

a conserved “BimC box” that is reportedly phosphorylated during mitosis (Blangy 

et al., 1995). 

6.3 FUNCTIONAL PROPERTIES 

6.3.1 VELOCITY, PROCESSIVITY AND ANTI-PARALLEL MICROTUBULE SLIDING 

The microtubule-stimulated ATPase rate of monomeric Kinesin-5 is slower than that 

of Kinesin-1 (~7/s vs. ~50/s) (Cochran et  al., 2004; Cross, 2004; Rosenfeld et  al., 

2005), with phosphate release being the rate-limiting step (Cochran et  al., 2006). 

Since the motor domain is located at the N-terminus, Kinesin-5s were initially 

thought to be exclusively plus-end-directed. In multi-motor microtubule gliding 

assays, monomeric and dimeric human, mouse and X. laevis Kinesin-5s were shown 

to move microtubules with the minus-ends leading, consistent with a plus-end direc-

tionality (Duselder et al., 2012; Kaseda et al., 2008; Sadakane et al., 2018; Yajima 

et  al., 2008). The velocity of microtubule gliding was similar for monomers and 

dimers, suggesting that to translocate microtubules, coordination between the two 

motor domains within a dimer is not essential (Kaseda et al., 2008; Yajima et al., 

2008). Plus-end-directed motility of full-length Kinesin-5 from human, D. melano-

gaster, X. laevis and S. cerevisiae was also demonstrated (Cole et al., 1994; Duselder 

et al., 2012; Fridman et al., 2013; Gheber et al., 1999; Kapitein et al., 2008; Kapitein 

et al., 2005; Roostalu et al., 2011; Sawin and Mitchison, 1995). However, the velocity 

of Kinesin-5-mediated microtubule gliding was considerably slower (10–70 nm/s) 

(Cochran, 2015; Wojcik et al., 2013) than that of Kinesin-1 motors (~500–1000 nm/s), 

indicating differences in the mechanochemical cycle (Waitzman and Rice, 2014). In 

single-molecule motility assays, Kinesin-5 from vertebrates displayed slow, plus-

end-directed motility (Chen and Hancock, 2015; Duselder et  al., 2012; Kapitein 

et al., 2008; Kwok et al., 2006; Shastry and Hancock, 2011). 

The processivity of Kinesin-5s is relatively low. A truncated dimeric version 

of human Kinesin-5 takes on average approximately eight steps before detaching 

(Valentine et al., 2006). The processivity of full-length Kinesin-5 is higher than that 

of truncated dimeric constructs, but still lower than that of Kinesin-1 motors (Kwok 

et  al., 2006). It is suggested that the longer neck-linker region is associated with 



 

    

 

   

 

  

69 The Kinesin-5 Family 

the reduced processivity of Kinesin-5 motors (Duselder et  al., 2012; Shastry and 

Hancock, 2011). 

Crosslinking and sliding of anti-parallel microtubules has been demonstrated 

for Kinesin-5s from yeast to vertebrates (Gerson-Gurwitz et  al., 2011; Gheber 

et al., 1999; Kapitein et al., 2008; Roostalu et al., 2011; van den Wildenberg et al., 

2008). On a single microtubule, X. laevis Eg5 exhibits diffusive non-directed motil-

ity, which may be attributed to an additional microtubule-binding site in the tail 

(Weinger et al., 2011). This diffusive mode switches to plus-end-directed processive 

motility upon crosslinking of a second microtubule to achieve anti-parallel sliding 

(Kapitein et al., 2008), with force production during anti-parallel sliding being cor-

related with the length of the zone of overlap (Shimamoto et al., 2015). 

Several studies have addressed the functionality of Kinesin-5 motors in the pres-

ence of other motors. X. laevis Eg5 was shown to antagonise and slow microtubule 

motility driven by the fast Kinesin-1 in gliding assays (Crevel et al., 2004), while 

the D. melanogaster Kinesin-5, Klp61F, was shown to antagonise the minus-end-

directed Kinesin-14 Ncd (Tao et al., 2006). 

6.3.2 BIDIRECTIONAL MOTILITY OF FUNGAL KINESIN-5 

The S. cerevisiae Kinesin-5, Cin8, displays minus-end-directed motility as a sin-

gle molecule under high ionic strength conditions, but switches directionality in 

multi-motor gliding and sliding assays and under low ionic strength conditions 

(Gerson-Gurwitz et  al., 2011; Roostalu et  al., 2011). The S. cerevisiae Kinesin-5, 

Kip1, and S. pombe Kinesin-5, Cut7, are also reported to exhibit switchable direc-

tionality (Edamatsu, 2014; Fridman et al., 2013). Replacement of the 99-amino acid 

insert in Loop 8 of the motor domain with the short Loop 8 of Kip1 results in bias 

towards minus-end-directed stepping (Gerson-Gurwitz et al., 2011). The switch to 

plus-end motility may be induced by coupling through crosslinked microtubules; 

this model is based on the observation that the switch is dependent on microtubule 

length (Roostalu et  al., 2011). A second model suggests that the directionality of 

motility depends on the local density of motors (Britto et al., 2016). For Cut7, minus-

end- directed stepping is selectively inhibited under crowded conditions, whereas 

plus-end-directed stepping is not. Cin8 is seen to accumulate into clusters under 

high ionic strength conditions, which slows minus-end-directed motility and induces 

a switch to plus-end-directed motility (Shapira et al., 2017). The mechanisms that 

regulate directional switching of these members of the Kinesin-5 family remain to 

be fully elucidated. 

6.3.3 MICROTUBULE POLYMERISATION 

Members of the Kinesin-5 family have been observed to alter microtubule growth 

dynamics. S. cerevisiae Kip1 tracks the plus-end of growing and shrinking microtu-

bules in cells (Fridman et al., 2013) and Cin8 accumulates at and tracks the minus-

ends of dynamic microtubules in vitro (Shapira et  al., 2017). A dimeric chimera, 

comprising the X. laevis Eg5 motor domain and a Kinesin-1 stalk, accumulates 

at the microtubule plus-end and promotes polymerisation (Chen and Hancock, 
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2015). However, deletion of S. cerevisiae Cin8 or inactivation of the D. melanogas-

ter Klp61F results in longer and more stable microtubules (Fridman et  al., 2009; 

Gardner et al., 2008; Tubman et al., 2018), indicating that they have microtubule-

destabilising activity. 

6.4 PHYSIOLOGICAL ROLES 

A table listing the currently identifed physiological roles of Kinesin-5s is available 

in the online material (Table 6.1). 

6.4.1 BIPOLAR SPINDLE ASSEMBLY, MAINTENANCE AND ELONGATION 

Numerous studies have indicated that loss of Kinesin-5 function leads to failure of mito-

sis due to a lack of spindle pole separation prior to spindle assembly (Figure 6.2), or as 

a result of spindle collapse after establishment of the bipolar spindle (Bannigan et al., 

2007; Blangy et al., 1995; Castillo and Justice, 2007; Heck et al., 1993; Hoyt et al., 1992; 

Kapoor et al., 2000; Rusan et al., 2002; Sawin et al., 1992). However, it remains to be 

fully established whether or not anti-parallel microtubule sliding is essential for spin-

dle assembly, or if microtubule crosslinking by Kinesin-5 motors is suffcient (Crasta 

et al., 2006). To date, only the nematode Caenorhabditis elegans and the slime mould 

Dictyostelium discoideum have been reported to be able to form a functional bipolar 

spindle in the absence of Kinesin-5 (Bishop et al., 2005; Tikhonenko et al., 2008). 

The role of Kinesin-5 in spindle elongation remains controversial. An anaphase-

facilitating function (Figure 6.2D) was demonstrated in S. cerevisiae (Gerson-

Gurwitz et al., 2009; Movshovich et al., 2008; Saunders et al., 1995; Straight et al., 

FIGURE 6.2 Schematic representation of the major roles of Kinesin-5s in mitotic spin-

dle dynamics. Adapted from Singh et al. (2018). (A) Spindle pole separation during spindle 

assembly in closed (top) and open (bottom) mitosis. The direction of movement of Kinesin-5 

and the spindle poles are indicated by the blue and brown arrows, respectively; cMTs, iMTs 

and kMTs designate cytoplasmic, interpolar and kinetochore microtubules (MTs), respec-

tively. (B) Chromosome congression in metaphase. Kinesin-5 motors crosslink anti-parallel 

iMTs at the midzone and stabilise the spindle. (C) Anaphase A: sister chromatids are pulled 

to the opposite spindle poles. (D) Anaphase B: spindle elongation is marked by separation 

of the two spindle poles. Spindle elongation is mediated by cortical force generators, such 

as Kinesin-5-mediated forces produced by sliding anti-parallel iMTs apart at the midzone. 
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1998) and insect cells (Sharp et al., 1999b), and the S. cerevisiae Kinesin-5s, Cin8 

and Kip1, were shown to be partially destabilised in order to prevent anaphase onset 

in cells with DNA damage (Zhang et al., 2009). It is suggested that Kinesin-5s slow 

spindle elongation by applying “brakes” via the crosslinking of spindle microtubules 

(Collins et al., 2014; Rozelle et al., 2011; Saunders et al., 2007; Tikhonenko et al., 

2008). 

Biophysical models describing the role of Kinesin-5 motors in maintaining spin-

dle bipolarity have been proposed, based on a force-balanced model suggested for 

S. cerevisiae (Hoyt et  al., 1993; Saunders et  al., 1997). In this model, bipolarity 

of the spindle is maintained by a balance of inward- and outward-directed forces 

exerted by the minus-end-directed Kinesin-14, Kar3, and the Kinesin-5s, Cin8 and 

Kip1, which are plus-end-directed between anti-parallel microtubules (Fridman 

et al., 2013; Gerson-Gurwitz et al., 2011; Roostalu et al., 2011). Accordingly, in S. 

pombe, bipolar spindles could not form when Kinesin-5 was deleted but could be 

assembled when Kinesin-5 and Kinesin-14 were simultaneously deleted (Rincon 

et al., 2017). 

In higher eukaryotic cells, Kinesin-5s are suggested to affect the poleward turn-

over of tubulin (poleward fux) in both kinetochore and interpolar microtubules 

(Miyamoto et al., 2004; Rogers et al., 2005), contributing to chromosome congression 

and separation, respectively (Brust-Mascher et al., 2004, 2009; Sharp et al., 1999a). 

In S. cerevisiae, Kinesin-5s are shown to affect microtubule dynamics (Fridman 

et al., 2009; Fridman et al., 2013; Gardner et al., 2008) and have been shown to bind 

to kinetochores, to focus kinetochore clusters and to limit the length of kinetochore 

microtubules (De Wulf et al., 2003; Gardner et al., 2008; Suzuki et al., 2018; Tytell 

and Sorger, 2006; Wargacki et al., 2010). 

6.4.2 FUNCTIONS AT THE SPINDLE POLES 

Several pieces of evidence suggest that localisation near the spindle poles is impor-

tant for Kinesin-5 function. First, in a number of organisms, Kinesin-5 motors were 

found to be enriched near centrosomes or spindle pole bodies (Cheerambathur et al., 

2008; Gable et al., 2012; Miki et al., 2014; Sawin et al., 1992; Sawin and Mitchison, 

1995; Uteng et al., 2008). Second, in higher eukaryotes undergoing open mitosis, 

Kinesin-5s are actively transported towards the poles by the dynein-dynactin com-

plex (Gable et al., 2012; Kapoor and Mitchison, 2001; Uteng et al., 2008). The Ran-

regulated spindle pole-localising factor TPX2 (Wittmann et al., 2000) was found to 

recruit Kinesin-5 to the poles in Xenopus spindles (Helmke and Heald, 2014), possi-

bly via coupling to the dynein complex (Ma et al., 2011). Kinesin-5s also co-localise 

with spindle poles prior to spindle assembly in yeast (Hagan and Yanagida, 1990; 

Shapira et al., 2017). Bidirectionality may be the evolutionary adaptation that allows 

these motors to localise to spindle poles prior to spindle assembly, without the need 

for the minus-end-directed dynein (Mann and Wadsworth, 2019; Shapira et al., 2017; 

Singh et al., 2018). At the spindle poles, Kinesin-5s can capture anti-parallel micro-

tubules emanating from the opposite poles and crosslink them (Crasta et al., 2006; 

Gheber et  al., 1999) or mediate their anti-parallel sliding, thus promoting spindle 

assembly (Shapira et al., 2017). 
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6.4.3 REGULATION BY POST-TRANSLATIONAL MODIFICATION 

Kinesin-5s contain multiple phosphorylation sites located within and outside the 

motor domain (Figure 6.3). In several Kinesin-5s, a conserved sequence termed 

the “BimC box” is located in the C-terminal tail and contains a conserved phos-

phorylation site for cyclin-dependent kinase 1 (Cdk1) (Figure 6.2A). In human Eg5, 

phosphorylation at this site regulates spindle targeting, association and localisation 

(Blangy et al., 1995). X. laevis mutants phosphodefcient in the Eg5 BimC box show 

disrupted kinase localisation to the mitotic spindle (Sawin and Mitchison, 1995), 

whereas in spindles assembled from Xenopus egg extract, phosphorylation by Cdk1 

increased the binding of Eg5 to microtubules (Cahu et al., 2008). In higher plants, 

microtubule stabilisation and anti-parallel microtubule sliding by Kinesin-5 is Cdk1-

dependent (Barroso et  al., 2000; Hemerly et  al., 1993; Hemsley et  al., 2001; Lee 

et al., 2001). In D. melanogaster embryonic mitotic spindles, Klp61F, phosphoryla-

tion within the BimC box, promotes its concentration in the spindle mid-zone (Sharp 

et al., 1999a). Klp61F is phosphorylated both within the BimC box and in the motor 

domain (Cheerambathur et al., 2008; Garcia et al., 2009), leading to dynamic locali-

sation of Klp61F throughout the spindle and cross-bridging between both parallel 

and anti-parallel microtubules (Barton et al., 1995; Sharp et al., 1999a). 

Cdk1 also phosphorylates Kinesin-5s in yeast, although the mechanism of phos-

phoregulation appears to be different from that in higher eukaryotes. In fssion yeast, 

Cdk1 phosphorylation at the C-terminal region of Cut7 is not required for association 

with microtubules (Drummond and Hagan, 1998). Both S. cerevisiae Cin8 and Kip1 

FIGURE 6.3 Location of experimentally identifed phosphorylation sites in Kinesin-5s. 

Indicated by shades of grey from left to right: motor domain, neck linker (NL), the stalk con-

taining putative coiled-coil (cc) regions and the tail domain. Locations of the phosphorylation 

sites are indicated by spheres. Filled spheres: identifed function; empty spheres: unknown 

function. Phosphorylation sites are color coded according to the corresponding kinases. (A) 

Phosphorylation sites for Cdk1. (B) Phosphorylation sites for dWee1, Src, Aurora A, Aurora 

B and Nek6/Nek7 kinases. 
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lack the BimC box motif, although Cdk1 phosphorylation consensus sequences are 

present in their C-terminal tails (Chee and Haase, 2010). Phosphorylation of Kip1 in 

the motor domain by Cdk1 is required for spindle pole separation (Chee and Haase, 

2010). Cin8 has been shown to be differentially phosphorylated during anaphase 

at three Cdk1 sites located in its motor domain (Avunie-Masala et al., 2011), with 

phosphorylation inducing Cin8 detachment from spindles and reducing the spindle 

elongation rate (Avunie-Masala et al., 2011), and with each of the three sites playing 

unique roles in Cin8 regulation (Goldstein et al., 2019; 2017). In vitro studies of Cin8 

phospho-mutants suggest that phosphorylation of the three sites within the motor 

domain provides fne-tuning of motor activity (Shapira and Gheber, 2016). 

The tail domain of human Eg5 contains a phosphorylation site recognized by the 

Nek6/Nek7 kinases. This site contributes to the accumulation of Eg5 at the spindle 

poles and is necessary for subsequent spindle pole separation (Bertran et al., 2011; 

Rapley et al., 2008). Phosphorylation of the Eg5 motor domain by Src kinase fne-

tunes motor activity and promotes optimal spindle morphology (Bickel et al., 2017). 

The D. melanogaster Kinesin-5, Klp61F, is phosphorylated in the motor domain 

by the Wee1 tyrosine kinase, which may affect Loop 5 conformation and motor 

function (Garcia et al., 2009). Phosphorylation by the Aurora kinases has also been 

reported for some Kinesin-5s. C. elegans Kinesin-5 is phosphorylated in the tail 

domain by Aurora B, which regulates its spindle localisation (Bishop et al., 2005; 

Cahu et al., 2008). X. laevis Eg5 is phosphorylated by Aurora A in the stalk domain 

(Giet et al., 1999), although this was found to be non-essential for spindle formation 

(Cahu et al., 2008). 

Human Eg5 is acetylated at a specifc lysine residue (K146) in its motor domain. 

The acetylation-mimic mutant, K146Q, disrupts the formation of a salt bridge, con-

verting Eg5 into a motor that is more resistant to dissociation from microtubules 

under load (Muretta et al., 2018). 

6.4.4 ROLES IN NON-DIVIDING CELLS 

Several studies have revealed roles for Kinesin-5s in interphase, including regulation 

of the biogenesis and function of Ago1-complexes (Stoica et al., 2010), as well as 

Golgi organization and polypeptide synthesis (Bartoli et al., 2011; Whitehead and 

Rattner, 1998). The most extensively studied function of Kinesin-5 in interphase 

is in neuronal cells. Kinesin-5s are expressed in post-mitotic neurons (Lin et  al., 

2012), where they may play a role in the proper development of mammalian neuronal 

processes, including axon growth cone guidance, elongation and branching (Haque 

et al., 2004; Myers and Baas, 2007; Nadar et al., 2008) and modulation of neuronal 

growth and migration (Falnikar et al., 2011). 

Several studies have revealed that Kinesin-5s play non-canonical roles in 

plant cells (Liu et al., 2018). In Nicotiana tabacum, Kinesin-5 was reported to be 

involved in separating anti-parallel microtubules in the phragmoplast, a micro-

tubule-based structure formed during late cytokinesis (Asada et  al., 1997). In 

Arabidopsis thaliana, disruption of Kinesin-5 activity leads to disorganisation 

of intracellular microtubules during interphase, as well as in spindle formation 

(Bannigan et al., 2007). 
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6.5 INVOLVEMENT IN DISEASE 

The Kinesin-5, Eg5, is over-expressed in haematological malignancies and many 

solid tumours, such as breast, ovarian, bladder and pancreatic cancers (Exertier et al., 

2013; Liu et al., 2010; Sun et al., 2015; Wang et al., 2017). In breast cancer patients, 

Eg5 over-expression is associated with poor prognosis and has been proposed as a 

potential prognostic biomarker and target for therapeutic agents in oral and breast 

cancers (Daigo et al., 2018; Pei et al., 2017). Eg5 possesses unique structural fea-

tures that selectively predispose it to small-molecule inhibitors. In the Eg5 motor 

domain, Loop 5 is elongated, forming a druggable allosteric pocket (Turner et al., 

2001). Moreover, Loop 5 is fexible (Muretta et al., 2013) and undergoes an "open" 

to "closed" structural transition that correlates with rearrangements at the active site 

during the ATPase cycle (Behnke-Parks et  al., 2011; Cochran and Gilbert, 2005; 

Larson et al., 2010; Waitzman et al., 2011). Since the discovery of monastrol, a spe-

cifc vertebrate Kinesin-5 inhibitor that binds to Loop 5 (Kapoor et al., 2000; Mayer 

et al., 1999), a variety of Eg5-specifc inhibitors have been developed (Gartner et al., 

2005; Huszar et al., 2009; Liu et al., 2013). These cause mitotic arrest, producing 

characteristic monoastral spindles (Asraf et al., 2015; Chen et al., 2017; Leizerman 

et al., 2004), and lead to apoptosis in proliferative tissues. 

Several Kinesin-5 inhibitors are currently in clinical trials (Chan et al., 2012; Lee 

et al., 2008; Sarli and Giannis, 2008; Shah et al., 2017). However, more than 40 Phase 

I and II clinical trials assessing inhibitors of Eg5, starting with the frst generation 

drug ispinesib (Lee et al., 2008) and followed by flanesib (Shah et al., 2017), have 

been suspended or discontinued. When used as a monotherapy, Eg5-targeting agents 

have been only moderately successful, instead causing adverse effects, such as neu-

tropenia (Rath and Kozielski, 2012). The kinesin KIF15 can functionally replace 

Eg5, causing resistance to Eg5 inhibitors (Sturgill et al., 2016). To overcome this, a 

strategy involving a combination therapy, employing inhibitors to both kinesins, has 

been suggested (Milic et al., 2018). 
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The Kinesin-6 family are N-terminal motor domain kinesins. Available data 

suggests that they are plus-end-directed translocating motors. They play a 

critical role in cytokinesis. 

7.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF23 (MKLP1), KIF20A (MKLP2/RabKinesin-6), KIF20B 

(MPP1) 

Drosophila melanogaster: Subito, Pavarotti 

Caenorhabditis elegans: ZEN-4 

Schizosaccharomyces pombe: Klp9 

7.2 STRUCTURAL INFORMATION 

In the Kinesin-6 family, the motor domain is located at the N-terminal end of the 

primary sequence (Lai et al. 2000). The motor domain is followed by a region of pre-

dicted coiled-coil (stalk region), followed by a C-terminal tail domain. The coiled-

coil region mediates the interaction with various binding partners and is likely 

responsible for multimerisation. The yeast Kinesin-6, Klp9, has been shown to form 

homotetramers (Yukawa et al. 2019). As with other kinesins, the motor domain con-

stitutes the principal site of microtubule binding, and nucleotide-dependent interac-

tion with microtubules occurs via this domain (Atherton et al. 2017). However, in the 

Kinesin-6, KIF20A, a further microtubule-interaction site is found in the C-terminal 

half of the sequence (Echard et al. 1998). The structure of the KIF20A motor domain 

is consistent with that determined for other kinesin families. As for other kinesins, 

the major microtubule-binding site is centred on the tubulin intradimer interface, 

with the α4-helix located in the intradimer groove. Some loop regions within the 
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motor domain contain Kinesin-6-specifc insertions. Loop 8 contains a fve-amino 

acid insert which is seen to contact the neighbouring microtubule protoflament in a 

cryogenic electron microscopy structure of KIF20A; this is the only example of this 

type of cross-protoflament interaction observed to date for a kinesin motor domain. 

Loop 6 contains a 99-amino acid insert that emerges from the side of the motor 

domain toward the microtubule plus-end. The position of this extended loop alters 

in a nucleotide-dependent manner but does not appear to contact the microtubule 

surface (Atherton et al. 2017). 

7.3 FUNCTIONAL PROPERTIES 

Members of the Kinesin-6 family studied to date are microtubule plus-end-directed 

translocating motors (Abaza et al. 2003, Yukawa et al. 2019), behaving in a fashion 

similar to a Kinesin-1. However, the Kinesin-6 KIF20A is found to have a greater 

affnity for microtubules in the ADP-bound state than is typical for a translocating 

kinesin, resulting in the difference in affnity between the so-called ‘strongly bound’ 

no-nucleotide and ATP states and the ‘weakly bound’ ADP state being signifcantly 

reduced (Atherton et al. 2017). KIF20A therefore retains a relatively strong interac-

tion with the microtubule throughout its ATP turnover cycle. 

Members of the Kinesin-6 family interact with various binding partners via bind-

ing regions, mainly located within the predicted coiled-coil. Both the C. elegans 

Kinesin-6, ZEN-4, and the mammalian equivalent, KIF23, form a complex with a 

Rho family GTPase-activating protein (GAP) via a binding region within the coiled-

coil domain (Mishima, Kaitna, and Glotzer 2002). This complex, termed ‘central-

spindlin’, has been shown to cause bundling of microtubules in vitro. The coiled-coil 

domain of Klp9 mediates interaction with the yeast microtubule crosslinker, Ase1 

(Yukawa et al. 2019). Similarly, the mammalian Kinesin-6, KIF23, interacts with 

PRC1, the mammalian equivalent of yeast Ase1 (Kurasawa et al. 2004). 

7.4 PHYSIOLOGICAL ROLE 

A common theme in the physiological role of the Kinesin-6 family is their involve-

ment in cell division. Members of this family play a crucial role in regulation of 

cytokinesis (Abaza et al. 2003). Knockdown of the mammalian Kinesin-6 fam-

ily members, KIF23 or KIF20A, perturbs cytokinetic progression in HeLa cells, 

resulting in an increased proportion of multinucleated cells (Zhu et  al. 2005). 

Knockdown of KIF20B also results in an increase in multinucleated cells, due to 

disruption of the timing of abscission (Janisch et al. 2018). In fssion yeast, Klp9 

is shown to regulate the speed of spindle elongation according to cell size, in 

order to maintain constant timing of mitosis (Kruger et al. 2019). In Drosophila, 

knockdown of the Kinesin-6, Pavarotti, results in defects in both mitotic spin-

dle elongation and cleavage furrow ingression (Sommi et  al. 2010). A second 

Drosophila Kinesin-6, Subito, plays a role in organisation of the meiotic spindle 

(Jang, Rahman, and McKim 2005). 

The activity of several Kinesin-6 family members is regulated by phos-

phorylation. KIF20A requires phosphorylation by PLK1 to allow completion of 
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cytokinesis (Neef et al. 2003). The interaction of Klp9 and its interacting partner 

Ase1 is regulated via phosphorylation, with dephosphorylation of both proteins 

promoting their interaction and resulting in enhanced velocity of spindle elonga-

tion (Fu et al. 2009). 

7.5 INVOLVEMENT IN DISEASE 

In keeping with its critical role in mitosis, overexpression of KIF20A stimulates 

proliferation and invasion in glioma cells and is associated with poor prognosis for 

glioma patients (Duan, Huang, and Shi 2016). Use of a peptide of KIF20A as a vac-

cine has proved effective in treatment of pancreatic cancer and has reached Phase II 

clinical trials (Miyazawa et al. 2017, Asahara et al. 2013). 

The Kinesin-6, KIF20B, plays a crucial role in neural development. Mutation of 

KIF20B leads to defects in cortical neuron polarisation (McNeely et al. 2017), and 

a loss-of-function mutant of KIF20B in mice results in a small cerebral cortex and 

reduced production of neural progenitor cells (Janisch et al. 2013). 
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The Kinesin-8 family are dual-function motors that both step processively 

toward microtubule plus ends and depolymerise/destabilise microtubules. 

8.1 EXAMPLE FAMILY MEMBERS 

Vertebrates: KIF18A, KIF18B, KIF19 

Drosophila melanogaster: KLP67A 

Caenorhabditis elegans: KLP-13 

Saccharomyces cerevisiae: Kip3 

Schizosaccharomyces pombe: KLP5/6 

8.2 STRUCTURAL INFORMATION 

Kinesin-8 protein sequences can be divided into three distinct regions: an N-terminal 

motor domain (MD), connected by a neck linker (NL) to a stalk domain involved in 

dimerisation, and a C-terminal tail domain (Figure 8.1A) (Goldstein 2001, Verhey 

and Hammond 2009). Binding sites for accessory proteins (importin-α, mitotic cen-

tromere-associated kinesin (MCAK), EB1) that control Kinesin-8 activity and local-

isation have also been identifed (Stout et al. 2011, Tanenbaum et al. 2011). Structures 

of the motor region of Kif18A and Kif19 have been determined using X-ray crys-

tallography, while lower-resolution structures of KIF18A/KIF19 motor-microtubule 

(MT) complexes have also been calculated using cryo-electron microscopy (cryo-

EM) and image reconstruction (Table 8.1, online) (Peters et al. 2010, Locke et al. 

2017, Wang et al. 2016). No structures of the stalk and/or C-terminal domains from 

any Kinesin-8s are currently available. 
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FIGURE 8.1 Structural organisation of Kinesin-8s. (A) Three main domains in Kinesin-8s: 

the motor domain (dark grey) followed by the neck linker peptide (light grey), which connects 

to the coiled-coil dimerisation domain (stalk) and the C-terminal tail domain. (B) Cryo-

EM-derived model of KIF18A_MDNL in the presence of adenylyl-imidodiphosphate (AMP-

PNP) with key regions labelled. (C) Alignment of motor domain/neck linker sequences from 

human KIF18A, KIF18B and KIF19 and budding yeast Kip3, using T-coffee (Notredame, 

Higgins, and Heringa 2000), with functionally signifcant regions highlighted. (D) KIF18A_ 

MDNL-microtubule-bound complex in the presence of BTB-1 (shown in space flling). 
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As with all kinesins, the 40 kD Kinesin-8 MD is composed of a central β-sheet 

sandwiched between two sets of three α-helices (Figure 8.1B). Helices-α4, -α5 and 

-α6 lie at the motor-MT interface, while helices-α1, -α2 and -α3 face away from 

the MT. Helices-α4 and -α5, together with loop-2 (which is particularly extended 

in Kinesin-8s), loop-8, loop-11 and loop-12, form the MT-binding surface. Several 

of these MT-binding elements are also conserved across the superfamily, while 

others are more family-specifc. Conservation among kinesins is particularly high 

in the nucleotide-binding motifs: the P-loop, switch-I (loop-9) and switch-II (loop-

11) (Figure 8.1C). The ~20-amino acid NL emerges from the end of helix-α6 and 

mediates communication within the dimeric motor to enable processive stepping of 

Kinesin-8s along the MT lattice (see Section 8.3 Functional Properties below). 

The X-ray structure of human KIF18A_MD bound to Mg2-ADP was the frst 

high-resolution structure of a Kinesin-8 to be determined, and the orientation of 

helix-α4 with respect to the rest of the MD is similar compared to other ADP-bound 

kinesins (Peters et al. 2010, Sablin et al. 1996, Kull et al. 1996). As is sometimes seen 

in X-ray-derived MD structures, loops that are involved in MT-binding are partially 

disordered (Peters et al. 2010, Woehlke et al. 1997, Shipley et al. 2004, Ogawa et al. 

2017). The earliest cryo-EM structures of MT-bound human KIF18A_MD were 

determined in the absence of nucleotide (no-nucleotide, NN) and in the presence of 

adenylyl-imidodiphosphate (AMP-PNP), a non-hydrolysable ATP analogue at ~10 Å 
resolution (Peters et al. 2010). In both of these nucleotide states, helix-α4 adopts an 

extended conformation at the αβ-tubulin intradimer interface, while the loops that 

were disordered in the crystal structure became structured and therefore visible, in 

contact with the MT. However, apart from the presence or absence of density cor-

responding to a bound nucleotide, the conformation of KIF18A_MD in the NN and 

AMP-PNP structures was essentially the same, suggesting that the NL is vital to 

mediate a functionally relevant response of the motor to nucleotide-binding. 

This conclusion was supported by a subsequent, higher resolution study (~7 Å) 

of MT-bound KIF18A_MDNL, in which the motor was observed to undergo nucle-

otide-dependent conformational changes (Locke et  al. 2017). In the MT-bound 

NN structure, the empty conformation of the nucleotide-binding pocket is clear, 

while the relative position of helix-α4/-α6 prevents NL docking, which is thus fex-

ible and not visible. This conformation of the motor is very similar to those of the 

MT-bound KIF18A_MD structures (Peters et  al. 2010). However, in the presence 

of AMP-PNP, KIF18A_MDNL undergoes a conformational change. Loops at the 

nucleotide-binding site close around the bound AMPPNP while allosterically, an 

extension of helix-α6 and the docking of NL along the MD towards the plus-end of 

the MT is observed (Locke et al. 2017), consistent with plus-end directed movement 

in the context of the Kinesin-8 dimer. Overall, the conformational changes seen in 

the transition between the NN and AMPPNP states of KIF18A_MDNL are consis-

tent with the previously described movements of subdomains within other kinesin 

MDs, which respond in a coordinated manner to MT and nucleotide-binding to drive 

motility (Cao et al. 2014, Shang et al. 2014, Atherton et al. 2014, Goulet et al. 2012, 

Atherton et al. 2017). 
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A third MT-bound KIF18A_MDNL cryo-EM structure was determined in the 

presence of BTB-1, a KIF18A-specifc small-molecule inhibitor (Catarinella et al. 

2009) that traps the motor on the MT (Figure 8.1D). The overall conformation of 

BTB-1-bound KIF18A_MDNL is very similar to its NN state. Although the resolu-

tion of the reconstruction was not suffcient to visualise the bound small molecule 

directly, computational analyses identifed a putative BTB-1-binding site between 

helices-α2 and -α3, which was also validated by point mutagenesis (Locke et  al. 

2017). BTB-1 binds at the junction of two subdomains within the MD, thereby lock-

ing KIF18A_MDNL in the MT-bound state and blocking subdomain rearrange-

ments that are required for motor function. 

Mouse KIF19_MDNL has been crystallised bound to Mg2-ADP (Wang et  al. 

2016). Relative to the KIF18A crystal structure, the KIF19 structure shows partial 

disordering and a large dislocation of helix-α4-α5 and loop-12 away from the core 

β-sheet. In addition, loop-2 is longer and more ordered in KIF19 compared with 

KIF18A, while helix-α6 is shorter and the KIF19 NL is not visualised. Cryo-EM of 

MT-bound NN KIF19A_MDNL revealed an empty nucleotide-binding pocket, with 

helix-α4-α5 and loop-12 now packed against the core β-sheet and lying at the motor-

MT interface. Loop-2 retains the same extended structure as seen in the crystal 

structure and contacts the MT surface. Overall, this conformation of MT-bound NN 

KIF19_MDNL is very similar to that of MT-bound NN KIF18A_MDNL. 

As with other kinesins, formation of the Kinesin-8-MT complex stimulates ADP 

release and allows structural coupling within the MD, such that the occupancy of the 

nucleotide-binding site controls the conformation of the NL. ATP-binding stimu-

lates reorientation of the NL towards the MT plus-end, supporting plus-end-directed 

stepping through alternating head binding/unbinding in the context of the dimer. 

However, the function of Kinesin-8 motors involves both walking towards MT plus-

ends and regulating the dynamics of these ends on arrival. Structural studies have 

also begun to shed light – albeit at low resolution – on the mechanistic basis of these 

two distinct activities. As well as binding along the MT lattice, KIF18A_MD and 

KIF18A_MDNL also induce formation of tubulin rings in the presence of AMP-PNP 

at MT ends, which have been structurally characterised in 2D using electron micros-

copy (EM) (Peters et al. 2010, Locke et al. 2017). These curved protoflament-motor 

complexes are reminiscent of the products formed by depolymerising Kinesin-13s in 

the presence of AMP-PNP (Moores et al. 2002, Benoit, Asenjo, and Sosa 2018, Tan, 

Rice, and Sosa 2008) and show that the motor-tubulin interaction in these complexes 

is very similar to that seen on the lattice, albeit that the tubulin is curved. Further 

work is required to defne the structural mechanism by which Kinesin-8s infuence 

MT dynamics at their ends. 

8.3 FUNCTIONAL PROPERTIES: 

Kinesin-8s are ATP-driven dual-function motors. Overall, their functions are related 

to regulating MT length and dynamics rather than transporting cargo per se, although 

many Kinesin-8s can step processively towards the plus-ends of MTs. Budding 

yeast Kip3 and KIF18A have also been demonstrated to have MT depolymerase 

activity, whereas, as with fssion yeast Klp5/6, these proteins also increase rescue 
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and catastrophe frequencies and the growth rate of MTs (Mayr et al. 2007, Varga 

et al. 2006, Varga et al. 2009, Unsworth et al. 2008). Furthermore, both Kip3 and 

KIF18A can reduce growth and shrinkage duration and distance as well as increas-

ing pause duration (Du, English, and Ohi 2010). In other words, Kinesin-8s exhibit 

both MT-destabilising and -stabilising activities, which enable them to constrain the 

extent of MT growth and shrinkage, lowering the overall levels of MT dynamicity 

(Stumpff et al. 2008, Du, English, and Ohi 2010, Fukuda et al. 2014). 

Studies of the molecular properties of dimeric full-length Kinesin-8s typically 

show that these proteins are highly processive (>5 µm run length). Their motility 

is slow and they exhibit relatively long plus-end dwell times which depend on their 

tail domains (see Table 8.2 online) (Varga et  al. 2009, Mayr et  al. 2011, Mockel 

et al. 2017, Niwa et al. 2012, Wang, Nitta, et al. 2016, Arellano-Santoyo et al. 2017, 

Varga et  al. 2006, Stumpff et  al. 2011). In several Kinesin-8s, these C-terminal 

domains bind directly to MTs, providing an additional site of MT tethering (Stout 

et al. 2011, Weaver et al. 2011, Su et al. 2011, Mayr et al. 2011, Stumpff et al. 2011) 

and also enable MT crosslinking (Su et al. 2013). Using single-molecule imaging 

in vitro, Kip3 was observed walking to MT plus-ends – sometimes switching the 

protoflament along which it walks (Bugiel, Böhl, and Schäffer 2015) – and then 

depolymerising these MTs in a length-dependent manner (Varga et al. 2009, Varga 

et al. 2006). The antenna model was proposed to explain Kip3’s length-dependent 

MT depolymerisation: because of its high processivity, Kip3 forms a concentration 

gradient towards MT plus-ends that is proportional to MT length; therefore, longer 

MTs have higher concentrations of Kip3 at their plus-ends and thus faster depoly-

merisation rates. This model provides an explanation for Kip3’s ability to regulate 

the overall length of MTs in a population, but whether the antenna model is relevant 

to other Kinesin-8s has not yet been demonstrated. In fact, whether all Kinesin-8s 

are depolymerases is still in question. For example, human KIF18A was reported 

as a MT depolymerase in some studies (Mayr et al. 2007, Peters et al. 2010, Locke 

et al. 2017), but no depolymerisation activity was observed in others (Du, English, 

and Ohi 2010). Rather, its inhibition of MT polymerisation was proposed to lead to 

reduced dynamicity of MTs, an activity that is more consistent with its cellular func-

tions (Du, English, and Ohi 2010). 

Monomeric Kinesin-8 MD constructs cannot take processive steps but functional 

studies focusing on monomers shed light on the underlying properties of Kinesin-8 

MDs and have complemented structural studies. Comparison of the steady-state 

ATPase rates and gliding activities show that the KIF18A_MD construct is slower 

than KIF18A_MDNL and has lower MT affnity. Both constructs exhibit ATP-

dependent MT depolymerisation from plus and minus ends and induce the forma-

tion of tubulin rings in the presence of AMP-PNP. All these in vitro activities of 

monomeric KIF18A constructs were inhibited by the small molecule BTB-1 (Locke 

et al. 2017). A monomeric mouse KIF19A construct was also observed to drive ATP-

dependent motility and depolymerase activity (Wanget al. 2016). Overall, many of 

the properties of full-length Kinesin-8s refect the intrinsic properties of their indi-

vidual MDs. 

Stepping by dimeric Kinesin-8 along MTs is considered to use a canonical alter-

nating head mechanism. However, different models have been proposed for the 



 

  

 

   

92 The Kinesin Superfamily Handbook 

mechanism by which they regulate MT dynamics at their ends (Varga et al. 2009, 

Arellano-Santoyo et al. 2017, Su et al. 2011). The “bump-off model” for Kip3 pro-

posed that molecules of motor dimers arriving at the MT plus-end promote the dis-

sociation of the most distal Kip3 molecule, accompanied by removal of one or two 

tubulin dimers (Varga et al. 2009). This model depends on processive stepping of 

dimeric motors, but monomeric Kinesin-8s can also infuence MT dynamics, sug-

gesting that other mechanisms must be operating. In the “two-state binding switch 

model”, the Kip3 motor binds tightly to the more curved tubulin subunits found at 

the MT ends, which thereby inhibits their ATPase activity and leads to catastrophe 

or MT disassembly (Arellano-Santoyo et al. 2017). This model is more consistent 

with the ability of both monomeric and dimeric Kinesin-8s constructs to infuence 

MT dynamics; in this context, the plus-end specifc activity of Kinesin-8 dimers is 

explained by these constructs frst stepping to the MT plus-end, whereas monomeric 

proteins can bind to either end of the MT, thereby infuencing MT length at both plus 

and minus-ends. A similar mechanism was also reported for the ciliary Kinesin-8, 

KIF19 (Wanget al. 2016). The particular role of the characteristic extended loop-2 

in Kinesin-8s in their depolymerase activity has been investigated, both because 

this region interacts with the MT (Wanget al. 2016, Peters et al. 2010, Locke et al. 

2017), and because loop-2 is critical in the depolymerase activity of Kinesin-13s 

(Ogawa et al. 2004, Shipley et al. 2004). However, while loop-2 residues are vital for 

KIF19 depolymerase activity (Wanget al. 2016), loop-2 in KIF18A (Kim, Fonseca, 

and Stumpff 2014) and Kip3 (Arellano-Santoyo et al. 2017) does not appear to be 

directly involved in MT depolymerisation activity, and contributes instead to motor 

processivity and/or MT end-binding. 

The origins of differences in Kinesin-8 properties across species are still not 

well understood. In vitro work, combined with structural studies of a wider range 

of Kinesin-8s, will deepen our mechanistic insight concerning these motors. 

Furthermore, the models derived from in vitro data can account for Kinesin-8 motil-

ity and destabilising activity, but the Kinesin-8-dependent activities that emerge in 

cellular settings – especially their MT-stabilising effect – likely arise from more 

complex molecular behaviours. The antenna model for Kip3 can provide some 

rationalisation for these observations: Kip3 accumulation at growing MT plus-ends 

induces catastrophe – incoming Kip3s do not accumulate at the shrinking plus-end 

(Gupta et  al. 2006), and their reduced concentrations allow MT rescue (Su et  al. 

2011). However, the requirement by Kinesin-8s for collaboration with other +TIPs 

(MT plus-end tracking proteins) to execute their complex regulation of MT dynam-

ics is also still not understood (Tanenbaum et al. 2011, Stout et al. 2011, Sanchez-

Perez et al. 2005), and would beneft from in vitro multi-component reconstitution 

analyses of these MT regulators 

8.4 PHYSIOLOGICAL ROLES 

Kinesin-8s are widely expressed in eukaryotes and their best-studied physi-

ological role is the regulation of MT dynamics during cell division. The precise 

contribution(s) of each Kinesin-8 to the complex rearrangements that take place dur-

ing mitosis and meiosis depends on the specifc spindle context within which they 
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operate. Nevertheless, common themes are emerging in the roles of these multi-

tasking motors in a range of eukaryotes. 

In dividing budding yeast, Kip3 is required for mitosis spindle positioning, to 

align the spindle along the mother–daughter axis, to cluster kinetochores and to 

maintain mitotic arrest in response to mis-positioned spindles (Fukuda et al. 2014, 

Varga et al. 2006, Gupta et al. 2006, Varga et al. 2009). Regulation by Kip3 of MT 

plus-end dynamics is involved in all these activities, while MT crosslinking and slid-

ing also contributes to spindle elongation in anaphase. Fission yeast expresses two 

Kinesin-8s, Klp5 and Klp6, that work together to regulate MT dynamics in complex 

ways. They both play essential roles in meiosis and are involved in normal chromo-

some alignment and segregation during mitosis (West, Malmstrom, and McIntosh 

2001, Unsworth et al. 2008). D. melanogaster Klp67A is required for maintenance 

of spindle bipolarity and spindle MT length, and disruption of its function prevents 

completion of mitosis (Goshima and Vale 2003, Savoian and Glover 2010) and meio-

sis (Savoian et al. 2004). It localises to kinetochore-attached MTs (kMTs) and con-

trols their length and attachment to kinetochores (Edzuka and Goshima 2019). 

KIF18A is the best-studied mammalian Kinesin-8 and has a very broad tissue 

expression pattern, refecting its importance in mitosis. KIF18A is found at the 

plus-ends of kMTs (Figure 8.2) and contributes to chromosome congression (Zhu 

et al. 2005, Mayr et al. 2007, Stumpff et al. 2008). Its depletion produces mitotic 

spindles that are abnormally long, and which exhibit a loss of tension across sister 

kinetochores. In KIF18A-depleted cells, the chromosome oscillations that precede 

metaphase are exaggerated, demonstrating that KIF18A is important for regulating 

these movements. It is also involved in controlling poleward chromosome move-

ment in anaphase (Stumpff et al. 2008). Lack of KIF18A in mammalian germ cells 

and some tumour cell lines activates the spindle assembly checkpoint, ultimately 

leading to cell death (Czechanski et al. 2015, Janssen et al. 2018). In contrast, in pri-

mary mouse embryonic fbroblasts and presumably many other cells in a mouse line 

with mutated KIF18A, mitosis proceeds in the absence of KIF18A, and the resulting 

misaligned chromosomes have no effect on daughter cell ploidy (Czechanski et al. 

2015). However, as a result of greater dispersion of chromosomes during anaphase in 

the absence of KIF18A, aberrant chromosomal organisation within daughter nuclei 

FIGURE 8.2 Localisation of KIF18A at the plus-end of kinetochore microtubules. HeLa 

cells in mitosis were imaged by immunofuorescence using 4’,6-diamidino-2-phenylindole 

(DAPI)/DNA (blue) and antibodies against KIF18A (red) and α-tubulin (green). Scale bar = 

10 µm. Reproduced with permission from Mayr et al. (2007). 
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is observed, together with micronuclei formation. Over time, these effects slow cell 

proliferation and have been linked to compromised growth and reduced survival of 

these mutant mice (Fonseca et al. 2019). 

KIF18A has a C-terminal nuclear localisation sequence (NLS) (Du, English, and 

Ohi 2010). KIF18A activity is modulated by the antagonistic actions of cyclin-depen-

dent kinase (Cdk1) and protein phosphatase-1 (PP1). Phosphorylation in the protein 

C-terminus inhibits KIF18A activity, thereby promoting chromosome oscillations, 

while chromosome attachment promotes recruitment of PP1, activating KIF18A and 

dampening chromosome movements (Häfner et al. 2014). KIF18A activity within 

the spindle is also regulated via sequestration by kinesin-binding protein (KBP) 

(Malaby et al. 2019). Studies of KBP regulatory activity also showed that KIF18A 

regulates MT dynamics in neurons (Kevenaar et al. 2016). 

A second Kinesin-8 member, KIF18B, has a role in mitosis distinct from KIF18A, 

and is specifcally involved in regulating astral MTs. Mammalian KIF18B localises 

to astral MT plus-ends where it regulates their length. Loss of KIF18B function 

produces long astral MTs and positional instability of the spindle in dividing cells 

(Tanenbaum et al. 2011, Walczak et al. 2016, McHugh, Gluszek, and Welburn 2018). 

At the plus-ends of astral MTs, KIF18B interacts with both EB1 (Tanenbaum et al. 

2011, Stout et al. 2011) and the Kinesin-13 MCAK. MCAK localisation is required 

for MT depolymerisation activity at these MT ends and is negatively regulated by 

Aurora kinases via phosphorylation of MCAK (Tanenbaum et  al. 2011, McHugh, 

Gluszek, and Welburn 2018). 

Beyond roles in cell division, the mammalian Kinesin-8, KIF19, has roles in regu-

lating the length of motile cilia. These MT-based organelles are found in various 

tissues and have a critical role in generating fuid fow around these tissues, which is 

vital for their development and maintenance. Length control of cilia is important for 

their diverse function. KIF19 localises at the tips of cilia and KIF19 knockout mice 

exhibit aberrantly elongated and thus dysfunctional cilia, and exhibit hydrocephalus 

and female infertility (Niwa et al. 2012). Phylogenetic analysis (Wickstead, Gull, and 

Richards 2010) indicates that Kinesin-8s are found in a wide range of other eukary-

otes but so far little is known about the properties or roles of these motors. 

8.5 INVOLVEMENT IN DISEASE 

Perhaps due to its ubiquitous expression in most tissues, human Kinesin-8, KIF18A, 

is associated with a range of cancer types. Its mRNA is upregulated in colorectal 

cancer and is linked to increased cell proliferation and migration in cancerous tissue, 

and overall tumour progression and metastasis. Consistently, in vitro gene silencing 

of Kif18A results in reduced cell proliferation, migration and invasion (Nagahara 

et al. 2011). In mice, KIF18A overexpression enhances infammation associated with 

colorectal tumours by upregulating PI3kinase-Akt signalling (Zhu et al. 2005). 

Increased levels of KIF18A are also associated with tumour grade, metasta-

sis and poor survival in breast cancer (Zhang et  al. 2010, Kasahara et  al. 2016). 

Upregulation of KIF18A mRNA is observed in breast cancer tissue together with a 

two- to fve-fold increase of KIF18A protein. This abnormally high expression of 

KIF18A leads to creation of multinucleate cells exhibiting aneuploidy or polyploidy 
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(Zhang et  al. 2010), but can also lead to an increase in cellular replication and 

tumour growth acceleration (Kasahara et  al. 2016). Similar to colorectal cancer, 

knockdown of KIF18A inhibits cell proliferation and tumorigenesis, and its loss 

in tumour cells induces anoikis because of loss of cell–matrix interactions (Zhang 

et al. 2010). Raised levels of KIF18A are signifcantly associated with lymph node 

metastasis, and patients with higher KIF18A expression have a poorer disease prog-

nosis (Kasahara et al. 2016). KIF18A has also been associated with hepatocellular 

carcinoma (Liao et  al. 2014, Luo et  al. 2018), renal cell carcinoma (Chen et  al. 

2016) and ovarian cancer (Schiewek et al. 2018). Conversely, KIF18A expression is 

reduced in gastric cancer tissue, indicating that it might be a protective factor in this 

tissue (Wang et al. 2016). 

Inhibition of KIF18A has been investigated as an anti-cancer therapy, with the 

compound BTB-1 identifed as a specifc inhibitor of KIF18A in vitro (Catarinella 

et  al. 2009). However, BTB-1 and related compounds were found to affect MT 

polymerisation in cells, an undesirable off-target effect that increased cytotoxicity 

(Braun et al. 2015). Therefore, while the anti-mitotic potential of specifcally inhibit-

ing KIF18A by small molecules remains, further work is required. 

Human KIF18B overexpression is also associated with some cancer types. It is 

over-expressed in cervical cancer tissues and is associated with clinical factors such 

as increased tumour size and histological grade. Overexpression increases cell pro-

liferation, migration and invasion while knockdown inhibits these activities, result-

ing in G1 cell cycle arrest. Expression silencing also reduces levels of a number of 

signalling proteins upstream of the Wnt/β-catenin pathway, which affects tumour 

cell metastasis (Wu et al. 2018). Over-expression also causes signifcant dysregula-

tion of other cell cycle regulatory genes, leading KIF18B to be classifed in some 

cases as a “cancer-driver” (Itzel et al. 2015). 
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The Kinesin-13 family is a group of specialist microtubule-depolymerising 

motors. They display no directed motility but disassemble microtubules from 

either end. 

9.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF2A, KIF2B, KIF2C/MCAK, KIF24 

Drosophila melanogaster: KLP10A, KLP59C, KLP59D 

Xenopus laevis: XKCM1 

Caenorhabditis elegans: KLP7 

9.2 STRUCTURAL INFORMATION 

Members of this family studied to date function as homodimers. The motor domain 

is located centrally in the primary sequence and is fanked by divergent N- and 

C-terminal regions (Figure 9.1A), which are responsible for cellular localisation, 

regulation and dimerisation. Whilst the Kinesin-13 motor domain alone can depoly-

merise microtubules (Maney, Wagenbach, and Wordeman 2001, Hertzer et al. 2006, 

Cooper et al. 2010), the N- and C-terminal fanking regions target the motor domain 

to specifc subcellular structures and are the sites of the majority of regulatory post-

translational modifcations. Swapping the N termini among the KIF2 Kinesin-13s 

retargets the motor domains to subcellular regions specifed by the N-terminus 

(Welburn and Cheeseman 2012). 
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FIGURE 9.1 (A) Typical domain layout for the Kinesin-13 family. Residue numbering is 

shown according to the sequence of human mitotic centromere-associated kinesin (MCAK). 

Known phosphorylation sites and regulatory binding sites for human MCAK are highlighted 

(adapted from Tanenbaum, Medema, and Akhmanova (2011b)). (B), (C) Structure of human 

MCAK in complex with an α/β-tubulin heterodimer (PDB: 5MIO). (B) Major areas of sec-

ondary structure that comprise the tubulin-binding interface: Loop 2 (red), α4-helix (pink) 

and Loop 8 (blue). (C) Nucleotide-binding site is highlighted inside the yellow oval, plus a 

magnifed view of this region. The major nucleotide-binding motifs are the p-loop (pink), 

Switch I (blue) and Switch II (red). 

The microtubule-binding face of the Kinesin-13 motor domain is composed of 

Loop 2, the α4 helix, Loop 12, the α5 helix and Loop 8 (Figure 9.1B). Sequence 

alignments show that the Kinesin-13 motor domain has two family-specifc 

sequence motifs, both of which are found in the tubulin-binding interface. These 

are (i) the commonly titled ‘KVD fnger’ found in an extended Loop 2 and (ii) a 

KECIR motif found in the C-terminal half of the α4-helix. Both of these motifs are 

highly conserved within the Kinesin-13 family and mutations in these motifs can 

severely impair depolymerisation activity (Ogawa et al. 2004, Shipley et al. 2004, 

Patel et al. 2016). As with other Kinesin families, the α4-helix forms the central axis 

of the Kinesin-13 tubulin-binding interface and is found in the intradimer groove 

between the α- and β-subunits of the same tubulin heterodimer (Wang et al. 2017, 

Ogawa et al. 2017, Benoit, Asenjo, and Sosa 2018, Trofmova et al. 2018). The Loop 

2 region forms a β-hairpin that is extended relative to this region in other kinesin 

families. The extended Loop 2 is oriented towards the α-subunit end of the heterodi-

mer and contacts the longitudinal interface between β- and α-tubulin known as the 
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‘interdimer groove’ (Trofmova et al. 2018, Benoit, Asenjo, and Sosa 2018). Loop 8 

contacts the β-tubulin side of the heterodimer and would be oriented toward the plus 

end of tubulin protoflaments. 

The nucleotide-binding site of the Kinesin-13 motor domain is in a similar posi-

tion to other kinesin families and contains the same four conserved ATP-binding 

motifs: the p-loop (N1), Switch I (N2) and Switch II (N3) and RxRP (N4). These 

motifs appear to play similar roles in binding and hydrolysis of the nucleotide and in 

communicating the nucleotide state of the motor domain to the microtubule-binding 

face, as in other kinesins. However, the ATP turnover cycle of the Kinesin-13 MCAK 

(mitotic centromere-associated kinesin) is atypical among the Kinesin superfamily. 

In the absence of tubulin, ATP cleavage rather than ADP dissociation is rate-limiting 

and only tubulin at or near the microtubule end accelerates ADP dissociation from 

the MCAK motor domain (Friel and Howard 2011, Hunter et al. 2003). This atypi-

cal ATP turnover cycle is likely to be conserved among the Kinesin-13 family and 

adapts members of this family to their microtubule-depolymerising function. 

A short, typically positively charged region, called the neck, lies N-terminal to 

the motor domain (Figure 9.1A). This neck region does not appear to play the same 

role as the region of this name found in translocating kinesins. For MCAK, the neck 

region is required for full depolymerisation activity. Removal or neutralisation of 

the positively charged neck markedly reduces MCAK’s depolymerisation activity, 

and studies suggest that the neck enhances delivery of MCAK to the microtubule 

ends (Ovechkina, Wagenbach, and Wordeman 2002, Cooper et al. 2010). Work from 

multiple labs reveals that the neck and N-terminal regions of Kinesin-13s associ-

ate with the tubulin heterodimer adjacent to that occupied by the motor domain. 

The cryo-electron microscopy (cryo-EM) structure of Klp10A on microtubules indi-

cates that the neck linker occupies the tubulin heterodimer prior to the one occupied 

by the motor domain, creating steric hindrance to a second motor domain (Benoit, 

Asenjo, and Sosa 2018). Both negative-stain electron microscopy and crosslinking 

studies analysed by mass spectrometry indicate that the structure of both KIF2A 

and MCAK is compact in solution, with the N- and C-terminal regions interacting 

with each other and with the motor domain (Noda et al. 1995, Maney, Wagenbach, 

and Wordeman 2001, McHugh et al. 2019). Upon interaction with the microtubule, 

MCAK has been shown to extend, allowing the neck and N-terminal region to inter-

act with the tubulin heterodimer longitudinally adjacent to that to which the motor 

domain is bound (McHugh et al. 2019). It is still not known where the second motor 

domain and the C-termini are positioned when the frst motor and the N-terminus 

occupy two longitudinally adjacent tubulin heterodimers. 

9.3 FUNCTIONAL PROPERTIES 

The Kinesin-13 family are a group of microtubule-depolymerising kinesins and 

members of this family are suggested to be major regulators of microtubule length. 

The most highly studied Kinesin-13, MCAK, has no translocating activity but 

displays diffusive movement on the microtubule lattice with no directional bias 

(Figure 9.2A) (Helenius et al. 2006). MCAK binds tightly to the ends of microtu-

bules and removes tubulin dimers, causing depolymerisation from both the plus and 



 

 

  

 

104 The Kinesin Superfamily Handbook 

FIGURE 9.2 The kinesin-13, mitotic centromere-associated kinesin (MCAK), diffuses on 

the microtubule lattice and depolymerises microtubules from both the plus and minus ends. 

(A) Kymograph showing the diffusive movement of green fuorescent protein (GFP)–MCAK 

on a microtubule. (B) Kymograph showing the depolymerisation of a microtubule by MCAK. 

Addition of MCAK is shown by the arrowheads. 

minus ends of the microtubule at a similar rate (Figure 9.2B) (Helenius et al. 2006). 

This microtubule-depolymerising function appears to be characteristic of members 

of the Kinesin-13 family. KIF2A and MCAK both show potent microtubule depoly-

merase activity in cells and in vitro (Knowlton et al. 2009, Lan et al. 2004, Maney, 

Wagenbach, and Wordeman 2001, Hunter et  al. 2003). KIF24 has been shown to 

depolymerise microtubules in vitro (Kobayashi et  al. 2011). The Xenopus homo-

logue of MCAK, XKCM1, is a microtubule depolymeriser (Walczak, Mitchison, and 

Desai 1996, Desai et al. 1999) and both the Drosophila and C. elegans Kinesin-13s, 

KLP10A and KLP7, exhibit microtubule-destabilising activity in cells (Gigant et al. 

2017, Goshima and Vale 2003). 

Unlike the majority of other kinesins, ATP turnover by Kinesin-13s is not sig-

nifcantly accelerated by the microtubule lattice. Motor activity for members of this 

family occurs at the ends of microtubules and, accordingly, ATP turnover is signif-

cantly accelerated only by microtubule ends (Hunter et al. 2003, Friel and Howard 

2011). The Kinesin-13, MCAK, has been shown to have an atypical ATP turnover 

cycle in that the rate-limiting step in the absence of tubulin is ATP cleavage rather 

than ADP dissociation (Friel and Howard 2011). This atypical ATP turnover cycle 

underlies MCAK’s behaviour as a specialist depolymerising kinesin. In solution, 

MCAK is predominantly ATP-bound and meets the microtubule in this nucleotide 

state. This contrasts with all translocating kinesins studied to date, which meet the 

microtubule in an ADP-bound state (Hackney 1988). ATP cleavage is stimulated 

by interaction with tubulin and so MCAK is driven into the ADP-bound state by 

interaction with microtubules. ADP.MCAK forms a non-specifc diffusive interac-

tion with the microtubule lattice (Helenius et al. 2006). Only the microtubule end 

accelerates dissociation of ADP, driving MCAK into an ATP-bound depolymerisa-

tion competent complex with tubulin (Friel and Howard 2011). 
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Kinesin-13s likely drive microtubule depolymerisation by stabilising a curved 

conformation of tubulin that destabilises the microtubule. Kinesin-13s have been 

shown to stabilise microtubule protoflament curls and rings in the presence of a 

non-hydrolysable ATP analogue (Tan et  al. 2006). The ability of the ATP-bound 

Kinesin-13 motor domain to stabilise tubulin heterodimers in a curved conforma-

tion (Moores and Milligan 2008, Tan et al. 2006), coupled with an atypical ATP 

turnover cycle which promotes formation of a depolymerisation-competent complex 

with tubulin specifcally at the microtubule end (Friel and Howard 2011), results in a 

kinesin motor domain specialised for microtubule depolymerisation. 

9.4 PHYSIOLOGICAL ROLES 

Kinesin-13s play prominent roles in regulating microtubule length. Members of this 

family are particularly important during meiosis and mitosis in higher eukaryotes. 

There are four mammalian Kinesin13s: KIF2A, KIF2B, MCAK/KIF2C and KIF24. 

The KIF2s are closely related and part of the Kinesin-13B subfamily, whereas KIF24 

is a member of the larger Kinesin-13C subfamily (Wickstead, Gull, and Richards 

2010). These and Kinesin-13s from other species play important roles in multiple 

processes ranging from spindle assembly and chromosome segregation to cilium 

length control and neuronal development and differentiation (Manning et al. 2007, 

Welburn and Cheeseman 2012, Homma et al. 2003, Kobayashi et al. 2011, Domnitz 

et al. 2012, Maor-Nof et al. 2013). 

The most highly studied member of the Kinesin-13 family, MCAK, was discov-

ered as a kinesin associated with the centromere of mitotic chromosomes and named 

Mitotic Centromere-Associated Kinesin (Wordeman and Mitchison 1995). MCAK 

is recruited to the centromere at prophase and remains centromere associated until 

after telophase (Maney et al. 1998). MCAK is also present, although at lower levels, 

at the growing plus ends of microtubules, via an association with End-Binding (EB) 

proteins (Moore et al. 2005, Lee et al. 2008, Honnappa et al. 2009). 

Kinesin-13s are important in regulating spindle assembly and chromosome 

segregation in both mitotic and meiotic cell division. KIF2A regulates the length 

of mitotic spindles formed in Xenopus extracts (Wilbur and Heald 2013), and in 

cultured human cells it appears to have a signifcant role in regulating the length 

of the central spindle region (Uehara et al. 2013). Some studies show KIF2A to 

be required for the formation of a bipolar spindle (Manning et al. 2007, Ganem 

and Compton 2004). Knockdown of KIF2A in mouse oocytes leads to defects 

in meiotic spindle formation (Yi et  al. 2016, Chen et  al. 2016). KIF2C/MCAK 

localises to mitotic spindle poles, spindle midzone and kinetochores (Wordeman 

and Mitchison 1995). Disruption of MCAK function has little effect on spindle 

assembly but results in an increase in the frequency of lagging chromosomes dur-

ing anaphase (Ganem, Upton, and Compton 2005, Maney et al. 1998, Lan et al. 

2004). Specifc depletion of centromere-associated MCAK decreases the direc-

tional coordination between sister kinetochores and inhibits effcient detaching 

of centromeres from kinetochore microtubules (Wordeman, Wagenbach, and 

von Dassow 2007). MCAK likely has a role in the correction of kinetochore– 

microtubule attachment errors. 
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In addition to its spindle localisation, MCAK is found at the tips of growing 

microtubules (Moore et al. 2005). MCAK possesses an SxIP motif which mediates 

association with EB proteins, facilitating microtubule plus-end targeting (Honnappa 

et al. 2009). MCAK also relies on an interaction with the Kinesin-8 KIF18B for plus-

end localisation (Tanenbaum et al. 2011a). At microtubule plus ends, MCAK regu-

lates microtubule length in interphase and mitosis. Astral microtubule length control 

during mitosis is particularly important to balance forces in the spindle and ensure 

spindle centring (Rankin and Wordeman 2010, McHugh, Gluszek, and Welburn 

2018). In human cells, excessive length of astral microtubules can cause the spindle 

to collapse (van Heesbeen et al. 2017). 

The role of KIF2B remains controversial, as the phenotype implicating it in 

kinetochore–microtubule attachment could not be rescued or reproduced by other 

researchers in the feld (Bakhoum et al. 2009). Studies of depletion and correspond-

ing rescue of KIF2B have not yet led to any conclusive phenotype (Welburn and 

Cheeseman 2012, Tanenbaum et al. 2011a). 

Studies in Xenopus extracts have shown that displacement of the Kinesin-13 

XKCM1 from centromeres leads to chromosome misalignment (Walczak et  al. 

2002), suggesting that its function, similar to that proposed for MCAK, is to enhance 

depolymerisation of microtubules that are not properly attached to kinetochores. In 

Drosophila the three identifed Kinesin-13s all contribute to spindle microtubule 

dynamics (Mennella et  al. 2005, Rogers et  al. 2004, Goshima and Vale 2003). 

KLP10A targets spindle poles and depolymerises microtubules at their minus end, 

contributing to chromosome movement by means of poleward fux. By contrast, 

KLP59C exerts its activity at centromeres, depolymerising spindle microtubules 

at their plus ends (Rogers et al. 2004). The third Drosophila Kinesin-13, Klp59D, 

appears to depolymerise microtubules from both ends (Rath et al. 2009). 

In addition to spindle-specifc activity, Kinesin-13s have also been shown to pro-

mote destabilisation of the whole microtubule network. This activity appears to be 

necessary to counteract ectopic, spontaneous microtubule assembly to enable correct 

spindle assembly in the absence of centrosomes. Microtubule-destabilising activity 

of the C. elegans Kinesin-13, KLP7, is required during meiotic spindle organisa-

tion which occurs without centrosomes (Gigant et al. 2017). This global microtubule 

destabilisation activity seems to be a general function of Kinesin-13s. KLP-7 and 

MCAK have both been shown to prevent incorrect microtubule assembly in mitotic 

cells when centrosome activity is reduced or absent (Gigant et al. 2017, Srayko et al. 

2005, Garzon-Coral, Fantana, and Howard 2016). 

KIF2A plays an important role in neuronal development. Mice lacking KIF2A 

die within a day of birth, displaying multiple brain abnormalities (Homma et al. 

2003). Inducible knockdown of KIF2A shows that the activity of its protein product 

is also crucial to brain development after birth (Homma et  al. 2018). The major 

phenotype connected with lack of KIF2A activity, both pre and postnatal, is abnor-

mally long axonal collateral branches. KIF2A activity is suggested to suppress the 

growth of aberrant axons by suppressing microtubule polymerisation at the growth 

cone. 

The centrosome-localised Kinesin-13s, KIF24 and KIF2A, are implicated in 

regulating cilium assembly/disassembly (Kobayashi et  al. 2011, Miyamoto et  al. 
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2015, Kim et  al. 2015). This role is regulated by phosphorylation for both these 

Kinesin-13s. Phosphorylation of KIF24 by Nek2 (Kim et al. 2015) and of KIF2A by 

PLK1 (Miyamoto et al. 2015) enhances microtubule-depolymerisation activity and 

promotes cilium disassembly. In addition to its role in regulating dynamics of cyto-

plasmic and spindle microtubules, the Drosophila Kinesin-13, KLP10A, regulates 

centriole length (Delgehyr et al. 2012). It is possible that there is a competition for 

centriole ends between the centriole-capping protein CP110 and the depolymerising 

Kinesin-13 to control centriole, primary cilium and fagellum length (Delgehyr et al. 

2012, Kim et al. 2015). 

The Kinesin-13 family of microtubule depolymerases play essential roles through-

out Eukaryotes as major regulators of microtubule length and in the regulation of 

cellular architecture and function. 

9.4.1 KINESIN-13 REGULATION 

Kinesin-13s are potent microtubule depolymerases and so their activity is typically 

tightly regulated, particularly during cell division. Members of the Kinesin-13 fam-

ily studied to date are regulated either through phosphorylation or via interaction 

with other proteins. Regulatory modifcations or interactions can direct the subcellu-

lar localisation of the Kinesin-13 and/or alter depolymerising activity, either directly 

or by affecting protein stability. 

The Aurora kinases phosphorylate MCAK at multiple residues in the N-terminal 

region and one residue in the neck region (Ser192 in humans, Ser196 in Xenopus) 

(Andrews et al. 2004, Lan et al. 2004, Ohi et al. 2004, Zhang, Ems-McClung, and 

Walczak 2008, Ritter et  al. 2015). Phosphorylation by Aurora B both affects the 

subcellular localisation of MCAK and directly inhibits its depolymerisation activ-

ity. Aurora B phosphorylation is required to localise MCAK to centromeres (Ohi 

et al. 2004, Lan et al. 2004). Inhibition of depolymerisation activity as a result of 

phosphorylation by Aurora B has been shown to occur via a phosphorylation-depen-

dent conformational change that reduces MCAKs affnity for microtubules (Ems-

McClung et al. 2013). Inhibition of activity occurs in a graded fashion, dependent on 

the number of sites phosphorylated (McHugh et al. 2019). 

MCAK is phosphorylated within the motor domain by cyclin-dependant kinase 

1 (CDK1); both the localisation and the activity of MCAK are regulated by phos-

phorylation at this site (Sanhaji et  al. 2010). CDK1 phosphorylation promotes the 

release of MCAK from centromeres and also inhibits microtubule depolymerisa-

tion activity by directly disrupting the ability of MCAK to recognise the microtu-

bule end (Belsham and Friel 2017). The microtubule-depolymerising activity of the 

Drosophila Kinesin-13, KLP10A, is also reduced by phosphorylation in the motor 

domain, possibly by a similar mechanism (Mennella et al. 2009). 

MCAK is phosphorylated by polo-like kinase 1 (PLK1) at several possible sites 

in the C-terminal region (Zhang et al. 2011). Of these, S715 appears most critical, 

and phosphorylation at this site promotes depolymerisation activity (Shao et  al. 

2015). Phosphorylation by PLK1 and the Aurora kinases at sites in the C-terminal 

region affect MCAK’s depolymerisation activity and localisation via conformational 

changes driven by disruption of the interaction of the C-terminus with the neck and/ 
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or motor domain (Zhang, Ems-McClung, and Walczak 2008, Ems-McClung et al. 

2013, Zong et al. 2016, Talapatra, Harker, and Welburn 2015). 

Kinesin-13s are also regulated via interaction with other proteins and these 

interactions are often themselves regulated by phosphorylation. The interaction of 

MCAK with EB proteins that mediate microtubule plus tip tracking is regulated by 

phosphorylation. Sites in the N-terminal region of MCAK phosphorylated by Aurora 

B are close to the SxIP motif recognised by EB proteins, and phosphorylation at 

these sites disrupts the EB–MCAK interaction through electrostatic interactions and 

abolishes microtubule tip tracking by MCAK in cells (Honnappa et al. 2009, Moore 

et al. 2005). The centromere-targeting of MCAK is dependent on interaction with 

the Shugoshin family member hSgo2 (Huang et al. 2007). The interaction between 

hSgo2 and MCAK requires phosphorylation of hSgo2 by Aurora B kinase (Tanno 

et al. 2010). 

Other proteins also regulate Kinesin-13 activity, such as Tip150 and GTSE1, 

although the mechanisms of regulation, whether direct or indirect, remain unclear 

(Bendre et al. 2016, Jiang et al. 2009). Although much is known about how Kinesin-13 

activity is regulated in cells, the regulation networks are complex and further work 

is required to fully understand the regulatory mechanisms that govern Kinesin-13 

function. 

9.5 INVOLVEMENT IN DISEASE 

In accordance with the role of the Kinesin-13s in spindle formation and faithful 

chromosome separation during cell division, dysregulated Kinesin-13 expression is 

found in many types of cancer tissue. Elevated expression of MCAK is observed 

in breast, colorectal and gastric cancers (Shimo et al. 2008, Nakamura et al. 2007) 

and the available data suggests that enhanced MCAK levels are associated with 

increased invasiveness and metastasis, poor survival rates and resistance to antican-

cer therapies (Ishikawa et al. 2008, Ganguly, Yang, and Cabral 2011, Ganguly et al. 

2011). High KIF2A expression is suggested to promote proliferation, migration and 

to predict poor prognosis in lung cancer (Xie et al. 2018, Bai et al. 2019) and to be 

associated with poor prognosis in ovarian cancer and lymphoma (Zhang et al. 2017, 

Wang et al. 2016, Zhang et al. 2016, Sheng et al. 2018). 

KIF2A plays a major role in neuronal development, proliferation and organisa-

tion. Correspondingly, mutations in KIF2A are reported in patients with neuronal 

development disorders such as lissencephaly, microcephaly and pachygyria (Cavallin 

et al. 2017, Tian et al. 2016, Poirier et al. 2013). 
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The Kinesin-14s are microtubule crosslinkers and tip-trackers, unique among 

kinesins in their microtubule minus-end-directed motility. 

10.1 EXAMPLE FAMILY MEMBERS 

Mammalian: HSET (KIFC1) 

Drosophila melanogaster: Ncd 

Xenopus laevis: XCTK2 (KIFC1) 

Schizosaccharomyces pombe: KLP2, Pkl1 

Saccharomyces cerevisiae: Kar3 

10.2 STRUCTURAL INFORMATION 

10.2.1 HOMODIMERIC KINESIN-14S 

Kinesin-14 family members are homodimeric molecules, with the noteworthy 

exception of the heterodimers found in budding yeast. The motor domain is located 
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FIGURE 10.1 Structure of Kinesin-14 Ncd. (A) Protein domains, (B) dimeric molecule, 

and (C) 3D structure of Ncd catalytic core (PDB: 3U06, chain B). Copyright Yamagishi et 

al. (2016). 

at the C-terminal end of the primary sequence, preceded by a coiled-coil region 

(stalk domain) through which dimerisation occurs (Figure 10.1A, B). They typi-

cally possess an additional motor domain-independent microtubule-binding site in 

their N-terminal tail-domain (Chandra et al. 1993), which interacts electrostatically 

with microtubules through a patch of positively charged amino acids (Furuta and 

Toyoshima 2008), allowing for microtubule–microtubule crosslinking and sliding 

(Fink et al. 2009; Braun et al. 2009). 

Distinctively, the Kinesin-14 motor domain is located at the C-terminus of the 

sequence and, despite having reversed directionality, the Kinesin-14 motor domain 

is homologous in sequence and structure to the canonical Kinesin-1 motor domain 

(Sablin et al. 1998) and binds to the same microtubule-binding site, in the same 

orientation (Hirose et al. 1996; Hoenger et al. 1995). Consistent with this fnding, 

directionality is not determined by the motor domain (Case et al. 1997); instead, 

directionality is controlled by a ‘neck region’ located between the stalk and the 

motor domain (Endow and Waligora 1998; Sablin et al. 1998), which consists of 

a ‘neck helix’ and a ‘neck-motor junction’ on the N-terminal side of the motor 

domain. On the C-terminal side of the motor domain, the position of the ‘neck 

linker’ in many other kinesin families, including Kinesin-1, Kinesin-14s possess 

a conserved, fve-amino acid long ‘neck-mimic’, which displays similarity to the 

Kinesin-1 neck linker. By directly interacting with the neck helix, the neck-mimic 

is required for generating minus-end-directed motility (Yamagishi et  al. 2016) 

(Figure 10.1 A–C). Cryogenic electron microscopy (cryo-EM) of Ncd revealed 

the nucleotide-dependent conformational changes of the neck helix (Wendt et al. 

2002; Endres et al. 2005), involving the minus-end-directed swing of a lever-arm 

mechanical element (Wendt et al. 2002; Yun et al. 2003; Endres et al. 2005; Hirose 

et  al. 2006; Makino et  al. 2007; Liu, Pemble, and Endow 2012). Evidence also 

exists for an electrostatically guided diffusion-to-capture of the Ncd motor domain 

by microtubules, which is suffcient to result in directionally biased binding (Grant 

et al. 2011). 
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10.2.2 HETERODIMERIC KINESIN-14S 

A noteworthy and unique exception to the typically homodimeric Kinesin-14 family 

members is the presence of Kinesin-14 heterodimers in budding yeast. Kar3 dimer-

ises with Vik1, which, despite not being conserved at the level of the DNA sequence, 

adopts the fold typical of a kinesin motor domain, although it lacks a nucleotide-

binding site (Allingham et al. 2007). Nevertheless, the heterodimer is a fully func-

tional molecular motor (Yamagishi et al. 2016; Rank et al. 2012; Duan et al. 2012) 

and structural changes, similar to those described above for homodimeric Kinesin-

14s, are observed for the non-catalytic Vik1 subunit (Duan et al. 2012; Gonzalez 

et al. 2013). 

10.3 FUNCTIONAL PROPERTIES 

10.3.1 DIRECTIONALITY 

Members of the Kinesin-14 family are typically translocating motors that support 

microtubule motility. The best-described member of the family is the Drosophila 

Ncd (non-claret disjunctional), which owes its name to a Drosophila mutant defec-

tive in chromosome segregation that was discovered almost a hundred years ago 

(Sturtevant 1929). The locus was later found to encode a kinesin-like protein 

(Endow, Henikoff, and Soler-Niedziela 1990; McDonald and Goldstein 1990), 

which, unlike any other kinesin, moved towards the minus ends of microtubules 

(McDonald, Stewart, and Goldstein 1990; Walker, Salmon, and Endow 1990), and 

which was eventually classifed in 2004 as Kinesin-14 (Lawrence et al. 2004). Ncd, 

like all Kinesin-14s, possesses the ubiquitously conserved kinesin motor domain. 

Specifc interaction between the Ncd neck and motor domain are crucial for move-

ment towards the microtubule minus end (Endow and Waligora 1998; Sablin et al. 

1998), and a single amino acid change in the Ncd neck causes the motor to become 

bidirectional (Endow and Higuchi 2000). That small changes are suffcient to alter 

the directionality of Ncd is consistent with optical trapping experiments showing 

that 30% of power strokes generated by wild-type Ncd are directed towards the plus 

end of the microtubule (Butterfeld et al. 2010). 

10.3.2 PROCESSIVITY 

As single molecules, Kinesin-14 motors, again exemplifed by Drosophila Ncd, are 

mostly non-processive (Figure 10.2A) (Case et al. 1997; Foster and Gilbert 2000), and 

transport becomes processive only when multiple motors cooperate. The latter behav-

iour has been demonstrated in gliding microtubule motility assays, where the mini-

mal distance of smoothly gliding microtubule movement was found to be dependent 

on motor density (Stewart, Semerjian, and Schmidt 1998), and also in experiments, 

where the run length of DNA scaffolds was found to be dependent on the number of 

motors coupled to them (Furuta et al. 2013). Coupling of multiple Kinesin-14 motors 

was also shown to enable processive transport of intracellular cargo along microtu-

bules in plants (Jonsson et al. 2015) and of Pkl1 functionalised quantum dots (Furuta 

et al. 2008). Clustering of the Kinesin-14, HSET/KIFC1, via binding of unpolymerised 
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FIGURE 10.2 Enabling Kinesin-14 processivity by anchoring to microtubules. (A) un-

processive, non-anchored Kinesin-14, (B) Kinesin-14 anchored via its tail to a crosslinked 

microtubule in an overlap (Fink et al. 2009), (C) multiple Kinesin-14s in a cluster, anchoring 

each other (Norris et al. 2018), (D) KLPA anchored via its tail to one microtubule (Popchock 

et al. 2017), and (E) Kar3 anchored via Vik1 (black) (Allingham et al. 2007). 

tubulin, also increases processivity (Figure 10.2C) (Norris et al. 2018). Whilst, some 

Kinesin-14s, such as the plant kinesin OsKCH2, have been reported to be intrinsically 

processive, minus-end-directed motors (Tseng et al. 2018). Interestingly, kinesin-like 

protein A (KLPA) (a Kinesin-14 from Aspergillus nidulans) has recently been reported 

to be able to switch from the canonical non-processive, minus-end-directionality to 

processive, plus-end-directionality when its tail is bound to the same microtubule as 

the motor domain (Figure 10.2D) (Popchock et al. 2017). 

A unique strategy for enabling kinesin processivity is seen in the budding yeast 

Kar3, which associates with either Cik1 or Vik1 to form heterodimers (Figure 10.2E) 

(Manning et al. 1999; Page et al. 1994). These accessory subunits bind to microtu-

bules, but do not hydrolyse ATP (Allingham et al. 2007). They do, however, have a 

key impact on motility of the heterodimer. By providing a ‘foothold’ for the cata-

lytic Kar3, they enable its processive movement towards the microtubule minus end 

(Mieck et al. 2015) – the identity of the partner in Kar3 heterodimers dictates their 

subcellular localisation and function (Manning et al. 1999; Gardner et al. 2008). 
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10.3.3 VELOCITY 

As Kinesin-14s are typically non-processive, it is hard to defne the velocity of an 

individual motor molecule. Rather, it makes more sense to characterise the veloc-

ity of cargo transported by multiple motors. Such cargo transport (or, equivalently, 

the gliding of microtubules on motor-coated surfaces) occurs at comparatively slow 

velocities, between 70 nm/s and 250 nm/s (McDonald, Stewart, and Goldstein 1990; 

Walker, Salmon, and Endow 1990; Furuta et al. 2013; Fink et al. 2009; Lüdecke et al. 

2018). More recent experiments show microtubule gliding velocities in the ranges of 

20–40nm/s and 30–70nm/s, depending on the motor density for XCTK2 (Hentrich 

and Surrey 2010) and HSET/KIFC1 (Braun et al. 2017), respectively. Interestingly, 

when connecting two to four Ncd motors onto DNA scaffolds at fxed distances from 

each other, no signifcant changes in transport velocity (~150 nm/s) were observed 

(Furuta et al. 2013). Thus, the transport velocity by Kinesin-14 motors appears to 

be dependent on motor density, but not motor number, likely due to steric effects 

or mechanical coupling. From measurements of the bulk ATPase activity, it can be 

inferred that the rate at which Kinesin-14 performs individual power strokes ranges 

from one to four per motor per second (Pechatnikova and Taylor 1999; Furuta and 

Toyoshima 2008; Braun et al. 2009; Szczesna and Kasprzak 2012). This is in line 

with single-molecule optical trapping evidence, showing that an approximately 9-nm 

displacement of the motor domain occurs over a period of 200–400 ms, independent 

of ATP concentration (deCastro et al. 2000). Taken together, these estimates would 

translate to a ‘single-motor velocity’ of about 10–40 nm/s. So far, it is not clear by 

which mechanism, for example, just two coupled motors can reach velocities of up to 

150 nm/s (Furuta et al. 2013). 

10.3.4 CHEMO-MECHANICAL CYCLE 

Although Kinesin-14s are dimeric motor proteins, it is believed that, in each cycle, 

only one of the two motor domains typically mediates force generation (Hirose et al. 

1996; Endres et al. 2005). In solution, both motor domains are bound to ADP and 

interact only weakly with the microtubule, as evidenced by biochemical (Crevel, 

Lockhart, and Cross 1996; Pechatnikova and Taylor 1997; Rosenfeld et al. 1996), 

electron microscopy (Hirose, Cross, and Amos 1998; Wendt et al. 2002) and single-

molecule optical microscopy studies (Furuta et al. 2008). Upon ADP release from 

one of the motor domains, this motor binds strongly to the microtubule in the absence 

of nucleotide (Hirose, Cross, and Amos 1998; Wendt et al. 2002; Endres et al. 2005). 

After binding ATP, it remains frmly attached to the microtubule (Endres et al. 2005) 

and detaches only after ATP hydrolysis (Foster, Correia, and Gilbert 1998). 

For the working stroke of a single Ncd motor head, a lever arm model has been 

suggested (Endres et al. 2005; Yun et al. 2003). It is currently assumed that the work-

ing stroke of Ncd comprises two substeps: an initial small movement of its stalk in 

a lateral direction (i.e. off-axis to the orientation of the microtubule) when ADP is 

released, and a second, main component in a longitudinal direction (i.e. parallel to 

the orientation of the microtubule) upon ATP binding (Hallen, Liang, and Endow 

2011; Nitzsche et al. 2016). The off-axis component in the power stroke is believed to 
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be responsible for the Ncd’s capability to not only translocate microtubules forward 

but also to rotate them around their own axes in gliding motility assays, with right-

handed pitches between 300 nm and 2 µm in an ATP-dependent manner (Walker, 

Salmon, and Endow 1990; Nitzsche et al. 2016). 

10.3.5 FORCE GENERATION 

Low forces were frst applied to single Ncd motors in a three-bead, optical-trap assay 

in order to resolve the motor’s mechanochemical cycle, comprising the above men-

tioned 9-nm displacement of the motor domain (deCastro et al. 2000). Further trapping 

experiments with Ncd motors coupled to DNA scaffolds determined that the aver-

age maximum force of multiple Ncds increased additively with motor number (Furuta 

et al. 2013). Though the force generated by a single Ncd motor was too weak to be 

measured reliably, extrapolation of the data from two, three and four motors yielded 

single-motor forces of about 0.4 pN. This force range was confrmed in gliding motil-

ity assays, where an optical trap was used to determine the maximum forces of bead-

loaded microtubules gliding on surfaces coated with Ncd motors (Lüdecke et al. 2018). 

10.3.6 MICROTUBULE–MICROTUBULE CROSSLINKING 

A number of Kinesin-14s (such as Ncd, KLP14, HSET/KIFC1 and XCTK2) exhibit 

a second microtubule-binding site in the tail domain. This additional binding site 

has a nucleotide-independent diffusive interaction with microtubules (Figure 10.3A) 

(Furuta and Toyoshima 2008; Fink et al. 2009). It is the existence of this second 

microtubule-binding site which allows these kinesins to crosslink and slide two 

microtubules (Oladipo, Cowan, and Rodionov 2007). When bound between two 

microtubules in vitro, Kinesin-14 slides antiparallel microtubules while station-

arily crosslinking parallel microtubules (Figure 10.2B, C) (Braun et al. 2009; 2017; 

Fink et al. 2009; Hentrich and Surrey 2010; Oladipo, Cowan, and Rodionov 2007). 

However, the sliding velocity of crosslinked antiparallel microtubules is signifcantly 

lower than the gliding velocity of microtubules propelled by motors anchored to a 

rigid surface, such as a glass cover slip. This fnding is attributed to (i) the steric hin-

drance between motors present at high densities between two microtubules (Braun 

et al. 2017) and (ii) the diffusive anchorage of the motor tails to the second micro-

tubule, causing motor slippage (Lüdecke et  al. 2018), similar to motors anchored 

diffusively in a lipid bilayer (Grover et  al. 2016). The same arguments hold true 

for a signifcant reduction in the generated force as estimated from force-balance 

experiments involving Kinesin-5 acting antagonistically to Kinesin-14 (Civelekoglu-

Scholey et al. 2010; Hentrich and Surrey 2010; Roostalu et al. 2018; Tao et al. 2006) 

and directly measured in an optical trap (Lüdecke et al. 2018). Beyond motorized 

microtubule–microtubule sliding, Kinesin-14 motors can also give rise to entropic 

forces in microtubule overlaps to prevent overlap separation (Braun et  al. 2017), 

following a mechanism similar to that recently reported for the passive, diffusive 

crosslinker Ase1 confned between two microtubules (Lansky et al. 2015). In micro-

tubule networks, Kinesin-14 motors alone are thus expected to fulfl a multitude 

of functionalities: (i) active sliding due to ensemble force generation, (ii) adaptive 
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FIGURE 10.3 Modes of Kinesin-14 interaction with microtubules. (A) non-processive, sin-

gle-step, walking (left) and unbiased diffusion (right), (B) sliding of antiparallel overlapping 

microtubules, and (C) locking and stabilising parallel overlapping microtubules. 

force regulation via tail slippage, motor-density effects and force balance with other 

motors, as well as (iii) entropic force generation to avoid the separation of microtu-

bule–microtubule overlaps. 

Interestingly, the rice Kinesin-14 OsKCH1 does not bind to a second microtubule 

but rather to actin flaments, transporting those along microtubules with two distinct 

velocities, depending on their orientation relative to the microtubule (Walter et al. 

2015). In a way, the Kinesin-14-mediated, continuous sliding of flaments (micro-

tubules and actin flaments both serving as ‘cargo’) along each other can be seen as 

motor coupling to achieve processive motility. 

10.4 PHYSIOLOGICAL ROLE 

10.4.1 ROLES IN MITOSIS AND MEIOSIS 

Kinesin-14 localises to mitotic and meiotic spindles, where it is enriched at the spin-

dle poles (Hatsumi and Endow, 1992b; Walczak, Verma, and Mitchison, 1997) and 

is involved in cell division, primarily in the focusing of the poles (Figure 10.4, upper 

left panel), in maintenance of mitotic and meiotic spindle shape, length and bipo-

larity, positioning of centrosomes and correct chromosome distribution. Within the 

spindle, Kinesin-14 is spatially regulated by the gradient of Ran-GTP by modulating 

the affnity of its microtubule-binding tail domain for microtubules (Weaver et al. 

2015; Ems-McClung, Zheng, and Walczak 2004). 
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FIGURE 10.4 Kinesin-14 roles in mitosis are (upper left) pole focusing, (upper right) gen-

eration of spindle-inward forces, (lower left) microtubule alignment and (lower right) parallel 

microtubule sliding. 

Kinesin-14 is especially important for the formation of spindles in the absence of 

centrosomes (Mountain et al. 1999). In vitro, in an extract of X. laevis eggs, which 

lack centrosomes, Kinesin-14 XCTK2 focuses the microtubule minus ends to medi-

ate mitotic spindle assembly (Matthies et  al. 1996; Walczak et  al. 1998). Similar 

observations were obtained in other acentrosomal systems, such as in Drosophila 

oocytes in meiosis I and II (Hatsumi and Endow 1992; Endow and Komma 1997) 

and in mitotic spindles in plants (Ambrose and Cyr 2007). In early stages of mitosis, 

Kinesin-14 also mediates the focusing of microtubules nucleating from chromosomes 

and, dependent upon EB1, their capture by and alignment with the microtubules 

nucleated from centrosomes (Goshima, Nédélec, and Vale 2005). The ability of 

Kinesin-14 to focus minus ends of microtubules into poles, the microtubules form-

ing asters, has been indeed reconstituted in a minimal system consisting of only 

Kinesin-14 motors and microtubules, showing that Kinesin-14 is an autonomous 

pole-forming motor (Hentrich and Surrey 2010). 

In terms of spindle pole focusing, Kinesin-14 has been reported to interact with 

various pole-associated factors. Its interaction with γ-TuRC has been reported in 

several organisms. The S. pombe Kinesin-14, Pkl1, interacts with γ-TuRC directly 

(Rodriguez et al. 2008) and regulates microtubule nucleation (Olmsted et al. 2014). 
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To focus the spindle poles, Pkl1 also cooperates with the mitotic spindle disan-

chored protein 1 (Msd1) and another spindle anchoring factor Wdr8 (Yukawa, Ikebe, 

and Toda 2015). The absence of Pkl1p results in the defocusing of the poles and a 

defect in a checkpoint that monitors chromosome biorientation, resulting in frequent 

precocious anaphase and aneuploidy (Grishchuk, Spiridonov, and McIntosh 2007; 

Syrovatkina and Tran 2015). In D. melanogaster oocytes, γ-tubulin and Ncd enhance 

the stable association of the augmin complex with the spindle poles to facilitate 

microtubule organisation and chromosome congression (Colombié et al. 2013). The 

human Kinesin-14, HSET, is involved (together with Kinesin-5 and dynein) in pole-

ward transport of non-centrosomal mitotic microtubules through interaction with 

γ-TuRC, which results in the accumulation of their minus ends at the pole (Lecland 

and Lüders 2014). Inhibition of HSET leads to the disruption of the microtubule 

aster assembly. However, simultaneous inhibition of the Kinesin-5, Eg5, restores the 

microtubule aster formation, similarly to centrosome separation and spindle organ-

isation, suggesting that Kinesin-14 and Kinesin-5 are playing opposing roles in these 

processes (Mountain et al. 1999). 

Indeed, experiments in various organisms show that Kinesin-14, together with 

other microtubule-sliding motors, maintain the length of the mitotic spindle. 

Experiments in yeast reveal that the action of the antagonistic motors Kinesin-14 and 

Kinesin-5 determine the spindle length (Saunders, Lengyel, and Hoyt 1997). Control 

of the spindle length is mediated by the plus- and minus-end-directed mechanical 

forces exerted by these motors, which crosslink and slide microtubules. By sliding 

antiparallel microtubules, Kinesin-14 generates inward forces on the spindle poles 

(Figure 10.4, upper right panel), which is opposed by Kinesin-5, generating outward 

force (Sharp et al. 1999; 2000). Experiments like these led to the generation of a 

force-balance model of prometaphase spindle formation, whereby Kinesin-14 and 

Kinesin-5 generate opposing power strokes with load-dependent detachment. The 

forces exerted by the ensembles of these motors thus maintain the correct distance 

between the poles (Civelekoglu-Scholey et  al. 2010). The force-balance model is 

supported by experiments showing that changing the ratio between the two motors 

affects the spindle length (Brust-Mascher et al. 2009) and that simultaneous inhibi-

tion of Kinesin-14 and Kinesin-5 restores the separation of centrosomes, showing 

also that additional motors and spindle mechanisms cooperate to form spindles when 

the Kinesin-14–Kinesin-5 pair is removed (Mountain et al. 1999). Intriguingly, the 

deletion of Kinesin-14 in various organisms often results in shorter spindle lengths 

(Cai et al. 2009; Hepperla et al. 2014), contrasting with the notion that Kinesin-14 is 

an inward force generator. This suggests that Kinesin-14 primarily aligns antiparal-

lel microtubules along the spindle axis during metaphase, thus allowing Kinesin-5 

to then exert outward force (Figure 10.4, lower left panel) (Gardner et  al. 2008). 

Alternatively, Kinesin-14 might slide parallel microtubules, moving the poles out-

ward (Figure 10.4, lower right panel) (Cai et al. 2009). Mechanistically, such parallel 

sliding could occur when the two microtubules in the crosslinked pair are not iden-

tical, with respect to the motor binding, which breaks the symmetry of the sliding 

process (Fink et al. 2009). We can only speculate what would cause this difference, 

e.g. tubulin post-translational modifcations or other factors, such as a component of 

the augmin or γ-TuRC complex. 
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10.4.2 ROLES IN PLANTS 

In most eukaryotic organisms, microtubule minus-end-directed motility is driven 

by dynein and Kinesin-14. However, in plants, dynein is not present and Kinesin-14 

family members are thus the only minus-end-directed motors. This may be the rea-

son for the multiple Kinesin-14 genes in plants (Reddy and Day 2001). As in animals 

and fungi, Kinesin-14s in plants play a role in maintaining the spindle morphology 

(Ambrose and Cyr 2007). Interestingly, no plant Kinesin-14 has been found to be 

solely required for proper chromosome segregation. This suggests that either several 

Kinesin-14s are functionally redundant or that there are other redundant pathways 

leading to proper spindle formation in plants (Gicking et al. 2018). Due to the lack 

of dynein in plants, Kinesin-14s have various other roles, mostly in transport. They 

are involved in nuclear migration (Frey, Klotz, and Nick 2010; Yamada and Goshima 

2018; Yamada et  al. 2017) and minus-end-directed transport of cargoes, such as 

mitochondria (Yang et al. 2011; Yamada et al. 2017) and chloroplasts (Suetsugu et al. 

2010), and they move neocentromeres along spindle microtubules to cause meiotic 

drive in maize (Dawe et al. 2018). 

10.4.3 OTHER ROLES 

Apart from their roles in cell division and their prominent role as the only minus-

end transporter in plants, Kinesin-14s have been reported to be important in sev-

eral other cellular systems. In S. pombe, the Kinesin-14, KLP2, is involved in the 

formation and maintenance of the interphase microtubule array (Carazo-Salas and 

Nurse 2006; Daga et al. 2006), through localising to plus tips of newly nucleated 

microtubules and sliding them along the pre-existing ones to the correct positions 

(Janson et al. 2007). In S. cerevisiae, the Kinesin-14, Kar3, drives lateral sliding of 

kinetochores along the side of microtubules (Tanaka et al. 2007; 2005). Moreover, 

Kinesin-14 is involved in structural integrity and positioning of the Golgi complex 

in non-polarised mammalian cells (She et  al. 2017) and in DNA repair (Chung 

et al. 2015). 

10.5 INVOLVEMENT IN DISEASE 

Kinesin-14 is not essential for mitosis in somatic cells, and mutants of Drosophila 

Kinesin-14 Ncd develop normally with few mitotic defects (Basto et  al. 2008). 

However, in cells with multiple centrosomes, as often found in cancer cells (Nigg, 

Čajánek, and Arquint 2014; Anderhub, Krämer, and Maier 2012; Ganem, Godinho, 

and Pellman 2009), Ncd increases the effciency of centrosome clustering, demon-

strating that, in this context, Kinesin-14 is important for the formation of bipolar 

spindles (Basto et al. 2008). Cells with multiple centrosomes can form multipolar 

spindles during mitosis, which can cause aneuploidy, resulting in cell death, unless 

the centrosomes cluster together to form two prominent poles (‘pseudopoles’), which 

then assemble bipolar mitotic spindles allowing the cells to progress through bipo-

lar mitosis, albeit with increased frequency of lagging chromosomes (Ring 1982; 
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Ganem, Godinho, and Pellman 2009; Basto et  al. 2008). Indeed, knockdown of 

Kinesin-14 induces mitotic defects in cancer cells with multiple centrosomes, pre-

sumably due to reduced pseudopole formation and focusing, resulting in increased 

cell death through multipolar anaphase (Kwon et al. 2008). HSET has also been found 

to be required for the survival of cancer cells that have the regular two centrosomes, 

suggesting that it plays a more complex role in cancer cells (Kleylein-Sohn et al. 

2013). Indeed, HSET expression is up-regulated in cancer cells and its high expres-

sion levels correlate with metastasis (Wu et al. 2013; Li et al. 2015; Grinberg-Rashi 

et al. 2009). HSET is thus an attractive target for anti-cancer drugs as its inhibition, 

in contrast to other mitotic kinesins, would result in the inhibition of centrosome 

clustering, selectively targeting only multi-centrosomal cancer cells. Several specifc 

HSET inhibitors preventing centrosome clustering have been synthesised to date and 

their differential effect on cancer cells with multiple centrosomes as compared to 

normal cells has been demonstrated (Watts et al. 2013; Wu et al. 2013; Yang et al. 

2014; Zhang et al. 2016). These inhibitors provide both a tool for the investigation of 

the role of HSET in mitosis and cancer and a starting point for the development of 

future therapeutics. 
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Kinesin-15s are a family of processive, plus-end-directed motors that can func-

tion as either homodimers or homotetramers. They can cross-link and bundle 

microtubules and play crucial roles in mitosis. 

11.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF15 (KLP2) 

Caenorhabditis elegans: KLP-18 

Xenopus laevis: KLP2 

Arabidopsis thaliana: POK1, POK2, PAKRP1 

Physcomitrella patens: KINID1a, KINID1b 

11.2 STRUCTURAL INFORMATION 

Animal Kinesin-15s typically consist of a heavy chain containing ~1400 amino 

acids with a molecular weight of ~160 kDa (Boleti, Karsenti, and Vernos 1996, 

Sueishi, Takagi, and Yoneda 2000, Rogers et al. 2000, Buster et al. 2003). No further 
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regulatory or accessory medium or light chains are required for motility (Drechsler 

et al. 2014, Drechsler and McAinsh 2016, Sturgill et al. 2014, Reinemann et al. 2017, 

Milic et al. 2018). The Kinesin-15 heavy chain features a short N-terminal exten-

sion (aa1–19 in human KIF15, hKIF15 from here on) preceding the N-terminal 

motor domain including the neck-linker (aa19–375 in hKIF15, crystal structure 

available at PDB ID: 4bn2 or in Klejnot et al. 2014), which is followed by a long 

alpha-helical stalk forming an interrupted coiled-coil (aa376–1148 in hKIF15) and 

fnally by the C-terminal tail domain (aa1149–1388 in hKIF15) (Boleti, Karsenti, 

and Vernos 1996, Klejnot et al. 2014, Buster et al. 2003) (Figure 11.1). The func-

tion of the N-terminal extension is currently unknown. However, similar N-terminal 

extensions are involved in cargo binding (Kinesin-3 (Gruneberg et  al. 2006) and 

Kinesin-7 (Drechsler, Tan, and Liakopoulos 2015, Roberts, Goodman, and Reck-

Peterson 2014)), force generation (Kinesin-1 (Khalil et al. 2008, Hwang, Lang, and 

Karplus 2008)) or microtubule association (Kinesin-5 (Stock, Chu, and Hackney 

2003, Britto et al. 2016) and Kinesin-7 (Drechsler, Tan, and Liakopoulos 2015)). 

The simplest oligomerisation state for Kinesin-15 motors is a homodimer: both 

Xenopus laevis and Strongylocentrotus purpuratus (sea urchin) Kinesin-15, par-

tially purifed from meiotic egg extracts, are dimeric with a measured Stokes radius 

of ~10 nm and a sedimentation coeffcient of ~8 S, consistent with being an elon-

gated molecule with a native molecular weight of 334 kDa (Rogers et  al. 2000, 

Wittmann et al. 1998). In contrast, the human Kinesin-15 (hKIF15) can also assem-

ble into homotetramers (i.e., a dimer-of-dimers) both in vivo and in vitro (Mann, 

Balchand, and Wadsworth 2017, Drechsler et al. 2014, Drechsler and McAinsh 2016, 

Sturgill et al. 2014). The tetrameric and dimeric forms of hKIF15 co-exist in a salt-

dependent equilibrium. Regardless of its source (i.e., recombinant or endogenous 

(Drechsler and McAinsh 2016)), hKIF15 is primarily tetrameric (~12 S) at low to 

physiological ionic strength (I = 75 mM to 225 mM), and primarily dimeric (~8 S) 

at an ionic strength above 300 mM (Drechsler and McAinsh 2016, Drechsler et al. 

2014, Sturgill et al. 2014, Mann, Balchand, and Wadsworth 2017). It is important to 

note that the dimeric form of hKIF15 – purifed at high ionic strength – appears to 

be auto-inhibited (Sturgill et al. 2014), whereas KIF15 tetramers are constitutively 

active (Drechsler and McAinsh 2016, Drechsler et al. 2014, Mann, Balchand, and 

Wadsworth 2017). As a result, experiments with the dimeric form are only possible 

if the motor is either truncated (i.e., aa1–700 (Sturgill et al. 2014, Milic et al. 2018)) 

or by releasing autoinhibition with an antibody targeting the C-terminus of hKIF15 

(Sturgill et al. 2014). There is currently no structural data on how the two hKIF15 

dimers arrange to form the tetramer, although mass spectrometry cross-linking 

experiments suggest a parallel tetramer, with all motor domains gathered at one 

end of the tetramer (Hussain, McAinsh and Jones, unpublished). This arrangement 

would be distinct from the arrangement of heavy chains in the – also tetrameric – 

Kinesin-5, which has overlapping functions with KIF15 (see below). In Kinesin-5s, 

two antiparallel coiled-coils form a four-helical bipolar assembly (BASS) domain 

(Acar et al. 2013, Scholey et al. 2014), resulting in a dumbbell structure and expos-

ing a motor domain pair at each end of the rod-like tetramer (see Chapter 6 for 

details). 
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11.2.1 KINESIN-15 IN PLANTS 

In contrast to their orthologues in animals, plant Kinesin-15s are poorly charac-

terised at the molecular level. Currently, we know two different species of plant 

Kinesin-15 that are either slightly shorter (i.e., KINID1a/b: ~1200 amino acids, and 

PAKRP1/1L: ~1300 amino acids) or considerably longer (i.e., POK1: 2066 amino 

acids, and POK2: 2771 amino acids) than their animal counterparts (Figure 11.1). 

Studies on a truncated POK2 variant, POK21-589, suggest that no additional medium 

or light chains are required for plant Kinesin-15 motility in vitro and that dimers 

are the minimal functional unit (Chugh et al. 2018). Two further structural features 

distinguish plant Kinesin-15s: (i) the relative low abundance of extended coiled-coil 

stretches in their stalks (particularly in PAKRP1/1L and KINID1a/b) and (ii) the 

remarkably long N-terminal extension preceding the respective motor domains, 

ranging from 39 amino acids in KINID1b to the enormous 190 amino acids in POK2 

(Figure 11.1). In the case of POK2, this N-terminal extension is required for the pro-

cessive movement (Chugh et al. 2018), with conficting reports as to whether there is 

a second ATP-independent microtubule-binding site (Chugh et al. 2018, Herrmann 

et  al. 2018). The C-terminus of AtPOK1 (aa1683–2066) binds to the preprophase 

band (PPB) resident MAP TAN (“tangled”) (Lipka et al. 2014), while the N-terminus 

(aa1–189) and C-terminus (aa2083–2771) of AtPOK2 interact with the plant PRC1/ 

ASE1 orthologue MAP65-3, thereby restricting AtPOK2 localisation to the plant’s 

phragmoplast midzone (Herrmann et al. 2018) (Figure 11.1). 

11.3 FUNCTIONAL PROPERTIES 

11.3.1 MOTILITY 

The human KIF15 is a processive plus-end-directed motor, moving in vitro at 

130–200 nm s−1 without load (Drechsler et  al. 2014, Sturgill et  al. 2014, Mann, 

Balchand, and Wadsworth 2017, McHugh et  al. 2018). Under certain conditions, 

i.e., by increasing the assay temperature or the ionic strength, unloaded velocities 

have been reported to reach ~500 nm s−1 (Drechsler and McAinsh 2016, Milic et al. 

2018). Processive runs can be interrupted by prolonged pauses (~5 s (Drechsler et al. 

2014)) and the hKIF15 motor is capable of switching between processive and dif-

fusive modes of movement (Drechsler et  al. 2014). Single motors dwell at micro-

tubule plus ends for ~20 s (Drechsler et  al. 2014), leading to motor accumulation 

(Drechsler and McAinsh 2016). At microtubule intersections, hKIF15 motors can 

switch microtubule tracks with a likelihood of one in fve, allowing the motor to nav-

igate long distances through complex microtubule networks (Drechsler et al. 2014, 

Mann, Balchand, and Wadsworth 2017). Interestingly, short episodes of processive 

minus-end-directed movement have been detected, although this is infrequent and 

restricted to shorter run length and residency time compared to plus-end-directed 

motors (Drechsler et al. 2014, Mann, Balchand, and Wadsworth 2017). The oligo-

merisation state does not appear to affect the motor’s velocity (~140 nm s−1 for tet-

ramers vs. ~190 nm s−1 for dimers that are activated by an antibody bound to the 

C-terminus). However, activated dimers exhibit a reduced run length (~0.6 µm vs. 
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~2 µm for tetramers) and residency time (~4 s vs. ~26 s for tetramers) (Drechsler 

et al. 2014, Sturgill et al. 2014). This difference might be explained by the presence 

of a second pair of motor domains in the tetramer, which increases the microtubule 

affnity at the expense of velocity. However, the hKIF15 constructs used by Sturgill 

et al. (2014) lack two-thirds of the N-terminal extension, which may affect motor 

performance (see Structural Information Section 11.2). 

11.3.2 BEHAVIOUR UNDER LOAD 

During processive runs, hKIF15 motors have been reported to stall at ~3 pN 

(Reinemann et  al. 2017, Drechsler et  al. 2014) or at ~6 pN (McHugh et  al. 2018, 

Milic et al. 2018), differences that likely depend on the construct and assay method 

used. External motor load strongly infuences hKIF15 performance, as its velocity 

scales inversely with the amount of hindering forces (i.e., forces directed against 

the walking direction) acting on the motor (Milic et al. 2018). Furthermore, motor 

detachment occurs more easily under assisting loads than under hindering loads 

(McHugh et al. 2018) (Figure 11.2A). This implies that motors experiencing assist-

ing forces are more prone to slip along the microtubule, while motors that experi-

ence hindering loads are more likely to grip the microtubule tightly (McHugh et al. 

2018). This grip state can be further reinforced by the microtubule-associated pro-

tein (MAP) Tpx2 (targeting protein for xKlp2) (Wittmann et  al. 1998, Wittmann 

et al. 2000), which binds to the (dimerised) leucine-zipper motif near the C-terminus 

of Klp2 (Wittmann et al. 1998) (aa1359–1380 in hKIF15, (Figure 11.1). In Humans, 

binding of TPX2 (from now on hTPX2) locks the motor even more tightly to the 

microtubule, allowing the motor to withstand forces (much) higher than its stall force 

without detaching from the microtubule (Drechsler et  al. 2014, Mann, Balchand, 

and Wadsworth 2017) (Figure 11.2B). These hKIF15:hTPX2 complexes are likely to 

form in situ on the microtubule as, in solution, the affnity of hKIF15 and hTPX2 for 

one another is relatively low (Drechsler et al. 2014). 

11.3.3 MICROTUBULE INTERACTION 

Being tetrameric, hKIF15 can cross-link and bundle microtubules via its two sets of 

two motor domains. However, dimeric hKIF15 also retains the capacity to cross-link 

microtubules via a second, nucleotide-independent microtubule-binding site in the 

motor domain proximal section of the stalk (aa400–700). This interaction depends 

on electrostatic attraction to the negatively charged tubulin C-termini exposed on the 

microtubule surface (Reinemann et al. 2017, Sturgill et al. 2014). The cross-linking 

and motor activities of recombinant full-length tetrameric hKIF15 are suffcient to sort 

microtubules into stable parallel bundles (Drechsler and McAinsh 2016, Reinemann 

et al. 2017) (Figure 11.2C). This sorting mechanism involves dynamic collectives of 

hKIF15 motors driving an adaptive microtubule transport/parallel sliding mecha-

nism at microtubule intersections. While the motor domain pairs of the hKIF15 

tetramer move along both microtubules which they cross-link, a velocity differential 

between them is evident, which gradually depends on the microtubule geometry at 

the intersection. On parallel microtubules, the velocity differential is small, resulting 
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in limited parallel sliding. On antiparallel microtubules, the velocity differential is 

high, as only one motor domain pair is moving, transporting one microtubule along 

the other (Drechsler and McAinsh 2016) (Figure 11.2D). Transport velocities nega-

tively correlate with the hKIF15 motor collective size and range between 25 and 250 

nm s−1 (Drechsler and McAinsh 2016). Using a force-calibrated optical trap, it was 

shown that dimeric hKIF15 supports the relative sliding of antiparallel microtubules 

(Reinemann et al. 2017) (Figure 11.2E). However, motor forces during antiparallel 

sliding are not cumulative across the overlap, and sliding occurs only at very low 

velocities (<1 nm s−1) (Reinemann et al. 2017) compared with the velocity of single 

motors in an optical-trap assay (>60 nm s−1) (Reinemann et al. 2017, Drechsler et al. 

2014) or antiparallel microtubule sliding driven by Kinesin-5, which supports sliding 

velocities up to 50 nm s−1 (Reinemann et al. 2017, Shimamoto, Forth, and Kapoor 

2015, Kapitein et al. 2005). Like other kinesins (Du, English, and Ohi 2010, Varga 

et al. 2009, Chen and Hancock 2015, Chen et al. 2019), hKIF15 motors addition-

ally modulate microtubule dynamics, as plus-end-tracking hKIF15 motors suppress 

microtubule catastrophe events in a motor number threshold-dependent manner 

(Drechsler and McAinsh 2016) (Figure 11.2F). 

11.4 PHYSIOLOGICAL ROLE 

Kinesin-15 is a highly versatile motor that is implicated in multiple cellular pro-

cesses, including mitotic spindle assembly/maintenance and post-mitotic processes 

such as cell migration, the axonal outgrowth of neurons or the production of red 

blood platelets from megakaryocytes (i.e., thrombopoiesis). 

11.4.1 ROLES IN MITOSIS 

Assembly and maintenance of the mitotic spindle requires the balanced activ-

ity of three mitotic motors: Kinesin-5, Kinesin-15 and dynein (van Heesbeen, 

Tanenbaum, and Medema 2014). Spindle assembly starts with Kinesin-5-driven 

separation of centrosomes in prophase, followed by nuclear envelope breakdown, 

at which point microtubules from the two asters interact and self-organise the 

bipolar spindle. During prometaphase, Kinesin-15 associates with spindle micro-

tubules in a hTPX2-dependent manner and can compensate for loss of Kinesin-5 

function (Vanneste et al. 2009, Tanenbaum et al. 2009) (Figure 11.3, upper pan-

els). This is because Kinesin-5 and -15 both create outward, spindle-extending 

forces, that are counteracted by dynein-dependent inward forces (van Heesbeen, 

Tanenbaum, and Medema 2014). Kinesin-5 activity is essential for early spindle 

pole separation, as prophase and prometaphase force production by Kinesin-15 

is not suffcient to counteract dynein-dependent compressing forces (Tanenbaum 

et al. 2009, Vanneste et al. 2009, van Heesbeen, Tanenbaum, and Medema 2014). 

However, once the force equilibrium has changed – either by lowering dynein-

dependent forces (van Heesbeen, Tanenbaum, and Medema 2014) or by increasing 

Kinesin-15 activity (Sturgill and Ohi 2013, Tanenbaum et al. 2009) – Kinesin-15 

is capable of driving spindle assembly even in the absence of Kinesin-5. In fact, 

Kinesin-15 becomes essential to spindle assembly in cells that are chronically 
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deprived of Kinesin-5 (Raaijmakers et al. 2012, Sturgill et al. 2016), and cells often 

increase their Kinesin-15 expression in order to maintain their capacity to divide in 

the absence of Kinesin-5 (Sturgill et al. 2016, Sturgill and Ohi 2013, Raaijmakers 

et al. 2012). 

While there is a broad agreement on the mechanism by which Kinesin-5 

drives spindle assembly (Kapoor 2017), the Kinesin-15 mechanism(s) remain 

under debate. One model proposes that Kinesin-15 – in analogy to Kinesin-5 – 

directly drives spindle extension by sliding apart antiparallel overlaps of interpolar 

microtubules at the spindle midzone (Tanenbaum et al. 2009, Sturgill et al. 2014, 

Reinemann et  al. 2017). Experimental support for this model currently appears 

weak as: (i) in vivo hKIF15 mainly localises to k-fbres instead of localising to 

antiparallel microtubule overlaps in the spindle midzone (Sturgill and Ohi 2013); 

(ii) hKIF15 restricts rather than supports the force generation by Kinesin-5 on 

interpolar microtubule overlaps (Sturgill and Ohi 2013); (iii) spindle assembly by 

overexpressed hKIF15 in the absence of Kinesin-5 occurs late in prometaphase by 

a “reverse jack-knife” mechanism (Figure 11.4) (Sturgill and Ohi 2013, Toso et al. 

2009). This mechanism is fundamentally different from the axial spindle elonga-

tion driven by Kinesin-5- dependent antiparallel microtubule sliding at interpolar 

microtubule overlaps (Kapitein et al. 2005); and (iv) antiparallel sliding of micro-

tubules in vitro has not been observed with tetrameric hKIF15 motors (Drechsler 

and McAinsh 2016), and the sliding velocities with dimeric KIF15s (<1 nm s−1) 

(Reinemann et al. 2017) are almost two orders of magnitude slower than those gen-

erated by ensembles of Kinesin-5 in a comparable setup (Shimamoto, Forth, and 

Kapoor 2015). As a consequence, assembly of a 10-µm spindle, via a linear sliding 

FIGURE 11.4 Scheme showing mitotic spindle assembly in the presence (top, linear exten-

sion) and absence (bottom, reverse jack-knifng) of Kinesin-5. Please note that Kinesin-15-

driven spindle assembly requires additional microtubule-bundling activity e.g., by Kinesin-15 

overexpression. 
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mechanism, would take hours when carried out by Kinesin-15, instead of taking 

minutes in the case of Kinesin-5. In cells, however, the contribution of Kinesin-15 

to metaphase spindle elongation appears to have a magnitude of about 1 µm min−1 

(Tanenbaum et al. 2009). An alternative model suggests that Kinesin-15 localises 

to k-fbres (Sturgill and Ohi 2013), where it indirectly drives spindle expansion 

by organising and stabilising k-fbres (Brouwers, Mallol Martinez, and Vernos 

2017, van Heesbeen, Tanenbaum, and Medema 2014) through stable cross-links 

(Drechsler et  al. 2014), while also harmonising their dynamics (Drechsler and 

McAinsh 2016). The idea is that k-fbres continuously grow into the attached kinet-

ochores, creating expansive forces within the spindle that lead to centrosome sepa-

ration (Toso et al. 2009). Since this mechanism requires extra bundling activity, it 

might explain why a cell chronically deprived of Kinesin-5 activity has to either 

increase hKIF15 levels (Sturgill and Ohi 2013), or provide extra bundling activity 

in the form of a rigor Kinesin-5 to allow spindle assembly at normal hKIF15 levels 

(Sturgill et al. 2016). 

Finally, Kinesin-15-dependent microtubule sorting and bundling, but not antipar-

allel sliding, is key to microtubule rearrangements in other organisms: During the 

acentrosomal spindle assembly of C. elegans meiosis, the Kinesin-15, KLP-18, sorts 

spindle microtubules into parallel arrays, which enables the subsequent focusing of 

microtubule minus ends into defned spindle poles and therefore allows the estab-

lishment of a bipolar spindle (Wolff et al. 2016, Segbert et al. 2003). Moreover, in the 

moss P. patens, the Kinesin-15 motors, KINID1a and KINID1b, dynamically focus 

microtubule plus ends and bundle microtubules in apical domes of caulonemal apical 

cells during polarised tip growth (Hiwatashi, Sato, and Doonan 2014). 

During mitosis, Kinesin-15 localises to additional cellular substructures, 

including the spindle poles (Buster et al. 2003, Mann, Balchand, and Wadsworth 

2017, Boleti, Karsenti, and Vernos 1996), the spindle midbody (Buster et al. 2003, 

Rogers et al. 2000) and the kinetochores (Mann, Balchand, and Wadsworth 2017). 

Through an interaction of amino acids 1017–1238 with the chromosomal periph-

ery marker KI-67 (Figure 11.1 (Booth et al. 2014, Sueishi, Takagi, and Yoneda 

2000, Vanneste et  al. 2009)), Kinesin-15 also localises to the chromosomal 

periphery (Figure 11.3, upper panels (Buster et  al. 2003, Mann, Balchand, and 

Wadsworth 2017, Vanneste et al. 2009, Brouwers, Mallol Martinez, and Vernos 

2017)). Further Kinesin-15 subpopulations have been reported to localise to the 

cleavage furrow during cytokinesis, as well as to actin stress fbres of interphase 

cells (Figure 11.3, upper panels (Buster et al. 2003)). The detection of those minor 

Kinesin-15 populations, however, appears to depend on the experimental condi-

tions (i.e., visualisation method, antibodies, spatial resolution; for example, com-

pare (Mann, Balchand, and Wadsworth 2017) with (Brouwers, Mallol Martinez, 

and Vernos 2017) and (Sturgill and Ohi 2013). Particular subpopulations might 

also be organism-specifc, as Kinesin-15 is present at the spindle poles in rat 

(Buster et al. 2003) and frog (Boleti, Karsenti, and Vernos 1996), but not in sea 

urchin (Rogers et al. 2000). Conversely, Kinesin-15 localises to the spindle mid-

body in rat (Buster et al. 2003) and sea urchin (Rogers et al. 2000), but not in the 

frog (Boleti, Karsenti, and Vernos 1996). The functions of Kinesin-15 at these 

diverse locations are currently not known and warrant further study. 
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11.4.2 ESTABLISHING THE CORTICAL DIVISION ZONE AND 

PHRAGMOPLAST ASSEMBLY IN PLANTS 

In plants, the site of cell division is already set at the beginning of mitosis. From late 

S-phase to prometaphase, the preprophase band (PPB) – made of endomembrane, 

F-actin and microtubules – lines the cell cortex and marks (but not necessarily deter-

mines) the future division site (Müller 2019). Subsequently, additional factors like 

the microtubule-associated protein TAN (Walker et al. 2007) and the small GTPase-

activating proteins PHGAP1,2 (Stockle et al. 2016) and RANGAP1 (Xu et al. 2008) 

are recruited to the PPB-site in a Kinesin-15 (i.e., POK1 and POK2)-dependent man-

ner, and persist there throughout mitosis, conserving the spatial information (now 

termed cortical division zone, CDZ) of the PPB after its disassembly at the end of 

prophase (Figure 11.3, lower panels). Targeting and tethering of POK1 and POK2 

to the PPB/CDZ is mediated by their C-termini and does not depend on their motor 

activity or the presence of microtubules. Additionally, the C-termini of POK1 and 

POK2 also mediate the long-term tethering of CDZ factors at the PPB/CDZ (Figure 

11.1 (Lipka et al. 2014, Herrmann et al. 2018)). 

Later, during cytokinesis, plant cells divide by the radial insertion of a cell plate 

into the plane marked by the CDZ (Figure 11.3, lower panels). Cell plate growth is 

supported by the so-called phragmoplast, two arrays of parallel microtubules (i.e., 

remnants of the former spindle) in between the re-forming nuclei that orient with 

their plus ends towards the cell division plane, forming antiparallel overlaps (Ho et al. 

2011, Jurgens 2005). The dynamic phragmoplast targets vesicles containing cell-plate 

material to the nascent cell plate and provides structural support (van Oostende-

Triplet et al. 2017, Smertenko et al. 2018, Jurgens 2005). The various plant Kinesin-15 

members contribute on multiple levels to the organisation of the phragmoplast. In 

the moss P. patens, the Kinesin-15s KINID1a and 1b localise to the spindle midzone 

from metaphase onwards and organise the antiparallel microtubule overlaps in the 

phragmoplast midzone during cytokinesis, keeping the phragmoplast halves together 

(Hiwatashi et al. 2008). Similarly, AtPAKRP1 and AtPAKRP1L localise to the spin-

dle midzone from anaphase onwards (Lee and Liu 2000, Pan, Lee, and Liu 2004) and 

are believed to organise the phragmoplast midzone, as AtPAKRP1 and AtPAKRP1L 

double mutants fail to assemble antiparallel microtubule arrays or cell plates (Lee, 

Li, and Liu 2007). Also, AtPOK2 (Herrmann et al. 2018), but not AtPOK1 (Lipka 

et al. 2014), localises to the phragmoplast midzone. AtPOK2 mutants however show 

no phragmoplast assembly phenotype, but show reduced phragmoplast expansion 

growth (within the cell division plane) during radial cell plate growth (Herrmann 

et al. 2018). The mechanism by which POK2 contributes to phragmoplast expansion 

has not been addressed in detail yet, but it has been suggested to promote microtubule 

growth at the midzone – in analogy to its animal counterpart (Herrmann et al. 2018). 

Phragmoplast targeting of Kinesin-15 depends on its motor activity, but sub-targeting 

to the phragmoplast midzone depends on MAP65 isoforms that sequester AtPOK2 

there via dual interactions with both the N-terminal extension and the C-terminus 

of POK2 (Figure 11.1 (Herrmann et al. 2018)). Finally, AtPOK1 and AtPOK2 keep 

the phragmoplast perpendicular to the division plane as it is marked by the cortical 

division zone (Müller, Han, and Smith 2006, Herrmann et al. 2018). Consequently, 
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unaligned phragmoplasts in the absence of POK activity cause random insertion of 

cell walls and therefore heavily disordered plant tissues (Müller, Han, and Smith 

2006, Herrmann et  al. 2018). Phragmoplast alignment was suggested to occur by 

cortical POK motors at the CDZ, that act on peripheral phragmoplast microtubules 

(Chugh et al. 2018, Müller 2019). By walking to their plus ends, tethered motors create 

pushing forces against the expanding phragmoplast, thereby aligning it perpendicular 

to the CDZ plane. Simultaneously, these motors experience a counterforce by the 

phragmoplast which focuses them – and thereby the CDZ – on the cortex, a process 

that has been observed in vivo during progression of cytokinesis (Figure 11.3, lower 

left panel (Müller 2019)). Interpretation of POK1 and POK2 knockdown data, how-

ever, might be diffcult, given that the CDZ identity (i.e., the localisation of TAN/ 

PHGAP1,2/RANGAP1) strongly depends on POK-dependent targeting and tethering. 

11.4.3 POSTMITOTIC FUNCTIONS IN NEURONAL DEVELOPMENT 

Expression of Kinesin-15 is particularly high in tissues of the vertebrate nervous system 

(i.e., brain, spinal cord, olfactory bulb, otic vesicle and retina) during embryonal devel-

opment and early postnatal phases (Xu et al. 2014, Liu et al. 2010). Here, Kinesin-15 

contributes, by as yet largely unknown mechanisms, to the control of cell morphology 

and cell migration. Upon depletion of Kinesin-15, neurites (i.e., dendrites and axons) 

are growing out faster and longer than in unperturbed control neurons, but exhibit a 

smaller diameter (Lin et al. 2012, Liu et al. 2010, Dong et al. 2019). This phenotype 

was explained by the mobilisation of short microtubule fragments in the absence of 

Kinesin-15 (Liu et al. 2010) and suggests that Kinesin-15 in neurons also fulfls a primar-

ily structural, microtubule-organising function. In line with that, Kinesin-15-depleted 

neurons show additional microtubule-organising defects, as microtubules that orient 

with their plus end to the cell body are largely absent from the dendrites (Lin et al. 2012) 

and axons develop fewer branches and flopodia (Liu et al. 2010, Dong et al. 2019). The 

growth cones of Kinesin-15-depleted cells are considerably smaller than those of con-

trol cells and have lost the ability to control their growth direction (Liu et al. 2010). This 

phenotype might result from perturbed, Kinesin-15-dependent interactions between the 

microtubule and the actin cytoskeleton in the growth cone (Liu et al. 2010). In accor-

dance, the existence of a Kinesin-15 and myosin IIB heterotetramer has been proposed, 

based on observations in migrating astrocytes (Feng et al. 2016). Here, disruption of 

the reported physical interaction between Kinesin-15 and myosin IIB (see Figure 11.1) 

increases astrocyte migration, phenocopying a Kinesin-15-depletion phenotype (Feng 

et al. 2016). In developing neurons, therefore, Kinesin-15 shows both microtubule- and 

actin-related activity at the same time. This stands in stark contrast to mitosis, where 

both functions are temporarily separated, suggesting that Kinesin-15 activities are post-

translationally fne-tuned to match the respective scenarios. 

11.5 INVOLVEMENT IN DISEASE 

A number of studies propose hKIF15 (i.e., hKIF15 overexpression) as a biomarker 

for a multitude of cancer types (Liu et al. 2018, Zhao et al. 2019, Song et al. 2018, 

Zou et al. 2014, Sheng, Jiang, and Xue 2019, Menyhart, Pongor, and Gyorffy 2019, 
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Stangeland et al. 2015, Chen et al. 2017, Qiao et al. 2018, Yu et al. 2019, Wang et al. 

2017), and suggest that KIF15 promotes tumour cell proliferation (Zhao et al. 2019, 

Zou et al. 2014, Qiao et al. 2018, Yu et al. 2019, Wang et al. 2017). However, whether 

hKIF15 overexpression simply refects higher proliferative rates remains unclear and 

the mechanism by which hKIF15 promotes cell proliferation has not yet been estab-

lished. On the other hand, there is an emerging view that hKIF15 is a valuable target 

for anti-cancer therapies (Rath and Kozielski 2012). While robust spindle assembly 

and maintenance due to the functional redundancy of Kinesins-5 and -15 is, without 

doubt, benefcial to the cell, this failsafe mechanism poses a problem in current anti-

cancer therapy strategies. Based on the observation that loss of Kinesin-5-dependent 

forces completely prevents spindle assembly in most systems (Hagan and Yanagida 

1992, Heck et al. 1993, Kapoor et al. 2000) and the rationale that cancer cells exhibit 

a higher mitotic activity compared with somatic cells, some effort has been made to 

develop Kinesin-5 inhibitors. These drugs, however, failed in Phase II clinical trials, 

presumably due to the functional redundancy of Kinesin-5 and -15 (Rath and Kozielski 

2012, Chandrasekaran, Tátrai, and Gergely 2015). In fact, cells that have been chroni-

cally exposed to Kinesin-5 inhibitors acquire drug resistance in a strictly Kinesin-15-

dependent manner (Sturgill et al. 2016, Sturgill and Ohi 2013). Hence, frst approaches 

have been made to develop Kinesin-15 inhibitors that are aimed at inhibiting tumour 

growth when co-administered with established Kinesin-5 inhibitors (Sebastian 2017, 

Dumas et al. 2019, Milic et al. 2018). So far, two Kinesin-15 inhibitors have been 

described, KIF15-IN-1 and GW108X. KIF15-IN-1 is an ATP-competitive inhibitor 

(Dumas et al. 2019) that inhibits (C-terminally truncated) hKIF15 with a half-max-

imal inhibitory concentration (IC50) of 0.2 µM (Dumas et al. 2019) to 1.7 µM (Milic 

et  al. 2018) in vitro. GW108X is an allosteric inhibitor that inhibits (C-terminally 

truncated) hKIF15 with an IC50 of 0.8 µM (Dumas et al. 2019). Whereas KIF15-IN-1 

is “specifc” for hKIF15 (Milic et al. 2018), GW108X shows some inhibitory potential 

for Kinesin-5 as well (Dumas et al. 2019). Using KIF15-IN-1, it could be shown that 

co-administration of Kinesin-5 and -15 inhibitors inhibits the growth of cancer cells 

(Milic et al. 2018). Hence, these early inhibitors will be promising starting points for 

the development of further refned Kinesin-15 inhibitors. 

A recent case study reported a mutation within the hKIF15 gene that phenocop-

ies Braddock-Carey syndrome (BCS) (Sleiman et al. 2017). BCS is characterised by 

multiple developmental aberrations, mainly affecting the morphology of the head 

(i.e., Pierre-Robin sequence and distinctive facies) and the development of the brain 

(i.e., microcephaly and agenesis of the corpus callosum), as well as by a congenital 

thrombocytopaenia (Braddock et al. 2016). Classically, BCS is caused by microdele-

tions on chromosome 21 (i.e., 21q22.11), affecting at least three different contiguous 

genes (SON, ITSN1 and RUNX1) (Braddock et  al. 2016), each of which could be 

linked to certain phenotypes of BCS. Such deletions affecting the haematopoietic 

transcription factor RUNX1 (Okuda et al. 2001, Sood, Kamikubo, and Liu 2017), 

are associated with the occurrence of congenital thrombocytopenia. In this light, 

it is even more surprising that a single mutation within the hKIF15 open reading 

frame, introducing a premature stop codon (R501*), can phenocopy such a complex 

syndrome (Sleiman et al. 2017). However, it emphasises the role of Kinesin-15 dur-

ing neuronal development and points to a – so far unknown – role of Kinesin-15 in 

http:21q22.11
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thrombopoiesis, a process that relies heavily on a functional actin and microtubule 

cytoskeleton (Favier and Raslova 2015). 

REFERENCES 

Acar, S., D. B. Carlson, M. S. Budamagunta, V. Yarov-Yarovoy, J. J. Correia, M. R. Ninonuevo, 

W. T. Jia, L. Tao, J. A. Leary, J. C. Voss, J. E. Evans, and J. M. Scholey. 2013. “The 

bipolar assembly domain of the mitotic motor kinesin-5.” Nature Communications 4. 

doi:ARTN 134310.1038/ncomms2348. 

Boleti, H., E. Karsenti, and I. Vernos. 1996. “Xklp2, a novel Xenopus centrosomal kinesin-

like protein required for centrosome separation during mitosis.” Cell 84 (1):49–59. 

doi:S0092-8674(00)80992-7 [pii]. 

Booth, D. G., M. Takagi, L. Sanchez-Pulido, E. Petfalski, G. Vargiu, K. Samejima, N. 

Imamoto, C. P. Ponting, D. Tollervey, W. C. Earnshaw, and P. Vagnarelli. 2014. “Ki-67 

is a PP1-interacting protein that organises the mitotic chromosome periphery.” Elife 

3:e01641. doi:10.7554/eLife.01641. 

Braddock, S. R., S. T. South, J. D. Schiffman, M. Longhurst, L. R. Rowe, and J. C. Carey. 2016. 

“Braddock-Carey syndrome: A 21q22 contiguous gene syndrome encompassing RUNX1.” 

American Journal of Medical Genetics Part A 170 (10):2580–6. doi:10.1002/ajmg.a.37870. 

Britto, M., A. Goulet, S. Rizvi, O. von Loeffelholz, C. A. Moores, and R. A. Cross. 2016. 

“Schizosaccharomyces pombe kinesin-5 switches direction using a steric blocking 

mechanism.” Proceedings of the National Academy of Sciences of the United States of 

America 113 (47):E7483–9. doi:10.1073/pnas.1611581113. 

Brouwers, Nathalie, Nuria Mallol Martinez, and Isabelle Vernos. 2017. “Role of Kif15 and its 

novel mitotic partner KBP in K-fber dynamics and chromosome alignment.” PLoS one 

12 (4):e0174819. doi:10.1371/journal.pone.0174819. 

Buster, Daniel W., Douglas H. Baird, Wenqian Yu, Joanna M. Solowska, Muriel Chauvière, 

Agnieszka Mazurek, Michel Kress, and Peter W. Baas. 2003. “Expression of the mitotic 

kinesin Kif15 in postmitotic neurons: Implications for neuronal migration and develop-

ment.” Journal of Neurocytology 32 (1):79–96. doi:10.1023/a:1027332432740. 

Chandrasekaran, Gayathri, Péter Tátrai, and Fanni Gergely. 2015. “Hitting the brakes: 

Targeting microtubule motors in cancer.” British Journal of Cancer 113:693. 

doi:10.1038/bjc.2015.264. 

Chen, G. Y., J. M. Cleary, A. B. Asenjo, Y. Chen, J. A. Mascaro, D. F. J. Arginteanu, H. Sosa, 

and W. O. Hancock. 2019. “Kinesin-5 promotes microtubule nucleation and assem-

bly by stabilizing a lattice-competent conformation of tubulin.” Current Biology 29 

(14):2259–69 e4. doi:10.1016/j.cub.2019.05.075. 

Chen, J., S. Li, S. Zhou, S. Cao, Y. Lou, H. Shen, J. Yin, and G. Li. 2017. “Kinesin superfamily 

protein expression and its association with progression and prognosis in hepatocellular 

carcinoma.” Journal of Cancer Research and Therapeutics 13 (4):651–9. doi:10.4103/ 

jcrt.JCRT_491_17. 

Chen, Y. L., and W. O. Hancock. 2015. “Kinesin-5 is a microtubule polymerase.” Nature 

Communications 6. doi:ARTN 816010.1038/ncomms9160. 

Chugh, M., M. Reissner, M. Bugiel, E. Lipka, A. Herrmann, B. Roy, S. Muller, and E. Schaffer. 

2018. “Phragmoplast orienting kinesin 2 is a weak motor switching between processive 

and diffusive modes.” Biophysical Journal 115 (2):375–85. doi:10.1016/j.bpj.2018.06.012. 

Dong, Zhangji, Shuwen Wu, Chenwen Zhu, Xueting Wang, Yuanyuan Li, Xu Chen, Dong 

Liu, Liang Qiang, Peter W. Baas, and Mei Liu. 2019. “Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/Cas9-mediated kif15 mutations accelerate axo-

nal outgrowth during neuronal development and regeneration in zebrafsh.” Traffc 20 

(1):71–81. doi:10.1111/tra.12621. 



150 The Kinesin Superfamily Handbook  

 

 

 

  

 

 

 

Drechsler, H., T. McHugh, M. R. Singleton, N. J. Carter, and A. D. McAinsh. 2014. “The 

Kinesin-12 Kif15 is a processive track-switching tetramer.” Elife 3:e01724. doi:10.7554/ 

eLife.01724. 

Drechsler, H., A. N. Tan, and D. Liakopoulos. 2015. “Yeast GSK-3 kinase regulates astral 

microtubule function through phosphorylation of the microtubule-stabilizing kinesin 

Kip2.” Journal of Cell Science 128 (21):3910–21. doi:10.1242/jcs.166686. 

Drechsler, Hauke, and Andrew D. McAinsh. 2016. “Kinesin-12 motors cooperate to suppress 

microtubule catastrophes and drive the formation of parallel microtubule bundles.” 

Proceedings of the National Academy of Sciences of the United States of America 113 

(12):E1635–44. doi:10.1073/pnas.1516370113. 

Du, Y., C. A. English, and R. Ohi. 2010. “The kinesin-8 Kif18A dampens microtubule plus-

end dynamics.” Current Biology 20 (4):374–80. doi:10.1016/j.cub.2009.12.049. 

Dumas, Megan E., Geng-Yuan Chen, Nicole D. Kendrick, George Xu, Scott D. Larsen, 

Somnath Jana, Alex G. Waterson, Joshua A. Bauer, William Hancock, Gary A. 

Sulikowski, and Ryoma Ohi. 2019. “Dual inhibition of Kif15 by oxindole and quinazo-

linedione chemical probes.” Bioorganic & Medicinal Chemistry Letters 29 (2):148–54. 

doi:10.1016/j.bmcl.2018.12.008. 

Favier, R., and H. Raslova. 2015. “Progress in understanding the diagnosis and molecular 

genetics of macrothrombocytopenias.” British Journal of Haematology 170 (5):626– 

39. doi:10.1111/bjh.13478. 

Feng, Jie, Zunlu Hu, Haijiao Chen, Juan Hua, Ronghua Wu, Zhangji Dong, Liang Qiang, 

Yan Liu, Peter W. Baas, and Mei Liu. 2016. “Depletion of kinesin-12, a myosin-IIB-

interacting protein, promotes migration of cortical astrocytes.” Journal of Cell Science 

129 (12):2438–47. doi:10.1242/jcs.181867. 

Gruneberg, U., R. Neef, X. Li, E. H. Chan, R. B. Chalamalasetty, E. A. Nigg, and F. A. 

Barr. 2006. “KIF14 and citron kinase act together to promote effcient cytokinesis.” 

The Journal of Cell Biology 172 (3):363–72. doi:10.1083/jcb.200511061. 

Hagan, Iain, and Mitsuhiro Yanagida. 1992. “Kinesin-related cut 7 protein associ-

ates with mitotic and meiotic spindles in fssion yeast.” Nature 356 (6364):74–6. 

doi:10.1038/356074a0. 

Heck, M M, A Pereira, P Pesavento, Y Yannoni, A C Spradling, and L S Goldstein. 1993. 

“The kinesin-like protein KLP61F is essential for mitosis in Drosophila.” The Journal 

of Cell Biology 123 (3):665–79. doi:10.1083/jcb.123.3.665. 

Herrmann, A., P. Livanos, E. Lipka, A. Gadeyne, M. T. Hauser, D. Van Damme, and S. 

Muller. 2018. “Dual localized kinesin-12 POK2 plays multiple roles during cell divi-

sion and interacts with MAP65-3.” Embo Reports 19 (9). doi:ARTN e4608510.15252/ 

embr.201846085. 

Hiwatashi, Y., M. Obara, Y. Sato, T. Fujita, T. Murata, and M. Hasebe. 2008. “Kinesins 

are indispensable for interdigitation of phragmoplast microtubules in the moss 

Physcomitrella patens.” Plant Cell 20 (11):3094–106. doi:10.1105/tpc.108.061705. 

Hiwatashi, Y., Y. Sato, and J. H. Doonan. 2014. “Kinesins have a dual function in organizing 

microtubules during both tip growth and cytokinesis in physcomitrella patens.” Plant 

Cell 26 (3):1256–66. doi:10.1105/tpc.113.121723. 

Ho, C. M. K., T. Hotta, F. L. Guo, R. Roberson, Y. R. J. Lee, and B. Liu. 2011. “Interaction 

of antiparallel microtubules in the phragmoplast is mediated by the microtubule-

associated protein MAP65-3 in Arabidopsis.” Plant Cell 23 (8):2909–23. doi:10.1105/ 

tpc.110.078204. 

Hwang, Wonmuk, Matthew J. Lang, and Martin Karplus. 2008. “Force generation in kine-

sin hinges on cover-neck bundle formation.” Structure 16 (1):62–71. doi:10.1016/j. 

str.2007.11.008. 

Jurgens, G. 2005. “Cytokinesis in higher plants.” Annual Review of Plant Biology 56:281–99. 

doi:10.1146/annurev.arplant.55.031903.141636. 



151 The Kinesin-15 Family  

 

 

    

 

  

Kapitein, L. C., E. J. G. Peterman, B. H. Kwok, J. H. Kim, T. M. Kapoor, and C. F. Schmidt. 

2005. “The bipolar mitotic kinesin Eg5 moves on both microtubules that it crosslinks.” 

Nature 435 (7038):114–8. doi:10.1038/nature03503. 

Kapoor, Tarun M. 2017. “Metaphase spindle assembly.” Biology 6 (1):8. 

Kapoor, Tarun M., Thomas U. Mayer, Margaret L. Coughlin, and Timothy J. Mitchison. 2000. 

“Probing spindle assembly mechanisms with monastrol, a small molecule inhibitor of the 

mitotic kinesin, Eg5.” The Journal of Cell Biology 150 (5):975–88. doi:10.1083/jcb.150.5.975. 

Khalil, Ahmad S., David C. Appleyard, Anna K. Labno, Adrien Georges, Martin Karplus, 

Angela M. Belcher, Wonmuk Hwang, and Matthew J. Lang. 2008. “Kinesin's cover-

neck bundle folds forward to generate force.” Proceedings of the National Academy of 

Sciences 105 (49):19247–52. doi:10.1073/pnas.0805147105. 

Klejnot, M., A. Falnikar, V. Ulaganathan, R. A. Cross, P. W. Baas, and F. Kozielski. 2014. 

“The crystal structure and biochemical characterization of Kif15: A bifunctional 

molecular motor involved in bipolar spindle formation and neuronal development.” 

Acta Crystallographica Section D: Biological Crystallography 70 (Pt 1):123–33. 

doi:10.1107/S1399004713028721. 

Lee, Y. R., Y. Li, and B. Liu. 2007. “Two Arabidopsis phragmoplast-associated kinesins play 

a critical role in cytokinesis during male gametogenesis.” Plant Cell 19 (8):2595–605. 

doi:10.1105/tpc.107.050716. 

Lee, Y. R., and B. Liu. 2000. “Identifcation of a phragmoplast-associated kinesin-related 

protein in higher plants.” Current Biology 10 (13):797–800. 

Lin, Shen, Mei Liu, Olga I. Mozgova, Wenqian Yu, and Peter W. Baas. 2012. “Mitotic motors 

coregulate microtubule patterns in axons and dendrites.” The Journal of Neuroscience 

32 (40):14033–49. doi:10.1523/jneurosci.3070-12.2012. 

Lipka, Elisabeth, Astrid Gadeyne, Dorothee Stöckle, Steff Zimmermann, Geert De Jaeger, 

David W. Ehrhardt, Viktor Kirik, Daniel Van Damme, and Sabine Müller. 2014. “The 

phragmoplast-orienting kinesin-12 class proteins translate the positional information of 

the preprophase band to establish the cortical division zone in Arabidopsis thaliana.” 

Plant Cell 26 (6):2617–32. doi:10.1105/tpc.114.124933. 

Liu, M., V. C. Nadar, F. Kozielski, M. Kozlowska, W. Yu, and P. W. Baas. 2010. “Kinesin-12, 

a mitotic microtubule-associated motor protein, impacts axonal growth, naviga-

tion, and branching.” The Journal of Neuroscience 30 (44):14896–906. doi:10.1523/ 

JNEUROSCI.3739-10.2010. 

Liu, M., Y. L. Qiu, T. Yin, Y. Zhou, Z. Y. Mao, and Y. J. Zhang. 2018. “Meta-analysis of 

microarray datasets identify several chromosome segregation- related cancer/testis 

genes potentially contributing to anaplastic thyroid carcinoma.” PeerJ 6. doi:ARTN 

e582210.7717/peerj.5822. 

Mann, B. J., S. K. Balchand, and P. Wadsworth. 2017. “Regulation of Kif15 localization and 

motility by the C-terminus of TPX2 and microtubule dynamics.” Molecular Biology of 

the Cell 28 (1):65–75. doi:10.1091/mbc.E16-06-0476. 

McHugh, T., H. Drechsler, A. D. McAinsh, N. J. Carter, and R. A. Cross. 2018. “Kif15 func-

tions as an active mechanical ratchet.” Molecular Biology of the Cell 29 (14):1743–52. 

doi:10.1091/mbc.E18-03-0151. 

Menyhart, O., L. S. Pongor, and B. Gyorffy. 2019. “Mutations defning patient cohorts with 

elevated PD-L1 expression in gastric cancer.” Frontiers in Pharmacology 9. doi:ARTN 

152210.3389/fphar.2018.01522. 

Milic, Bojan, Anirban Chakraborty, Kyuho Han, Michael C. Bassik, and Steven M. Block. 

2018. “KIF15 nanomechanics and kinesin inhibitors, with implications for can-

cer chemotherapeutics.” Proceedings of the National Academy of Sciences 115 

(20):E4613-E4622. doi:10.1073/pnas.1801242115. 

Müller, Sabine. 2019. “Plant cell division — defning and fnding the sweet spot for cell plate 

insertion.” Current Opinion in Cell Biology 60:9–18. doi:10.1016/j.ceb.2019.03.006. 



152 The Kinesin Superfamily Handbook  

 

 

 

 

Müller, Sabine, Shengcheng Han, and Laurie G. Smith. 2006. “Two kinesins are involved in 

the apatial control of cytokinesis in Arabidopsis thaliana.” Current Biology 16 (9):888– 

94. doi:10.1016/j.cub.2006.03.034. 

Okuda, T., M. Nishimura, M. Nakao, and Y. Fujita. 2001. “RUNX1/AML1: A central player 

in hematopoiesis.” International Journal of Hematology 74 (3):252–7. 

Pan, R., Y. R. Lee, and B. Liu. 2004. “Localization of two homologous Arabidopsis 

kinesin-related proteins in the phragmoplast.” Planta 220 (1):156–64. doi:10.1007/ 

s00425-004-1324-4. 

Qiao, Y., J. Chen, C. Ma, Y. Liu, P. Li, Y. Wang, L. Hou, and Z. Liu. 2018. “Increased KIF15 

expression predicts a poor prognosis in patients with lung adenocarcinoma.” Cellular 

Physiology and Biochemistry 51 (1):1–10. doi:10.1159/000495155. 

Raaijmakers, J. A., R. G. van Heesbeen, J. L. Meaders, E. F. Geers, B. Fernandez-Garcia, R. 

H. Medema, and M. E. Tanenbaum. 2012. “Nuclear envelope-associated dynein drives 

prophase centrosome separation and enables Eg5-independent bipolar spindle forma-

tion.” The EMBO Journal 31 (21):4179–90. doi:10.1038/emboj.2012.272. 

Rath, O., and F. Kozielski. 2012. “Kinesins and cancer.” Nature Reviews Cancer 12 (8):527– 

39. doi:10.1038/nrc3310. 

Reinemann, Dana N., Emma G. Sturgill, Dibyendu Kumar Das, Miriam Steiner Degen, 

Zsuzsanna Vörös, Wonmuk Hwang, Ryoma Ohi, and Matthew J. Lang. 2017. “Collective 

force regulation in anti-parallel microtubule gliding by dimeric Kif15 kinesin motors.” 

Current Biology 27 (18):2810–20.e6. doi:10.1016/j.cub.2017.08.018. 

Roberts, A. J., B. S. Goodman, and S. L. Reck-Peterson. 2014. “Reconstitution of dynein trans-

port to the microtubule plus end by kinesin.” Elife 3:e02641. doi:10.7554/eLife.02641. 

Rogers, G. C., K. K. Chui, E. W. Lee, K. P. Wedaman, D. J. Sharp, G. Holland, R. L. Morris, 

and J. M. Scholey. 2000. “A kinesin-related protein, KRP(180), positions prometaphase 

spindle poles during early sea urchin embryonic cell division.” Journal of Cell Biology 

150 (3):499–512. 

Scholey, J. E., S. Nithianantham, J. M. Scholey, and J. Al-Bassam. 2014. “Structural basis for 

the assembly of the mitotic motor Kinesin-5 into bipolar tetramers.” Elife 3. doi:ARTN 

e0221710.7554/eLife.02217. 

Sebastian, J. 2017. “Dihydropyrazole and dihydropyrrole structures based design of Kif15 

inhibitors as novel therapeutic agents for cancer.” Computational Biology and 

Chemistry 68:164–74. doi:10.1016/j.compbiolchem.2017.03.006. 

Segbert, Christoph, Rosemarie Barkus, Jim Powers, Susan Strome, William M. Saxton, and 

Olaf Bossinger. 2003. “KLP-18, a Klp2 kinesin, is required for assembly of acentro-

somal meiotic spindles in Caenorhabditis elegans.” Molecular Biology of the Cell 14 

(11):4458–69. doi:10.1091/mbc.E03-05-0283. 

Sheng, J., K. Jiang, and X. Xue. 2019. “Knockdown of Kinase family 15 inhibits cancer 

cell proliferation in vitro and its Clinical relevance in Triple-Negative Breast Cancer.” 

Current Molecular Medicine. doi:10.2174/1566524019666190308122108. 

Shimamoto, Y., S. Forth, and T. M. Kapoor. 2015. “Measuring pushing and braking forces 

generated by ensembles of kinesin-5 crosslinking two microtubules.” Developmental 

Cell 34 (6):669–81. doi:10.1016/j.devcel.2015.08.017. 

Sleiman, Patrick M. A., Michael March, Kenny Nguyen, Lifeng Tian, Renata Pellegrino, 

Cuiping Hou, Walid Dridi, Mohamed Sager, Yousef H. Housawi, and Hakon 

Hakonarson. 2017. “Loss-of-function mutations in KIF15 underlying a Braddock– 

Carey genocopy.” Human Mutation 38 (5):507–10. doi:10.1002/humu.23188. 

Smertenko, A., S. L. Hewitt, C. N. Jacques, R. Kacprzyk, Y. Liu, M. J. Marcec, L. Moyo, 

A. Ogden, H. M. Oung, S. Schmidt, and E. A. Serrano-Romero. 2018. “Phragmoplast 

microtubule dynamics - a game of zones.” Journal of Cell Science 131 (2). doi:10.1242/ 

jcs.203331. 

http:18):2810�20.e6


153 The Kinesin-15 Family  

 

 

 

 

 

  

 

Song, X., T. Zhang, X. Wang, X. Liao, C. Han, C. Yang, K. Su, W. Cao, Y. Gong, Z. Chen, 

Q. Han, and J. Li. 2018. “Distinct diagnostic and prognostic values of kinesin family 

member genes expression in patients with breast cancer.” Medical Science Monitor 

24:9442–64. doi:10.12659/MSM.913401. 

Sood, R., Y. Kamikubo, and P. Liu. 2017. “Role of RUNX1 in hematological malignancies.” 

Blood 129 (15):2070–82. doi:10.1182/blood-2016-10-687830. 

Stangeland, Biljana, Awais A. Mughal, Zanina Grieg, Cecilie Jonsgar Sandberg, Mrinal 

Joel, Ståle Nygård, Torstein Meling, Wayne Murrell, Einar O. Vik Mo, and Iver A. 

Langmoen. 2015. “Combined expressional analysis, bioinformatics and targeted 

proteomics identify new potential therapeutic targets in glioblastoma stem cells.” 

Oncotarget 6:26192–215. doi:10.18632/oncotarget.4613. 

Stock, M. F., J. Chu, and D. D. Hackney. 2003. “The kinesin family member BimC contains 

a second microtubule binding region attached to the N terminus of the motor domain.” 

Journal of Biological Chemistry 278 (52):52315–22. doi:10.1074/jbc.M309419200. 

Stockle, D., A. Herrmann, E. Lipka, T. Lauster, R. Gavidia, S. Zimmermann, and S. Muller. 

2016. “Putative RopGAPs impact division plane selection and interact with kinesin-12 

POK1.” Nature Plants 2 (9). doi:Artn 1612010.1038/Nplants.2016.120. 

Sturgill, E. G., and R. Ohi. 2013. “Kinesin-12 differentially affects spindle assembly depend-

ing on its microtubule substrate.” Current Biology 23 (14):1280–90. doi:10.1016/j. 

cub.2013.05.043. 

Sturgill, Emma G, Dibyendu Kumar Das, Yoshimasa Takizawa, Yongdae Shin, Scott E 

Collier, Melanie D Ohi, Wonmuk Hwang, Matthew J Lang, and Ryoma Ohi. 2014. 

“Kinesin-12 Kif15 targets kinetochore fbers through an intrinsic two-step mecha-

nism.” Current Biology 24 (19):2307–13. doi:10.1016/j.cub.2014.08.022. 

Sturgill, Emma G., Stephen R. Norris, Yan Guo, and Ryoma Ohi. 2016. “Kinesin-5 inhibitor 

resistance is driven by kinesin-12.” Journal of Cell Biology 213 (2):213–27. doi:10.1083/ 

jcb.201507036. 

Sueishi, M., M. Takagi, and Y. Yoneda. 2000. “The forkhead-associated domain of Ki-67 

antigen interacts with the novel kinesin-like protein Hklp2.” Journal of Biological 

Chemistry 275 (37):28888–92. doi:10.1074/jbc.M003879200. 

Tanenbaum, M. E., L. Macurek, A. Janssen, E. F. Geers, M. Alvarez-Fernandez, and R. H. 

Medema. 2009. “Kif15 cooperates with eg5 to promote bipolar spindle assembly.” 

Current Biology 19 (20):1703–11. doi:10.1016/j.cub.2009.08.027. 

Toso, A., J. R. Winter, A. J. Garrod, A. C. Amaro, P. Meraldi, and A. D. McAinsh. 2009. 

“Kinetochore-generated pushing forces separate centrosomes during bipolar spindle 

assembly.” Journal of Cell Biology 184 (3):365–72. doi:10.1083/jcb.200809055. 

van Heesbeen, Roy G H. P., Marvin E Tanenbaum, and Rene H Medema. 2014. “Balanced 

activity of three mitotic motors is required for bipolar spindle assembly and chromo-

some segregation.” Cell Reports 8 (4):948–56. doi:10.1016/j.celrep.2014.07.015. 

van Oostende-Triplet, C., D. Guillet, T. Triplet, E. Pandzic, P. W. Wiseman, and A. Geitmann. 

2017. “Vesicle dynamics during plant cell cytokinesis reveals distinct developmental 

phases.” Plant Physiology 174 (3):1544–58. doi:10.1104/pp.17.00343. 

Vanneste, D., M. Takagi, N. Imamoto, and I. Vernos. 2009. “The role of Hklp2 in the sta-

bilization and maintenance of spindle bipolarity.” Current Biology 19 (20):1712–7. 

doi:10.1016/j.cub.2009.09.019. 

Varga, V., C. Leduc, V. Bormuth, S. Diez, and J. Howard. 2009. “Kinesin-8 motors act 

cooperatively to mediate length-dependent microtubule depolymerization.” Cell 138 

(6):1174–83. doi:10.1016/j.cell.2009.07.032. 

Walker, K. L., S. Mueller, D. Moss, D. W. Ehrhardt, and L. G. Smith. 2007. “Arabidopsis 

TANGLED identifes the division plane throughout mitosis and cytokinesis.” Current 

Biology 17 (21):1827–36. doi:10.1016/j.cub.2007.09.063. 



 

  

  

154 The Kinesin Superfamily Handbook 

Wang, Jie, Xingjun Guo, Chencheng Xie, and Jianxin Jiang. 2017. “KIF15 promotes pan-

creatic cancer proliferation via the MEK-ERK signalling pathway.” British Journal of 

Cancer 117 (2):245–55. doi:10.1038/bjc.2017.165. 

Wittmann, T., H. Boleti, C. Antony, E. Karsenti, and I. Vernos. 1998. “Localization of the 

kinesin-like protein Xklp2 to spindle poles requires a leucine zipper, a microtubule-

associated protein, and dynein.” Journal of Cell Biology 143 (3):673–85. 

Wittmann, Torsten, Matthias Wilm, Eric Karsenti, and Isabelle Vernos. 2000. “Tpx2, a novel 

Xenopus map involved in spindle pole organization.” The Journal of Cell Biology 149 

(7):1405–18. doi:10.1083/jcb.149.7.1405. 

Wolff, Ian D., Michael V. Tran, Timothy J. Mullen, Anne M. Villeneuve, and Sarah M. 

Wignall. 2016. “Assembly of Caenorhabditis elegans acentrosomal spindles occurs 

without evident microtubule-organizing centers and requires microtubule sorting by 

KLP-18/kinesin-12 and MESP-1.” Molecular Biology of the Cell 27 (20):3122–31. 

doi:10.1091/mbc.e16-05-0291. 

Xu, M., D. Liu, Z. Dong, X. Wang, Y. Liu, P. W. Baas, and M. Liu. 2014. “Kinesin-12 infu-

ences axonal growth during zebrafsh neural development.” Cytoskeleton (Hoboken). 

doi:10.1002/cm.21193. 

Xu, X. F. M., Q. Zhao, T. Rodrigo-Peiris, J. Brkljacic, C. S. He, S. Muller, and I. Meier. 2008. 

“RanGAP1 is a continuous marker of the Arabidopsis cell division plane.” Proceedings 

of the National Academy of Sciences of the United States of America 105 (47):18637– 

42. doi:10.1073/pnas.0806157105. 

Yu, X., X. He, L. M. Heindl, X. Song, J. Fan, and R. Jia. 2019. “KIF15 plays a role in pro-

moting the tumorigenicity of melanoma.” Experimental Eye Research. doi:10.1016/j. 

exer.2019.02.014. 

Zhao, H. D., Q. Y. Bo, Z. L. Wu, Q. G. Liu, Y. Li, N. Zhang, H. Guo, and B. K. Shi. 2019. 

“KIF15 promotes bladder cancer proliferation via the MEK-ERK signaling pathway.” 

Cancer Management and Research 11:1857–68. doi:10.2147/Cmar.S191681. 

Zou, J. X., Z. Duan, J. Wang, A. Sokolov, J. Xu, C. Z. Chen, J. J. Li, and H. W. Chen. 2014. 

“Kinesin family deregulation coordinated by bromodomain protein ANCCA and 

histone methyltransferase MLL for breast cancer cell growth, survival, and tamoxi-

fen resistance.” Molecular Cancer Research 12 (4):539–49. doi:10.1158/1541-7786. 

MCR-13-0459. 



155 

  

   

   

  

  

  

  

  

 

12 The Kinesin-16 Family 

Hanan M. Alghamdi and Claire T. Friel 

CONTENTS 

12.1 Example Family Members ......................................................................... 155 

12.2 Structural Information................................................................................ 155 

12.3 Functional Properties.................................................................................. 155 

12.4 Physiological Role....................................................................................... 156 

12.5 Involvement in Disease............................................................................... 157 

References.............................................................................................................. 158 

The Kinesin-16 family is a group of kinesins found in organisms that build 

cilia or fagella. 

12.1 EXAMPLE FAMILY MEMBERS 

Mammalian: KIF12 

Drosophila melanogaster: KLP54D 

Trypanosoma brucei: KIF16A, KIF16B 

12.2 STRUCTURAL INFORMATION 

The only member of the Kinesin-16 family for which a body of data currently exists 

is the mammalian KIF12. The human KIF12 gene encodes a 651-amino acid pro-

tein, with an N-terminally positioned kinesin motor domain, followed by a pre-

dicted region of coiled coil with an internal hinge, and a C-terminal tail domain 

(Figure 12.1) (Katoh and Katoh 2005, Nakagawa et al. 1997). Human KIF12 shares 

81% sequence identity with the KIF12 found in mouse, with both containing the 

characteristic kinesin motor domain including the four conserved nucleotide-bind-

ing motifs. There is no structure currently available for KIF12, but sequence simi-

larity suggests that there will be high structural conservation with respect to motor 

domains from other kinesin families. 

12.3 FUNCTIONAL PROPERTIES 

There is little functional data currently available for the Kinesin-16 family. 

Phylogenetic analysis of the kinesin superfamily shows that Kinesin-16s are found 

only in organisms that build cilia or fagella (Wickstead, Gull, and Richards 2010), 
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FIGURE 12.1 Domain layout for the mammalian Kinesin-16, KIF12. (A) Ribbon diagram 

showing the predicted domain layout of KIF12, numbered according to the amino acid 

sequence of human KIF12. (B) Probability of coiled-coil formation of the primary sequence 

of human KIF12, predicted using COILS v2.1. 

suggesting a possible role in building the axoneme or in intra-fagellar transport (IFT). 

The domain layout of KIF12 is similar to that of translocating kinesins (Figure 12.1), 

which may suggest a cargo-carrying function; members of the Kinesin-2 family are 

known to function in this way in the building and maintenance of cilia (Scholey 

2013). However, other cilium-associated kinesins appear to function by regulating 

microtubule dynamics (He et al. 2014, Kobayashi et al. 2011), and it is possible that 

KIF12 has a microtubule-regulating function rather than a translocating one. 

12.4 PHYSIOLOGICAL ROLE 

The mammalian KIF12 is the only Kinesin-16 for which the physiological role has 

been studied to date. KIF12 was frst identifed as a kinesin in a PCR (polymerase 

chain reaction) screen of a mouse cDNA library (Nakagawa et al. 1997). This study 

shows KIF12 to be predominantly expressed in the kidney. A more recent study 

indicates that KIF12 is also expressed in pancreatic islet cells (Yang et al. 2014). A 

quantitative transcriptomics analysis of all major human organs showed that KIF12 

RNA is expressed at a high level in the kidney and at moderately high levels in the 

pancreas, gall bladder, thyroid gland and small intestine (Fagerberg et al. 2014). 

Genetic analysis of mouse models of polycystic kidney disease (PKD) indicates 

that KIF12 is a modifer gene for PKD and has a major effect on the severity of the 

disease phenotype (Mrug et al. 2005, 2015). This possible role in PKD and evidence 

of localisation of KIF12 to the primary cilia in the IMCD3 cell line (Figure 12.2) 

supports the suggestion that Kinesin-16s are a family of cilium- and fagellum-asso-

ciated kinesins (Mrug et  al. 2015). KIF12 also appears to have a role in glucose 

metabolism and control of blood sugar levels. KIF12 knockout mice suffer from 

glucose intolerance due to reduced insulin secretion (Yang et al. 2014). 
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FIGURE 12.2 KIF12 localises to the primary cilium. Upper panel: Immunofuorescence 

images of KIF12 (red) co-localised with a green fuorescent protein (GFP)-tagged pri-

mary cilium marker, somatostatin receptor 3 (green), in a mIMCD cell line. Lower panel: 

Co-localisation of KIF12 (green) with α-tubulin (red), another primary cilium marker. Mrug 

2015 PLOS One. 

12.5 INVOLVEMENT IN DISEASE 

The transcription factor hepatocyte nuclear factor-1β (HNF-1β) regulates expression 

of KIF12 in the kidney (Gong et al. 2009). Mutations of HNF-1β lead to a syndrome 

of inherited renal cysts and diabetes (Bellanne-Chantelot et al. 2004, Horikawa et al. 

1997). In line with this, KIF12 has been identifed as a candidate polycystic kidney 

disease (PKD) modifer gene, which has a major effect on the severity of the renal 

phenotype associated with this disease (Mrug et al. 2005). A fve-amino acid dele-

tion in the KIF12 protein results in a less severe phenotype than the full-length vari-

ant of KIF12 (Mrug et al. 2015). 

A study of KIF12 knockout mice indicates a role in the regulation of glucose 

metabolism, possibly via an infuence on insulin secretion, suggesting that dysfunc-

tion of KIF12 may be involved in the progression of certain types of diabetes (Yang 

et al. 2014). In support of this suggestion, the KIF12 gene was one of six found to 

harbour potentially deleterious low- frequency mutations in a study of Type 2 diabe-

tes in the Qatari population (O’Beirne et al. 2018). 

Mutations in the KIF12 gene have also been shown to be strongly correlated 

with paediatric cholestatic liver disease (Maddirevula et  al. 2019, Unlusoy Aksu 

et al. 2019). This is a disease characterised by decreased bile fow due to impaired 
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secretion by hepatocytes. The suggested association of KIF12 dysfunction with con-

ditions such as cholestatic liver disease and reduced insulin secretion, together with 

its tissue distribution and localisation to the primary cilia, may suggest a general role 

for KIF12 in the function of secretory cells. 
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13.1 KINESIN-7 

Of the Kinesin-7 family, only the kinetochore-associated kinesin CENP-E has 

been the focus of signifcant study. CENP-E is a processive, microtubule plus-end-

directed translocating kinesin (Wood et al. 1997, Yardimci et al. 2008). The domain 

layout of CENP-E is equivalent to other plus-end-directed kinesins, with the motor 

domain located at the N-terminal end of the primary sequence, followed by a region 

of coiled-coil that facilitates dimerisation and a C-terminal tail domain. The ATP 

turnover cycle of CENP-E closely resembles that of a Kinesin-1 (Rosenfeld et al. 

2009). However, CENP-E is slower and more processive and maintains microtubule 

attachment for long periods. The coiled-coil region of CENP-E is highly fexible, 

with a contour length almost three-fold longer than bovine brain Kinesin-1 (Kim 

et al. 2008). These characteristics adapt CENP-E for its role as a microtubule-to-

kinetochore tether. 

Depletion of CENP-E from a Xenopus egg extract disrupts chromosome align-

ment at the metaphase plate, and mitosis fails to arrest in response to spindle damage 

(Wood et al. 1997, Abrieu et al. 2000). CENP-E has been shown to transport chro-

mosomes to microtubule plus ends and maintain association with dynamic micro-

tubule ends at the metaphase plate (Shrestha and Draviam 2013, Gudimchuk et al. 

2013), thereby playing a crucial role in chromosome congression and alignment. Due 

to this critical role in mitosis, variants of CENP-E result in developmental disorders 

such as microcephalic primordial dwarfsm (Mirzaa et al. 2014). 

13.2 KINESIN-9 

The mammalian members of the Kinesin-9 family, KIF6 (KIF9B subgroup) and 

KIF9 (KIF9A subgroup), are N-terminal motors with a similar domain arrangement 

to the Kinesin-1 family. There is little functional information currently available for 

this family, but it consists only of sequences from species possessing cilia or fagella 

(Wickstead and Gull 2006). 
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Depletion of KIF9 in HeLa cells leads to slower progression through mitosis 

and an increased proportion of cells with misaligned chromosomes in metaphase 

(Andrieu et al. 2012). KIF9 localises to the mitotic spindle and knockdown of KIF9 

results in an increased rate of spindle microtubule growth in cells. These data point 

to a role in regulating spindle dynamics. Data also suggest a role for KIF9 in mac-

rophage activity: knockdown of KIF9 in macrophages reduces the number of podo-

somes to less than half the number present in control cells (Cornfne et al. 2011). 

No functional data is currently available for KIF6. However, available physiologi-

cal data suggests a role in ciliogenesis. Mice expressing truncated KIF6 display severe 

hydrocephalus (Konjikusic et al. 2018). Expression of KIF6 is shown to be specifcally 

within the ependymal cells, which control cerebrospinal fuid fow in the ventricular 

system of the brain via ciliary beating. In Xenopus, epidermis KIF6 is shown to local-

ise to the axoneme and basal body of multi-ciliated cells. Variation in KIF6 sequence 

is also suggested to infuence not only an individual’s risk of coronary heart disease, 

but also the response to statin treatment (Li et al. 2010, Ruiz-Iruela et al. 2018). 

Trypanosomes also possess two Kinesin-9s, KIF9A and KIF9B, which both 

localise to the fagellum (Demonchy et  al. 2009). Individual knockdown of these 

kinesins produces different motility defects. KIF9A is required for fagellar beat-

ing but is not involved in assembly, whereas KIF9B is suggested to form part of the 

machinery that regulates fagellar assembly. 

13.3 KINESIN-17, -18, -19 AND -20 

These four families have a more restricted species distribution than most other kine-

sin families (Wickstead, Gull, and Richards 2010). The Kinesin-17 family is found 

only in organisms that build cilia or fagella (Wickstead and Gull 2006). There is 

currently no data to illuminate the functional or physiological activity of Kinesin 

families 18–20. 
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14 Summary and Future 

Perspectives 

Claire T. Friel 

It is 35 years since the discovery of a protein with the ability to move microtubules 

and which was named kinesin. In the intervening time, kinesin has been shown to be 

not a unique molecule, but the founding member of a superfamily that is ubiquitous 

across eukaryotes. The common feature that defnes a protein as a member of the 

kinesin superfamily is the motor domain, which binds both ATP and microtubules, 

and confers the nucleotide-dependent interaction with microtubules which is char-

acteristic of all kinesins. Classifcation of the superfamily is based on phylogenetic 

analysis of motor domain sequences and the sequence of its motor domain is suff-

cient to place a kinesin into a particular family. In this book, we collate the structural 

and functional information available for each kinesin family, to allow the reader to 

quickly obtain an overview of the type of behaviour typical of each. Despite the high 

degree of structural conservation of the kinesin motor domain, family-specifc motifs 

and regions of secondary structure exist that adapt members of particular families 

to different functions. This, combined with the diversity of non-motor regions found 

both within and across families, allows members of the kinesin superfamily to per-

form a wide range of physiological functions. 

In addition to cargo transport functions (Kinesin-1, -2 and -3), many kinesins are 

involved in cell division and play crucial roles in the formation and functioning of 

the microtubule spindle that powers chromosome segregation, and in processes that 

drive cytoplasmic separation into daughter cells (Kinesin-4, -5, -6, -7, -8, -13, -14 and 

-15). Abnormal expression of kinesins involved in mitotic cell division is frequently 

found in various types of cancer and many kinesins are considered targets for anti-

cancer therapies. 

Kinesins are also crucial to the formation and function of two other major microtu-

bular structures, the cilium and the fagellum, and certain kinesin families are found 

only in species that possess these structures (Kinesin-2, -9, -16 and -17). Members 

of the Kinesin-2 family are critical to intrafagellar transport, in which cargos are 

transported within cilia or fagella. Other kinesins regulate the structure and length 

of cilia and fagella by their ability to control microtubule dynamics (Kinesin-4, -8, 

-9 and -13). Mutations in kinesins involved in cilium growth and maintenance often 

result in diseases termed ciliopathies or in developmental disorders. 

Neural cells require close control of microtubule organisation for the formation 

and functioning of neural processes, such as axons and dendrites. Many kinesins 

have roles in the development and function of neural cells (Kinesin-1, -2, -3, -4, -6, 

-13 and -15) and mutations in these kinesins can result in various neuropathies. 
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There remains tremendous scope for the study of kinesins and the variety of cel-

lular processes they support. For example, the role of kinesins in plant cell structure 

and function is only just beginning to be uncovered. Also, very little is known about 

the role of kinesins in immune cells. Certain kinesins have been shown to play a role 

in macrophage function (Kinesin-3, -4 and -9), but little is known about the molecu-

lar mechanisms involved. There are several kinesin families for which little or no 

structural, functional or physiological information is currently available (Kinesin-7, 

-9, -16, -17, 18, -19 and -20). The set of information on individual kinesin families 

collated in this book will hopefully provide an overview of the existing knowledge 

across the superfamily and provide a basis from which to spot not only the gaps in 

this knowledge, but also the avenues deserving of further study. 
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development, 147 

PP1, see Protein phosphatase-1 

PPB, see Preprophase band 

PRC1 protein, 56–58 

Preprophase band (PPB), 146 

Progressive encephalopathy with oedema, 

hypsarrhythmia and optic atrophy 

(PEHO) syndrome, 48 

Protein phosphatase-1 (PP1), 94 

Rad51-driven DNA, 58 

Regulating kinesins, 5 

RUNX1 transcription factor, 148 

Saccharomyces cerevisiae, 67, 69–72, 124 

Schizosaccharomyces pombe, 17, 69, 71, 122, 124 

Sensory neuron phenotypes, 24 

SifA-kinesin interacting protein (SKIP), 22 

Spastic paraplegia, optic atrophy and neuropathy 

syndrome (SPOAN), 24 

Spastic paraplegia (SPG), 48 

SPG, see Spastic paraplegia 

SPOAN, see Spastic paraplegia, optic atrophy 

and neuropathy syndrome 

StAR-related lipid transfer (START), 43 

Strongylocentrotus purpuratus, 136 

Switch motifs, see N2 and N3 motifs 

Tetratrico peptide repeat (TPR) protein, 17, 22 

Thrombopoiesis, 148–149 

Tip150, 108 

TPR, see Tetratrico peptide repeat protein 

TPX2 factor, 71 

Transient receptor potential vanilloid 1  

(TRPV1), 43 

Translocating kinesins, 5 

Transmembrane cargoes, 21 

TRPV1, see Transient receptor potential 

vanilloid 1 

Trypanosomes, 162 

Tumours, 74 

Type 2 diabetes, 157 

Type 2 hereditary sensory and autonomic 

neuropathy (HSAN2), 48 

“Ubiquitous” kinesin, see KIF5B 

Unc-104, 43, 45 

Vertebrate nervous system, 147 

Vik1 subunit, 117, 118 

Voltage-gated potassium channels, 37 
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W-acidic binding site, 22 XKLP1, 57, 58 

Wdr8 factor, 123 X-ray crystallography, 87 

XCTK2, 119, 122 ZEN-4, 84 

Xenopus laevis, 69, 72, 73, 106, 136, 161 ZIP1/ZBZ leucine zipper motif, 56 
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