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Abstract 

Microtubules play essential roles during mitosis, including chromosome capture, 

congression, and segregation. In addition, microtubules are also required for successful 

cytokinesis. At the heart of these processes is the ability of microtubules to do work, a 

property that derives from their intrinsic dynamic behavior. However, if microtubule 

dynamics were not properly regulated, it is certain that microtubules alone could not 

accomplish any of these tasks. In vivo, the regulation of microtubule dynamics is the 

responsibility of microtubule-associated proteins. Among these, we can distinguish several 

classes according to their function: (1) promotion and stabilization of microtubule 

polymerization; (2) destabilization or severance of microtubules; (3) functioning as linkers 

between various structures; or (4) motility-related functions. Here we discuss how the various 

properties of microtubule-associated proteins can be used to assemble an efficient mitotic 

apparatus capable of ensuring the bona fide transmission of the genetic information in animal 

cells.  

 

Key words: Mitosis/Microtubule/Microtubule-associated proteins/Spindle/Kinetochore 
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I. Introduction 

Mitosis is a fundamental biological process that has captured the imagination of 

researchers for more than a century. During this process, the previously duplicated genome is 

structurally reorganized into compact chromosomes, each made up of two sister chromatids, 

which are then equally segregated into daughter cells. Mitosis was first described by Walter 

Flemming in the late 1870s and consists of two distinct processes: division of the nucleus, or 

karyokinesis, and division of the cytoplasm, or cytokinesis. Traditionally, the division of the 

nucleus occurs in five stages: prophase, prometaphase, metaphase, anaphase, and telophase. 

In prophase, chromatin starts to condense, to form clearly defined chromosomes (Figure 1). 

By this time, centrosomes, which are the major microtubule-organizing centers (MTOCs) in 

animals (reviewed by Doxsey, 2001), have already migrated to opposite sides of the nucleus, 

and a bipolar microtubule-based structure, known as the mitotic spindle, is assembled (Figure 

2). This structure is responsible for chromosome segregation during mitosis (reviewed by 

Wittmann et al., 2001). In vertebrates, the end of prophase and the beginning of 

prometaphase are marked by nuclear envelope breakdown (NEB). During prometaphase, 

each chromosome initially orients to one pole of the spindle, a process that is mediated by 

attachment of microtubules (MTs) to the kinetochore, a protein-based structure located on the 

surface of the primary constriction of each chromatid. Subsequently, MTs derived mostly 

from the opposite pole bind the other sister kinetochore, and the chromosome becomes bi-

oriented, moving toward the center of the cell and aligning at the spindle equator during 

metaphase. Later, during anaphase, sister chromatids separate and migrate toward opposite 

poles of the spindle. This stage can be subdivided into anaphase A and B. During anaphase 

A, the two chromatids from each chromosome lose their cohesion, split apart, and move 

toward opposite poles, while during anaphase B, the spindle usually elongates, thereby 

increasing the distance between the two poles. Finally, during telophase, each set of 

chromatids decondenses to form two daughter nuclei, and a cleavage furrow forms between 

them. This cleavage furrow then contracts and eventually gives rise to the midbody, a 

structure formed by bundled MTs. This structure participates in the division of the cytoplasm 

and the formation of the two daughter cells during cytokinesis.  

MTs are highly dynamic polymers that alternate between states of growth and shrinkage, 

a phenomenon known as dynamic instability (Mitchison and Kirschner, 1984a). Modulation 

of MT’s dynamic behavior is thought to be due primarily to association with a broad class of 

proteins known as Microtubule-Associated Proteins (MAPs). However, the definition of 

MAPs has changed significantly since the time the first of these proteins were isolated 
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(reviewed by Olmsted, 1986). MAPs were originally identified as proteins that co-purified 

with tubulin through repeated cycles of MT polymerization and depolymerization and were 

shown to stimulate MT assembly, suggesting a possible role form them in stabilizing the 

polymer. Subsequently, it was proposed that MAPs be defined as proteins that bind MTs in 

vivo (Solomon et al., 1979). Since spindle organization and function are now known to be 

governed by many different types of proteins that associate transiently or constitutively with 

MTs and can modify their dynamic properties, we have chosen a broader definition for 

MAPs, to include all of those proteins that are found at least transiently associated with MTs, 

either in vitro or in vivo, regardless of their functional, regulatory, or motility properties. Of 

course, we have to be careful, when considering a protein to be a MAP according to this 

definition, to exclude all of the proteins that may bind to MTs indirectly but yet play no role 

in modulating MT properties or function. 

In this review we will first provide a short description of the major components of the 

mitotic apparatus and the major mitotic events. We will then focus on the roles of various 

MAPs as the cell transits from interphase into mitosis (see Table 1 for general refence), 

including: 1) organization and maintenance of the bipolar spindle; 2) attachment of MTs to 

kinetochores; 3) chromosome movement; and 4) cleavage-furrow formation during 

cytokinesis. The results obtained to date reveal that MAPs are essential to coordinately 

regulate the dynamic properties of MTs and their interactions with various cellular structures 

so that MTs can effectively be used by the cell to move chromosomes during mitosis.  

 

II. The mitotic apparatus  

A. Microtubules 

1. Structure 

MTs are anisotropic polymers of α- and β-tubulin heterodimer subunits. In cells, these are 

normally organized into 13 linear protofilaments to form a 25-nm diameter cylindrical 

structure (Tilney et al., 1973; for reviews see Wade and Hyman, 1997; Nogales, 2001). MT 

subunits were first purified on the basis of their affinity for colchicine, a natural drug that 

arrests cells in mitosis (Kiefer et al., 1966; Borisy and Taylor, 1967a; Borisy and Taylor, 

1967b; Shelanski and Taylor, 1967; Weisenberg et al., 1968), and later β-tubulin was shown 

to hydrolyze GTP (Weisenberg et al., 1976), which is required for the dynamic behavior of 

MTs. 
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In order to better understand the dynamic behavior of MTs, it was first necessary to 

define their structure. Early cryo-electron microscopy (cryo-EM) studies allowed the 

determination of the kinetic intermediates of dynamic MTs (Mandelkow and Mandelkow, 

1986). Through the use of this technique, and backed up by previous observations, it was 

observed that MTs elongate through formation of an open, curved tubulin sheet, which, 

triggered by GTP hydrolysis, closes at a variable rate to form a MT cylinder (Simon and 

Salmon, 1990; Mandelkow et al., 1991; Chretien et al., 1995). In addition, the sheet length 

fluctuates as the result of rapid closing (which triggers depolymerization) and opening of the 

cylinder (when polymerization initiates). The effects of GTP hydrolysis on MT structure have 

also been confirmed by cryo-EM using slowly hydrolyzable GTP analogues (Hyman et al., 

1995; Muller-Reichert et al., 1998). More recently, through the use of Xenopus egg extracts, 

it was shown that the structural transitions at MT ends correlate with the dynamic properties 

of MTs in this system (Arnal et al., 2000). 

2. Dynamic properties 

The study of MT dynamics in vitro (reviewed by (Desai and Mitchison, 1997) indicated 

that, during the steady state (when MT length is constant) there is preferential incorporation 

of tubulin subunits at one end and loss at the other (Margolis and Wilson, 1978). Thus, a 

unidirectional flux, or treadmilling, of tubulin subunits from one end of the MT to the other 

normally takes place (Margolis and Wilson, 1981). These results gained further impact after 

it was shown that treadmilling also occurs in vivo (Rodionov and Borisy, 1997; for reviews 

see Waterman-Storer Salmon, 1997; Margolis and Wilson, 1998). 

Studies of elongation of individual MTs from isolated centrosomes led to the dynamic 

instability model of MT behavior, which postulates that a single microtubule never reaches a 

steady state length, but intead interconverts between states of polymerization and 

depolymerization as a result of GTP hydrolysis (Mitchison and Kirschner, 1984a; Mitchison 

and Kirschner, 1984b; Horio and Hotani, 1986). Thus, within a given population of MTs, 

some will be growing and some shrinking (reviewed by Hyman and Karsenti, 1996). 

The intrinsic dynamic properties of MTs are the result of a fast-growing end, known as 

the plus end, which extends from the MTOC, where the MT slow-growing ends, the so-called 

minus ends, are anchored (Allen and Borisy, 1974). As a MT grows, a GTP-tubulin dimer is 

incorporated at the plus end, and the bound GTP is hydrolyzed in an exchangeable GTP 

binding site on the β-tubulin subunit during or soon after polymerization (Mitchison, 1993). 

Since the GTP bound to α-tubulin cannot be hydrolyzed, this causes the accessible energy 
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form on the MT lattice to be predominantly composed of GDP molecules. The rapid loss of 

GTP-tubulin subunits and oligomers from the MT end is thought to trigger depolymerization, 

a phenomenon known as ‘catastrophe’ (Walker et al., 1988). Depolymerizing MTs can also 

infrequently transit back to the state of elongation, which is known as ‘rescue’ (Walker et al., 

1988).  

One way in which to ascertain the role of GTP hydrolysis in MT dynamic instability was 

through the use of non-hydrolizable or slowly-hydrolyzable GTP analogues ( Hyman et al., 

1992; reviewed by Caplow, 1992). These studies led to the conclusion that GTP hydrolysis 

occurs very rapidly, during or soon after subunit addition, and that a lattice composed mainly 

of exchangeable GDP molecules is very unstable. Concomitantly, there is increasing 

evidence that polymerizing MTs are stabilized by special structures that associate with their 

plus ends, originally postulated to be caps of GTP, or GDP-Pi-tubulin (Carlier and Pantaloni, 

1981; Hill and Carlier, 1983; Hill and Chen, 1984; Carlier et al., 1984; Mitchison and 

Kirschner, 1984a). In this model, the loss of such a GTP-cap would result in a catastrophe, 

whereas the cap’s reformation on a depolymerizing end would result in rescue. Attempts to 

measure the size of the minimum GTP-cap have established that only a few GTP-containing 

subunits (corresponding to one to three layers of the lattice) are sufficient to stabilize a 

growing MT (Walker et al., 1991; Drechsel and Kirschner, 1994; Caplow and Shanks, 1996).  

The MT properties described above were established mainly by in vitro investigation on the 

intrinsic behavior of purified tubulin under defined conditions. Nevertheless, a growing body 

of in vivo evidence has defined physiological MT dynamics and has provided quantitation of 

the various parameters described previously (Cassimeris et al., 1988; Sammak and Borisy, 

1988; Schulze and Kirschner, 1988; Shelden and Wadsworth, 1993; Rusan et al., 2001).  

Current models of MT dynamics generally accept that treadmilling and dynamic 

instability are two intrinsic properties of MTs that are likely to coexist in cells, and may 

account for the execution of various processes such as kinetochore capture and chromosome 

movement during mitosis (Farrell et al., 1987; Hotani and Horio, 1988; for reviews see 

Waterman-Storer and Salmon, 1997; Margolis and Wilson, 1998). 

B. Centrosomes 

1. Structure, duplication, and separation 

The term ‘centrosome’ was originally coined by Theodor Boveri in 1888 to describe an 

autonomous permanent organelle of the cell, the dynamic center of the cell, and the 

coordinator of nuclear and cytoplasmic division (for reviews see  Mazia, 1984; Doxsey, 

2001). As the major MTOC (Figure 3) in animal cells (Pickett-Heaps, 1969), the centrosome 
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determines the numbers and the distribution of MTs (Kellogg et al., 1994). The functionally 

equivalent organelle in yeast is the spindle pole body (SPB) (for reviews see Winey and 

Byers, 1993; Francis and Davis, 2000; Hagan and Petersen, 2000. In animal cells, the 

centrosome is composed of two centrioles, which are open-ended cylinders, each comprising 

nine sets of triplet MTs linked together, plus some surrounding pericentriolar material 

(reviewed by Doxsey, 2001). Despite its apparent organizational simplicity, the centrosome is 

an extremely complex organelle and is thought to contain over 100 different proteins 

(reviewed by Bornens, 2002). 

In vertebrate cells, the centrosome duplicates during S phase, and the mother and 

daughter centrosomes typically separate during late G2 or prophase, before NEB at 

prometaphase. How centrosome duplication is regulated has remained an intriguing mystery 

for more than a century. However, recent studies in Xenopus egg extracts revealed that cyclin 

E and its associated cyclin-dependent kinase, Cdk2, regulate the splitting of centrioles, one of 

the earliest stages in centrosome duplication (Hinchcliffe et al., 1999; Lacey et al., 1999). 

Cdk2 seems also to be required for centrosome duplication in mammalian cells, but cyclin A 

activity predominates over that of cyclin E (Matsumoto et al., 1999; Meraldi et al., 1999).  

For a long time it was thought that centrosome separation involved pushing forces 

generated between interacting MTs of opposite polarities, derived from opposing 

centrosomes (reviewed by Mazia, 1987). However, more recent studies in newt lung cells 

suggest that the force-producing mechanism for centrosome separation during spindle 

formation at least in very large and flat cells is intrinsic to each aster and is not mediated by 

MT-MT interactions between opposing asters (Waters et al., 1993). In support of these 

observations, evidence from various model systems has confirmed that motor proteins such 

as dynein and kinesin-like proteins, localized to the cortex and MT plus-ends, are implicated 

in this process and may provide both the pulling and the pushing forces required for aster 

separation (Heck et al., 1993; Blangy et al., 1995; Sharp et al., 1999b; Sharp et al., 2000a).  

2. Role in microtubule nucleation 

Centrosomes are the main sites of MT nucleation in animal cells. MT nucleation occurs in 

the pericentriolar material and requires a ring-shaped multiprotein complex containing γ-

tubulin, a protein related to the α- and β-tubulins (Oakley and Oakley, 1989; Moritz et al., 

1995; Zheng et al., 1995; reviewed by Gunawardane et al., 2000;). These γ-tubulin ring 

complexes (γTuRCs) form a lattice structure through association of γ-tubulin with pericentrin, 

a component of the pericentriolar material (Doxsey et al., 1994; Dictenberg et al., 1998). 
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Recent studies on the detailed structure and function of the γTuRCs provided experimental 

support for a model in which several small γ-tubulin sub-complexes are organized into a ring 

by other members of the ring complex, and may function as MT minus-end caps (Keating and 

Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 2000).  This model postulates that α- 

and β-tubulin heterodimers bind longitudinally to γTuRCs, creating a layer at which 

additional dimers bind, and where a MT can form. This model also explains how MT polarity 

is established by the centrosome, and assumes that α-tubulin is the subunit at the minus end 

and β-tubulin is the exposed subunit at the plus-end, a geometry which was later confirmed 

experimentally (Nogales et al., 1999). An alternative model postulates that lateral interactions 

between γ-tubulin and both α- and β-tubulin serve to initiate the assembly of a protofilament, 

with which other tubulin dimers interact laterally, to eventually form a MT (Erickson and 

Stoffler, 1996; Erickson, 2000).  

3. Role in spindle organization 

The interphase cytoskeleton is a highly complex multiprotein and multipolymer matrix. 

This matrix contains an array of polar MTs that is disassembled just before prophase and is 

replaced during mitosis by a very different and more dynamic structure, the mitotic spindle 

(for reviews see Schrader, 1944; Mazia, 1961). This structure is composed mainly of 

centrosome-nucleated MTs (Figure 3) and is regulated by MAPs that appear to mediate all 

the events that occur during mitosis. Historically, centrosomes have been considered essential 

for spindle assembly, due to their association with spindle poles and their MT-nucleating 

activity. However, higher plants, as well as some Drosophila cell lines, lack canonical 

centrioles but can still organize normal spindles and undergo cell division (Debec et al., 1995; 

Smirnova and Bajer, 1992). In addition, early laser ablation experiments of centrioles in 

mammalian cells suggested that mitosis can progress normally without centrioles (Berns and 

Richardson, 1977). Moreover, in many systems, including Drosophila female meiosis, no 

centrosomes are found at the spindle poles (for reviews see Wilson, 1925; Gonzalez et al., 

1998). These observations suggest that alternative mechanisms exist that ensures spindle 

bipolarity. Studies using Xenopus egg extracts supported these conclusions (Sawin and 

Mitchison, 1991a). Further, it was shown that addition of DNA-coated beads to Xenopus egg 

extracts is sufficient to generate apparently normal bipolar spindles in the complete absence 

of centrosomes (Heald et al., 1996). Recent genetic studies and other experiments involving a 

combination of in vivo GFP labeling of centrosomal components, laser microsurgery, and 

state-of-the-art microscopic techniques, have conclusively demonstrated that such alternative 
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pathways also exist in somatic cells, from Drosophila to vertebrates (Bonaccorsi et al., 2000; 

Khodjakov et al., 2000). In these cases, spindle assembly is likely directed by 

chromatin/kinetochore-MT interactions, MT-MT interactions, and the combined activities of 

molecular motors (reviewed by Karsenti and Vernos, 2001). However, it remains unclear 

how MTs nucleate and organize into kinetochore fibers (k-fibers), for example, in the 

absence of centrosomes. Together, the above observations strongly suggest that in vertebrates 

and other higher animals, the role of the centrosome as the organizer of the mitotic spindle is 

redundant with other mechanisms. Instead, the centrosome may have at least one other vital 

function in the cell that is independent of its role as a MTOC. Such a function may be related 

to cell-cycle progression (see discussion ahead and the review by Rieder et al., 2001).  

C. Kinetochores 

1. Structure 

It was initially observed by Metzner (Metzner, 1894; see also Schrader, 1944) that spindle 

fibers interact with a specific chromosomal structure, for which the consensual name 

‘kinetochore’ was later proposed by J. A. Moore, in order to ascribe to this structure the 

functional properties responsible for chromosome movement (Sharp, 1934). The kinetochore 

is a protein-based structure located on the surface of each chromosome that mediates its 

interaction with MTs. At the ultrastructural level, the mammalian kinetochore appears as a 

trilaminar disk located at the primary constriction of each chromosome, the centromere 

(Brinkley and Stubblefield, 1966; Jokelainen, 1967; for reviews see Rieder, 1982; Craig et 

al., 1999). Mammalian kinetochores have four morphologically distinct layers, although only 

three of these can be detected in the presence of MTs (see Earnshaw, 1994). The innermost 

layer is a disk of densely packed material called the inner plate, and is continuous with the 

surface of the centromeric heterochromatin underneath the kinetochore. This region is 

thought to be responsible for the assembly and size determination of a robust kinetochore 

capable of withstanding the stresses imposed by the spindle. The most consistently observed 

feature of the kinetochore is the outer plate, a dense structure that is typically 0.5 µm in 

diameter and 30-40 nm thick. The outer plate forms the primary point of attachment for 

spindle MTs. Between the two plates there is a third layer, more appropriately considered as 

an interstitial space. This space is a region of 15-35 nm across that does not stain under 

standard protocols for electron microscopy, and is traversed by numerous fibers that appear to 

connect the inner and outer regions of the kinetochore (McEwen et al., 1993). The outer 

surface of the kinetochore is associated with a poorly defined 10-20 nm filamentous 
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meshwork known as the fibrous corona. This structure can only be seen in kinetochores that 

do not have large numbers of associated MTs, and, based on the localization of distinct 

molecular components, an outer kinetochore corona domain has been proposed (Maiato et al., 

2003a). An exhaustive review on the molecular components of the vertebrate kinetochore has 

been published (Maney et al., 2000), but the list continues to grow rapidly.  

2. Role in microtubule attachment 

Mazia (1961) provided a simple and concise functional description of the kinetochore, as 

the point of attachment of the chromosome to the mitotic apparatus, or the anchor point for a 

spindle fiber. Chromosome fragments lacking kinetochores are incapable of mitotic 

movements, and chromosomes that have lost portions of their arms but retain their 

kinetochores perform normally (Rieder et al., 1986; Bajer and Vantard, 1988). Thus, the 

kinetochore was considered for many years to be the only essential part of the chromosome 

during mitosis. Indeed, kinetochores that were experimentally detached from mammalian 

centromeres could still interact with spindle MTs and could complete all of the mitotic 

movements in the absence of other chromosomal components (Brinkley et al., 1988). On the 

other hand, it seems that several aspects of kinetochore function are related to the behavior of 

the ends of dynamic MTs to which it is attached (Mitchison, 1988). 

As cells enter mitosis, centrosomes nucleate a large number of highly dynamic MTs. It is 

thought that their plus ends continuously probe the cytoplasmic space, in what has been 

described as a “search-and-capture” mechanism (Hill, 1985; Kirschner and Mitchison, 1986; 

Holy and Leibler, 1994). This mechanism proposed that those MTs growing from the 

centrosome that accidentally contact a kinetochore will become capped and stabilized, while 

the MTs that do not contact it will soon depolymerize. This idea found strong support when 

studies in live cells directly showed that dynamically unstable MTs growing from 

centrosomes become stabilized upon contact with kinetochores (Hayden et al., 1990). 

Previously, it had been shown that kinetochores of isolated chromosomes could capture the 

ends of MTs in vitro (Mitchison and Kirschner, 1985). Moreover, kinetochore MTs turn over 

less rapidly than do astral MTs in vivo (Mitchison et al., 1986), and detachment of the 

chromosome from the MTs by a microneedle leads to rapid MT depolymerization (Nicklas 

and Kubai, 1985). However, MT plus ends captured by the kinetochore can still depolymerize 

while remaining attached (Huitorel and Kirschner, 1988; Koshland et al., 1988; Cassimeris 

and Salmon, 1991; Hunt and McIntosh, 1998;), and the rate at which attached MT ends 

transit from growing to shrinking is increased (Hyman and Mitchison, 1990). Thus, a 

captured MT is stabilized at a kinetochore not because it cannot undergo catastrophe, but 
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instead because it cannot detach (Hyman and Karsenti, 1996). In most eukaryotic cells, 

kinetochores bind a number of MTs resulting in the formation of a k-fiber (Witt et al., 1981). 

MTs within a k-fiber display coordinated dynamic properties: when the attached kinetochore 

is moving away from the spindle pole, all MTs grow, whereas and while it is moving toward 

the pole, all MTs depolymerize (Skibbens et al., 1993). 

 

III. MAPs required for cell division: identification and properties  

Since the pioneering isolation of the mitotic apparatus from sea urchin eggs (Mazia and 

Dan, 1952), attempts have been made to identify the proteins that constitute the mitotic 

spindle. Early reports estimated that tubulin (Mohri, 1968), constitutes only 5-15% of the 

total protein fraction present in the spindle (excellent reviews on the initial characterization of 

MTs and isolation of the mitotic apparatus were compiled by Olmsted and Borisy, 1973 and 

Sakai, 1978). This important observation led to further investigation directed at unraveling 

the unknown spindle proteins that are associated with tubulin. Soon after the first description 

of MT polymerization in vitro (Borisy and Olmsted, 1972; Weisenberg, 1972), it was found 

that several proteins co-polymerized with brain tubulin, even after several cycles of assembly 

and disassembly; these were originally described as high-molecular-weight MAPs (Borisy et 

al., 1975; Murphy and Borisy, 1975). Many of these proteins were later identified, through 

immunofluorescence with specific antibodies, to be part of the mitotic spindle (Connolly et 

al., 1978; Sherline and Schiavone, 1978). Through the use of identical biochemical strategies, 

several other MAPs were identified as components of the mitotic spindle (Bulinski and 

Borisy, 1980a; Bulinski and Borisy, 1980b; Bulinski and Borisy, 1980c; De Brabander et al., 

1981; Izant et al., 1982; Keller and Rebhun, 1982; Zieve, 1982; Vallee and Bloom, 1983; 

Izant et al., 1983; Scholey et al., 1984; Hirokawa et al., 1985). In general, MAPs are known 

to be involved in regulation of the dynamic properties of MTs. Some promote MT 

polymerization and stability while others induce depolymerization. This broad range of 

funtions suggests that it is the coordinated action of MAPs that governs the assembly and 

properties of the mitotic spindle (Figure 4). In the following sections we will concentrate on 

the most recent advances in the molecular characterization of the MAPs that have major 

implications for mitosis. 

A. Non-motor MAPs  

Despite significant advances in the biochemical characterization, the isolation of genes 

encoding for MAPs started relatively recently. The first report of the cloning of a gene 

encoding a MAP as a component of the mitotic spindle was in Drosophila (Goldstein et al., 
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1986). The authors described the molecular characterization of a non-essential 205-KDa 

MAP, isolated from Drosophila S2 tissue culture cells. This protein is likely to be the 

orthologue of MAP4, a widely distributed mammalian structural MAP that is also important 

for chromosome movement during mitosis (Shiina and Tsukita, 1999).  

1. Stabilizing factors 

a. MAP4. MAP4 was identified as a human protein that stimulated the polymerization of 

pure tubulin (Bulinski and Borisy, 1980b). Proteins related to MAP4 have also been found in 

Xenopus (XMAP230) (Andersen et al., 1994; Shiina and Tsukita, 1999) and Drosophila 

(DMAP205) (Goldstein et al., 1986). In tissue culture cells, MAP4 localizes along interphase 

and mitotic MTs (Bulinski and Borisy, 1980b; Olson et al., 1995). Studies in vitro indicated 

that MAP4 stabilizes MTs by specifically promoting rescue events (Ookata et al., 1995). This 

activity was also shown in vivo, since reduction of MAP4 in culture cells resulted in an 

overall decrease in tubulin polymer and a slowing of MT growth (Nguyen et al., 1999). 

MAP4 is phosphorylated by Cdk1 upon the cell’s entry in mitosis, without alterion of its 

ability to bind MTs (Vandre et al., 1991; Tombes et al., 1991; Shiina et al., 1992; Ookata et 

al., 1997). However, in vitro and in vivo studies have shown that phosphorylation of MAP4 

reduces the protein’s binding affinity for MTs and completely abolishes its MT-stabilizing 

activity (Andersen et al., 1994; Ookata et al., 1995; Shiina and Tsukita, 1999; Chang et al., 

2001). Further, overexpression of mutant forms of MAP4, which mimic phosphorylation, 

alters the protein’s MT-stabilization activity and causes perturbations in the cell’s progression 

into and through mitosis (Chang et al., 2001). The cell-cycle regulation of MAP4 by 

phosphorylation suggested that this could be one of the interphase MT-stabilizing factors that 

must be turned off, in order that MT dynamics be modified at the onset of mitosis; 

surprisingly, however, MAP4 does not appear to be required during mitosis (reviewed by 

McNally, 1996). Indeed, microinjection of inactivating antibodies into human fibroblasts and 

monkey epithelial cells abolishes MAP4 binding to MTs, but cell viability is not affected 

(Wang et al., 1996). While a mitotic function of MAP4 has not been widely supported by 

most experimental data, recent results showed that overexpression of the protein causes 

formation of monopolar spindles, suggesting that this MAP may, indeed, play a role during 

early stages of mitotic spindle formation (Holmfeldt et al., 2003).  

The Xenopus homologue of MAP4 is thought to be XMAP230, however, several studies 

have highlighted a number of functional differences between the two proteins in their 

respective systems. XMAP230 localizes to interphase MTs and dissociates from them during 

early stages of mitosis, but it then re-associates with the spindle during metaphase and 
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anaphase (Andersen et al., 1994). Moreover, rather than promoting rescue events, XMAP230 

was shown to increase the MT elongation rate, and to strongly suppress catastrophes 

(Andersen et al., 1994). However, similarly to MAP4, the activity of XMAP230 was shown 

to be regulated by phosphorylation and overexpression of non-phosphorylatable forms in 

tissue culture cells affects chromosome separation during anaphase A (Shiina and Tsukita, 

1999). Furthermore, XMAP230 was shown to be required for mitotic spindle assembly in 

vitro and in vivo (Cha et al., 1998; Cha et al., 1999), indicating that XMAP230 does have a 

mitotic function in this system. 

b. CLIP-170. Analysis of MT dynamics in vivo implied that the interaction of MT plus-

ends with various factors or structures affects MT plus-end behavior. Some of these factors 

have been recently characterized, and are collectively termed MT-plus-end-tracking proteins 

(+TIPs). They represent a class of highly conserved MAPs that localize to the growing MT 

plus ends and play an important role during mitosis (reviewed by Schuyler and Pellman, 

2001a). CLIP-170 was the first member of this growing family of proteins to be isolated. This 

protein was shown to localize in small patches close to MT ends (Rickard and Kreis, 1990), 

and to be required for linking endocytic vesicles to MTs in vitro (Pierre et al., 1992). 

Vertebrate CLIPs include the brain-specific CLIP-115 (De Zeeuw et al., 1997), and 

orthologues have been found in several other species, e.g., D-CLIP-190 in Drosophila (Lantz 

and Miller, 1998), Bik1 in budding yeast (Berlin et al., 1990), and Tip1 in fission yeast 

(Brunner and Nurse, 2000). 

Fluorescence time-lapse microscopy of living cells revealed that GFP-CLIP-170 localizes 

specifically to growing MT plus ends, and when MTs shrink, or when their dynamic behavior 

is suppressed by drug treatment, GFP-CLIP-170 rapidly dissociates (Perez et al., 1999). 

Based on this behavior, it was proposed that GFP-CLIP-170 passively treadmills from the 

growing MT plus-end, rather than being actively translocated by a motor protein along the 

elongating tubulin polymer. CLIP-170 targets MT plus-ends either by recognition of a 

specific transient conformation at the growing tip, or else by co-polymerization with free 

tubulin. Due to its higher affinity for the GTP-tubulin conformation, CLIP-170 may 

incorporate into or bind specifically to a cap of GTP-tubulin present at the extremity of a 

polymerizing MT. Recent evidence from crosslinking and sedimentation velocity 

experiments favors the co-polymerization hypothesis (Diamantopoulos et al., 1999), but a 

definitive proof that holds true for living cells is still lacking. 

Originally, it was proposed that CLIP-170 plays a role in regulating MT dynamics at the 

plus-ends (Rickard and Kreis, 1990). While direct evidence for such a role has not yet been 
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obtained, experiments in fission yeast have shown that Tip1p prevents premature MT 

catastrophe, allowing MTs to reach the cell cortex (Brunner and Nurse, 2000; reviewed by 

Sawin, 2000). Accordingly, mutants for the fission yeast tip1 (Mata and Nurse, 1997; 

Brunner and Nurse, 2000) or its budding-yeast homologue BIK1 (Berlin et al., 1990) have 

abnormally short MTs. More recently, CLIP-170 was shown to promote MT rescue in vivo 

(Komarova et al., 2002), indicating that CLIPs act as anti-catastrophe factors by promoting 

MT plus-end stability. The binding of CLIP170 to MT ends has been proposed to be 

negatively regulated by a kinase activity associated with MTs (Rickard and Kreis, 1991; 

Perez et al., 1999; Hoogenraad et al., 2000). On the other hand, a recent study has shown that 

CLIP-170 binding to MTs in vitro and in vivo can be positively regulated by FKBP12-

rapamycin-associated protein kinase (Choi et al., 2002).  

During mitosis, CLIP-170 localizes to MT plus ends and accumulates strongly in 

kinetochores in prometaphase, but only weakly in kinetochores of metaphase chromosomes 

(Dujardin et al., 1998; Lin et al., 2001).  Based on this peculiar behavior, it was initially 

postulated that CLIP-170 plays a role in kinetochore-MT attachment; however, experimental 

evidence is still lacking. Candidate functional partners for CLIP-170 are cytoplasmic dynein 

and its positive regulator, dynactin. CLIP-170 co-localizes with dynein and dynactin subunits, 

both at cortical sites (Busson et al., 1998; Valetti et al., 1999; Vaughan et al., 1999; reviewed 

by Dujardin and Vallee, 2002) and at the kinetochore (Dujardin et al., 1998).  Based on 

experiments in which dominant-negative forms of CLIP-170 were expressed in tissue-culture 

cells, a role for these proteins in kinetochore function during metaphase chromosome 

alignment had been proposed. Apart from this work, there is no direct evidence for a mitotic 

role of CLIP-170.  

c. CLASPs. Recently, a new family of +TIPs, known as CLASPs (CLIP-associated 

proteins), was identified from a yeast two-hybrid screening with a conserved region of CLIP-

115 (Akhmanova et al., 2001; reviewed by McNally, 2001). CLASPs are members of the 

conserved MAST/Orbit family of MAPs (Inoue et al., 2000; Lemos et al., 2000; reviewed by 

Sharp, 2002). Although CLASPs were isolated on the basis of their interaction with CLIPs, 

they do not require this interaction to bind MTs (Akhmanova et al., 2001). Indeed, at least 

CLASP1 is known to have a central MT targeting domain independent of the CLIP-binding 

domain at its C-terminal (Maiato et al., 2003a). 

In polarized interphase fibroblasts, CLASPs localize at the plus ends of MTs, and seem to 

be responsible for orienting stable MT arrays at the cell’s leading edge (Akhmanova et al., 

2001). During mitosis (Figure 4), CLASPs show a highly dynamic distribution, concentrating 
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at the plus ends of growing MTs, centrosomes, and kinetochores. During anaphase, they 

accumulate in the spindle midzone and they ultimately concentrate at the midbody matrix 

(also known as the Flemming body) during telophase and cytokinesis (Lemos et al., 2000; 

Maiato et al.,  2003a). Significantly, CLASP1 localization echoes the distribution of MT 

plus-ends. Therefore, it is reasonable to suggest that this protein family is responsible for at 

least some localized regulation of MT dynamics during mitosis.  

Surprisingly, MAST/Orbit was shown to bind tubulin in a GTP-dependent manner (Inoue 

et al., 2000). Moreover, Stu1, the putative homologue of MAST/Orbit and CLASPs in S. 

cerevisiae, was originally found in a screen for suppressors of cold-sensitive mutants of β-

tubulin (Pasqualone and Huffaker, 1994), and was recently shown to associate directly and 

specifically with β-tubulin (Yin et al., 2002). In this context, it is tempting to speculate that 

these proteins regulate some aspect of MT dynamics at or near the stabilizing GTP-cap at the 

MT plus-ends.  

Genetic analyses of CLASP homologues in yeast and Drosophila indicate that these 

proteins regulate MT behavior during mitosis. All members of this family studied so far have 

been shown to be essential for assembly and maintenance of the mitotic spindle (Maiato et 

al., 2002; Yin et al., 2002). The molecular mechanism for the mitotic role of these proteins is 

still vague. However, studies on CLASP1 indicate that this protein targets independently to 

the MT plus-ends and to a novel outer-kinetochore region (Maiato et al., 2003a). 

Furthermore, CLASP1 was shown to directly regulate the behavior of kinetochore-attached 

MTs, thus making it a strong candidate as a mediator of their coordinated dynamic properties. 

Further analysis on how CLASP1 modulates the ability of kinetochore-attached MTs to 

incorporate and lose tubulin subunits at their plus-ends should provide important clues on this 

process.  

d. APC. Adenomatous polyposis coli (APC) tumor suppressor is a large multidomain 

protein of ~300 KDa that is conserved from Drosophila to humans (for reviews see Mimori-

Kiyosue and Tsukita, 2001; Bienz, 2002). Germline mutations in the APC gene are 

responsible for familial adenomatous polyposis, an autosomal dominant inherited disease, 

while somatic mutations in APC occur in ~80% of sporadic colorectal tumors (reviewed by 

Fearnhead et al., 2001). The molecular basis of APC function appears to be dependent on the 

protein’s ability to bind β-catenin, a protein that functions in cell adhesion and Wnt-based 

signal transduction pathways (Rubinfeld et al., 1993; Su et al., 1993; reviewed by Peifer and 

Polakis, 2000).  
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APC localizes to the MT cytoskeleton, as well as to the leading edges of migrating 

epithelial cells (Nathke et al., 1996). Analysis of GFP-tagged APC in living cells has revealed 

a peculiar dynamic behavior for this protein (Mimori-Kiyosue et al., 2000b; reviewed by 

Mimori-Kiyosue and Tsukita, 2001). APC-GFP moves continuously along a subset of MTs, 

toward their distal ends, in an ATP-dependent manner, and it accumulates as granular 

aggregates at their growing plus ends. When MTs begin to shorten, the APC granules drop 

off from the MT ends. These results suggest that the movement of APC to the MT tips is 

mediated by a motor protein (Mimori-Kiyosue and Tsukita, 2003). 

Studies in vitro and in vivo suggest a role for APC in stabilizing MT plus-ends 

(Zumbrunn et al., 2001). In addition, APC is hyperphosphorylated during mitosis, implying 

that its MT-binding activity is cell cycle-regulated (Bhattacharjee et al., 1996). Biochemical 

studies have shown that APC can be phosphorylated by Cdk1, PKA, and GSK3β, resulting in 

a decrease in its ability to bind and stabilize MTs (Trzepacz et al., 1997; Zumbrunn et al., 

2001). APC is also a high-affinity substrate for the spindle -checkpoint Bub kinases, and it 

forms a complex with Bub1 and Bub3 (Kaplan et al., 2001); however, the real significance of 

these interactions is not known. Nevertheless, there is some evidence that APC, like Bub1 

and Bub3, localizes to kinetochores, in a MT-dependent manner, and it has been implicated 

in the assurance of proper chromosome segregation (Fodde et al., 2001; Kaplan et al., 2001). 

However, these results remain highly controversial, since the kinetochore localization of APC 

could not be reproduced by others (see review by Mimori-Kiyosue and Tsukita, 2001). Future 

studies on APC localization using GFP-tagging in living cells may turn out to be critical to 

resolve this paradox.   

e. EB1. EB1 is another highly conserved protein that is likely to be involved in the 

regulation of MT dynamics and that concentrates at growing MT plus ends (reviewed by 

Tirnauer and Bierer, 2000). Homologues of EB1 have been found in many organisms, 

including Bim1p in budding yeast (Schwartz et al., 1997), mal3p in fission yeast (Beinhauer 

et al., 1997), dEB1 in Drosophila (Lu et al., 2001), and DdEB1 in Dictyostelium (Rehberg 

and Graf, 2002). EB1 was originally discovered as an APC-interacting protein in a yeast two-

hybrid screen (Su et al., 1995). In addition, EB1 also associates with components of the 

dynein-dynactin complex, independently of APC and MTs (Berrueta et al., 1999), through 

direct binding of EB1 to the dynactin subunit, p150Glued (Ligon et al., 2003). Presence of the 

N-terminal of EB1 is sufficient for this protein’s association with MTs, while the APC and 
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p150Glued bind in a mutually exclusive manner to the C-terminal end of EB1 (Askham et al., 

2002).  

EB1 proteins localize to centrosomes and along cytoplasmic and spindle MTs in a comet-

like fashion that shows a higher concentration at the plus-ends (Schwartz et al., 1997; 

Berrueta et al., 1998; Morrison et al., 1998; Tirnauer et al., 1999; Mimori-Kiyosue et al., 

2000b; Rehberg and Graf, 2002; Rogers et al., 2002). The dynamic behavior of EB1 on the 

distal ends of MTs was analyzed by expression of a GFP fusion protein (Mimori-Kiyosue et 

al., 2000b). The results revealed that EB1-GFP concentrates at the growing ends of all 

cytoplasmatic MTs, and it disappears when MTs start to shorten. More interesting, EB1 binds 

to MT plus-ends at the kinetochore interface of polymerizing MTs, suggesting that it could 

modulate their dynamic behavior during mitosis (Tirnauer et al., 2002a). Although EB1 was 

identified as an APC-interacting protein, it concentrates at the plus-ends of MTs 

independently of APC (Berrueta et al., 1998; Morrison et al., 1998). Nevertheless, EB1 was 

shown to be required for normal targeting of APC to MT plus ends (Askham et al., 2000; 

Mimori-Kiyosue et al., 2000a). 

EB1 has been implicated in MT stability, since deletion of Bim1 and Mal3 in yeast results 

in hypersensitivity to MT-destabilizing agents (Beinhauer et al., 1997; Schwartz et al., 1997), 

and since overexpression of human EB1 induces the formation of stable MT bundles (Bu and 

Su, 2001; Ligon et al., 2003). It is apparent, from in vitro assays, that EB1 increases the 

frequency of MT rescue and decreases catastrophes, thus promoting MT elongation (Tirnauer 

et al., 2002b; Ligon et al., 2003). Moreover, EB1 promotion of MT elongation in vitro 

requires the presence of the C-terminal half of APC, which is essential for EB1 binding 

(Nakamura et al., 2001). Furthermore, EB1 seems not only to increase MT stability, but also 

to promote MT plus-end dynamics during interphase, as shown by studies in yeast and 

Drosphila cells (Tirnauer et al., 1999; Rogers et al., 2002). The MT stabilizing activity of 

EB1 is likely to be cell cycle-regulated, since the binding capacity of EB1 along the MT wall 

is reduced in mitotic extracts, when relative compared to interphase extracts (Tirnauer et al., 

2002b). Nevertheless, the comet-like accumulation of EB1 at the plus-ends is not affected.  

How EB1 function is regulated remains unclear, but it could be via the interaction with 

the protein’s binding partners. Several studies have shown that APC-EB1 interaction is 

down-regulated during mitosis, due to APC hyperphosphorylation (Askham et al., 2000; 

Bhattacharjee et al., 1996; Nakamura et al., 2001). Accordingly, immunoprecipitation studies 

have indicated that the interaction between EB1 and APC does not appear to occur during 

mitosis (Askham et al., 2000). 
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The properties and the localization of EB1 suggest that it should play a role in mitosis. In 

support of this, deletion of Bim1 and Mal3 in yeast results in aberrant spindle behavior and 

chromosome mis-segregation (Beinhauer et al., 1997; Schwartz et al., 1997). Also, a null 

mutant of DdEB1, as well as depletion of EB1 from Drosophila cells by RNAi, confirmed 

that the protein is required for normal spindle assembly during mitosis (Rehberg and Graf, 

2002; Rogers et al., 2002). Furthermore, depletion of EB1 reduces MT length in mitotic 

Xenopus egg extracts, but not in interphase extracts (Tirnauer et al., 2002b). Therefore, one 

possibility is that EB1 performs different roles during interphase and during mitosis, 

depending on the binding activities of specific partners such as APC and dynactin. 

2. Destabilizing factors 

The high frequency of MT catastrophes observed in vivo suggests the existence of factors 

that mediate this process (for reviews see McNally, 1999; Walczak, 2000). Such factors 

oppose the action of stabilizing MAPs and promote MT destabilization, by reducing net 

tubulin assembly.  

a. Katanin. The first MT-destabilizing factor to be discovered was katanin, a MT-

stimulated ATPase that requires ATP hydrolysis to sever MTs (Vale, 1991; McNally and 

Vale, 1993; Hartman et al., 1998; Hartman and Vale, 1999). Katanin is a distinct type of 

enzyme that utilizes energy from nucleotide hydrolysis to mediate MT severance (for reviews 

see Quarmby and Lohret, 1999; Quarmby, 2000). Katanin is a heterodimer composed of two 

subunits, a p60 subunit with ATPase activity, and a p80 subunit containing WD40 repeats. 

The latter subunit targets the enzyme to the centrosome and regulates the MT-severing 

activity of p60 (Hartman et al., 1998; McNally et al., 2000). Katanin accumulation at 

centrosomes and spindle poles during mitosis is MT-dependent (McNally et al., 1996; 

McNally and Thomas, 1998; McNally et al., 2000) and the protein’s mechanism of action 

may involve recognition of defects in the MT lattice (Davis et al., 2002).  

The regulation of katanin is not well understood and seems to be invoked at several 

levels. Studies in vitro indicate that the protection of MTs by MAPs such as XMAP230 could 

be via inhibition of katanin activity (McNally et al., 2002). In contrast, Polo-like kinase1 

stimulates katanin’s severing activity (McNally et al., 2002).  

Katanin is likely to be an important factor in promoting changes in MT dynamics during 

onset of mitosis. Studies with Xenopus egg extracts have shown that katanin is the major MT-

severing factor in mitotic extracts (McNally and Thomas, 1998), whereas this activity is 

suppressed in interphase (McNally et al., 2002). At centrosomes, katanin may also regulate 
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the number of free MT ends, since its inhibition prevents the redistribution of γ-tubulin from 

the centrosome to the spindle, and slows down nocodazole-induced spindle MT disassembly 

(Buster et al., 2002). Surprisingly, depletion of katanin activity does not appear to affect cell 

progression through mitosis, but it has been shown to be essential for the assembly of the 

meiotic spindle in C. elegans (Srayko et al., 2000). 

b. OP18/stathmin. Op18/stathmin, a phosphoprotein that is overexpressed in some 

human tumors, was also originally purified as a MT-destabilizing factor (Belmont and 

Mitchison, 1996). However, Op18’s MT-destabilization mechanim is still unknown. Its 

hypothetical role on MT dynamics in vivo relies on distinct properties identified in vitro (for 

reviews see Andersen, 2000; Walczak, 2000; Cassimeris, 2002). Op18 was shown both to 

promote MT catastrophe and to serve as a tubulin-sequestering enzyme, depending on the pH 

and the region of the protein involved (Howell et al., 1999). Independent of its sequestration 

activity, Op18 appears to interact with MT plus-ends and to induce tubulin GTPase activity 

(Howell et al., 1999; Larsson et al., 1999a; Larsson et al., 1999b; Segerman et al., 2000; 

Steinmetz et al., 2000). Op18 also appears to modify MT ends, since the addition of Op18 to 

Xenopus egg extracts increased the number of blunt MT ends (Arnal et al., 2000).  

Op18 is negatively regulated by Cdk phosphorylation (Marklund et al., 1996). Further, 

Polo-like kinase may also regulate Op18 (Budde et al., 2001). Interestingly, during S and M 

phases, OP18 is hyperphosphorylated (Strahler et al., 1992; Brattsand et al., 1994; Marklund 

et al., 1994; reviewed by Cassimeris, 2002), leading to its down-regulation, which seems to 

be essential for G2/M transition and mitosis (Larsson et al., 1997; Larsson et al., 1995; 

Marklund et al., 1994). In contrast, there is some evidence that dephosphorylation mediated 

by PP2A also has a regulatory role with respect to OP18 (Tournebize et al., 1997). 

Mitotic chromatin was also shown to modulate OP18 activity resulting in MT growth 

around chromosomes during spindle assembly in vitro (Andersen et al., 1997). Nevertheless, 

this activity does not appear to be due to a chromatin-associated kinase, but rather through a 

MT-associated kinase that becomes dominant due to the stabilization of MTs (via a 

chromatin-dependent RanGTP pathway) around chromatin (Carazo-Salas et al., 1999; 

Kuntziger et al., 2001).  

c. Kin I. A third class of proteins implicated in MT destabilization are the Kin I members 

of the kinesin superfamily (Desai et al., 1999). For example, the Xenopus XKCM1 and the 

mammalian MCAK are two orthologues of these MT-destabilizing factors (Wordeman and 

Mitchison, 1995; Walczak et al., 1996; Kim et al., 1997). Unlike other motors, 
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MCAK/XKCM1 do not move along MTs, but instead are thought to couple ATP hydrolysis 

with the bending of the protofilament at the Mt plus ends, resulting in depolymerization 

(Desai et al., 1999; Moores et al., 2002). 

MCAK/XKCM1 are soluble in the cytoplasm, but a small fraction is found concentrated 

at the centromeric regions of mitotic chromosomes and at the spindle poles (Walczak et al., 

1996; Wordeman and Mitchison, 1995). 

In vitro and in vivo studies have shown that XKCM1/MCAK act as catastrophe factors, 

affecting either the structural or chemical properties at MT ends (Desai and Mitchison, 1997; 

Maney et al., 1998; Desai et al., 1999; Tournebize et al., 2000; Maney et al., 2001; Kline-

Smith and Walczak, 2002). Moreover, the binding of the MCAK/XKCM1 monomer to MT 

ends induces a conformational change in protofilament structure that is followed by ATP-

dependent Kin I release and MT depolymerization (Desai et al., 1999; Maney et al., 2001; 

Niederstrasser et al., 2002). The precise molecular mechanism for this depolymerization 

activity was only recently established, revealing the existence of an ATP-hydrolyzing 

complex at the MT ends (Hunter et al., 2003; reviewed by Walczak, 2003).  

XKCM1 seems to be required for spindle assembly in animal cells, since microinjection 

of blocking antibodies or overexpression of the protein results in the formation of aberrant 

spindles (Walczak et al., 1996; Kline-Smith and Walczak, 2002).  Recently, an MCAK 

partner, ICIS, was identified in a search for MAPs that may stimulate MCAK’s MT-

destabilizing activity (Ohi et al., 2003). ICIS is also required for mitotic spindle formation in 

Xenopus egg extracts, and depends on MCAK for proper localization at the inner 

centromeres. The roles of these proteins in mitosis are discussed in a later section. 

3. Dual-function microtubule modulators 

Until recently, all MAPs had been shown to either stabilize or destabilize the MT 

polymer. However, recent studies have shown that members of the Dis1-Tog family of MAPs 

not only promote MT growth, but they may also promote MT depolymerization, giving rise 

to more dynamic MTs (McNally, 2003).  

The Dis1-TOG family is widely conserved in nature and has emerged as a group of 

highly versatile regulators of MT dynamics (reviewed byOhkura et al., 2001). The founding 

member of this family of MAPs, Dis1, was identified in a cytological screen for cold-

sensitive mutations that affected chromosome disjunction in S. pombe (Ohkura et al., 1988; 

Rockmill and Fogel, 1988). The human homologue, ch-TOG, was identified as a gene 

overexpressed in colonic and hepatic tumors (Charrasse et al., 1995; Charrasse et al., 1998). 

Subsequently, several other homologues were identified, including the Xenopus XMAP215 
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(Gard and Kirschner, 1987; Tournebize et al., 2000), C. elegans Zyg9 (Vanderslice and 

Hirsh, 1976; Mathews et al., 1999), Stu2p from S. cerevisiae (Wang and Huffaker, 1997), 

Alp14, a second homologue in S. pombe (Garcia et al., 2001; Nakaseko et al., 2001), Msps in 

Drosophila (Cullen et al., 1999) and DdCP224 from Dictyostelium (Graf et al., 2000). More 

recently, a plant homologue, Mor1, was also identified in Arabidopsis (Whittington et al., 

2001).  

Proteins from this family are characterized by the presence of an N-terminal domain of 

~200 amino acid residues and a variable number of HEAT repeats thought to be involved in 

protein-protein interactions (Neuwald and Hirano, 2000). The C-terminal non-repeat regions 

are responsible for MT binding. Structural analyses of XMAP215 and Stu2p showed that they 

are thin, elongate molecules that can span up to eight tubulin dimers along a protofilament 

(Cassimeris et al., 2001; van Breugel et al., 2003). 

All Dis1-TOG family members localize to interphase MTs, and they are found throughout 

the spindle during mitosis. Stu2 associates laterally with MTs (Wang and Huffaker, 1997) 

and concentrates in regions rich in MT plus-ends (Kosco et al., 2001). Dis1-TOG family 

proteins are also found associated with centrosomes/SPB throughout the cell cycle (Wang 

and Huffaker, 1997; Graf et al., 2000; Nakaseko et al., 2001; Garcia et al., 2001). However, 

during mitosis in somatic cells, chTOG, XMAP215, and Msps only localize to centrosomes 

(Charrasse et al., 1998; Cullen et al., 1999; Tournebize et al., 2000; Popov et al., 2001). In 

general, centrosome/SPB localization appears to be independent of MTs, and 

immunoelectron microscopy revealed that XMAP215 is in the pericentriolar material (Popov 

et al., 2001). Furthermore, during mitosis, Dis1, Alp14, and Stu2p localize to the 

kinetochores (Garcia et al., 2001; He et al., 2001; Nakaseko et al., 2001), suggesting that this 

family of proteins plays a highly diversified role in mitosis. 

Several studies support the idea that Dis1-TOG proteins function in MT plus-end 

stabilization. XMAP215 was first identified from Xenopus egg extracts through its ability to 

stimulate rapid MT plus-end growth (Gard and Kirschner, 1987). The depletion of XMAP215 

in Xenopus egg extracts results in much shorter and more dynamic MTs, a consequence of 

increased frequency of catastrophe (Tournebize et al., 2000). Also, the human homologue, 

ch-TOG, has been shown to promote MT assembly both in solution and from nucleation 

centers (Charrasse et al., 1998), and to be essential for the formation of taxol-induced asters 

in extracts from human mitotic cells (Dionne et al., 2000). Depletion of ch-TOG causes a 

significant reduction in MT polymerization that is ATP-dependent, suggesting that the 

activity of ch-TOG normally counteracts the action of ATP-dependent destabilizing factors 
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(Dionne et al., 2000). Furthermore, ch-TOG is thought to bind along the length of individual 

protofilaments, although it also binds tubulin dimers or oligomers at a region distinct from its 

MT-binding domain. Ch-TOG was proposed to promote MT growth through stabilization of 

nascent protofilaments, and to facilitate tubulin addition at plus ends (Spittle et al., 2000). 

However, studies in vivo and in vitro have complicated this general picture. The initial 

characterization of XMAP215 revealed that this protein promotes MT turnover, thus 

supporting a role in the regulation of MT dynamics (Vasquez et al., 1994). In sharp 

contradiction, genetic analysis in S. cerevisiae has shown in vivo that when levels of Stu2p 

are reduced, MTs are much less dynamic, with lower frequency of catastrophe (Kosco et al., 

2001). Moreover, mitosis in these mutant cells was severely affected, since chromosomes 

were not able to align at the metaphase plate. More recently, it was shown in vitro and in vivo 

that Stu2p promotes MT destabilization by inhibiting MT growth rates, resulting in an 

increase in catastrophes (van Breugel et al., 2003). Since Stup2 was shown to preferentially 

bind MT plus ends in vitro, this effect may be the result of interference with the process of 

addition of tubulin at MT plus ends. Similar studies have also shown, again in vitro, that 

purified XMAP215 acts as a MT-destabilizing factor (Shirasu-Hiza et al., 2003). These 

studies have raised the possibility that Dis1-TOG MAPs promote either stabilization or 

destabilization by antagonizing MT pauses. Along this line of thought, a pause - defined as a 

metastable intermediate state between phases of polymerization and depolymerization - has 

been reported to occur both in cells and in Xenopus egg extracts (Tran et al., 1997; Tirnauer 

et al., 2002b). Therefore, antagonization of the pause state would increase MT dynamics, 

biasing toward either polymerization or depolymerization, depending on what other factors 

are also modulating the activity of XMAP215 and Stu2p.  

Like most MAPs, Dis1-TOG plus-end MT-stabilizing activity is suppressed by Cdk1-

dependent phosphorylation as cells progress into mitosis (Vasquez et al., 1999). However, 

phosphorylation of XMAP215 alters neither this protein’s capacity to increase rates of MT 

shortening, nor its ability to bind taxol-polymerized MTs (Vasquez et al., 1999). Genetic 

analyses and RNAi studies indicated that, during mitosis, these proteins are required for 

spindle organization, and they may regulate the balance of forces during the metaphase-

anaphase transition (Wood et al., 1980; Kemphues et al., 1986; Nabeshima et al., 1995; Wang 

and Huffaker, 1997; Matthews et al., 1998; Nabeshima et al., 1998; Cullen et al., 1999; 

Severin et al., 2001; Gergely et al., 2003).  

4. Coordinated actions of MAPs 
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The regulation of MT dynamics within cells appears to be dependent on the coordinated 

actions of multiple MAPs having either opposing or synergistic activities (reviewed by 

Schuyler and Pellman, 2001a; Andersen and Wittmann, 2002). The use of Xenopus egg 

extracts to investigate mechanisms that regulate MT dynamics has revealed that XMAP215 

modulates the catastrophe frequency of MTs by opposing the MT-destabilizing activity of 

XKCM1, suggesting that the basic parameters of MT dynamics can be regulated by the 

balanced activities of MAPs (Tournebize et al., 2000; for reviews see Andersen, 2000; Heald, 

2000; Walczak, 2000). Indeed, the essential features of physiological MT dynamics can be 

reconstituted in vitro by mixing three purified components: tubulin, XMAP215, and XKCM1 

(Kinoshita et al., 2001), implying that these proteins regulate MT dynamics in vivo (reviewed 

by (Kinoshita et al., 2002). In two other independent studies, it was suggested that the MT 

stabilizer, MAP4/XMAP230, counteracts katanin-mediated MT disassembly (McNally et al., 

2002), and suppresses the activity of the catastrophe factor XKCM1 (Holmfeldt et al., 2002). 

The dual MT-regulatory properties of XMAP215 and Stu2p suggest that these proteins 

mediate MT dynamics in conjunction with other factors that promote the growth or shrinkage 

of MT plus-ends (Pearson et al., 2003; Shirasu-Hiza et al., 2003; van Breugel et al., 2003). 

Accordingly, in a two-hybrid screening, Stu2 interacts with Bim1 and Bik1 (Chen et al., 

1998) and studies in Dictyostelium provide some evidence that DdEB1 is present in a 

complex with DdCP224 (Rehberg and Graf, 2002). However this is unlikely to be a 

constitutive interaction, since the two proteins only co-localize at the MT ends. Lastly, recent 

studies have indicated that genetic interactions between Alp14 and Kin I proteins 

(Klp5/Klp6) are essential to increase MT dynamic behavior, and to allow bipolar spindle 

formation during prometaphase (Garcia et al., 2002a).  

5. Chromosomal passengers  

Chromosomal passenger proteins associate with chromosomes during prophase, and 

become increasingly concentrated at the inner centromere region during prometaphase and 

metaphase. By the time of the metaphase-anaphase transition, passenger proteins abruptly 

transfer to the central region of the mitotic spindle and to the cell cortex, in the region where 

the contractile ring will form (for reviews and proper classification see Earnshaw and Bernat, 

1991; Adams, 2001; Earnshaw, 2001). Based on this behavior, it was proposed that these 

transient chromosome-associated proteins play a direct role in chromosome functions in early 

mitosis, but shift functions during anaphase and telophase, to modulate the role of the 

cytoskeleton (Earnshaw and Cooke, 1991).  
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The first chromosomal passenger protein to be described, INCENP (for Inner Centromere 

Protein), attracted interest because of its relocalization from the centromeres to the spindle 

midzone, ending up in the cleavage furrow as the cell goes through mitosis (Cooke et al., 

1987).  

As shown by knockout experiments, INCENP is an essential protein during mouse 

development (Cutts et al., 1999). Since INCENP binds directly to tubulin and requires 

dynamic MTs for targeting to the cleavage furrow, it can be considered as a MAP (Wheatley 

et al., 2001b). Furthermore, overexpression of certain truncated forms of INCENP causes 

ectopic bundling of cytoplasmic MTs, suggesting that it has intrinsic MT-modification 

properties (Mackay et al., 1998). 

Another chromosomal passenger protein is Aurora B, a member of the Aurora protein 

kinase family first identified in D. melanogaster in a search for genes that regulate the 

structure and function of the mitotic spindle (Glover et al., 1995). Budding yeast contains a 

single Aurora kinase, Ipl-1p, which was shown to mediate chromosomal events and to have a 

function in the spindle throughout mitosis (Francisco and Chan, 1994; Francisco et al., 1994). 

In contrast, metazoans have evolved a multigenic Aurora kinase family, within which the 

original Aurora protein is now termed Aurora A and is thought to be involved in spindle 

dynamics, whereas Aurora B is involved in chromosomal events and cytokinesis (for reviews 

see Bischoff and Plowman, 1999; Giet and Prigent, 1999a; Carmena and Earnshaw, 2003).  

A third chromosomal passenger protein, Survivin, is a member of a family of proteins 

discovered first in baculoviruses, and soon thereafter in mammalian cells, as negative 

regulators of the apoptotic response (Miller, 1999; Reed and Bischoff, 2000). These proteins, 

known as IAPs (inhibitor of apoptosis), are characterized by a zinc-binding motif termed the 

BIR repeat (baculovirus iap repeat). However, the role, if any, of Survivin in apoptotic 

regulation remains unclear. It was originally reported that human survivin concentrates at 

spindle poles, binds to spindle MTs throughout mitosis, and associate with MTs in vitro (Li et 

al., 1998). In contrast, recent studies have shown that Survivin actually exhibits a classic 

chromosomal-passenger distribution (Skoufias et al., 2000; Wheatley et al., 2001a). This 

controversy seems to be the result of the properties of the monoclonal antibody originally 

used to determine the mitotic localization of Survivin (Li et al., 1998). Although this antibody 

does recognize human Survivin in vitro (Wheatley et al., 2001a), the persistence of spindle 

staining with this antibody in cells depleted of all known Survivin isoforms by RNAi 

(Carvalho et al., 2003) strongly suggests that the antibody also recognize an additional 

epitope. In contrast, the same depletion experiments completely abolished chromosome 
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accumulation of Survivin detected either with a polyclonal antibody or in cells stably 

expressing GFP-Survivin (Carvalho et al., 2003). These results convincingly demonstrate that 

Survivin is a bona fide chromosomal-passenger protein. Another argument against a role of 

Survivin in apoptosis was revealed by RNAi-mediated inactivation of BIR1, the Survivin 

orthologue in C. elegans (Fraser, 1999).  Such inactivation leads to defects in cytokinesis, 

implying that this protein normally functions in cell division rather than cell death. 

Accordingly, survivin knockout mice die by 4.5 days due to defects in cell division, and not 

apoptosis (Uren et al., 2000). A number of recent studies have shown that INCENP is a 

specific binding partner for Aurora B in several higher eukaryotes (Adams et al., 2000; 

Kaitna et al., 2000). Moreover, SLI15, the putative orthologue of INCENP in budding yeast, 

was found to interact genetically with and to be a physical binding partner of Ipl-1 (Kim, 

1999). Interference with the function of both proteins by several means leads to dramatic 

defects in chromosome segregation during mitosis. Consistently, INCENP, Aurora B and 

Survivin are mutually required for their correct centromere and targeting to the spindle 

midzone in several organisms (Adams et al., 2000; Kaitna et al., 2000; Speliotes, 2000; 

Adams et al., 2001; Wheatley et al., 2001a; Wheatley et al., 2001b; Carvalho et al., 2003; 

Chen et al., 2003; Honda et al., 2003). Moreover, direct interactions among Survivin, Aurora 

B and INCENP were shown both in vitro and in cells in which endogenous INCENP 

localization was disrupted by means of transfection with dominant-negative constructs 

(Wheatley et al., 2001a). Further, direct evidence for the presence of Survivin in the complex 

was obtained recently (Bolton et al., 2002; Leverson et al., 2002). In addition to Aurora B, 

INCENP, and Survivin, a fourth component of this complex was found in C. elegans and was 

termed CSC-1 (Romano et al., 2003), but significant similarity with any protein in more 

divergent organisms was not found. Finally, an antigen known as TD-60, which behaves as a 

typical chromosomal passenger, remained mysterious for more than a decade (Andreassen et 

al., 1991). TD-60 co-localizes with INCENP and Aurora B throughout mitosis and 

cytokinesis (Martineau-Thuillier et al., 1998), but it was cloned only recently and was shown 

to be a member of the RCC1 family required for prometaphase progression (Mollinari et al., 

2003). While there is some evidence for INCENP and Survivin binding directly to MTs, the 

existence of such binding remains undetermined for the other passenger proteins. Maybe this 

passenger’s association with MTs is mediated either by INCENP or Survivin. 

B. Microtubule-based motor proteins  

Certain molecular motors are MAPs with the special capability to convert chemical 

energy in the form of ATP into force and movement (Barton and Goldstein, 1996; Hirokawa 
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et al., 1998). Using isolated spindles, Mazia and co-workers (1961) provided the first 

description of an ATPase activity associated with this structure. Subsequently, a soluble 13S 

protein fraction with ATPase activity was isolated from sea urchin spindles (Weisenberg, 

1968). Its sedimentation coefficient and activity resembled those of ciliary dynein, the first 

MAP to be identified (Gibbons and Rowe, 1965). Although the idea was very controversial at 

that time, there was increasing suspicion of the presence and function of dynein in the spindle 

(McIntosh et al., 1975; Mohri, 1976; Sakai, 1976; reviewed by Sakai, 1978). Through the use 

of ATP analogs, kinesin was isolated from squid axoplasm and was shown to be involved in 

MT-based motility of particles (Vale et al., 1985). Subsequently, a protein immunologically 

related to kinesin was localized in the mitotic spindle (Scholey et al., 1985).  

As a consequence of MT polarity, these motors can now be classified as either minus-end 

directed, with an activity capable of moving cargo from the plus-end to the minus-end of the 

MT, or plus-end directed, with an activity capable of moving cargo from the minus-end to the 

plus-end of the MT. Mitotic processes known to be mediated by molecular motors include: 

separation of spindle poles during G2/prophase and the maintenance of centrosome 

separation throughout mitosis; movement of chromosomes toward and away from the poles 

during prometaphase, metaphase, and anaphase; spindle elongation during anaphase B; and 

finally, assembly and function of the spindle midzone and midbody during telophase and 

cytokinesis.  

1. Dynein 

Dynein was first discovered in cilia and flagella, where it powers MT sliding in the 

axoneme by generating minus-end directed MT movement (Gibbons and Rowe, 1965). 

Cytoplasmic dynein, discovered later to be one of the original high-molecular-weight 

proteins, MAP1C (Lye et al., 1987; Paschal et al., 1987), is involved in diverse activities 

including intracellular transport, nuclear migration, and the orientation of the mitotic spindle 

(for reviews see Karki and Holzbaur, 1999). It consists of a massive multisubunit complex 

composed of two heavy chains (>400 KDa), each of which folds to form two heads of the 

motor domain that binds to MTs and hydrolyzes ATP; three or four intermediate chains (~74 

KDa); and four light chains (~55 KDa), which are thought to bind cargo. Cytoplasmic dynein 

functions in close cooperation with dynactin, which works as an activating multisubunit 

complex (for reviews see Schroer, 1994; Vallee and Gee, 1998; Hirokawa et al., 1998; Karki 

and Holzbaur, 1999).  

2. Kinesins 
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Kinesin was first found in neural tissue, where it appears to generate plus-end-directed 

movements needed for axonal transport (Vale et al., 1985). Structurally, there are three major 

groups of kinesins, classified according to the position of the motor domain: N-terminal 

kinesins, C-terminal kinesins, and internal motor domain kinesins (reviewed by Vale and 

Fletterick, 1997). Both N- and C-terminal kinesin groups are further subdivided according to 

common structural features. Kinesin motors that do not fall into any of these groups are 

known as ‘orphans’. Conventional kinesins contain a distinct motor domain equivalent to the 

force-producing element, which often corresponds to the MT-binding domain. Additionally, 

the C-terminal tail of a kinesin is usually separated from the motor domain by a coiled-coil 

region termed the stalk, thought to target the motor domain to a particular cargo within the 

cell (thereby constituting the cargo domain). Subsequent studies have shown that other 

relatives in the kinesin superfamily have essential functions during cell division. These 

kinesin-like proteins (KLPs) share a common core motor domain, which is attached to 

various tail domains thought to target motors to other proteins or cellular structures.   

 

IV. Organization of the mitotic spindle 

During interphase, MTs are relatively long and stable; however, at the G2/M transition, 

the interphase MT network is disassembled and MTs become highly dynamic, showing high 

frequencies of both rescue and catastrophe (Belmont et al., 1990; Rusan et al., 2001). The 

transition from interphase to mitosis is accompanied by an increase in MT dynamics (Saxton 

et al., 1984; Zhai et al., 1996) and a concomitant decrease in the overall MT polymer level 

that occurs at the time of NEB. Despite of net negative pressures on MT polymerization, MT 

polymer levels increase as mitosis progresses, largely as a result of chromosome-MT 

interaction (Zhai et al., 1996). Increased MT dynamics is associated with phosphorylation of 

MAPs, rendering them unable to promote MT stabilization and thus allowing the action of 

destabilizing factors to become dominant (Andersen, 1998). Active cyclin dependent kinase 1 

(Cdk1) appears to be a major regulator of this process, since the addition of Cdk1 kinase to 

interphase Xenopus egg extracts induces an increase in MT dynamics similar to that observed 

in vivo during the G2/M transition (Verde et al., 1990). 

A. Assembly of a bipolar spindle 

1. Motor proteins 

The roles of multiple MT motors in spindle assembly (see Figure 3) have been the subject 

of intense investigation (for reviews see Hoyt and Geiser, 1996; Vernos and Karsenti, 1996). 

Pioneering work in budding yeast showed that disruption of the balance of the kinesin motors 
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Cin8, Kip1p, and Kar3p resulted in a rapid collapse of the spindle (Saunders and Hoyt, 1992; 

Saunders et al., 1997b). Studies on mitotic spindles assembled in vitro using DNA-coated 

beads incubated in the presence of Xenopus egg extracts have led to a model in which 

multiple MT-based motor proteins, such as XKLP1 (Vernos et al., 1995); dynein; Eg5, the 

vertebrate homologue of Drosophila KLP61F (Le Guellec et al., 1991; Heck et al., 1993); 

and XCTK2, the Xenopus counterpart of Drosophila Ncd (Endow et al., 1990; McDonald et 

al., 1990), are required for establishing spindle bipolarity (Walczak et al., 1998). Subsequent 

studies in living Drosophila embryos have confirmed that spindle assembly, maintenance, 

and elongation in vivo depend upon the coordinated activities of most of these motors (Sharp 

et al., 1999b; Sharp et al., 2000a).  

KLP61F/Eg5 are members of the conserved bimC kinesin family (reviewed by Kashina et 

al., 1997) shown to be required for bipolar spindle formation (Sawin et al., 1992; Heck et al., 

1993; Mayer et al., 1999). The role of Eg5 in spindle formation may be explained, in part, by 

this protein’s association with dynactin, which is regulated in a phosphorylation-dependent 

manner by Cdk1 (Blangy et al., 1995; Blangy et al., 1997).  Eg5 has also been shown to 

associate with and be phosphorylated in vivo by Eg2, the Xenopus orthologue of Aurora A 

kinase (Giet et al., 1999), which is also required for the formation of a bipolar spindle 

(Glover et al., 1995). These all appear to be part of the same molecular machinery. The action 

of Eg5 and other kinesins like XKLP2 (Boleti et al., 1996) is thought to generate the pushing 

forces required for centrosome separation. Moreover, the activity of Eg5 can be counteracted 

by that of HSET (Mountain et al., 1999), a human minus end-directed kinesin-like protein 

related to yeast Kar3p (Ando et al., 1994; Kuriyama et al., 1995). This finding supports the 

notion that spindle bipolarity is achieved by the coordinated action of several motor proteins 

in a highly regulated pathway. 

Cytoplasmic dynein and dynactin localize to astral MTs and to cortical sites in mitotic 

cells, and are thought to anchor astral MTs to the cell cortex (Busson et al., 1998). Likewise, 

they have been shown to bind the nuclear envelope, where they can stabilize MTs and where 

they play an essential role in centrosome migration along the nucleus (Busson et al., 1998; 

Gonczy et al., 1999; Robinson et al., 1999; Piehl and Cassimeris, 2003). Dynein was also 

proposed to facilitate NEB by moving the nuclear membranes poleward along the astral MTs 

(Beaudouin et al., 2002; Salina et al., 2002). Nevertheless, it is well known that in cells 

treated with MT-depolymerizing drugs (and therefore having no MTs), the nuclear envelope 

breaks down with normal kinetics and the cells accumulate in c-mitosis (reviewed by Rieder 

and Palazzo, 1992).  Dynein also localizes to spindle MTs and kinetochores ( Pfarr et al., 
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1990; Steuer et al., 1990; Yoshida et al., 1985; Hays et al., 1994) and through its minus-end-

directed motor activity at the cell cortex may provide the pulling forces that maintain 

separation of spindle poles that were pulled apart during the early stages of mitotic spindle 

formation (Vaisberg et al., 1993). Additionally, the minus-end directed activity of 

dynein/dynactin is responsible for accumulation of several proteins on centrosomes and thus 

has an important role in the organization of spindle poles (reviewed by Merdes and 

Cleveland, 1997). 

2. Microtubule-associated proteins 

a. NuMA. NuMA was the first non-motor MAP shown to be required for the 

establishment and maintenance of spindle bipolarity (Yang and Snyder, 1992). NuMA is a 

large protein that is present in the nucleus of interphase cells and concentrates in the polar 

regions of the spindle during mitosis (Lydersen and Pettijohn, 1980; reviewed by Compton 

and Cleveland, 1994). It was proposed that NuMA, together with dynein/dynactin, tethers 

MTs at the spindle poles and is essential for mitotic spindle pole assembly and stabilization 

(Gaglio et al., 1995; Merdes et al., 1996; Gaglio et al., 1997; Quintyne et al., 1999; for 

reviews see Merdes and Cleveland, 1997; Compton, 1998). NuMA is transported to MT 

minus-ends by the dynein/dynactin complex (Merdes et al., 2000) and forms a matrix at the 

spindle poles that appears to anchor MT ends through stable crosslinking of MT fibers 

(Dionne et al., 1999; Haren and Merdes, 2002). The anchorage of MTs at spindle poles by 

NuMA, together with the action of the motor protein HSET, is essential to generate proper 

tension across sister kinetochores, and for chromosome movement during mitosis (Gordon et 

al., 2001).  

b. TPX2. Another MAP involved in the organization of spindle poles and assembly of 

spindle MTs is TPX2 (Gruss et al., 2001; Wittmann et al., 2000). Initially identified as the 

targeting protein of Xklp2 (Wittmann et al., 1998; Wittmann et al., 2000), TPX2 has been 

shown in more recent studies to be required for Aurora A kinase activation and localization to 

the spindle MTs, a process that is stimulated by Ran-GTP (Kufer et al., 2002; Tsai et al., 

2003; Eyers et al., 2003). Inhibition of human TPX2 in tissue-culture cells results in 

fragmentation of spindle poles and the formation of multipolar spindles, through a 

mechanism dependent on the bipolar kinesin, Eg5 (Garrett et al., 2002; Kufer et al., 2002). 

Based on these observations it was proposed that hTPX2 is involved in the balance between 

MT stability and motor-dependent forces required for spindle assembly (Garrett et al., 2002).  

c. CLASPs. Members of the CLASP family (Maiato et al., 2002) have also been 

implicated in the maintenance of spindle architecture (Figure 5). How these proteins 
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contribute to this process can be explained by several mechanisms. The yeast counterpart 

STU1 was shown to functionally interact with a member of the kinesin family, cin8 (Yin et 

al., 2002). These observations, together with the similarities in the loss-of-function 

phenotypes of Drosophila mutants for KLP61F, the orthologue of cin8 in this organism 

(Heck et al., 1993; Sharp et al., 1999a), strongly suggest that MAPs from the CLASP family 

and kinesin-like motors act cooperatively to maintain spindle bipolarity (reviewed by Sharp, 

2002). In addition, it was found that the origin of the monopolar spindles seen after 

interference with MAST/Orbit function in Drosophila was due to the collapse of a pre-

assembled bipolar spindle, and that chromosomes were unable to congress to the metaphase 

plate (Maiato et al., 2002). These observations suggest that MAST/Orbit have a role in MT-

kinetochore attachment or some aspect of the dynamic regulation of kinetochore-attached 

MTs that, when compromised, contributes directly to the stability of the mitotic spindle and 

chromosome movement. Indeed, in vivo analysis of human cells injected with anti-CLASP1 

antibodies revealed that this protein is able to regulate MT dynamics at the kinetochore and 

throughout the spindle (Maiato et al., 2003a; Maiato et al., 2003b). 

d. EB1. EB1 has also been implicated in spindle assembly and function. In Dictyostelium, 

null mutants for EB1 show aberrant spindle assembly (Rehberg and Graf, 2002). Mutaiton in 

bim1 in yeast and depletion of EB1 in Drosophila by RNAi also result in short spindles and 

short astral MTs (Tirnauer et al., 1999; Rogers et al., 2002). In addition, spindle length and 

chromosome segregation are abnormal in Drosophila embryos injected with antibodies 

against EB1 (Rogers et al., 2002). These results suggest that, during mitosis, EB1 is required 

to promote MT growth that facilitates interactions with the cell cortex and between MTs of 

opposite polarity that normally maintain the spindle length. 

e. Dis1-TOG. Members of the Dis1-TOG family have also been shown to regulate 

spindle assembly (reviewed by Ohkura et al., 2001). XMAP215 is required for efficient 

spindle assembly in mitotic Xenopus egg extracts, since immunodepletion either abolishes 

spindle formation or results in the assembly of small spindles with very short MTs 

(Tournebize et al., 2000). More recently, XMAP215 was proposed to have a role in MT 

nucleation and anchoring at the centrosome (Popov et al., 2002). Also, the related protein in 

S. pombe Alp14/Mtc1 was shown to be required for bipolar spindle formation, maintenance 

of spindle length, and centromere movement during the metaphase-anaphase transition 

(Nabeshima et al., 1998; Garcia et al., 2001). Analyses of a mutation in the Drosophila 

homologue gene, msps, also revealed the formation of disorganized and short spindles 

(Cullen et al., 1999; Cullen and Ohkura, 2001), while similar phenotypes have been observed 
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in human somatic cells depleted of ch-TOG (Gergely et al., 2003). Ch-TOG is thought to play 

an essential role in the organization of spindle poles, having a direct influence on the overall 

organization of the mitotic spindle. 

f. TACC. The localization of Dis1-TOG proteins to the spindle poles has been shown to 

depend on the transforming acidic coiled-coil (TACC) family of MAPs that, in humans, have 

been implicated in cancer (for reviews see Gergely, 2002; Raff, 2002). In Drosophila and C. 

elegans, spindle pole localization of Msps/Zyg-9 requires D-TACC and TAC-1, respectively 

(Bellanger and Gonczy, 2003; Cullen and Ohkura, 2001; Le Bot et al., 2003; Lee et al., 

2001a; Srayko et al., 2003). Moreover, the centrosomal localization of the D-TACC/Msps 

complex seems to be regulated by Aurora A phosphorylation (Giet et al., 2002). In human 

cells, TACCs localize exclusive to centrosomes (Gergely et al., 2000a; Gergely et al., 2000b), 

where they appear to increase the number and/or stability of centrosome-associated MTs 

(Gergely et al., 2000a). Therefore, together with Dis1-TOG proteins, TACCs probably have 

an essential role in the organization of the spindle poles and a minor role in stabilization of 

spindle MTs. 

B. Spindle orientation and positioning 

Proper positioning of the mitotic spindle inside the cell is essential for establishment of 

the cleavage plane. This is of special importance in maintenance of the organization of cells 

within a developing organism and for cell fate determination resulting from asymmetric cell 

division (reviewed by Knoblich, 2001). In budding yeast, the spindle must be oriented 

correctly with respect to the mother-bud axis, since the cleavage plane is predetermined by 

the bud neck (Yeh et al., 1995). Spindle orientation in animal cells and in yeast requires the 

interaction of astral MTs with the cell cortex, a process that depends on plus-end MAPs that 

regulate MT dynamics. Spindle positioning also involves motor proteins as well as a group of 

proteins that control and establish cell polarity (for reviews see Stearns, 1997; Kaltschmidt 

and Brand, 2002; Ahringer, 2003; Morris, 2003).  

In budding yeast, positioning of the spindle results from a MT-based search mechanism 

that requires highly dynamic MTs for nuclear migration into the bud (Schuyler and Pellman, 

2001b; Shaw et al., 1997). Prior to nuclear migration, MTs search the cell cortex until they 

interact with Kar9p, a protein that is anchored to the bud cell cortex by myosin, actin, Bud6p, 

and Bni1p (Gabriel, 1998; Theesfeld et al., 1999; Beach et al., 2000; Kopecka and Miller et 

al., 2000; Yeh et al., 2000; Yin et al., 2000). Interaction of Kar9p with MTs requires Bim1p, 

the yeast homologue of EB1 (Miller et al., 2000). This protein is thought to couple MT 

shortening to nuclear migration (Beach et al., 2000). Kar9p is then loaded onto the bud 
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spindle pole, whence it is translocated to cytoplasmic MTs (Liakopoulos et al., 2003). 

Although homologues of Kar9p have not been found in higher eucaryotes, APC may perform 

a similar function in these organisms (Bloom, 2000; Liakopoulos et al., 2003). In Drosophila 

embryos, adherent junctions of neuroepithelial cells are enriched in E-APC and dEB1, which 

are both required to prevent the intrinsic asymmetric division of these cells, and thus promote 

symmetric division along the planar axis (Lu et al., 2001). Also, APC2 and its binding partner 

Armadillo are localized to the sites of cortical spindle attachment, and both participate in the 

anchoring of spindle MTs during the syncytial nuclear divisions in early Drosophila embryos 

(McCartney et al., 2001). Furthermore, depletion of EB1 in Drosophila cells results in 

abnormal spindle positioning (Rogers et al., 2002). Interestingly, Kar9p interacts physically 

with Stu2p, a member of the Dis1-TOG family (Miller et al., 2000). In this complex, Stu2 is 

likely to play a role in regulating the dynamics of cytoplasmatic MTs (Kosco et al., 2001). 

Together, all these results indicate that spindle positioning within cells depends on MAPs that 

localize to MT plus-ends, either causing local changes in MT dynamic behavior or regulating 

the interaction of MT plus-ends with cortical components. 

The role of motor proteins in spindle orientation has been extensively investigated in 

budding yeast. It has been demonstrated that spindle positioning requires the function and 

localization of the dynein/dynactin complex (Li et al., 1993; Muhua et al., 1994; Carminati 

and Stearns, 1997; Miller et al., 1998; Yeh et al., 2000), and the Kar3p, Kip3p, and Kar2p 

motor proteins (Cottingham and Hoyt, 1997; DeZwaan et al., 1997). In concert, these motor 

proteins direct spindle elongation to distal points in the mother cell and the bud. Interestingly, 

these motor proteins not only affect overall spindle positioning, but they additionally affect 

MT dynamics, with Kip2p having a stabilizing effect, whereas dynein, Kip3p, and Kar3 

promote destabilization (Cottingham and Hoyt, 1997; Miller et al., 1998; Cottingham et al., 

1999). Surprisingly, dynein, a minus end- directed motor, is found accumulated at the plus 

ends of astral MTs. This is thought to result from a direct interaction between dynein and the 

plus-end-tracking proteins Bik1p and Pac1, the yeast homologues of CLIP-170 and LIS1 

respectively (Sheeman et al., 2003). This accumulation at the plus ends of astral MTs may 

allow anchoring of dynein at specific cortical sites and thereby direct spindle positioning. 

Although studies in mammalian cells have not progressed as far as in yeast, dynein is also 

known to be required for spindle orientation and position in higher eukaryotic cells (McGrail 

and Hays, 1997; O'Connell and Wang, 2000; reviewed by Dujardin and Vallee, 2002).  

 

V. Microtubule-kinetochore attachment and metaphase chromosome alignment  
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Spindle MTs interact directly with chromosomes, and are required to mediate 

chromosome movements at various stages of mitosis. However, tubulin, the major constituent 

of MTs, while unable to bind DNA directly in vitro, can do so in the presence of MAPs. 

Because of these observations, it was originally proposed that the binding of MTs to 

chromosomes might take place through MAPs that work as linkers (Corces et al., 1978; 

Wiche et al., 1978). In support of this view, several MAPs had been localized to the 

kinetochore (De Mey, 1984; Kellogg et al., 1989), and ultrastructural analysis has shown that 

most kinetochore MTs end up at the outer plate (Ris and Witt, 1981), while only a few 

terminate in the inner plate or even contact the chromatin (Comings and Okada, 1971). These 

observations suggest that proteins from the outer kinetochore assemble onto DNA to create 

an ideal interface for MTs and chromosomes; a model was proposed in which the kinetochore 

is constructed from functional subunits that are organized around the repeating units of 

repetitive centromeric DNA (Zinkowski et al., 1991). Accordingly, DNA could only be found 

associated with the inner plate of the kinetochore (Cooke et al., 1993). Thus, the outer 

kinetochore plate, together with the ill-defined fibrous corona, may be exclusively composed 

of proteinaceous material containing MAPs. Initial attempts to isolate MT-kinetochore 

protein complexes were based on the use of CREST sera from patients with scleroderma 

autoimmune disease (Balczon and Brinkley, 1987). This study elegantly described the 

isolation of kinetochore proteins that co-purified with tubulin by affinity chromatography, 

after chemical crosslinking of tubulin with kinetochores.  It was then clear that some 

structural kinetochore components account for normal MT-kinetochore interactions (Simerly 

et al., 1990; Bernat et al., 1990), and account for the proper assembly of a functional 

kinetochore. However, the analysis was limited to proteins recognized by CREST sera, 

leaving unaddressed many other components that only now are being identified.   

A. Chromosome capture and poleward movement  

Pioneer studies in diatoms suggested that the kinetochores usually associate laterally with 

MTs that have one end attached to the spindle pole (Tippit et al., 1980).  Thus, the k-fiber 

appears to result from an initial lateral contact of the kinetochore with MTs growing from the 

poles. Ten years later, the same conclusions were drawn for vertebrate cells, in which it was 

conclusively shown that the predominant mechanism for chromosome attachment results 

from an interaction between astral MTs and the kinetochore (Hayden et al., 1990; Mitchison, 

1990; Rieder, 1990). Therefore, k-fibers are thought to originate from those astral MTs that 

come into contact with the kinetochore. In the meantime, several observations have suggested 

that chromosomes of vertebrate cells initially attach laterally to MTs before interacting 
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directly with the plus ends (Mitchison and Kirschner, 1985; Huitorel and Kirschner, 1988). 

This hypothesis was then confirmed by live cell correlative light and electron microscopy 

studies of ultra-thin serial sections of early prometaphase cells (Rieder and Alexander, 1990; 

Merdes and De Mey, 1990). Together, these studies revealed that the attachment and 

subsequent poleward movement of a chromosome correlates with the lateral association of at 

least a single long MT with one of the kinetochores of the chromosome. Once this association 

is established, the kinetochore is rapidly transported poleward along the lateral surface of the 

MT by a mechanism that is not dependent on MT depolymerization. Furthermore, the leading 

kinetochore does not need to be directly oriented toward the centrosome for this movement to 

occur (Rieder and Alexander, 1990). These observations led to the proposal that motor 

proteins located in the fibrous corona of the kinetochore or on the surface of the astral MTs, 

or both, could be responsible for this particular movement (reviewed by Sluder, 1990). An 

obvious candidate to drive kinetochore-to-pole movement upon MT attachment is 

cytoplasmic dynein, a known component of the fibrous corona with minus-end coupled 

motility (Wordeman et al., 1991; Banks and Heald, 2001). Localization of dynein at the 

kinetochores is maximal during prometaphase and decreases substantially after kinetochores 

begin to attach to MTs (King et al., 2000; Wojcik et al., 2001). Overexpression of the 50-

KDa subunit of dynactin, p50-dynamitin, or microinjection of antibodies against dynein 

revealed a role in poleward chromosome movement throughout mitosis (Vaisberg et al., 

1993; Echeverri et al., 1996; Sharp et al., 2000b). Further, Zw10 and Rough deal (Rod) 

(Williams et al., 1996; Basto et al., 2000; Chan et al., 2000), both shown to be involved in 

targeting the dynein complex to kinetochores (Starr et al., 1998), are required for poleward 

chromosome motion in Drosophila (Starr et al., 1998; Savoian et al., 2000; Wojcik et al., 

2001). 

B. Chromosome congression  

1. Microtubule kinetochore interactions 

As the chromosome moves poleward after initial lateral attachment to a single MT, the 

kinetochore captures the plus ends of neighboring astral MTs, and chromosome motion slows 

down (Biggins and Walczak, 2003). Studies in vitro have shown that this tethering of MT 

plus-ends can be explained, in part, by the preferential binding of kinetochores to GTP- rather 

than GDP-MTs, and to the plus ends preferentially over the MT lattice (Severin et al., 1997). 

The outer kinetochore plate ultimately becomes saturated with astral MT plus-ends, and 

consequently, neighboring MTs may bundle with kinetochore MTs to form the stabilized k-

fiber. At this stage, chromosomes are attached by a single kinetochore to a single pole, i.e., 
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they are mono-oriented. From then on, chromosomes oscillate toward and away from that 

pole, indicating that they are subject to both pulling and pushing forces (Bajer, 1982; Rieder 

et al., 1986). The process of arranging chromosomes equidistantly from the two poles at 

metaphase is known as congression (Rieder and Salmon, 1994). A single kinetochore of a bi-

oriented chromosome possesses the capability of congressing to the spindle equator 

(Khodjakov et al., 1997), indicating that congression can be initiated as soon as a single 

kinetochore of a chromosome becomes attached to the spindle. When undergoing poleward 

motion, the centromere is typically stretched, whereas during motion away from the pole it 

becomes flattened or indented, without exerting a significant pushing force on the 

chromosome (Skibbens et al., 1993; Khodjakov and Rieder, 1996). For bi-oriented 

chromosomes, the centromere becomes maximally stretched when both sister kinetochores 

are moving poleward, and maximally compressed when both are moving toward the spindle 

equator. This characteristic tendency of a kinetochore to autonomously and abruptly switch 

between these phases was termed directional instability (Skibbens et al., 1993). 

2. The role of kinesin-like proteins 

It has been demonstrated that during prometaphase, the assembly of spindle-polar MT 

arrays results in a force that pushes chromosome arms away from the spindle poles (Rieder et 

al., 1986; Leslie, 1992; Cassimeris et al., 1994; for reviews see Rieder and Salmon, 1994; 

Ault and Rieder, 1994; Inoue and Salmon, 1995). These “polar ejection forces” or “polar 

winds” are thought to be involved in chromosome congression, ultimately leading to the 

formation of the metaphase plate (for reviews see Bajer and Mole-Bajer, 1972; Salmon, 

1988; Salmon, 1989; Rieder and Salmon, 1994). 

In addition to the physical pushing by MT plus ends, motor proteins bound to 

chromosome arms can also contribute to the polar ejection force through interaction with 

astral MTs (Yajima et al., 2003). In this context, several kinesin-related motor proteins have 

been found to be associated with the chromosome arms: nod in Drosophila (Afshar et al., 

1995b), Xklp1 in Xenopus oocytes (Vernos et al., 1995), and chromokinesin in vertebrates 

(Wang and Adler, 1995; Tokai et al., 1996; Antonio et al., 2000; Funabiki and Murray, 2000). 

However, recent findings suggested that chromokinesin by itself is only required for 

orientation of chromosome arms away from the spindle poles and for chromosome 

oscillation, but not for congression (Levesque and Compton, 2001). A role for chromokinesin 

in chromosome congression may only be essential in coordination with the spindle-pole 

organizer protein NuMA (Levesque et al., 2003), suggesting a strong linkage between 

chromosome positioning and anchoring at the spindle pole. 
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Nevertheless, in cells that do not have canonical centrosomes, and therefore lack astral 

MTs that could produce polar ejection forces, chromosomes still congress. This shows very 

clearly that our current understanding of the mechanisms of chromosome congression is still 

far from complete. Indeed, it is very likely that other motor proteins with plus end-directed 

motility localized at the kinetochore also contribute to chromosome congression during 

prometaphase. The best characterized example of this class of proteins is CENP-E, originally 

identified in a screening for novel components of the centromere/kinetochore (Yen et al., 

1991; Yen et al., 1992). Ultra-structural and immuno-localization studies showed that during 

mitosis, CENP-E concentrates in the fibrous corona and outer plate of the mammalian 

kinetochore from prometaphase through anaphase, and in some MT plus-ends (Cooke et al., 

1997; Yao et al., 1997). However, the functional significance of the binding of CENP-E to 

MT plus ends is not yet clear. CENP-E is one of the largest members (312 KDa) of the 

kinesin superfamily (Yen et al., 1992; reviewed by Vale and Fletterick, 1997). Surprisingly, a 

CENP-E-associated minus-end directed motor activity was purified from HeLa cells 

(Thrower et al., 1995). However, expression of a recombinant fragment of CENP-E was 

shown to have a plus end-directed motor activity (Wood et al., 1997) making this a 

controversial issue. One interpretation is that the minus end-directed motor activity arises 

from another motor protein associated with CENP-E. Indeed, CENP-E was shown to be 

transported to the poles by dynein upon MT attachment at the kinetochore (Howell et al., 

2001). Alternatively, CENP-E could have both plus- and minus-end-directed motor activities, 

depending on its associations with particular regulatory factors (reviewed by (Grancell and 

Sorger, 1998). Based on in vitro motility assays, CENP-E was initially proposed to act as a 

single molecule responsible for attachment of kinetochores to shortening MTs (Lombillo et 

al., 1995a; Lombillo et al., 1995b; for reviews see Hyman, 1995). However, the fact that 

disruption of CENP-E function in vivo does not affect kinetochore motion or velocity toward 

and away from the pole, or even the capacity of most chromosomes to align at the metaphase 

plate (Schaar et al., 1997; Putkey et al., 2002), raises questions about the significance of the 

in vitro results (Rieder and Salmon, 1998). Nevertheless, some chromosomes lacking CENP-

E at their kinetochores show defects in alignment and in their ability to establish bipolar 

orientation (Schaar et al., 1997; Wood et al., 1997; Putkey et al., 2002). Therefore, it is 

reasonable to assume that in the absence of CENP-E, the initial attachment of a single 

kinetochore, as well as its ability to hold on to shortening MT ends, is not compromised in 

vivo. However, most CENP-E depleted chromosomes that are able to move to the metaphase 

plate appear to have their kinetochores bound to only half the normal number of MTs (Putkey 
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et al., 2002), suggesting that CENP-E, although not essential, may contribute to efficient MT 

capture at kinetochores.  

Another protein thought to play an indirect role in kinetochore-MT attachment is 

MCAK/XKCM1, a kinesin-like protein that localizes to centromeres (Desai and Mitchison, 

1995; Walczak et al., 1996; Wordeman and Mitchison, 1995). It was recently shown that the 

function of XKCM1 at the centromeres is required for correct chromosome positioning at the 

metaphase plate (Walczak et al., 2002). Together with its binding partner, ICIS, MCAK may 

be part of a mechanism that prevents kinetochore-MT attachment errors, inducing MTs to 

depolymerize when they are incorrectly attached (Ohi et al., 2003). Indeed, this hypothesis 

found strong support from a recent study in which it was convincingly shown that 

chromosome congression defects observed after MCAK depletion from the centromere are 

due to improper kinetochore attachments (Kline-Smith et al., 2003). 

During metaphase, the spindle achieves a steady state, in which it can maintain a defined 

shape and structure for an extended period. Nevertheless, in vertebrates, chromosomes 

continue to oscillate along the spindle axis during this time (Bajer, 1982; Roos, 1976). It 

seems possible that this oscillation process results from MT polymerization at the elongating 

k-fiber, a process which is balanced by depolymerization of the shortening fiber. This 

directional instability of kinetochores observed during prometaphase and metaphase may be 

governed by the activity of antagonistic motors. In this context, it was shown that MTs 

spontaneously oscillate on surfaces coated with both dynein and kinesin, which have 

antagonistic MT-based motilities (Vale et al., 1992). 

3. Non-motor MAPs at the kinetochore 

a. CLIP170. Inoué and Salmon (1995) suggested that MT-kinetochore attachment does 

not require active motor proteins. The idea was that alternative proteins provide the site of 

attachment and stabilization at the MT-kinetochore interface, while motor proteins move 

chromosomes along MTs in close association with their dynamic behavior. In this regard, one 

interesting observation came from localization studies of CLIP-170 during mitosis. This 

protein localizes to prometaphase kinetochores, but localization is significantly less 

pronounced in metaphase chromosomes (Dujardin et al., 1998). In addition, Bik1, the 

budding yeast homologue of CLIP-170, has recently been shown to be required for proper 

MT-kinetochore attachment of polyploid but not haploid yeast (Lin et al., 2001). Further, 

extensive analyses of MT-kinetochore attachment in budding yeast (He et al., 2001; Van 

Hooser and Heald, 2001) clearly pointed to a critical role for non-motor MAPs in this 

process. Among the MAPs studied, Bik1 was shown to play a central role in kinetochore-MT 
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attachment. Finally, in mammals, CLIP-170 interacts with dynein/dynactin at the 

kinetochores, a process mediated by LIS1 (Coquelle et al., 2002; Tai et al., 2002). Thus, 

CLIP-170 may be one of early non-motor proteins required for MT-kinetochore interactions, 

and others are likely to be recognized over time. 

b. Dis1-TOG. Stu2, the S. cerevisiae member of the Dis1-TOG family of MAPs, also 

plays a role in MT-kinetochore attachment (He et al., 2001). A direct role in the stabilization 

of MT-kinetochore interactions had already been proposed for the S. pombe homologue Dis1 

(Nakaseko et al., 2001). Indeed, both Dis1 and Stu2p associate transiently with kinetochores 

during mitosis. However, only Dis1 appears to bind kinetochores independently of MTs. 

Likewise, the failure of sister chromatid separation observed in dis1 and STU2 mutant cells 

has been associated with defects in formation/stabilization of kinetochore MTs.  

Fission yeast Alp14 is closely related to Dis1, and it also associates with kinetochores. 

However, unlike Dis1, Alp14 seems to be required not only for overall MT assembly but also 

for the function of the kinetochore-attachment checkpoint (Garcia et al., 2001; see next 

section).  Recently, it was found that depletion of the human homologue ch-TOG and its 

binding partner TACC3 by RNAi interfered with chromosome congression (Gergely et al., 

2003). However, there is still no evidence for localization of these proteins to kinetochores. 

Maybe, like NUMA, these are components of a matrix at the spindle poles that enhances the 

ability of chromosomes to congress to the metaphase plate (Cullen and Ohkura, 2001; Lee et 

al., 2001a). 

c. CLASPs. Members of the CLASP family share, at the N-terminus, limited sequence 

conservation with proteins from the Dis1-TOG family (Lemos et al., 2000). While their 

functional relationship, if any, is still not known, both MAST/Orbit and one of its human 

homologues, CLASP1, are essential for chromosome congression (Maiato et al., 2002; 

Maiato et al., 2003a; Maiato et al., 2003b). Moreover, these proteins seem not to be necessary 

for MT-kinetochore attachment, but rather they appear to regulate MT dynamics at the 

kinetochore. The available data are fully consistent with a model in which MAST/CLASP1 

accumulate at the outer kinetochore corona and maintain attachment to the MTs plus-ends, 

while allowing the incorporation of new tubulin subunits. Further, dynamic behavior analysis 

of attached MTs in the absence of CLASP1 suggests that this protein promotes MT rescue 

and modulates the coordinated dynamic behavior of kinetochore MTs. Supporting these 

observations, CLIPs, the binding partners of CLASPs, were shown to be anti-catastrophe 

factors in vivo, as previously shown in fission yeast (Brunner and Nurse, 2000; Komarova et 

al., 2002).  
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d. APC and EB1. Like other +TIPs, there is some evidence that APC and EB1 localize to 

the kinetochores, albeit in a MT-dependent manner (Fodde et al., 2001; Kaplan et al., 2001; 

Tirnauer et al., 2002a). Consequently, a role for these proteins in chromosome segregation 

has been proposed. Binding of EB1 to MT plus-ends at the kinetochore interface is restricted 

to polymerizing MTs, suggesting that the protein modulate MT’s dynamic behavior (Tirnauer 

et al., 2002a). Deletion of Bim1 and Mal3 in yeast results in hypersensitivity to MT-

destabilizing agents, aberrant spindle behavior, and chromosome mis-segregation (Beinhauer 

et al., 1997; Schwartz et al., 1997). Depletion of EB1 from Drosophila cells in culture 

showed that EB1 influences MT dynamics during interphase, with possible consequences for 

spindle assembly during mitosis (Rogers et al., 2002). 

e. Chromosomal passengers. Another group of proteins that may play a role in 

chromosome congression are the chromosomal passengers. Expression of dominant-negative 

mutants of INCENP disrupted localization of endogenous INCENP and induced defects in 

chromosome congression (Eckley et al., 1997; Mackay et al., 1998). More recently, it was 

found that disruption of any member of this complex by any of various approaches 

compromises metaphase chromosome alignment (Adams et al., 2001; Kaitna et al., 2002; 

Kallio et al., 2002; Murata-Hori and Wang, 2002; Carvalho et al., 2003; Ditchfield et al., 

2003; Hauf et al., 2003; Honda et al., 2003). Further, the passenger complex is required for a 

particular aspect of MT-kinetochore interaction, namely, chromosome bi-orientation (Adams 

et al., 2001; Tanaka et al., 2002; Murata-Hori and Wang, 2002; Hauf et al., 2003; reviewd by 

Stern, 2002). The mechanism of action of Aurora B kinase to ensure proper chromosome 

orientation and consequent alignment at the metaphase plate can partly be explained by this 

protein’s regulatory role in the formation of the passenger protein complex. However, this 

function may only be an indirect consequence of disruption of the centromere structure, 

resulting in compromised kinetochore function. Accordingly, it was recently shown that 

Aurora B regulates the normal targeting of motor proteins like dynein and CENP-E to 

kinetochores (Murata-Hori and Wang, 2002). In addition, the role of the chromosomal 

passenger complex in chromosome bi-orientation may be partly explained by a functional 

interaction with MCAK and ICIS, which were proposed to prevent kinetochore-MT 

attachment errors (Ohi et al., 2003). In this correction mechanism, Aurora B plays a central 

role in the phosphorylation-dependent regulation of centromeric MCAK (Andrews et al., 

2004). 

C. Kinetochore-attachment checkpoint  

1. Essentials of checkpoint function 
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During prometaphase, when the initial interaction between spindle MTs and kinetochores 

takes place, it is crucial that cells do not initiate anaphase until all chromosomes are properly 

bi-oriented. Zirkle (1970) was the first to propose that a signal emanating from the 

chromosomes or the spindle was able to arrest cells at prometaphase until all kinetochores 

became attached to MTs. Subsequently, the role of mis-oriented chromosomes in the 

generation of a diffusible inhibitor of anaphase onset was demonstrated (Sluder et al., 1994), 

and direct evidence for the existence of a checkpoint that monitors kinetochore attachment to 

the spindle was obtained (Rieder et al., 1994). These results were also consistent with 

previous observations suggesting that tension exerted on the chromosomes is monitored by a 

checkpoint (Nicklas and Koch, 1969). Later, it was shown that in the absence of tension 

produced, kinetochores transmit an inhibitory signal that delays the metaphase-anaphase 

transition (Li and Nicklas, 1995; for reviews see Murray, 1995; Nicklas, 1997). Also in 

cultured vertebrate cells, it was found that molecules in or near the unattached kinetochore of 

a mono-oriented chromosome are able to inhibit the metaphase-anaphase transition (Rieder et 

al., 1995). The first biochemical evidence for a link between kinetochore attachment and 

checkpoint function was provided by the phosphoepitope-specific monoclonal antibody 

3F3/2 (Gorbsky and Ricketts, 1993). This antibody preferentially stains kinetochores that are 

not under tension, and microinjection of 3F3/2 antibody into cells delays the metaphase-

anaphase transition without affecting chromosome movement (Campbell and Gorbsky, 

1995). Moreover, it was shown that tension alters the phosphorylation of kinetochore 

proteins, as determined by 3F3/2 staining, suggesting that kinetochore protein 

dephosphorylation caused by tension constitutes the signal for anaphase onset (Li and 

Nicklas, 1997; Nicklas et al., 1998; Nicklas et al., 1995). Whether the signal is tension per se 

or MT occupancy, which increases after tension is applied (King and Nicklas, 2000), is still 

the subject of much controversy and requires definitive resolution.  

Cell fusion experiments indicated that unattached kinetochores on one spindle did not 

block anaphase onset in a neighboring mature metaphase spindle that lacked unattached 

kinetochores in a common cytoplasm (Rieder et al., 1997). These findings demonstrated that 

in vertebrate cells, the inhibitory activity associated with an unattached kinetochore is not 

freely diffusible, but instead acts locally within the spindle containing the unattached 

kinetochore. Furthermore, these experiments revealed that once a mature spindle entered 

anaphase, the neighboring spindle immediately followed, entering anaphase regardless of the 

presence of mono-oriented chromosomes. Thus, anaphase onset in the mature spindle triggers 
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anaphase in the adjacent spindle, overriding the inhibitory signal produced by unattached 

kinetochores.  

Based on the observation that the spindle checkpoint is continuously active in cells 

treated with drugs that disrupt spindle MTs (for reviews see Rieder and Palazzo, 1992; Jordan 

and Wilson, 1998), a genetic screen was carried out in yeast to isolate mutations that rendered 

cells insensitive to spindle damage. As a result of these screens, the first components of the 

kinetochore-attachment checkpoint (also incorrectly called by many the spindle-assembly 

checkpoint) were identified (Hoyt et al., 1991; Li and Murray, 1991; for reviews see Murray, 

1992; Murray, 1995). These studies identified six genes, BUB1-BUB3 (for “budding 

uninhibited by benzimidazole”) and MAD1-MAD3 (for “mitotic arrest-deficient”), whose 

products are required for cell-cycle arrest in response to MT poisons that induce 

depolymerization. Our knowledge of the function of these proteins has advanced 

significantly, and new members of the checkpoint have also been discovered (for reviews see 

Rudner and Murray, 1996; Skibbens and Hieter, 1998; Amon, 1999). These include Mps1, a 

protein kinase that is required for both normal spindle pole body duplication (Winey et al., 

1991) and for delaying mitotic exit in yeast having SPB defects, or in the presence of 

nocodazole (Weiss and Winey, 1996). Another is Cdc55 (Minshull et al., 1996; Wang and 

Burke, 1997), a regulatory subunit of protein phosphatase 2A (PP2A) that has been shown to 

be involved in regulating exit from mitosis (Healy et al., 1991; Gomes et al., 1993).  

Animals, however, do not have a Mad3 homologue, although a Bub1-Related kinase, 

BubR1, has been identified. BubR1, like Bub1, has a Mad3 N-terminal domain containing 

Cdc20- and Bub3-binding sites, and a C-terminal protein kinase domain (Jablonski et al., 

1998; Taylor et al., 1998). BubR1 was found to be an interactor with CENP-E at the 

kinetochores (Chan et al., 1998), and was recently reported to be required for chromosome 

congression, which is possibly mediated by this particular interaction (Ditchfield et al., 2003).  

Components of the kinetochore-attachment checkpoint are widely conserved among 

organisms, and homologues of genes involved in checkpoint response have been found in 

many eukaryotes (Abrieu et al., 2001; Basu et al., 1999; Basu et al., 1998; Cahill et al., 1998; 

Chen et al., 1996; Dobles et al., 2000; Fisk and Winey, 2001; Jin et al., 1998; Kitagawa and 

Rose, 1999; Li and Benezra, 1996; Martinez-Exposito et al., 1999; Michel et al., 2001; Sharp-

Baker and Chen, 2001; Stucke et al., 2002; Taylor et al., 1998; Taylor and McKeon, 1997).  

Mad2 was one of the first checkpoint proteins to attract particular interest, due to its 

highly dynamic distribution during early stages of mitosis. Mad2 localizes to unattached 

kinetochores in prometaphase and disappears from kinetochores at metaphase, suggesting a 
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role in the inactivation of the checkpoint (Chen et al., 1996; Li and Benezra, 1996; Shah and 

Cleveland, 2000). In contrast to 3F3/2 phosphoepitopes that are though to be present on 

kinetochores in the absence of tension, loss of tension is insufficient to induce Mad2 

accumulation on kinetochores, whereas unattached kinetochores consistently showed the 

presence of kinetochore-associated Mad2 (Waters et al., 1998). This distinct behavior of 

Mad2 seems to be regulated by phosphorylation of kinetochore proteins independently of 

Bub1 kinase activity (Sharp-Baker and Chen, 2001; Waters et al., 1999). Thus, a kinetochore-

MT attachment mechanism that is sensitive to kinetochore phosphorylation inhibits Mad2 

accumulation at kinetochores and should allow anaphase onset. Accordingly, microinjection 

of antibodies to Mad2 into mammalian cells induces premature anaphase (Gorbsky et al., 

1998).  

Like Mad2, Bub1, BubR1, and Bub3 also localize to unattached kinetochores and were 

hypothesized to help monitor and/or generate the inhibitory signal that delays the onset of 

anaphase (Taylor and McKeon, 1997; Taylor et al., 1998; Jablonski et al., 1998; Martinez-

Exposito et al., 1999). However, while Mad2 seems to be monitoring spindle attachment to 

the kinetochores, other proteins like Bub1, BubR1, and Bub3 seem to monitor tension at the 

kinetochores (Taylor et al., 1998; Skoufias et al., 2001; Tang et al., 2001; for reviews see 

Gillett and Sorger, 2001; Hoyt, 2001). This apparent branching of the kinetochore-attachment 

checkpoint has been refuted by work from other labs (Hoffman et al., 2001; Shannon et al., 

2002). However, recent evidence from Drosophila lysed cells has shown that distinct 

checkpoint proteins do appear to behave differently with respect to MT attachment and 

tension (Logarinho et al., 2004). It was demonstrated that while strong Mad2 and Bub1 

kinetochore accumulation only occurs in the absence of MTs, BubR1 and Bub3 fail to 

accumulate at the kinetochore only when 3F3/2 phosphoepitopes are fully dephosphorylated, 

which are indicators of tension across the kinetochores. While this provides strong evidence 

for a branching of the checkpoint monitoring two distinct events, ambiguity remains - due to 

the different model systems studied - which components of the kinetochore-attachment 

checkpoint belong to which branch.   

BubR1 has been shown to interact directly with the kinesin-like motor CENP-E, now 

thought to report the status of kinetochore attachment to the checkpoint (Abrieu et al., 2000; 

Chan et al., 1998). More recently, a biochemical approach using purified components and 

Xenopus egg extracts yielded results suggesting that CENP-E is an activator of BubR1, 

possibly responsible for its kinase activity and therefore checkpoint silencing (Mao et al., 
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2003).  This interaction may be part of a “MT counting” mechanism that responds to MT 

attachment and tension induced at the kinetochores.  

2. Coupling of microtubule-kinetochore attachment to bi-orientation and checkpoint 

control 

How does MT attachment couple to chromosome bi-orientation and to inactivation of the 

kinetochore-attachment checkpoint? The answer seems to involve a role for the chromosomal 

passenger Aurora B. In addition to motor proteins, Aurora B is required for normal targeting 

of BubR1 and MAD2 to kinetochores (Murata-Hori and Wang, 2002; Ditchfield et al., 2003; 

reviewed by Shannon and Salmon, 2002). Moreover, the budding yeast homologue, Ipl1, was 

initially shown to be required for the mitotic delay by chromosomes whose kinetochores are 

not under tension (or are not fully occupied with MTs), but it is not required for arrest 

induced by spindle depolymerization, indicating that Ipl1 is required to monitor tension at the 

kinetochore (Biggins and Murray, 2001). In contrast, overexpression of dominant-negative 

Aurora B, or microinjection of Aurora B antibodies in vertebrate cells, caused an overriding 

of the spindle checkpoint, bypassing spindle checkpoint activation in response to either 

spindle depolymerization or a lack of tension caused by the action of MT-stabilizing drugs 

(Kallio et al., 2002; Murata-Hori and Wang, 2002). Further, inhibition of Aurora B by 

selective drug targeting, in vertebrate cells also overrides the checkpoint when cells are 

arrested by taxol or monastrol (Ditchfield et al., 2003; Hauf et al., 2003). However, cells in 

nocodazole remained arrested for longer periods than cells in taxol (although never as long as 

do control cells). These observations suggest that Aurora B function is required for normal 

checkpoint function, whether activated by loss of tension or by reduced MT occupancy at the 

kinetochores. Furthermore, Aurora B is also required for checkpoint response induced by MT 

depolymerization after prolonged mitotic arrest. Indeed, the single Aurora kinase from fission 

yeast, and its partner, Survivin, are likely to be required for the MT-attachment response by 

the checkpoint (Petersen and Hagan, 2003).  However, in vertebrate cells, Survivin seems 

only to be required for effective checkpoint activation when tension at the kinetochores is 

compromised by the presence of taxol (Carvalho et al., 2003; Lens et al., 2003).  This pattern 

can be explained by the requirement of Survivin to stably maintain BubR1 at the 

kinetochores.  

3. Microtubule plus-end-tracking proteins, kinetochore attachment, and checkpoint 

response 

In addition to a role in the targeting of motor and checkpoint proteins to the spindle, Ipl1 

was recently shown to regulate the function of multiple kinetochore proteins by 
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phosphorylation (Cheeseman et al., 2002). Among these are members of the multisubunit 

Dam1/Duo complex (Cheeseman et al., 2001; Kang et al., 2001; Janke et al., 2002; Li et al., 

2002), which are kinetochore- and spindle-associated proteins involved in MT-kinetochore 

attachment (Hofmann et al., 1998; Cheeseman et al., 2001; Enquist-Newman et al., 2001; 

Jones et al., 2001; Janke et al., 2002).  

It is reasonable to posit an eventual functional interaction between CLASPs, 

chromosomal passengers, and the Dam1/Duo complex at the kinetochore. Dam1 shows 

genetic interactions with Stu1, the single orthologue of CLASPs in S. cerevisiae, (Jones et al., 

1999) and it was recently demonstrated to associate directly with Ipl1 and Sli15, the yeast 

orthologues of the Aurora-INCENP complex, respectively (Kang et al., 2001). Moreover, 

Ipl1 phosphorylates Dam1 both in vitro and in vivo and, together with sli15, these two 

proteins were shown to be required for chromosome segregation. Furthermore, dam1 mutants 

carry out anaphase-like events with high levels of Clb2p (the cyclin B orthologue in yeast) 

and without checkpoint inactivation; this behavior was also observed after RNAi of MAST in 

Drosophila tissue-culture cells (H. Maiato, unpublished observations). Furthermore, 

interference of MAST function either by mutations or by RNAi in Drosophila tissue culture 

cells leads to the formation of single nucleated highly polyploid cells (Lemos et al., 2000; 

Maiato et al., 2002), indicative of a checkpoint override and consequent cycles of DNA re-

duplication without chromosome segregation. 

4. Microtubule motors, and inactivation of the spindle checkpoint 

Among the checkpoint proteins analyzed thus far, Mad2 shows the most significant 

reduction in its level of accumulation at metaphase kinetochores. This behavior appears to be 

due to the inability of the kientochore to accumulate more Mad2 as MTs saturate the 

kinetochore-binding sites, coupled to the rapid movement of Mad2 along k-fibers toward 

spindle poles (Howell et al., 2000), a translocation mediated by the motor activity of 

cytoplasmic dynein/dynactin (Howell et al., 2001). This observation led to the proposal that 

dynein/dynactin act to inactivate the kinetochore-attachment checkpoint by transporting 

kinetochore proteins, such as Mad2, to the poles. In support of this prediction, Drosophila 

embryos with mutations in cytoplasmic dynein have been shown to accumulate Zw10 at 

metaphase kinetochores (Wojcik et al., 2001). Zw10 and Rod are required for the 

kinetochore-attachment checkpoint in flies and humans (Basto et al., 2000; Chan et al., 2000). 

These were the first checkpoint components to be identified that do not have obvious 

homologues in yeast, suggesting that metazoans require an elaborate checkpoint in order to 

monitor complex kinetochore functions.  
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VI. Chromosome segregation  

A. Anaphase A 

Once all of the chromosomes have congressed, sister kinetochores oscillate within a 

relatively narrow region, and the cell is considered to be at metaphase. At this stage, spindle 

MTs display one of their most enigmatic properties, known as poleward MT flux: this, in 

practical terms, resembles the previously observed MT treadmilling at steady-state tubulin 

concentrations in vitro. Studies in living cells have shown that during metaphase, there is a 

flux of tubulin that results from tubulin incorporation at the kinetochores in existing MTs and 

disassembly near the poles (Mitchison, 1989). Poleward MT flux seems to be a general 

property of spindle MTs, rather than specific to kinetochore MTs, since it can also be 

observed in spindles assembled in vitro in the absence of chromosomes or centrosomes 

(Sawin and Mitchison, 1991b; Sawin and Mitchison, 1994). Interestingly, in cells, poleward 

MT flux also seems to be completely independent of kinetochore MT plus-end dynamics, and 

is capable of producing pulling forces that generate centromeric tension in bi-oriented 

chromosomes (Waters et al., 1996), suggesting that this intrinsic MT property plays an active 

role in chromosome movement and segregation. 

During anaphase, sister kinetochores separate and move poleward (Rieder and Salmon, 

1994). Poleward movement during anaphase A is coupled to the disassembly of tubulin 

subunits at the kinetochores, known as the “pac-man” model (Gorbsky et al., 1987; Gorbsky 

et al., 1988; Koshland et al., 1988; Coue et al., 1991). However, a slow poleward flux of 

kinetochore MTs continues, indicating that, at this stage, kinetochore MTs also disassemble 

at their minus ends near the spindle poles (Gorbsky et al., 1987; Gorbsky et al., 1988; 

Koshland et al., 1988; Coue et al., 1991; Mitchison and Salmon, 1992; Zhai et al., 1995; 

Waters et al., 1996; Desai et al., 1998; reviewed by Inoue and Salmon, 1995). A recent study 

on kinetochore-MT dynamics in spindles assembled in vitro in Xenopus egg extracts has 

provided the best description of spindle MT flux at the kinetochore interface, and the results 

supported roles for both tubulin disassembly at the kinetochore and poleward flux in the 

movement of chromosomes during anaphase (Maddox et al., 2003). 

In addition to the pulling force derived from intrinsic MT behavior and from disassembly 

of MTs from the kinetochore, some results suggest that motor proteins play a role in 

chromosome segregation during anaphase A. For instance, in vitro, the kinesin-like protein 

CENP-E couples kinetochore attachment to depolymerization of MTs at their plus-ends 

(Lombillo et al., 1995a). Moreover, although this finding is still controversial, a minus end-
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directed MT motor activity has been associated with CENP-E, which is found at kinetochores 

also during anaphase (Thrower et al., 1995). Additionally, MCAK, another member of the 

kinesin superfamily with a prominent role in promoting MT depolymerization (reviewed by 

Walczak, 2003) is also found at the centromeric region throughout anaphase (Wordeman and 

Mitchison, 1995). It is hard to imagine a centromeric protein having an active role in 

chromosome segregation driven by MT depolymerization at kinetochores. Nevertheless, 

overexpression of a motor-less construct, or antisense silencing of MCAK, has been found to 

cause chromosome mis-segregation during anaphase (Maney et al., 1998), although this is 

likely to result from the inability of the cell to correct deficient kinetochore-attachments, as 

discussed above, or due to an indirect effect in the proper targeting or assembly of other 

kinetochore proteins, which could compromise kinetochore function. Alternatively, MCAK is 

also found at the polar regions close to the centrosomes and thus may have an active role in 

promoting depolymerization at the poles as it was recently suggested (Holmfeldt et al., 2004). 

This may have strong implications for the mechanism of poleward MT flux. Accordingly, it 

was recently shown that two members of the KinI MT-destabilizing proteins in Drosophila, 

KLP59C and KLP10A, mediate anaphase kinetochore- and pole-associated depolymerization, 

respectively (Rogers et al., 2004). It is relevant, however, that early studies on nucleotide 

requirements for chromosome movement clearly indicated that only anaphase B-, but not 

anaphase A-associated motion, requires ATP (Cande, 1982). It will be of great interest to 

clarify this issue and to test the role of these KinI proteins in a vertebrate system, where the 

relation between chromosome movements and spindle elongation during anaphase A and B 

are well understood.   

Dynein also moves cargo toward the minus-ends of MTs, but it is either absent or 

significantly depleted from kinetochores upon onset of anaphase. In addition to motor 

proteins, ZW10 and Rod were shown to have a role in poleward chromosome movement 

(Savoian et al., 2000), and thus are good candidates for anaphase mediators.  

More recently, CLASP1 was implicated in regulating the dynamics of kinetochore-

attached MTs (Maiato et al., 2003a). Interestingly, CLASP1 remains associated with 

kinetochores through anaphase, suggesting that it may modulate the disassembly of tubulin 

subunits at the kinetochores during chromosome segregation. However, no direct evidence 

for this hypothesis has been put forward.  

Besides MTs, there is also growing evidence that other components of a spindle matrix 

are also involved in the generation of chromosome movement during anaphase (see reviews 

by Pickett-Heaps et al., 1984; Pickett-Heaps et al., 1997; Pickett-Heaps and Forer, 2001; 
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Scholey et al., 2001; Wells, 2001; Johansen and Johansen, 2002). These may include 

cytoplasmic dynein, Eg5, NuMa and others, but further work is necessary here.  

B. Anaphase B 

In late anaphase (anaphase B), MTs are no longer disassembled at the kinetochore, but the 

chromosomes continue to move toward the poles. This is partly due to the poleward flux of 

kinetochore MTs (Mitchison and Salmon, 1992). During anaphase B, the interpolar distance 

increases as result of separation of the spindle poles themselves, and also due to the sliding of 

interdigitated MTs that organize the spindle midzone (Masuda et al., 1988). The spindle poles 

play an active role, contributing to spindle elongation by a cytoplasmic dynein-mediated 

interaction between astral MTs and the cell cortex, pulling the poles apart (Aist et al., 1993; 

Sharp et al., 2000a). Additionally, the spindle midzone contains a variety of motor proteins, 

including members of the unrelated kinesin proteins CHO1 and CENP-E, which possess MT 

cross-linking activities and therefore are likely to be involved in this process (Yen et al., 

1991; Nislow et al., 1992; Liao et al., 1994). Nevertheless, there is a clear gap in our 

understanding of mitosis here that demands further investigation on the mechanisms of 

anaphase B. 

 

VII. Mitotic exit and cytokinesis  

Mitosis is separated into two distinct events: karyokinesis and cytokinesis. Cytokinesis is 

most often defined as the final stage of mitosis, or the stage at the end of mitosis when 

division of the cytoplasm between the two daughter cells takes place. However, this 

definition involves several conceptual difficulties, since it is known that the initial formation 

of the contractile ring that will divide the cytoplasm begins during anaphase B. The 

contractile ring is an actin-myosin structure that forms at the cell equator around the MT 

bundles of the spindle midzone and constricts inward pinching the cell in two (Schroeder, 

1972; Schroeder, 1973; Fujiwara et al., 1978; reviewed by Rappaport, 1986). The spindle 

midzone is composed mainly of anti-parallel interpolar MTs that are formed between 

separated sister chromatids after anaphase onset (Mastronarde et al., 1993; McIntosh, 1971). 

However, there is evidence that the MTs that form the spindle midzone can also polymerize 

de novo (Canman et al., 2000). The nucleation of these newly formed MTs is likely to be 

mediated by γ-tubulin, which has also been implicated in the completion of cytokinesis, since 

it is required for the formation of the midbody matrix (Julian et al., 1993; Shu et al., 1995), an 

electron-dense structure that results from the compaction of the MTs from the spindle 
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midzone at the final stages of cell division, when observed under the EM. Cytokinesis 

comprises several morphological stages: specification and positioning of the cleavage site; 

cleavage-furrow formation and constriction; spindle midzone formation; and cell separation 

or abscission. Here we discuss the role of MTs and MT-associated proteins involved in these 

processes. For those interested in a detailed description of cytokinesis, this can be found 

elsewhere (Glotzer, 2001). 

A. Coordination between karyokinesis and cytokinesis 

Cytokinesis is intrinsically coupled to the exit from mitosis, and it must not occur before 

spindle assembly and chromosome segregation. Accordingly, inactivation of Cdk1, a major 

regulator of mitosis, is required for the initiation of cytokinesis in cultured cells (Wheatley et 

al., 1997).  Other mitotic kinases like Polo and Aurora B have also been implicated in this 

coordination. For instance, overexpression of Plo1, the Polo orthologue in S. pombe, is able 

to induce the formation of ectopic septa, structures evolutionarily related to the cleavage 

furrow in higher eukaryotes (Ohkura et al., 1995). In Drosophila, Polo is required for the 

correct formation of the spindle midzone during spermatogenesis (Carmena et al., 1998; 

Herrmann et al., 1998).  Moreover, Polo-like kinases (PLKs) in humans and Drosophila were 

shown to localize to the spindle midzone (Golsteyn et al., 1995; Logarinho and Sunkel, 

1998). Whether Polo is directly associated with MTs is not known, but it has preferential 

MT-associated substrates like β-tubulin (Tavares et al., 1996) and Asp, a MAP that may 

correspond to the Drosophila functional homologue of NuMA (do Carmo Avides et al., 

2001). Asp was recently shown to play a role in the formation of the spindle midzone and 

cytokinesis (Riparbelli et al., 2002; Wakefield et al., 2001). In addition, PLKs co-

imunoprecipitate with and phosphorylate CHO1/MKLP1/Pavarotti/ZEN-4, a kinesin-like 

protein required for the organization of the spindle midzone during cytokinesis (Lee et al., 

1995; Adams et al., 1998; Powers et al., 1998; Raich et al., 1998; Kuriyama et al., 2002). 

CHO1/MKLP1 was found to interact with f-actin, suggesting that it can link MTs from the 

spindle midzone with the contractile ring during furrow ingression (Kuriyama et al., 2002). 

However, CHO1 is only required for the terminal phase of cytokinesis. Interestingly, both 

Polo and Pavarotti are mutually required for their normal targeting to the central spindle. This 

suggests that the plus-end directed motility of Pavarotti works to mobilize the regulatory 

activity of Polo during cytokinesis and, on the other hand, phosphorylation by Polo regulates 

the motor activity of Pavarotti (Adams et al., 1998; Carmena et al., 1998).  
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Another kinesin-like protein whose function during cytokinesis seems to overlap with that 

of Pavarotti is KLP3A, which was shown to play a role in the formation of the spindle 

midzone and cleavage furrow (Williams et al., 1995). These kinesin molecules could function 

in the promotion of MT cross-linking or in MT-dependent transport of components required 

for the ingression of the furrow and completion of cytokinesis.  

PLKs have also been implicated in the activation of Cdk1 during entry into mitosis 

(Kumagai and Dunphy, 1996; Qian et al., 1998), activation of the anaphase-promoting 

complex (for reviews see Zachariae and Nasmyth, 1999; Peters, 2002), and Cdk1 inactivation 

during mitotic exit (Charles et al., 1998; Descombes and Nigg, 1998; Kotani et al., 1998; 

Shirayama et al., 1998). These observations suggest that one main role of PLKs during late 

stages of cell division is to couple the down-regulation of Cdk1 activity with the promotion 

of cytokinesis.  

Aurora B kinase, which has also been shown to be essential for cytokinesis (see next 

section), seems to require the activity of Cdk1 for proper relocation from the centromeres to 

the spindle midzone (Wheatley et al., 1997; Murata-Hori et al., 2002). A possible model to 

explain these results is that Aurora B and associated passenger proteins remain at the 

centromeres until Cdk1 activity is reduced during anaphase onset. Subsequently, passenger 

proteins transfer to the spindle midzone. This translocation may involve an association with 

CHO/MKLP1, but this issue remains controversial (Kaitna et al., 2000; Adams et al., 2001; 

Giet and Glover, 2001). 

B. Role of microtubules in the specification and positioning of the cleavage site 

Classical studies of cytokinesis have indicated that two asters from independent spindles 

within the same cell are able to induce formation of an ectopic cleavage furrow (Rappaport, 

1961). Additionally, it was shown that increasing the distance between the two asters in a cell 

leads to failure of cytokinesis (reviewed by Rappaport, 1986). The immediate consequence of 

these observations is that the correct MT environment is what determines the localization of 

the cleavage site. On the other hand, studies in tissue culture cells have led to the hypothesis 

that the signals determining furrow position arise from the chromosomes, and probably 

involve the chromosomal passenger proteins (Earnshaw and Bernat, 1991; Wheatley and 

Wang, 1996; Eckley et al., 1997) 

However, a number of findings have questioned whether chromosomes have any active 

role in late mitotic events. Early studies of cleavage furrow formation in sea urchin eggs and 

grasshopper spermatocytes that lack chromosomes showed that these cells can progress 

normally through cytokinesis (Hiramoto, 1971; Zhang and Nicklas, 1996). Moreover, it was 
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shown that functional cleavage furrows could form in vertebrate cells between two asters that 

were not connected by an intervening spindle (Rieder et al., 1997). Together, these results 

support the hypothesis that bundles of interpolar MTs, rather than chromosomes or spindle 

MTs, play a major role not only in establishing the site of furrow formation but also in its 

stabilization (Cao and Wang, 1996; Wheatley and Wang, 1996; Wheatley et al., 1998). 

Indeed, recent genetic and micromanipulation experiments demonstrated that MTs, regardless 

of whether or not the spindle is bipolar, are the only structural constituent of the mitotic 

apparatus required for induction of the cleavage furrow (Sampaio et al., 2001; Alsop and 

Zhang, 2003; Canman et al., 2003). However, two interacting arrays of astral MTs (deprived 

of chromosomes) are not able to sustain the normal spindle architecture in vertebrate cells, 

suggesting that chromosomes are dispensable for spindle morphogenesis per se, yet still have 

some spindle stabilizing properties (Faruki et al., 2002). Moreover, these observations do not 

rule out a role for the chromosomal passenger complex in the specification of the cleavage 

furrow. For instance, INCENP can be found in the ectopic furrows that formed between two 

independent spindles during mitosis in cultured cells (Savoian et al., 1999). Interestingly, 

CHO1 was also present in the ectopic furrows, whereas CENP-E was not, strongly arguing 

against an essential role for CENP-E in the completion of cytokinesis. Furthermore, cells 

with monopolar spindles that completed cytokinesis show accumulation of INCENP at the 

cleavage furrow, suggesting that chromosomes provide MT-stabilization factors required for 

the determination of the cell division plane (Canman et al., 2003). More recently, genetic 

analysis of Drosophila mutants that produce secondary spermatocytes devoid of 

chromosomes supported the notion that normal spindle assembly and cytokinesis can still 

occur in the absence of chromosomes (Bucciarelli et al., 2003). This same study revealed that 

despite of the chromosome-free spindles, Aurora B kinase still targets to the spindle midzone, 

suggesting that association of Aurora B (and probably the other passenger proteins) with 

chromosomes is not a prerequisite for this protein’s accumulation or functioning at the central 

spindle during cytokinesis. Moreover, there is evidence for a diffusible pool of chromosomal 

passenger proteins in the cytoplasm, which might account for their independent binding to 

MTs, likely to be mediated by INCENP (Wheatley et al., 2001b; see also comment by Wang, 

2001). This could readily explain why chromosomal passengers themselves are required for 

cytokinesis, while chromosomes are not. Accordingly, functional inactivation of INCENP, 

Aurora B, and Survivin has confirmed roles of these passenger proteins in cytokinesis 

(Mackay et al., 1998; Cutts et al., 1999; Fraser, 1999; Li et al., 1999; Adams et al., 2001; Giet 

and Glover, 2001; Murata-Hori et al., 2002; Carvalho et al., 2003; Honda et al., 2003). 
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A. Organization of the spindle midzone and formation of the cleavage furrow 

Is the spindle midzone required for contractile ring closure during cytokinesis? Recent studies 

in Drosophila revealed a functional cooperation between the spindle midzone and the 

contractile ring during cytokinesis (Adams et al., 1998; Giansanti et al., 1998; reviewed by 

Gatti et al., 2000). Moreover, it seems that distinct genes are required for particular aspects of 

cytokinesis, such as spindle-midzone formation, actin accumulation at the cell equator, 

contractile ring assembly or disassembly, and membrane behavior (Somma et al., 2002). 

Thus, it has been proposed that interactions among MTs from the spindle midzone, the actin-

myosin contractile ring, and the plasma membrane are all required for normal cytokinesis to 

take place.  

In addition to motor and passenger proteins, other non-motor MAPs have been found 

associated with the spindle midzone (Jiang et al., 1998; Lemos et al., 2000; Maiato et al., 

2003a). Two of these MAPs, PRC1 and CLASP1, share an ability to promote MT bundling 

(Maiato et al., 2003a; Mollinari et al., 2002). While a role for CLASPs in cytokinesis has not 

been demonstrated, PRC1 was shown to be essential for the maintenance of the spindle 

midzone during cytokinesis and is thought to be directly regulated by Cdk1 phosphorylation 

(Jiang et al., 1998; Mollinari et al., 2002). Also, the orthologue of PRC1 in S. cerevisiae, 

Ase1, was shown to be necessary for spindle elongation during anaphase B, probably due to 

its MT cross-linking or cortical binding properties (Pellman et al., 1995; Schuyler et al., 

2003).  Interestingly, Ase1 was identified in a screen for mutations that show synthetic 

lethality with a bik1 null mutation: since BIK1 is the counterpart of CLIP-170 in this 

organism, the suggestion is that the CLIP family is also involved in this process.  

B. Splitting cells apart 

Cytokinesis is a completely reversible process until the very last moment of physical 

separation, or abscission, of the two daughter cells. This ultimate process requires the 

complete dissolution of the midbody matrix that forms the last intercellular bridge. Initially, 

the midbody matrix was simply thought of as a remnant of the stem body from the spindle 

midzone that resulted from the closure of the contractile ring. However, a growing body of 

evidence supports a more active and regulated role in the transition from mitosis to the G1 

phase of the next cell cycle. First, several motor proteins, such as MKLP1/CHO1, XKLP1, 

CENP-E and dynein, were shown to reside in the midbody matrix, suggesting active roles for 

them in the mechanics of cell separation (Nislow et al., 1990; Yen et al., 1991; Vernos et al., 

1995; Karki et al., 1998). Second, biochemical studies on isolated midbodies from CHO cells 

originally suggested the existence of several other proteins (including MAPs), in addition to 
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tubulin and actin, in this structure (Mullins and McIntosh, 1982). Third, recent studies have 

identified signaling proteins, including kinases, phosphatases, GTPases or proteases, 

membrane proteins, tight- junction components, and vesicle-fusion proteins, within the 

midbody region (reviewed by Zeitlin and Sullivan, 2001). Important regulatory proteins like 

Polo and Aurora B kinases (and the other passenger proteins), as well as PP1 phosphatase, 

were shown to localize to this structure (Lee et al., 1995; Logarinho and Sunkel, 1998; 

Arnaud et al., 1998; Terada et al., 1998; Trinkle-Mulcahy et al., 2003). More recently, a 

systematic proteomic/RNAi analysis of conserved midbody components has identified 158 

proteins shown to be required for cytokinesis. Surprisingly, most of the proteins identified 

fall in the categories of motor, vesicular trafficking, and secretory proteins, suggesting that 

the formation of a new membrane surface area requires proteins involved in vesicle transport 

and fusion. In this context, MTs were proposed to be involved in vesicle accumulation and 

membrane deposition during furrowing, via a novel MT structure, identifified in Xenopus 

eggs, called the furrow MT array (FMA) (Danilchik et al., 1998). This structure seems to be 

required for the addition of new plasma membrane during closure of the cleavage furrow 

(Danilchik et al., 1998; Field et al., 1999; Straight and Field, 2000). 

Several studies have suggested an active role of the centrosomes linking the successful 

completion of cytokinesis with progression from G1 to the S phase of the cell cycle. If 

centrosomes are surgically removed from interphase cells with a micro-needle (Hinchcliffe et 

al., 2001), or by laser ablation from mitotic cells (Khodjakov and Rieder, 2001), mitotic cells 

can still assemble spindles, but cytokinesis is seriously compromised. This is likely to be due 

to the absence of astral MTs, which are required for proper spindle positioning. One 

immediate implication for cell-cycle progression is that some mechanism must be in place to 

ensure that dividing animal cells receive the appropriate number of functional centrosomes.  

 

VIII. Concluding remarks 

In this review we have attempted to comprehensively organize the mitotic roles of the many 

types of MAPs (Figure 6 and Table 1). In summary, we can conclude that most MAPs 

described here are essential for at least one aspect of mitosis, including the regulation of MT 

dynamics in order to build a functional mitotic spindle, the capture and movement of 

chromosomes, the correction of improper interactions between MTs and chromosomes, and 

the closure of the contractile ring during cytokinesis. Some MAPs appear to use MTs only as 

a structural scaffolding, while others have profound influence on the behavior of MTs. If 

indeed the intrinsic properties of MTs play a major role in mitosis, such a role would not be 
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possible in the absence of the diversity, versatility, and regulatory properties of MAPs. Only 

now we are starting to understand how these properties, initially observed and tested in vitro, 

can be translated to in vivo situations in order that they can accomplish one of the most 

complicated biological problems – the faithful division of a cell.  
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Figure legends 

 

Figure 1. Different mitotic stages in Xenopus A6 culture cells. Only DNA is shown. (A) 

Prophase; (B) Prometaphase; (C) Metaphase; (D) Anaphase A; (E) Anaphase B; (F) 

Telophase/. Bar is 10 µm. 

 

Figure 2. Spindle organization at metaphase. Visualization of spindle microtubules in a live 

Drosophila S2 tissue culture cell stably transfected with a construct that expresses GFP-

tubulin. Note the microtubule bundles that extend from the poles to the center of the cell and 

the many astral microtubules nucleated by the spindle poles. Bar is 10 µm. 

 

Figure 3. Time-lapse images of spindle formation in a Drosophila S2 tissue culture cell 

stably expressing GFP-tubulin. A) Prophase, note that the nucleus is clear of microtubules. B) 

Very early prometaphase indicated by nuclear envelope breakdown and GFP signal within 

the nucleus. C) Mid- prometaphase as the microtubules begin to set up the spindle. D) Late 

prometaphase. E) Spindle organization at metaphase. Note the robust microtubule bundles. F) 

Anaphase A, when sister chromatids come apart but the pole-to-pole distance has not 

elongated. G) and H) Anaphase A and anaphase B showing the significant elongation of the 

spindle. I) Telophase as indicated by the reformation of the two daughter nuclei. Bar is 10 

µm. 

 

Figure 4. Localization of MAPs to multiple mitotic compartments in human HeLa cells. 

Microtubules are in red, DNA in blue and CLASP1 in green. (A) Prophase - CLASP1 is 

mainly at the centrosomes. (B) Prometaphase - In addition to centrosomes, CLASP1 starts 

accumulating at kinetochores. (C) Metaphase - CLASP1 localizes at centrosomes and 
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kinetochores of bioriented chromosomes. (D, E) Anaphase A and B - CLASP1 redistributes 

to the spindle mid-zone. (F) Telophase/Cytokinesis - CLASP1 accumulates at the mid-body 

matrix as two parallel marks. Bar is 10 µm. 

 

Figure 5. Loss of spindle bipolarity after depletion of MAST in Drosophila. In all the images 

DNA is shown in blue, tubulin in green and centrosomes in yellow. A) Wild type neuroblast 

showing the normal organization of the metaphase spindle. B) and C) mutant mast1 

neuroblasts in which the spindle shows a monopolar organization with that chromosomes 

localized closed to the centrosome. 

 

Figure 6. Schematic representation of the spindle during metaphase and anaphase. The 

different localization patterns of the various MAPs is indicated (see also Table 1). (1) 

Microtubule plus-end-binding proteins; (2) Centrosome or pole-associated proteins; (3) 

Chromosomal or kinetochore proteins; (4) Centrosome or pole-associated proteins that 

remain during anaphase; (5) Chromosomal or kinetochore proteins that remain during 

anaphase; (6) Proteins associated with the spindle mid-zone during anaphase and cytokinesis.  

Note that Aurora A and B have not been shown to bind microtubules directly. 
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Table 1. Families of microtubule associated proteins 
 

MAP 
Family Members Localization Function Roles in 

mitosis References 

MAP4 
MAP205 - Drosophila 
XMAP230 - Xenopus 
MAP4 - Mammalian 

Along interphasic and 
mitotic MTs MT stabilization 

Spindle organization 
Chromosome 
segregation 

Pereira et al., 1992; 
Andersen et al., 1994; 
Bulinski and Borisy, 
1980b; Bulinski and 
Borisy, 1980c 

CLIP-170 
Bik1 - S. cereviseae  
Tip1 - S. pombe 
D-CLIP-190 - Drosophila 
CLIP-170 - Mammalian 

Plus ends of growing MTs
Prometaphase 
kinetochores (Dynein 
dependent) 

MT stabilization 

Chromosome 
congression 
MT-Kinetochore 
interaction 

Berlin et al., 1990; 
Brunner and Nurse, 2000; 
Lantz and Miller, 1998; 
Pierre et al., 1992; 
Rickard and Kreis, 1990. 
Review in Schuyler and 
Pellman, 2001a 

CLASP 
Stu1 - S. cereviseae 
MAST/Orbit - Drosophila 
CLASP1, CLASP2 - 
Mammalian 

Plus ends of growing MTs
Centrosomes 
Spindle midzone 
Mid-body 
Kinetochores (MTs 
independent) 

MT stabilization 

Chromosome 
congression 
Kinetochore MT 
dynamics Bipolar 
spindle assembly  
and maintenance 

Pasqualone and Huffaker, 
1994; Inoue et al., 2000; 
Lemos et al., 2000; 
Maiato et al., 2003a 

APC 

Kar9p - S. cereviseae  
E-APC, APC2, DAPC - 
Drosophila 
APR-1 - C. elegans 
APC - Xenopus 
APC - Mammalian 

MT cytoskeleton 
Plus ends of growing MTs
Kinetochores (MT 
dependent) 

MT plus-ends 
stabilization 

Chromosome 
segregation 
Interact with 
kinetochore-
attachment 
checkpoint proteins 
Spindle positioning 

Miller et al., 2000; Miller 
and Rose, 1998; Yu et al., 
1999; McCartney and al., 
1999; Hayashi et al., 
1997; Hoier et al., 2000; 
Mimori-Kiyosue et al., 
2000a; Munemitsu et al., 
1994. Review in Mimori-
Kiyosue and Tsukita, 
2001; Bienz, 2002 

EB1 

Bim1p - S.cereviseae  
Mal3p - S. pombe 
DdEB1 - Dictyostelium 
dEB1 - Drosophila 
EB1 - C. elegans 
EB1 - Xenopus 
EB1 - Mammalian 
AtEB1 - Plant 

Along MTs with 
accumulation on plus ends 
of growing MTs 
Centrosomes 
Kinetochores (MT 
dependent) 

MT stabilization 
Promote MT plus-
ends dynamics 

Modulation of 
kinetochore MTs  
dynamics  
Spindle assembly 
and function 
Spindle positioning 

Schwartz et al., 1997; 
Beinhauer et al., 1997; 
Rehberg and Graf, 2002; 
Rogers et al., 2002; 
Tirnauer and Bierer, 
2000; Tirnauer et al., 
2002b; Su et al., 1995; 
Mathur et al., 2003. 
Review in Tirnauer and 
Bierer, 2000 

Lis1 

Pac1p - S. cereviseae 
NUDF- Aspergillus 
nidulans 
DmLis1 - Drosophila 
Lis1 - Mammalian 

MT plus-ends 
Kinetochores (Dynein 
dependent) 
Cell cortex 

Coordination between 
motor activity and 
cargo binding 

Nuclear migration 
Chromosome 
congression Spindle 
positioning 

Geiser et al., 1997; Liu et 
al., 1999; Reiner and al., 
1993; 
Review in Vallee, et al. 
2001 

Katanin 
MEI-1/MEI-2 - C. elegans 
Katanin - Xenopus 
Katanin - Mamalian 
Katanin - Plant 

Centrosomes 
Spindle poles MT severing 

Promote MT 
dynamics at  
onset of mitosis  
Spindle organization 

Srayko et al., 2000; 
McNally and Thomas, 
1998; McNally and 
Thomas, 1998; Stoppin-
Mellet et al., 2002 
Review in Quarmby, 2000

Op18/stathm
in 

OP18/ stathmin - 
Drosophila 
OP18/ stathmin - Xenopus 
OP18/ stathmin - 
Mammalian 

Cytoplasm 

MT destabilization 
Sequestration of 
tubulin dimmers 
Promote microtubule 
plus-end catastrophes

Down regulation  is 
essential  
for G2/M transition 
and spindle 
assembly 

Belmont and Mitchison, 
1996.  
Reviews in Andersen, 
2000; Cassimeris, 2002; 
Walczak, 2000 
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KinI 

Kip3 - S. cereviseae  
Klp5/Klp6 - S. pombe 
KLP10A, KLP59C - 
Drosophila 
XKCM1 - Xenopus 
MCAK - Mammalian 

Centrosome 
Spindle poles 
Kinetochore/centromere 

Depolymerization of 
MT ends 

Spindle assembly 
Chromosome 
congression  
and segregation  
Correction of 
improper  
MT-kinetochore 
attachments 
Polewards 
microtubule flux 

Severin et al., 2001; 
Garcia et al., 2002b; 
Goshima et al., 2003; 
Rogers et al., 2004; 
Walczak et al., 1996; 
Wordeman and 
Mitchison, 1995 
Review in Walczak, 2003

Dis1-Tog 

Stu2 - S. cerevispae  
Dis1, Alp14 - S. Pombe 
DdCP224 - Dictyostelium 
Msps - Drosophila 
Zyg9 - C. elegans 
XMAP215 - Xenopus 
ch-TOG - Mammalian 
Mor1 - Plant 

Centrosome 
Along interphase and 
mitotic MTs 
Accumulate at plus ends 
of MTs 
Kinetochore (MT 
dependent except in Dis1) 

 MT dynamicity 

Spindle organization 
Organization of 
spindle poles  
Chromosome 
congression and 
segregation 
MT nucleation and 
anchor  
at the centrosome 

Wang and Huffaker, 
1997; Rockmill and 
Fogel, 1988; Ohkura et 
al., 1988; Garcia et al., 
2001; Graf et al., 2000; 
Cullen et al., 1999; 
Matthews et al., 1998; 
Vasquez et al., 1994; 
Charrasse et al., 1998; 
Whittington et al., 2001 
Review in McNally, 2003

TACC 
D-TACC - Drosophila 
TAC-1 - C. elegans 
TACC - Mammalian 

Centrosomes 
Centrosome 
localization of  
Dis-tog proteins 

Organization of 
spindle poles 

Gergely et al., 2000b; Le 
Bot et al., 2003; Gergely 
et al., 2000a; 
Review in Gergely , 2002

NUMA Asp - Drosophila 
NUMA - Mammalian Spindle poles Crosslink MT fibers 

Bipolar spindle 
organization Spindle 
pole focusing 

Saunders et al., 1997a; 
Lydersen and Pettijohn, 
1980 
Review in Compton and 
Clevland, 1994 

INCENP 
Sli15 - S. cereviseae 
DmINCENP - Drosophila 
CeINCENP - C. elegans 
INCENP - Mammalian 

Chromosomes 
Inner centromere 
Spindle mid-zone 
Cell cortex in the region 
of contractile ring 
formation 

Complex with 
Survivin and Aurora 
B 
Localization and 
regulation of Aurora 
B 

Chromosome 
congression  
and segregation  
Cytokinesis 

Kim, 1999; Adams et al., 
2001; Kaitna et al., 2000; 
Cooke et al., 1987 
Review in Earnshaw, 
2001 

Survivin 

Bir1p - S. cereviseae 
Bir1 - S. pombe 
BIR-1 - C. elegans 
Survivin - Xenopus 
Survivin - Mammalian 

Chromosomes 
Inner centromere 
Spindle mid-zone 
Cell cortex in the region 
of contractile ring 
formation 

Complex with 
INCENP and Aurora 
B 
Localization and 
regulation of Aurora 
B 

Chromossome 
congression  
and segregation 
Cytokinesis  
Kinetochore-
attachment  
checkpoint response 

Yoon and Carbon, 1999; 
Uren et al., 1999; Fraser 
et al., 1999; Bolton et al., 
2002; Ambrosini et al., 
1997; Uren et al., 2000 
Review in Reed and 
Bischoff, 2000 

Aurora 

Ipl1p - S. cereviseae  
AuroraA, AuroraB - 
Drosophila 
AIR-1, AIR-2 - C. elegans 
Eg2, XAIRK2 - Xenopus 
Aurora A, Aurora B - 
Mammalian 

Aurora A: 
Centrosome 
Aurora B:  
Chromosomes 
Inner centromere 
Spindle mid-zone 
Cell cortex in the region 
of contractile ring 
formation 

Regulatory kinase 

Aurora A: 
Centrosome 
maturation 
Bipolar spindle 
organization  
and function 
Aurora B:  
Chromosome 
congression  
and segregation 
Cytokinesis 
Targeting Kt 
proteins 

Francisco et al., 1994; 
Glover et al., 1995; Giet 
and Glover, 2001; 
Schumacher et al., 1998a; 
Schumacher et al., 1998b; 
Roghi et al., 1998; Adams 
et al., 2000 
Review in Giet and 
Prigent, 1999b; Carmena 
and Earnshaw, 2003 

TPX2 TPX2 - Xenopus 
hTPX2 - Mammalian 

Spindle poles 
Spindle mid-zone and 
mid-body 

Aurora A activation 
and localization on 
MTs 

Bipolar spindle 
assembly  
Spindle pole 
organization 

Wittmann et al., 2000; 
Garrett et al., 2002; 
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Cytoplasmat
ic Dynein 

Dyn1 - S. cereviseae 
Dynein heavy chain - S. 
pombe 
NudA - Aspergillus 
nidulans 
Dhc64 - Drosophila 
Dynein heavy chain - C. 
elegans 
Dynein heavy chain - 
Xenopus 
Dynein heavy chain - 
Mammalian 
Dynein heavy chain - Plant 

Cell cortex 
Nuclear envelope 
Kinetochore 
Spindle poles 
Plus-end of astral MTs 

Minus-end directed 
motor 

Nuclear migration 
Anchor astral MTs 
to cell cortex 
Centrosome 
separation 
Bipolar spindle 
organization 
Organization of 
spindle poles 
Poleward 
chromosome 
movement 
Spindle positioning 
Inactivation of 
kinetochore-
attachment 
checkpoint 

Lye et al., 1987; Paschal 
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