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ABSTRACT
The directional axes of cell division and expansion are fundamental determinants
of plant cell morphogenesis. Microtubules (MTs) assume cell cycle-specific
organizations that play a fundamental role in the control of these processes.
Understanding how higher plants form and transition between different MT arrays is
elemental in our understanding of plant development. This thesis focuses on the
formation and function of the higher plant mitotic spindle, the MT array responsible for
segregation of chromosomes during cell division. In chapter one, the pathways and
molecular aspects of spindle structure and function are discussed.
In chapters two and three, the role of the kinesin ATK5 in mitotic spindle
formation and function is investigated. ATK5 is a minus end-directed kinesin-14 family
member that facilitates organization of the mitotic spindle via MT-MT sliding. ATK5 is
located predominately in the spindle midzone, where it provides inward forces during
spindle formation, and later contributes to spindle integrity, most likely via promoting
lateral MT interactions. The combination of mutant analysis with high resolution imaging
of ATK5 has also revealed the existence of multiple pathways of spindle formation,
which act redundantly to facilitate accurate and efficient mitosis. Chapter four explores
the contributions of these pathways of spindle formation. I show that the preprophase
band of MTs influences spindle development, specifically via the MTs connecting it to
the spindle. Secondly, I describe a previously undocumented process I term ‘capture and
coalignment’, wherein MTs with discordant orientation to the spindle axis become
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properly aligned during spindle formation. The third pathway is apparent in the absence
of prophase spindle bipolarity, where MTs become sorted during prometaphase, resulting
in a bipolar spindle. Hence, several different pathways augment one another to varying
degrees during spindle formation.
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Chapter 1
Introduction

Cytoskeletal aspects of plant morphogenesis
The presence of rigid cellulosic cell wall provides plant cells with a barrier from
environmental stresses and provides structural support, allowing plants to grow to over
150 meters in height in some cases; however, cell walls also impose unique constraints
on plant growth and development. Since plant cells are cemented together and cannot
move, the location, timing, and direction of cell division and expansion are paramount to
plant morphogenesis. The spatiotemporal coordination of these processes confers not
only cell size, shape and identity, but also the final fate of plant tissues and organs (Lloyd
and Chan, 2002). The plant microtubule (MT) cytoskeleton is a key participant in these
processes, assuming four cell cycle-specific arrays (Fig. 1-1): (1) the cortical array,
present in interphase cells, is composed of transversely-arranged MTs beneath the cell
wall, and is thought to control the deposition of cellulose microfibrils in elongating cells;
(2) the preprophase band (PPB), which is a narrow cortical band of MTs present before
mitosis involved in spindle positioning and determining the future site of cell division;
(3) the spindle apparatus, which is responsible for equal separation of genetic material
into daughter cells, and; (4) the phragmoplast, which is the cytokinetic structure in plants,
and forms in between daughter nuclei in telophase and is composed of two sets of
opposing MTs with their plus-ends pointing toward each other, presumably to allow

2
transport of vesicles containing cell wall-forming compounds (Baskin and Cande, 1990;
Cyr, 1994; Hasezawa and Kumagai, 2002; Kumagai and Hasezawa, 2001). This diversity
in MT arrays and the lack of discrete microtubule organizing centers (MTOCs) leads to
the requirement of a robust control system in plants for the modulation of MT behavior.

Fig. 1-1: Microtubule Arrays of higher plants. For each stage, a 3D cartoon (created with
Blender software) is shown on the top panel, and a corresponding fluorescence image is
shown on the bottom. (A) Interphase cortical array. (B) Preprophase band. (C) Spindle.
(D) Phragmoplast. MTs=green, DNA=blue.

Microtubules
Microtubules are non-covalent polymers of α- and β- tubulin heterodimers, found
in all eukaryotes. α- and β-tubulins are conserved GTPases of ~50,000 kDa. All known αtubulins share at least 60% amino acid identity, as do all β-tubulins, whereas α- and βtubulins share 36-42% identity between themselves (Oakley, 2000). Under favorable
conditions (i.e. the presence of GTP, Mg, warm temperatures, and neutral pH), α/β-
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tubulin heterodimers polymerize in a head-to-tail fashion (α/β-α/β...), forming linear
protofilaments. The concomitant lateral association of 10-15 (usually 13) of these
protofilaments into hollow tubes of 25 nm diameter defines the fully assembled MT. The
directional incorporation of tubulin heterodimers into the polymer lattice creates an
intrinsic polarity in the microtubule, with one end, the plus end, terminated by all βtubulins, and the other end, the minus end, terminated by all α-tubulins. β-tubulin exhibits
GTPase activity, which may lag behind the assembly of tubulin subunits in a
polymerizing MT. This lag between dimer addition and GTP hydrolysis results in a GTP
cap at the MT plus end. The stability of the microtubule plus end is dependent on the
state of the bound nucleotide; GTP-β-tubulin stabilizes MTs, while GDP-β-tubulin
destabilizes MTs. When the concentration of soluble tubulin subunits near the MT plus
end falls below the critical concentration needed to support subunit addition, GTP
hydrolysis exceeds subunit addition, leading to loss of the GTP cap, and subsequent rapid
depolymerization (catastrophe) at the plus-end. The presence of a single GDP-β-tubulin
(a result of GTP hydrolysis being a stochastic process) will also lead to catastrophe at the
plus end. The net result is the stochastic transition between periods of growth and
shrinkage at the MT plus end, a behavior termed dynamic instability (Desai and
Mitchison, 1997; Mitchison and Kirschner, 1984).
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Plant mitotic spindle formation, function and morphology

General description of the mitotic spindle
Although a number of variations exist between different eukaryotic kingdoms, the
mitotic apparatus in its simplest form is comprised of two opposing sets of MTs oriented
with the minus ends near the poles and the plus ends in the midzone, where they
terminate at chromosomal kinetochores, forming kinetochore MTs (kMTs), or overlap in
an antiparallel manner with MTs from the opposite half spindle, forming interpolar MTs.
Many kMTs associate to form kinetochore MT fibers (k-fibers), which mediate
congression of chromosomes to a point equidistant from each pole during prometaphase,
maintain them at the metaphase plate, and later shorten during anaphase A to pull sister
chromatids to the poles (Fig. 1-2). Interpolar MT bundles contribute to the structural
integrity of the spindle, to spindle elongation during anaphase B, and as I will discuss,
play a pivotal role in spindle formation. Although this simplistic description is sufficient
for initially orienting the reader, in reality, individual k-fibers and interpolar MT bundles
rarely fit this description, instead exhibiting substantial branching and lateral interactions
with one another (Fig. 1-2). As will be discussed, these interactions likely play a
fundamental role in ensuring the integrity of spindle structure and the fidelity of
chromosome segregation. In this chapter, I first describe the plant mitotic spindle during
its different stages of development, follow with a survey of known microtubule
associated proteins (MAPs) involved in plant spindle function, and end with a discussion
of the various pathways of spindle formation, both ancestral and derived, on their
prevalence, redundancies and varied contributions.
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Fig. 1-2: Cartoons illustrating simplistic and realistic representations of the higher plant
mitotic spindle during metaphase and anaphase. Chromosomes are purple, kinetochores
are red.

Premitotic nuclear migration and PPB formation
A prominent indication of ensuing cell division in plant cells is the migration of
the nucleus during S/G2 phase to the future cell division site (Sinnott and Bloch, 1940).
Nuclear migration is mediated via cytoplasmic strands that emanate out from the nucleus
and anchor at the cortex. These strands contain both actin microfilaments (MFs) and
MTs, both of which are involved in nuclear migration, although the relative contributions
of each vary between species and cell type (Bakhuizen et al., 1985; Katsuta et al., 1990;
Venverloo and Libbenga, 1987). Upon reaching the division plane, migration ceases and
the nucleus is anchored in place, its position becoming more resistant to centrifugation or
cytoskeletal-disrupting drugs (Katsuta et al., 1990; Venverloo and Libbenga, 1987). In
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highly vacuolated cells such as those found in Nautilocalyx leaves, cytoplasmic strands
initially radiate out in all directions from the centralized nucleus, and then later become
more restricted to a dense disc-like sheet, the phragmosome, which defines the future
division plane (Sinnott and Bloch, 1940). A few polar strands (oriented perpendicular to
the phragmosomal plane) remain in these cells as well, and both these as well as the
cytoplasmic strands within the phragmosome contain both MTs and actin (Lloyd and
Traas, 1988; Traas et al., 1987). The phragmosome is thuoght to play a role in division
plane determination, although it’s role may not be essential since it is not obvious in
many cells types, such as the densely cytoplasmic meristematic cells of root tips.
Similarly, the phragmosome itself may not play a direct role in division plane
determination, but may instead reflect a manifestation of cellular polarity in large cells
that is also present in smaller, non-phragmosomal cells.
In addition to the migration of the nucleus to the division site, changes in the
arrangement of cortical MTs are also indicative of ensuing cell division. Concomitant
with or shortly after nuclear migration, the transversely-oriented MTs of the cortex begin
to accumulate in a dense band encircling the nucleus, while becoming depleted in the
distal cortical regions of the cell. This preprophase band (PPB) is unique to the vegetative
cells of land plants, and is well known for its ability to predict the future plane of cell
division (Mineyuki, 1999). As the cell nears prophase, MTs become more numerous and
densely packed within the PPB as it narrows into a tight band (Mineyuki et al., 1991; Vos
et al., 2004). For reasons that will be discussed throughout this chapter, it is appropriate
for this cortical structure to be considered as an integral component of the plant mitotic
spindle.
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Development of the prophase spindle
The first sign of the prophase spindle is the appearance of a cytoplasmic clear
zone largely devoid of organelles around the prophase nucleus seen with light
microscopy (Bajer, 1957). In narrow cells, this thin layer becomes later asymmetrically
distributed into two cone-like projections along the future long axis of the spindle. These
were termed ‘polar caps’ by early light microscopists (Robyns, 1929). It was later shown
that the clear zone and polar caps exhibit birefringence under polarizing light microscopy
(Inoue and Bajer, 1961), and were subsequently shown to contain MTs (Bajer and MolèBajer, 1969; Sakai, 1969). Due to their close association with the nuclear envelope, the
MTs of the clear zone and polar caps will subsequently be referred to as perinuclear MTs.
Perinuclear MTs are initially distributed randomly along the surface of the nuclear
envelope, radiating out into the cytoplasm in all directions (De Mey et al., 1982;
Mineyuki et al., 1991). Close examination of these perinuclear MTs in Haemanthus
endosperm reveals that most of these are organized into groups of 2-3 MTs connecting
with the nuclear envelope at their ends in what has been termed MT-converging centers,
MTCCs (Bakhuizen et al., 1985; Smirnova and Bajer, 1994). It was assumed that the
converging ends of the MTs within MTCCs were minus ends, based on the known
capacity of the nucleus to spawn MT growth (Stoppin et al., 1994). Visualization of
growing MT plus-ends with GFP::EB1 later confirmed that MTs grow predominately
away from the nucleus at this stage (80% away, 20% toward), consistent with the minus
ends being anchored at the nuclear surface (Dhonukshe et al., 2005).

8
Concurrent with PPB formation and narrowing, MTs become more numerous on
the surface of the nucleus, radiating out into the cytoplasm and often reaching the cortical
regions of the cell. In later prophase, these radiating MTs become more dynamic and
shorter in all regions except in the plane of the PPB, where they continue to interact with
the PPB site (Dhonukshe et al., 2005; Mineyuki et al., 1991). At the same time, existing
perinuclear MTs become sorted asymmetrically into two poles (forming the polar caps),
the axis of which defines the prophase spindle and corresponds to the future spindle axis
(Schmit et al., 1983). In cells with a PPB, the axis of the prophase spindle is typically
perpendicular to the plane of the PPB. MTs within the poles run parallel to the future
spindle axis, often extending along the surface of the nucleus where they may
interdigitate in the equatorial region, or they may extend out laterally into the cytoplasm
to contact the PPB region (Bakhuizen et al., 1985; Burgess, 1970; Pickett-Heaps and
Northcote, 1966). MTs of the prophase spindle typically converge at pointed poles, which
may appear annular in structure (Marc and Gunning, 1988; Wick and Duniec, 1984),
however some species, such as soybean suspension cultures contain broad prophase
spindle poles (Wang et al., 1991). MTs may also become associated with protrusions or
invaginations near the polar regions of the NE (Bajer and Molè-Bajer, 1969; Hanzely and
Schjeide, 1973), or may also occasionally penetrate into the nucleus (Pickett-Heaps and
Northcote, 1966).
Although no discrete microtubule-organizing centers (MTOCs) have been
observed in the polar caps of higher plants, extensive ER is present throughout the polar
caps, and has been observed to frequently coalign and/or interact with MTs (Bajer and
Molè-Bajer, 1969; Burgess and Northcote, 1967). Since plants lack centrosomes or
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spindle pole bodies, it has been suggested that the nuclear surface acts as an MTOC
(Schmit, 2002). Much evidence supports the role of the nucleus as an MTOC: 1) isolated
nuclei are able to nucleate MT growth from their surfaces in vitro (Stoppin et al., 1994);
2) gamma tubulin, the universal MT nucleator localizes to the nuclear envelope (Erhardt
et al., 2002; Liu et al., 1993); 3) spc98, a key centrosomal component is found in plants
and localizes to the nuclear surface (Erhardt et al., 2002); 4) adding antibodies to spc98
inhibits the ability of nuclei to nucleate MTs (Erhardt et al., 2002); 5) antibodies to
centrosomal components frequently localize to the nuclear envelope, and; 6) MTs reform
on the nuclear envelope after recovery from depolymerization with drugs (Falconer et al.,
1988; Galatis and Apostolakos, 1991).

Formation of the prometaphase and metaphase spindle
Prometaphase begins at nuclear envelope breakdown (NEB) and lasts until a clear
metaphase plate is formed. During prometaphase, MTs congress inward from poles to
equator and immediately begin forming connections with kinetochores (forming k-fibers)
or with other MTs from the opposite pole (forming interpolar bundles). K-fiber formation
is asynchronous between sister kinetochores (Bajer, 1987), and corresponds with the
initiation of chromosome movements. K-fibers mediate the congression of chromosomes
toward the metaphase plate and the separation of sister chromatids during anaphase,
while interpolar MTs serve to stabilize the spindle both along its length and width, and
participate in anaphase spindle elongation. In most cases, the metaphase spindle lacks
well-defined poles (as seen in animal cells), even if the preceding prophase spindle did
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contain focused poles (Fowke, 1993). Metaphase spindles instead exhibit a barrel-shaped
morphology, in contrast to animal spindles, which maintain a fusiform morphology
throughout mitosis, even in the absence of centrosomes (Khodjakov et al., 2000).
Early EM work showed that prior to NEB, MTs may penetrate the nuclear
envelope in the polar regions (Pickett-Heaps and Northcote, 1966), and also associate
with deformations of the prophase nucleus (Bajer and Molè-Bajer, 1969). During NEB in
Haemanthus endosperm, the nuclear envelope becomes wavy, giving the impression of
‘boiling’ and subsequently begins fragmentation at the polar regions, with large
invaginations of membrane apparently being pushed in by bundles or sheets of 50-100
MTs (Bajer and Molè-Bajer, 1969). Nuclear envelope fragments subsequently become
degraded, or they may persist within the spindle throughout mitosis, becoming associated
with chromatin, in some cases becoming incorporated later into the nuclear envelope of
the daughter nuclei (Bajer and Molè-Bajer, 1969). EM studies show that most MTs
invade the nucleus in the above-mentioned bundles before becoming attached to
kinetochores or opposing MTs. MTs attach to kinetochores throughout prometaphase and
metaphase, such that the number of MTs in an individual K-fiber gradually increases
until the start of anaphase, at which point a drastic decrease in numbers is observed
(Jensen and Bajer, 1973). This phenomenon may vary between species however, since
birefringence increases throughout prometaphase but then ceases abruptly at metaphase
(when chromosome oscillations stop) in Tilia Americana endosperm (Fuseler, 1975).
During metaphase, a majority of spindle MTs reside within thick bundles of kfibers or interpolar bundles, and the degree of this bundling is exacerbated by the effects
of taxol (Molè-Bajer and Bajer, 1982; Molè-Bajer and Bajer, 1983). At this stage,
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interpolar MT bundles have been shown to branch frequently and intermingle with kfibers and other interpolar bundles (Jensen and Bajer, 1973). The structure of an
individual k-fiber resembles that of a fir tree, with the base being oriented toward the
kinetochore, and numerous MTs splaying out (like branches) toward the chromosomes,
and becoming tapered toward the pole, which corresponds to the top of the tree (Bajer
and Molè-Bajer, 1986; Palevitz, 1988). Indeed the microtubule fir trees (MTFTs) may
represent a manifestation of the fundamental plant MT organizational unit, the MTCC
(Smirnova, 1998). The k-fibers are thus higher order structures, composed of many short
and overlapping MTs. It is interesting to note that gamma tubulin associates along the
length of interphase MTs and spindle MTs, and has recently been shown to nucleate MT
branches off of preexisting cortical MTs at an angle of 40 degrees (Murata et al., 2005).
From examining micrographs of MTCCs, it appears that most MTs within the MTCC
branch at roughly a 40 degree angle. It therefore seems likely that the nucleation of MTs
occurs all along the length of k-fibers, rather than predominately at the pole regions as is
often depicted in textbooks. Also, plant spindles recovering from cold or drug-induced
MT depolymerization frequently appear as a collection of semi-autonomous
‘minispindles’, each one comprised of individual kinetochore of a given chromosome
with its own opposing fir-trees, creating a diamond shape with a dark center (Bajer, 1987;
Cleary and Hardham, 1988; Falconer et al., 1988).
Numerous ER is found throughout the prometaphase and metaphase spindles as
well, frequently as long tubular structures closely apposed to MTs (Pickett-Heaps and
Northcote, 1966), similar to that observed in prophase polar caps. Although possibly
involved in MT stabilization or nucleation, the function of this ER is not known. Given
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the presence of crosslinks between this ER and spindle MTs, perhaps ER comprises a
component of the theoretical ‘spindle matrix’ (Pickett-Heaps and Northcote, 1966;
Pickett-Heaps et al., 1984).
One intriguing question concerning spindle function is how MTs, which are
highly dynamic polymers, exhibiting frequent transitions between growth and shortening,
give rise to the metaphase spindle, which maintains a constant length. Poleward MT flux
is an important aspect of spindle functioning, wherein tubulin subunits are incorporated at
MT plus ends in the spindle midzone, and via the combined activities of minus end
depolymerization at the poles and plus end motor activity, are transported to the spindle
poles, while the overall length of the MT does not change (Mitchison, 2005). Although
plant spindle MTs exhibit increased dynamics compared to interphase, initial FRAP
experiments were unable to demonstrate flux (Hush et al., 1994). However, using newer
technology, myself and Ram Dixit in our lab have detected poleward flux of bleached
GFP::Tubulin subunits within BY-2 spindles (manuscript in progress). This suggests that
poleward flux may be a conserved feature of spindle functioning in eukaryotic cells,
although it has not been detected to date in fungi, possibly due to technological
limitations and small spindle size (Maddox et al., 2000; Mallavarapu et al., 1999). It is
interesting to note that as early as the 1950’s, one of the pioneers of live-cell microscopy,
Andrew Bajer, described poleward movement of small particles, granules, and nucleoli,
collectively termed ‘acentrics’, effectively demonstrating poleward flux in plant spindles
before it had even been hypothesized (Allen et al., 1969; Bajer, 1967; Bajer and MolèBajer, 1972).
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Anaphase
Anaphase chromosome movements in plants are derived from two different
processes: 1) kinetochore-to-pole movement, which results from depolymerization and
shortening of k-fibers, and; 2) spindle elongation, which is derived from sliding apart of
the overlapping parts of antiparallel interpolar MT bundles. In animal cells, these
processes have been described as anaphase A and B, respectively, due to their sequential
nature. In plants however, the two processes appear to be largely concurrent, with varying
degrees of overlap between them (Fuseler, 1975; Harris and Bajer, 1965; Ota, 1961;
Ryan, 1983). As k-fibers shorten during anaphase A, they become disorganized, losing
their fir-tree appearance and becoming splayed out from the kinetochore into the pole
region (Bajer, 1968; Hard and Allen, 1977). At the same time, interpolar MT bundles in
the midzone become more ordered and densely packed as they elongate and slide apart,
thus decreasing the degree of overlap between half-spindles (Euteneuer et al., 1982;
Euteneuer and McIntosh, 1980; Jensen and Bajer, 1973). Formation of the cell plate often
begins in mid to late anaphase, as indicated by the appearance of vesicles and cell-plate
precursors near interdigitating regions of interpolar MTs (Fuseler, 1975; Hepler and
Jackson, 1968; Ota, 1961).

Microtubule associated proteins in plant mitotic spindles
Identification of the molecular players involved in plant mitosis has traditionally
lagged behind that of animal and fungi, however, with the sequencing of the Arabidopsis
and rice genomes, the advent of GFP technology, and an explosion in proteomic
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technologies, advances are being made at the forefront of the mitosis field. Since a
number of excellent reviews are available on the molecular characteristics of animal
mitosis (Gadde and Heald, 2004; Kline-Smith and Walczak, 2004), in this section my
emphasis will be on current data available from plants.
Control of MTs dynamics and organization within the plant mitotic spindle is
accomplished in part with a diverse ensemble of structural and regulatory microtubuleassociated proteins (MAPs) (Hussey et al., 2002; Wick, 2000). MAPs can be divided
roughly into two main groups: (1) structural MAPs, and (2) motor MAPs.

Structural MAPs
Structural MAPs can be grouped into three functional classes: (1) MAPs that
affect MT dynamics in some way (e.g. stabilize or destabilize MTs); (2) MAPs that
crosslink or bundle MTs, and; (3) MT severing MAPs. It should be noted, however, that
these groupings are not mutually exclusive.

MAP-65
To date, nine MAP-65 proteins have been identified or predicted in Arabidopsis
(Hussey et al., 2002), three from tobacco BY-2 suspension cells , and three in carrot
suspension cells. These proteins share homology to human PRC1 and yeast Ase1p, both
of which have been demonstrated to contribute to the formation and integrity of
antiparallel midzone MTs via crosslinking and stabilization (Mollinari et al., 2002;
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Schuyler et al., 2003; Zhu and Jiang, 2005). In plants, several members of the MAP-65
family have been localized at the midzone as well, suggesting they share a similar
function (Chang et al., 2005; Mao et al., 2005; Muller et al., 2004). Several other
members localize to the cortical arrays where they have been implicated in MT bundling
there (Mao et al., 2005; Van Damme et al., 2004b); indeed purified carrot MAP-65
bundles MTs in vitro, forming 20-25 nm crossbridges between MTs (Chan et al., 1999).
In the case of AtMAP65-4, localization to the spindle is observed, but no midzone
enrichment is seen (Van Damme et al., 2004b). The presence or absence of CDK
phosphorylation sites between different MAP-65 family members may contribute to their
differentially modulated localization dynamics. Interestingly, mutation of the MAP
consensus Cdk site to an unregulated form results in the premature accumulation of
AtGFP-MAP65-1 to the midzone in early prometaphase, whereas the wild type version
doesn’t appear there until anaphase (Mao et al., 2005).

Mor1/Map200 (Dis1/XMAP215/TOG)
The Arabidopsis MOR1 gene was identified in a screen for plants with aberrant
MT organization and was found to share homology to the Dis1/XMAP215/TOG family
of MAPs (Whittington et al., 2001), which are known to facilitate polymerization rates of
MTs (Hamada et al., 2004b; Whittington et al., 2001). Although initially characterized by
its disruption of cortical MT arrays at restrictive termperature, additional mor1 defects in
mitosis have recently been reported (Kawamura et al., 2006). At restrictive temperature,
cells of mor1 mutants frequently fail to form PPBs, and in these cells, the subsequent
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orientation of the spindle and phragmoplast is aberrant. Spindles of mor1 mutants are also
significantly shorter than normal, providing additional support for its role as an MTpolymerizing factor. This finding presents the first genetic alteration of spindle length in
plants, and emphasizes the universality of MT dynamics as a key governor of spindle
length, as is also becoming more apparent in animal systems (Goshima et al., 2005b). The
tobacco MOR1 homolog, TMPB200, has been localized to all MT arrays, and purified
TMBP200 has the ability to form crosslink MTs in vitro, suggesting a possible role in
structural organization of MT arrays in addition to modulating dynamics (Hamada et al.,
2004a; Yasuhara et al., 2002). Although structural and motor proteins facilitate the
integrity and functioning of spindles, alteration of MT dynamic properties generally
result in the most dramatic changes in spindle length (Goshima et al., 2005b).
Interestingly, the founding member of this family, XMAP215, from Xenopus has
been shown to act antagonistically in mitotic spindles with a MT destabilizing kinesin
XKCM1 in regulating MT length (Tournebize et al., 2000). A similar scenario exists in
yeast, where the MT-destabilizing kinesin Kar3p counteracts the MT-stabilizing effects
of another kinesin, Kip1p (Huyett et al., 1998). Whether an analogous situation exists in
plants remains to be seen, however, its presence is likely, as counterbalancing of MT
polymerizing and depolymerizing factors is emerging as a general mechanism in
regulating MT structures and fine-tuning of MT dynamics in vivo (Valiron et al., 2001).
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EB1
The EB1 family MAPs are a conserved group of plus end tracking proteins
(+TIPs) involved in modulation of MT dynamics and attachment of MT plus ends to
cellular structures, such as kinetochores and cortical division sites. Three Arabidopsis
EB1 homologs have been cloned and shown to localize to mitotic spindles, although no
functional data have yet been reported (Chan et al., 2005; Chan et al., 2003; Dixit et al.,
2005; Van Damme et al., 2004a). It will be interesting to see the roles of plant EB1, given
the presence of the novel MT arrays seen in plants.

Tangled
The maize Tangled gene encodes a MAP with distant homology to the animal
EB-1 binding partner APC (Smith et al., 2001). Mutants in tangled gene form normal
mitotic arrays, but the trajectory of the phragmoplast is aberrant, leading to oblique cell
plates and disorganized cell files (Cleary and Smith, 1998). Although transverse PPBs
appear normal, longitudinal ones were markedly reduced. Tan1 was later found to
localize to all MT arrays as puncta (Smith et al., 2001).

Spiral-1
The Arabidopsis Spiral-1 (Spr-1) gene is a novel 12 kD plant-specific MAP with
six family members in Arabidopsis. First identified in screens for mutants with skewed
root growth, spr-1 plants exhibit right-handed twisting of organs (Furutani et al., 2000;
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Sedbrook et al., 2004). Spr-1 localizes to all MT arrays and was shown to be a +TIP
(Nakajima et al., 2004; Sedbrook et al., 2004). Although localized in mitotic spindles, its
function there is unknown (Sedbrook et al., 2004).

Map70
Given the complex rearrangements of plant MT arrays, a large toolbox of novel
MAPs that would not be identified by homology searches using known animal MAPs
may be required. The identification the novel Arabidopsis protein MAP70 through
proteomic screens for MT binding proteins points out one example of this (Korolev et al.,
2005). Identified in proteomic screen of proteins bound to taxol stabilized MTs in
Arabidopsis suspension cultures, MAP70 is a novel plant-specific coiled-coil protein with
5 Arabidopsis family members. GFP fusions to MAP70 decorate all 4 arrays (Korolev et
al., 2005). Its function remains to be identified.

Map190
MAP190 is a novel plant MAP isolated from BY-2 cells based on affinity for both
MTs and MFs, and localizes to the nucleus in interphase and to the spindle during mitosis
(Igarashi et al., 2000). The presence of a MAP with actin-binding capacity within mitotic
spindles suggests a possible role for actin in mitosis. Actin has been found within
spindles and has been implicated in spindle positioning, but its contribution to spindle
function, if any, is questionable (Mineyuki and Palevitz, 1990; Staiger and Cande, 1991).
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Kinesins: Force-Generating MAPs
Kinesins and kinesin-like proteins (KLPs, henceforth referred to as kinesins) are
force-generating MAPs that use the hydrolysis of ATP to move unidirectionally along
microtubules, carrying cellular cargo, such as organelles, vesicles, chromosomes,
proteins, RNA, or additional MTs (Dagenbach and Endow, 2004; Miki et al., 2005).
Recently a standardized nomenclature was developed that recognizes 14 distinct kinesin
families (Lawrence et al., 2004). This nomenclature will be used throughout this thesis.
Kinesins exhibit considerable variation in quaternary structure between different
families, which allows integration into diverse cellular processes. Some kinesins such as
Kinesin-3 (KIF1A/ UNC104) function as simple monomers (Miki et al., 2005), members
of the kinesin-2 (KRP85/95) family form heterodimers (Henson et al., 1995), whereas
Kinesin-5 (BimC) family members form homotetramers (Kashina et al., 1996). However,
most kinesins exist as homodimers, associated with one to several kinesin-associated
proteins (KAPs), which serve regulatory functions or act as cargo (Manning and Snyder,
2000).
In contrast to this widely variable quaternary structure, most kinesins share a
conserved tertiary tripartite domain architecture consisting of a conserved globular motor
(head) domain, a variable coiled-coil stalk domain (responsible for dimerization or
oligomerization), and a variable globular tail domain (involved in cargo binding). The
kinesin motor domain is conserved between all kinesins (>35% identity) and contains the
ATP and MT binding sites, whereas the stalk and tail exhibit little homology between
families. It is thought that this tail diversity allows association with a various cellular
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cargos. Kinesins can be fundamentally characterized by the position of the motor domain;
N-type kinesins have the motor domain at the N-terminus, a central stalk, and a Cterminal tail. C-terminal kinesins have the reverse architecture, with the motor domain
located at the C-terminus, and a third group, I-type (intermediate), contain a centrally
located motor. In general, N-terminal kinesins exhibit motility toward MT plus ends,
wheras C-type kinesins move toward MT minus ends. I-type kinesins have not been
found to exhibit motility, but rather affect MT dynamics.
Although motor position is correlated with directionality, domain swapping
experiments and mutational analysis have shown that the “neck” sequence, found
between the motor and stalk domains, confers kinesin directionality (Endow, 1999;
Endow and Waligora, 1998). In addition to directionality, kinesins also vary in their
capacity to move long or short distances along an MT. Some kinesins behave
processively; being able to move long distances along MT tracks with their cargo before
dissociating, while non-processive kinesins dissociate from the MT after very short
distances (nanometers). The ability to undergo long distance transport makes processive
kinesins well-suited to function in the targeting of cellular cargo to different places in the
cell, such as vesicle transport in the long axons of neurons. Non-processive kinesins
typically work cooperatively in large groups, in places where long distance transport is
not observed, such as mitotic and meiotic spindles or other MT structures. A kinesin's
processivity is determined by its duty ratio, which is the fraction of time a given kinesin
molecule spends attached to an MT track (Howard, 2001). Conventional two-headed
kinesins have a high duty-ratio, and are able to walk along MTs processively in a hand-
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over-hand fashion, ensuring that at least one head of the kinesin remains bound to the MT
at all times (Woehlke, 2001).
This coordinated walking is achieved through the amplification of small
nucleotide-dependent conformational changes (on the order of a few angstroms) into
large mechanical movements (on the order of several nanometers). This coupling
between chemical and mechanical phenomena is key to understanding how kinesins
achieve movement in the cell. Kinesin's motor domain exhibits intrinsically low ATPase
rates that are stimulated approximately 5000 fold upon binding MTs (Howard, 2001).
Binding an MT stimulates release of bound ADP from kinesin, which is subsequently
replaced by ATP, resulting in a conformational change in the motor domain. ATP is
bound at a conserved region of the nucleotide binding pocket known as the P-loop, which
contains homology to myosins and G-proteins. Flanking the gamma-phosphate of the
bound ATP are two additional conserved domains known as switch I (SSRH) and switch
II (VDLAGSE). Subsequent loss of the gamma phosphate from ATP results in the
breaking of ionic bonds between the two switches, resulting in a small conformational
change that is amplified into distant conformational changes large enough to swing the
unbound ADP-head nearer the MT, where it can bind. Binding and loss of ADP from the
second head results in conformational changes that cause the first head to unbind. The
cycle is repeated when the second, bound head acquires an ATP. Although controversies
exist as to the order of events, this hand-over-hand model of kinesin processivity is
generally the favored model (Schief and Howard, 2001).
The measurable biophysical properties of kinesins, i.e. the speed and direction of
movement on MT tracks, degree of processivity (i.e. how many steps a kinesin makes
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before falling off the MT), together with influences on MT dynamics allow inferences to
be made about the in vivo functionality of a given kinesin (Howard, 2001). Combining
this information with knowledge of kinesin structure and phylogenetic analysis is
essential to an understanding of the numerous roles of kinesins in the cell.

Kinesins involved in spindle function
At least 8 families contain members that are known to be involved in some aspect
of cell division (Goshima and Vale, 2003; Zhu et al., 2005). Of these, 5 families appear to
facilitate chromosome movement via direct binding to distinct regions of chromosomes.
Members of the kinesin-7 (CENP-E) and Kinesin-13 (KinI/MCAK) families associate
with chromosomal kinetochores, where they mediate stable attachment of MTs to
kinetochores and congression to the metaphase plate (kinesin-7) or through MT
depolymerase activity (Kinesin-13), modulate spindle MT dynamics, which facilitates
spindle bipolarity and length (Goshima and Vale, 2003; Kapoor et al., 2006; Schaar et al.,
1997; Sharp et al., 2005; Yen et al., 1991). Similar to Kinesin-13, members of the
kinesin-8 (Kip3) family also appear to act as kinetochore-localized MT depolymerases, as
their depletion results in elongated spindles and failed chromosome congression
(Goshima and Vale, 2005; Savoian et al., 2004; West et al., 2001).
Members of kinesin-4 (chromokinesin/KIF4) and kinesin-10 (Nod/Kid) families
bind directly to chromosomal arms, where they facilitate motility along non-kinetochore
MTs toward the metaphase plate, thus producing so-called “polar ejection forces”
(Funabiki and Murray, 2000; Yajima et al., 2003).
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While the above kinesins mediate chromosome movement via direct association
with chromosome arms or kinetochores, the Kinesin-5 (BimC), kinesin-6 (MKLP1), and
Kinesin-14 (C-terminal) families facilitate proper spindle functioning by modulating MTMT interactions. Through distinct MT binding sites in the motor and tail domains (or via
bipolar motors in the case of Kinesin-5), these kinesins act by crosslinking MTs and
sliding them past one another. The predictions of this ‘sliding filament’ model are as
follows: (1) when force-generating motors crosslink parallel MTs, the motility toward a
common end acts to focus MT ends together into poles, the poles containing plus ends in
the case of plus end motors and minus ends in the case of minus end motors; (2)
conversely, when plus end motors crosslink antiparallel MTs, the result is sliding apart
of the MTs (outward forces), and minus end motors crosslink antiparallel MTs, the result
is sliding them together (inward forces). The balance of these outward and inward forces
leads to stable antiparallel MT configurations, such as the interpolar MTs of spindles
(Nedelec, 2002). In bipolar spindles, minus end motors, such as Kinesin-14 or dynein are
responsible for pole formation, whereas plus end directed Kinesin-5 motility drive the
separation of these poles (Walczak et al., 1998). In accordance with the sliding filament
model, both Kinesin-5 and Kinesin-14 family members have been localized to
antiparallel MTs of the spindle midzone (Ambrose et al., 2005; Sharp et al., 1999a), and
inhibition of either family leads to spindle defects (Endow et al., 1994; Mountain et al.,
1999).
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Plant kinesins involved in mitotic spindle function
Of the 61 predicted kinesins in the Arabidopsis genome, eighteen have so far been
reported on, and of those, seven have been implicated in mitosis. Although it has recently
been shown that flowering plants lack four of the fourteen kinesin families designated by
Lawrence et al., (2004), they do contain representatives of each of the eight kinesin
families that have been so far implicated in mitosis in animals or fungi. Furthermore,
plants contain several novel plant-specific families not included in the new fourteenfamily nomenclature (Lawrence et al., 2004), some of which may be involved in mitosis
(Richardson et al., 2006). In general, kinesin families known to be involved in mitosis all
contain abundant members in flowering plants. Several kinesins have been localized to
the PPB and/or spindle (Ambrose et al., 2005; Kong and Hanley-Bowdoin, 2002; Liu et
al., 1996; Smirnova et al., 1998; Vanstraelen et al., 2004), however functional data has so
far been reported for only ATK1, ATK5, and KCBP (Ambrose et al., 2005; Marcus et al.,
2003; Vos et al., 2000), therefore, the bulk of this section will focus on this functional
data within the broader context of common mechanisms in eukaryotic mitosis.
Over a third of the 61 predicted kinesins in the Arabidopsis genome belong to the
Kinesin-14 family, which comprises the sole group of minus end-directed kinesins
(Reddy, 2001). Members of this family typically contain a C-terminally-located motor
domain (although central or N-terminal locations are also present in some plant Kinesin14s) and function in the gathering of microtubule minus ends into poles and also in
providing inward forces between overlapping MT plus ends to facilitate spindle
compaction (Ambrose et al., 2005; Vos et al., 2000; Walczak et al., 1998). In animals and
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fungi, these inward-directed sliding forces generated by Kinesin-14s counterbalance the
outward pushing forces provided by Kinesin-5 (BimC) family members, as evidenced by
the finding that loss of Kinesin-14 partially rescues the spindle collapse phenotype found
with Kinesin-5 disruption (Hoyt et al., 1993; Mountain et al., 1999; O'Connell et al.,
1993; Sharp et al., 2000; Sharp et al., 1999b). Although balance of inward forces
generated by Kinesin-14 with outward forces generated by Kinesin-5 has not yet been
identified in plant spindles, it probably exists based on the similarity of Kinesin-14
phenotypes (Ambrose et al., 2005; Chen et al., 2002; Marcus et al., 2003), and the known
localization of Kinesin-5 family members to the mitotic spindle in tobacco BY-2 cells
and carrot cells (Asada et al., 1997; Barroso et al., 2000).
It has been suggested that the abundance of Kinesin-14 family members in plants
accounts for the absence of the other known eukaryotic minus end-directed motor,
dyneins (Ambrose et al., 2005; Reddy and Day, 2001). While dynein-containing fungi
and animal genomes generally contain only one or a few dyneins, the varied association
of components of the dynein regulatory complex, dynactin, probably account for the
regulation and modulation of the diverse cellular activities of cytoplasmic dynein.
Therefore, in higher plants these multiple roles may be taken on by different Kinesin-14
family members, instead of containing one or a few minus end motors with complex
regulatory subunits. Indeed Kinesin-14s and cytoplasmic dynein share similar functions
within the spindle apparatus in acentrosomal Xenopus egg extracts, where the depletion
of both cytoplasmic dynein and the Kinesin-14 XCTK2 leads to an exacerbation of the
splayed-pole phenotype observed with inhibition of either one alone (Walczak et al.,
1998).
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The Kinesin-14 ATK5 has been shown to be a +TIP, and to localize to the mitotic
spindle midzone from early prometaphase until telophase (Ambrose et al., 2005).
Spindles from plants lacking ATK5 exhibit defects consistent with the sites of force
generation predicted from these localizations. Spindles of atk5-1 plants exhibit an
extended period of elongation during prophase/prometaphase (i.e. formation of the polar
caps) and become highly elongated and often bent. During this same time period in wild
type cells, YFP::ATK5 migrates from the poles inward on MTs. When these MTs
encounter MTs from the opposite pole, YFP::ATK5 becomes enriched specifically within
overlapping regions of interpolar MT bundles. The inward migration of ATK5 is
coincident with the relaxation of pointed prophase poles into the characteristic broad
metaphase poles in wild type cells. In atk5-1 mutants, this pole broadening begins earlier,
during prometaphase (when some ATK5 remains near the poles), suggesting that ATK5
is a major pole determinant during prometaphase. The observation that poles become
splayed during prometaphase, when the PPB has already disappeared, but remain tight
during prophase, when the PPB is present, illustrates a redundancy between the PPB and
Kinesin-14 in pole formation. Similarly, the atk1-1 phenotype, which affects pole
formation, is more pronounced in meiotic cells, which lack PPBs (Chen et al., 2002).
The bent prophase/prometaphase spindles seen in atk5-1 plants occur in cells with
an initially misplaced prophase nucleus. This nuclear misplacement occurs normally in
roughly 25% of wild type and atk5-1 cells, although the resultant bending is exacerbated
in atk5-1 spindles (unpublished observation). Bent spindles are a common phenotype of
Kinesin-14 inhibition (Endow and Komma, 1996; Prigozhina et al., 2001; Sharp et al.,
2000; Walczak et al., 1997). In chapter 3, I propose that this bending results from the
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failure to capture and coalign oblique MTs as they grow in from the poles. Similarly, in
the case of atk5-1, the bending may occur from an unequal distribution of forces between
the spindle poles and PPB (see next section), since more pole-PPB MT connections are
observed on the side of the nucleus closest to the PPB (Chapter 4). ATK5 may act on
these connections to pull the prophase spindle poles toward the PPB, thereby
counterbalancing pushing forces exerted by plus-end directed kinesins. Hence,
modulation of forces between PPB and pole would restrict prophase spindle elongation to
an axis perpendicular to the plane of the PPB, thereby facilitating spindle bipolarity.

Pathways of mitotic spindle assembly and function in higher plants

Evidence for chromatin-mediated pathway in plants
Chromatin-mediated MT nucleation involves the small GTPase Ran, which in its
GTP-bound form facilitates the activation of various spindle-promoting components such
as XCTK2, NuMA, and TPX2 (Ems-McClung et al., 2004), and the gamma tubulin ring
complex (γTuRC) which initiates nucleation of MTs around chromatin (Wilde and
Zheng, 1999). The concentration of Ran-GTP is kept high in the vicinity of chromatin via
the activity of the chromatin-bound GTP-exchange factor, RCC1, and kept low in the
cytoplasm via the Ran GTPase activating protein (RanGAP). Thus MT nucleation is
maintained in the vicinity of the chromatin.
The best evidence for the presence of the chromatin-mediated pathway of MT
nucleation in plants comes from drug studies where MTs were depolymerized, and then
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fixed and immunostained for MTs at various time points of recovery. In several studies,
at early time points, MT staining first appears as kinetochore-associated dots, which then
grow into small tufts and later into fir-tree structures (Cleary and Hardham, 1988;
Falconer et al., 1988). Similarly, small tufts of MTs form asynchronously between
different granules of individual sister kinetochores during early prophase in Haemanthus
endosperm cells (Bajer, 1987). The presence of poleward flux in plant spindles also
indicates probable MT plus end assembly at or near kinetochores (Ambrose and Cyr,
manuscript in progress).

Motor-driven MT sorting from random arrays
When DNA-coated beads are added to Xenopus egg extracts, MTs are nucleated
randomly around the beads via the chromatin-mediated pathway and sorted into a bipolar
spindle via the action of motor proteins (Heald et al., 1996). Similarly, in cells with
reduced prophase spindle bipolarity (i.e. cells lacking PPBs or containing double PPBs),
the MTs randomly nucleated around the nucleus become sorted during prometaphase into
bipolar spindles, although this takes longer than if bipolarity had been present during
prophase (Chan et al., 2005; Yoneda et al., 2005). Live imaging of GFP::tubulin or
EB1::GFP in these cells shows MTs sorting from a disorganized mass into bipolar
spindles. In cells lacking PPBs due to GFP::MAP4 overexpression, during early
prometaphase, spindle MTs collapse into a tight mass prior to sorting into long parallel
bundles preceding anaphase. Interestingly, this collapse is dependent on ATK5 (Chapter
4). In atk5-1 cells overexpressing GFP::MAP4, the disorganized perinuclear MTs in
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PPB-less cells remain as a loosely disorganized ball after NEB, rather than collapsing
inward as in wild type cells. The time and degree of subsequent MT sorting in these cells
do not appear to be affected, indicating the participation of other motors in this process.
Indeed in the Xenopus egg extract system, sorting of MTs into a bipolar spindle is
achieved by Eg5 (Kinesin-5, BimC family), while Kinesin-14 and dynein participate in
spindle stability and pole focusing (Walczak et al., 1998). With TDNA insertions
available in all four of the Arabidopsis Kinesin-5 members, it is only a matter of time
until their contributions to plant spindle function are elucidated.

The PPB as an equatorial prophase spindle organizer
As the PPB narrows, MTs radiating from the nucleus connecting to the cortex
become progressively restricted to the same region of the cortex that is occupied by the
PPB, appearing as spokes in a wheel from pole view (Mineyuki and Palevitz, 1990;
Nogami et al., 1996; Wick and Duniec, 1984; Wick and Duniec, 1983). Substantial
evidence supports the notion that the PPB facilitates the bipolar organization of the
associated prophase spindle. In all documented cases of experimental perturbation of the
PPB, the accompanying prophase spindle also exhibits abnormalities. Specifically,
bipolarity of the prophase spindle is absent or reduced in the following cases: 1) cells
that naturally lack PPBs, such as those of endosperm and meiotic tissues (Smirnova and
Bajer, 1992); 2) cells of the tonneau mutant, which lacks cortical MTs and PPBs
(Camilleri et al., 2002); 3) Arabidopsis suspension cells overexpressing EB1::GFP, which
frequently lack PPBs (Chan et al., 2005); 4) cells treated with CD, which causes narrow
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PPBs to broaden (Eleftheriou and Palevitz, 1992; Mineyuki et al., 1991; Mineyuki and
Palevitz, 1990); 5) cells treated with cycloheximide or kinase inhibitors, which also
inhibits PPB narrowing (Nogami and Mineyuki, 1999; Nogami et al., 1996); 6) cells
exhibiting double PPBs (Yoneda et al., 2005); 7) cells treated with taxol, which interferes
with PPB narrowing and causes MTs bridging the nucleus and PPB to become more
numerous and unevenly distributed (Baluska et al., 1996; Panteris et al., 1995); 8)
caffeine-induced binucleate cells where one nucleus lacks a PPB (Manandhar et al.,
1996); 9) meristematic cells from Arabidopsis root tips overexpressing the MT reporter
GFP::MBD, which frequently causes absence of PPBs, or lack of PPB narrowing
(Chapter 4).
Although there is little doubt that the PPB plays a role in establishing prophase
spindle bipolarity, studies are lacking that suggest a clear mechanism as to how this
occurs. Based on observations presented in this thesis and data observed in our lab, I
propose that the cytoplasmic MTs bridging PPB and spindle (hereafter referred to as
bridge MTs) are capable of exerting forces that facilitate the organization of perinuclear
MTs from their initial random distribution, into two halves, perpendicular to the PPB
plane. These bridge MTs exert a transient pulling force between PPB and perinuclear
MTs that tends to coalign perinuclear MTs in a direction similar to those of the bridge
MTs, thus providing a spatial cue for the orientation of the prophase spindle axis. The
nature of the connection between bridge MTs and cortex is as follows: PPB MTs (both
individually and in bundles) curve out into the cytoplasm toward the nucleus, while still
being bundled with other PPB MTs (Bakhuizen et al., 1985; Burgess, 1970). The ends of
the bridge MTs that remain inside the PPB, coaligned with PPB MTs, provide possible
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sites for anchorage or the generation of force via MT-MT sliding mechanisms. Indeed
cross-bridges between MTs that could represent crosslinking factors or motors have been
observed in PPBs (Hardham and Gunning, 1978). Data presented in chapter 4 indicate
that in cells with unevenly distributed bridge MTs, the accompanying prophase spindle is
always more bipolar (i.e. perinuclear MTs are sorted into two halves, perpendicular to the
PPB plane) on the side of the spindle containing more numerous bridge MTs (Chapter 4).
Moreover, in these cells, the prophase nucleus and its associated perinuclear MTs are
often observed to migrate and stretch in the direction of the numerous bridge MTs during
formation of the bipolar prophase spindle. These findings suggest the presence of tension
between the PPB and prophase nucleus/spindle, and that this is mediated by intervening
bridge MTs. Other studies have also provided evidence for tension between the nucleus
and PPB: 1) laser microsurgery experiments wherein the cytoplasmic strands are
observed to rapidly recoil upon laser ablation (Goodbody et al., 1991a; Goodbody et al.,
1991b; Hoffman, 1984); 2) prophase nuclei have been observed to become distorted into
an elliptical shape along the plane of the PPB, suggesting the presence of pulling forces
acting on the nucleus along the plane of the PPB (Burgess, 1970; Granger and Cyr, 2001;
Panteris et al., 1991); 3) PPBs copurify with isolated prophase nuclei, suggesting a strong
link between the two (Wick and Duniec, 1984); 4) reduced organelle motility within
mature phragmosomes (Mineyuki et al., 1994; Ota, 1961) and resistance of prophase
nuclei to centrifugation also indicates increased gelation and tensile forces between the
PPB and prophase spindle (Mineyuki and Furuya, 1986; Mineyuki and Palevitz, 1990;
Pickett-heaps, 1969). Although these findings provide compelling evidence for tensile
forces between PPB and prophase spindle mediated by bridge MTs, the mechanism by
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which these interactions facilitate bipolarity along an axis perpendicular to the plane of
the PPB remains speculative.

The PPB and centrosome share similar functions
Due to their ubiquitous presence across diverse phyla and intimate association
with spindle poles in animal cells, the long-standing view has been that centrosomes are
essential for spindle formation and function. Although compelling, a large body of
evidence challenges this notion. First, higher plants and certain animal cell types (e.g.
oocytes) lack discrete MTOCs and yet still form bipolar spindles. Second, numerous
studies have shown that normal bipolar spindles can still form in the absence of
centrosomes, even in cells that normally contain these structures (Khodjakov et al., 2000;
Khodjakov and Rieder, 2001; Megraw et al., 2001; Phalle and Sullivan, 1998;
Wadsworth and Khodjakov, 2004). Specifically, in animal cells wherein the centrosomes
have been removed either genetically of mechanically, bipolar spindles still form,
exhibiting tightly-focused poles containing pole determinants such as NuMA (Khodjakov
et al., 2000). Significantly, these spindles form slower and less efficiently, and frequently
become misoriented, which can lead to abortive cytokinesis (Khodjakov et al., 2000;
Khodjakov and Rieder, 2001). Third, by disruption of pole determinants, a loss of pole
focusing can be induced in cells in which centrosomes are still present (Gaglio et al.,
1997).
In animal cells, which are malleable and constantly change shape, centrosomes
act to position and orient the spindle via their associated astral MTs, which attach to the
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cortex and anchor the spindle (Wittmann et al., 2001). Experiments using Xenopus egg
extracts showed that MTs are nucleated randomly around DNA-coated beads, and then
sorted into bipolar spindles via motors (Heald et al., 1996). When centrosomes are
introduced into these systems however, they become the dominant sites of MT
nucleation, but do not influence the ability of the spindles to form poles (Heald et al.,
1997). It was initially believed that the ‘inside-out’ mechanisms of spindle assembly,
namely the chromosome-mediated pathway and motor-sorting pathways observed in
acentrosomal systems were not operative in centrosome-containing cells, although recent
experiments have shown these pathways are also operative in centrosome-containing
cells (Maiato et al., 2004; Wadsworth and Khodjakov, 2004). In light of these findings,
the current understanding of centrosome function has shifted away from that of an
MTOC essential to mitotic spindle formation, to one of a redundant organelle that
facilitates proper spindle positioning and enhances the fidelity of cell division, thus
becoming important in cell survival and viability of the organism (Wadsworth and
Khodjakov, 2004).
The general effects of loss or disruption of PPBs include misoriented and wobbly
spindles (Chan et al., 2005), lack or reduction of prophase/prometaphase spindle
bipolarity (Chan et al., 2003; Nogami and Mineyuki, 1999; Nogami et al., 1996),
prolonged duration of prometaphase/metaphase as MTs sort into bipolar spindles
(Yoneda et al., 2005), and misguided phragmoplast trajectory during cytokinesis
(Camilleri et al., 2002; Chan et al., 2005). In all cases, as with loss of centrosomes, cells
lacking PPBs are capable of forming spindles, but the efficiency of formation and
subsequent orientation of the spindles are compromised. On the basis of these
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observations, I hypothesize that the PPB and centrosomes represent derived structures
that act redundantly with the more ancestral and universal pathways of motor-dependent
sorting and chromatin-driven MT nucleation to facilitate efficient spindle formation and
orientation/positioning, and to enhance the fidelity of cytokinesis. A major function of
both centrosomes and PPB is cortical anchorage and orientation of the spindle.
Centrosomes achieve this via interactions of their associated astral MTs with the cortex,
whereas in plants the function of astral MTs is achieved by two cytoskeletal components,
actin MFs and bridge MTs. Specifically, both are operative in spindle positioning and
orientation during prophase, and after NEB, the bridge MTs are lost and actin takes over
the role of subsequent spindle positioning and phragmoplast guidance during cytokinesis
(Mineyuki and Palevitz, 1990; Molchan et al., 2002). The idea that astral MTs in animals
are analogous to bridge MTs and actin cables in plants as spindle-orienting structures is
supported by the observations that each of these structures are under tension, providing a
pulling force on the associated spindle in the direction of the sites of cortical anchorage
(Aist et al., 1991; Goodbody et al., 1991a; Hahne and Hoffman, 1984).

Capture and coalignment rectifies discordant MTs during spindle formation
The establishment of bipolarity prior to NEB sets up MTs of opposing half
spindles in an ideal location for search and capture of kinetochores and non-kinetochore
MTs from the opposite half spindle. Evidence that Kinesin-14 motors play a role in the
search and capture of non-kinetochore MTs at prometaphase comes from the finding that
loss or inhibition of Kinesin-14 family members from diverse species results in bent
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spindles (Endow and Komma, 1996; Prigozhina et al., 2001; Sharp et al., 2000; Walczak
et al., 1997). Specifically, in the absence of these minus end-directed motors, antiparallel
MTs from opposing half spindles that encounter one another at an angle may lack the
ability to interact and coalign, which would normally tend to straighten the spindle axis.
Although not discussed, direct observation of this failure to interact and coalign was
shown by Goshima et al., wherein Drosophila S2 cells treated with RNAi for NCD
(Goshima et al., 2005a). In chapter 4 of this thesis, I show a figure in which nonkinetochore MTs angled oblique to the long axis of the spindle encounter similar oblique
MTs from the opposite pole and interact to coalign, thereby correcting aberrant MT
orientations during prometaphase. I term this process capture and coalignment, and favor
the idea that Kinesin-14 motors facilitate this across diverse eukaryotic phyla, possibly in
conjunction with plus end tracking.
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Chapter 2
A minus-end directed kinesin with +TIP activity is involved in spindle
morphogenesis
This chapter is a reprint (in pocket) of the published article by Ambrose, JC., Li, W.,
Marcus, A., Ma, H., and Cyr., R. which appeared in Molecular Biology of the Cell (2005)
16: 1584-92. Permission to include this article here has been explicitly granted by the
publisher, The American Society for Cell Biology. Included below are the supplementary
figure legends.

Chapter 3
Spatiotemporal redistributions of kinesin-14 modulate its contribution to
acentrosomal spindle formation and function

Summary
Kinesin-14 family members participate in spindle formation and functioning,
however the spatiotemporal origins and distribution of kinesin-14 force production is less
clear. Previously, we demonstrated that spindles of atk5-1 null mutant plants are
abnormally wide during metaphase and anaphase. Here, live imaging of mitosis in atk5-1
cells reveals additional defects during spindle formation. Beginning during prophase and
lasting until late prometaphase, spindles of atk5-1 plants become elongated, are
frequently bent, and exhibit splayed poles by prometaphase. The period of spindle
elongation during prophase and prometaphase is prolonged in atk5-1 cells. Time-lapse
imaging of YFP::ATK5 reveals colocalization with microtubules prior to nuclear
envelope breakdown, after which point the signal congresses inward from the poles to the
midzone, where it becomes progressively enriched at regions of overlap between
antiparallel MTs. We hypothesize that ATK5 mediates the search and capture of
antiparallel interpolar MTs, where is generates force to coalign MTs, thereby mediating
spindle length, width, and integrity.
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Introduction
A key event in eukaryotic somatic cell division is the formation of the mitotic
spindle apparatus, an array of microtubules (MTs) and MT-associated proteins (MAPs)
responsible for the segregation of chromosomes into daughter cells. In addition to the
dynamic properties of MTs themselves, several families of kinesin motor proteins and
cytoplasmic dyneins are essential players during spindle assembly. Kinesins undergo
ATP-dependent conformational changes in the conserved motor domain that drive
translocation along MT tracks, while the variable tail domain interacts with cellular
cargos to facilitate their transport to appropriate subcellular destinations. While 8 out of
the 14 families of kinesins have been implicated in various aspects of mitosis or meiosis
(Goshima and Vale, 2003; Zhu et al., 2005), this study focuses on the kinesin-14 family,
which comprises the sole group of minus-end directed kinesins (Dagenbach and Endow,
2004; McDonald et al., 1990; Walker et al., 1990).
Kinesin-14 family members contain a C-terminally located motor domain, which
confers non-processive motility to the MT minus-end, and several members have an
additional MT binding site located in the N-terminal tail (Karabay and Walker, 1999;
Narasimhulu and Reddy, 1998). The presence of distinct motor and tail MT binding sites
confers the ability to crosslink and slide MTs relative to one another (Surrey et al., 2001),
making kinesin-14 family members well suited for mediating MT-MT interactions in the
spindle. Kinesin-14 family members have been shown to function in two ways in the
spindle: 1) crosslinking of parallel MTs in each half spindle and focusing minus-ends
into poles (Chen et al., 2002; Goshima and Vale, 2003; Matthies et al., 1996; Walczak et
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al., 1998); and 2) crosslinking of antiparallel MTs near the spindle midzone and sliding
them together, thereby generating inward forces between spindle halves to
counterbalance the outward forces produced by kinesin-5 motors (Mountain et al., 1999;
O'Connell et al., 1993; Sharp et al., 1999b). The combination of these two activities, in
conjunction with other kinesins (and dyneins in non-plant cells), drives the organization
of MTs into a compact bipolar spindle (Sharp et al., 2000; Sharp et al., 1999b).
Loss of kinesin-14 family members often results in broadened, bent, and
disorganized spindles (Gordon et al., 2001; Goshima and Vale, 2003; Matthies et al.,
1996). However, the spatiotemporal distribution of forces generated by these motors
during spindle formation are not completely understood. Cells of higher plants provide an
excellent system for the investigation of the fundamental mechanisms of karyokinesis
since they lack discrete microtubule organizing centers (MTOCs) such as centrosomes or
spindle pole bodies, which can mask the effects of kinesin-14 disruption (Matthies et al.,
1996; Walczak et al., 1997a). Furthermore, it is well known that motor-dependent MTsorting plays a greater role in acentrosomal spindle formation (Heald et al., 1996a).
We previously showed that the kinesin-14 family member ATK5 is a plus end
tracking protein (+TIP) that localizes to mitotic spindles with enrichment in the midzone,
where it generates forces resulting in lateral compaction of the spindle during metaphase
and anaphase (Ambrose et al., 2005). Here, live imaging reveals that plants lacking
ATK5 exhibit additional defects in early spindle assembly consistent with loss of both
inward and pole focusing forces. Spindles of atk5-1 null mutant plants are bent and
abnormally elongated with splayed poles during prometaphase, and the duration of
prophase/prometaphase is prolonged. Imaging of YFP::ATK5 during the prophase to
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prometaphase transition reveals its localization and enrichment on regions of overlap
between interpolar MTs. We hypothesize that ATK5 is involved in search-and-capture of
interpolar MTs, and that this facilitates coalignment and maintenance of antiparallel MT
connections, which play a significant role in the assembly and function of acentrosomal
spindles.

Materials and Methods

Plant material and growth conditions
Plant growth, cell culture maintenance, and Agrobacterium-mediated stable
transformations were performed as described previously (Ambrose et al., 2005). Plasmid
containing GFP::TUB6 was a gift from T. Hashimoto (Nara Institute of Science and
Technology, Ikoma, Japan.), and was stably transformed into wild-type and atk5-1 plants.
For live observation of plants expressing GFP::TUB6, single-well chamber slides
(Sigma) supplemented with a 3mm layer of growth medium were used. Seeds were
pushed through the medium with a sterile toothpick until they reached the coverslip at the
bottom of the chamber. Chambers were then placed at an angle, allowing for observation
of roots as they grew along the cover slip. Seedlings were observed 3-7 days after
germination.
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Fluorescence microscopy and image analysis
Images were collected using a Plan-Neofluar 40x (N.A. 1.3) oil-immersion
objective (Zeiss, Thornwood, NY, USA). Wide-field microscopy was conducted using a
shutter-equipped Zeiss Axiovert, and images were captured with a Coolsnap HQ CCD
camera (Roper Industries, Duluth, GA) controlled by ESEE software (Inovision Corp.,
Durham, NC). To distinguish between fluorophores, the following filter sets were used:
GFP (460-500 nm excitation, 510-560 nm emission); YFP (490-510 nm excitation, 520550 nm emission); DsRed (530-560 nm excitation, 575-645 nm emission). Intervals used
during time-lapse imaging ranged from 15 seconds to 1 minute, and are indicated within
figures. Typical exposure times were 1-2 seconds. Image analysis was performed using
Image J software (http://rsb.info.nih.gov/ij/).

Results

Live imaging of atk5-1 spindles reveals defects in spindle formation
Previous studies using tubulin immunofluorescence on atk5-1 cells revealed
laterally broadened mitotic spindles during metaphase and anaphase (Ambrose et al.,
2005). To further understand how ATK5 contributes to spindle morphogenesis, we stably
transformed wild-type and atk5-1 plants with a chimeric gene construct harboring a
fusion between green fluorescent protein (GFP) and Arabidopsis β-Tubulin-6 (TUB6)
and used plants with detectable levels of fluorescence in dividing cells of the root tip for
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high spatiotemporal resolution imaging of spindle formation and function. All transgenic
plants exhibited normal morphology and growth parameters.
Fig. 3-1 shows the progression through mitosis in a representative cell from wildtype root tips (see also supplementary material, Movie 3-1). During late G2/early
prophase in typical wild-type cells, a broad preprophase band (PPB) of MTs forms
beneath the cortex encircling the nucleus and progressively narrows as the cell
approaches the onset of mitosis (Vos et al., 2004; Wick and Duniec, 1983c). Concurrent
with PPB narrowing, MTs appear in the vicinity of the nuclear envelope and
subsequently become asymmetrically distributed into two poles on opposite sides of the
nucleus to form the prophase spindle, the axis of which is perpendicular to the plane of
the PPB (Baskin and Cande, 1990; Mineyuki et al., 1991; Nogami et al., 1996). MTs
emanating from these poles are oriented tangentially to the nuclear surface and may
extend along the surface of the nucleus to the equatorial region, where they overlap with
MTs from the opposite pole, or they may extend laterally and interact with the PPB
(Mineyuki et al., 1991; Nogami et al., 1996). Shortly after pole formation, the prophase
spindle begins elongating in a direction parallel to its long axis (Fig. 3-1B-E). This
elongation continues through nuclear envelope breakdown (NEB), with the spindle
achieving maximum length during prometaphase, after which point MTs congress inward
to form the metaphase spindle (Fig. 3-1F-H). After anaphase (Fig. 3-1I) is completed,
MTs congress back to the equatorial region to give rise to the phragmoplast (Fig. 3-1J-O),
which deposits cell wall material as it expands outward.
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Fig. 3-1: Mitosis in wild type Arabidopsis plant expressing GFP::TUB6. Images are
taken from a time lapse series (Movie 1 in supplementary material). (A) Prophase spindle
with narrow PPB (arrow heads indicate PPB, arrows indicate incipient spindle poles).
(B,C) Prophase spindle elongation and NEB (C). (D, E) Prometaphase. (F-H) Metaphase.
(I) Anaphase. (J-O) Telophase/cytokinesis, showing the phragmoplast expanding
centrifugally. Bar, 5µm.
Fig. 3-2 shows the progression through mitosis in a representative cell from atk51 root tips (see also supplementary material, Movie 3-2). Beginning during prophase
spindle elongation and lasting until the end of prometaphase, spindles of atk5-1 cells
became highly elongated with splayed spindle poles and often displayed a bent
morphology (Fig. 3-2A-I; see also supplementary material, Movie 3-2). Throughout
prophase spindle elongation, the mean pole-to-pole spindle length was significantly
greater in atk5-1 spindles, compared to the corresponding stage in wild-type spindles
(Fig. 3-2A-F). This difference became more pronounced as cells progressed to
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prometaphase (Fig. 3-2F-I); however by metaphase, mutant spindles had shortened to
lengths similar to wild-type spindles (Fig. 3-2J-M).

Fig. 3-2: Aberrant mitosis in atk5-1 plant expressing GFP::TUB6. Images are taken from
a time lapse series (Movie 2 in supplementary material). (A) Prophase spindle with PPB.
(B-E) Prophase spindle elongation and NEB (F). (F-I) Prometaphase. (J-M) Metaphase.
(N) Anaphase. (O-T) Telophase/cytokinesis. Bar, 5µm.
During prometaphase and metaphase, spindles of atk5-1 also exhibited less
structural integrity than those of wild type. Wild type spindles maintained an ordered
appearance, with little noticeable movement of the well-aligned kinetochore fibers,
whereas atk5-1 spindles appeared much more disorganized, with individual kinetochore
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fibers displaying a greater degree of autonomy and movement during metaphase (Fig. 32G-M, see also supplementary material, Movies 3-1 and 3-2). This was most evident at
the broad poles of atk5-1 spindles, which appeared highly disorganized and unstable.
Overall, atk5-1 spindles appeared deficient in lateral interactions between neighboring
kinetochore bundles, resulting in broader and less compact spindle structure compared to
those of wild type.
Fig. 3-3 shows the representative stages of mitosis in wild-type and atk5-1 cells,
and the corresponding mean spindle lengths for each. Mean atk5-1 spindle length during
late prophase (just prior to NEB) was 9.8 ± 0.3 µm (n=32), versus 8.4 ± 0.3 µm in wildtype cells (n=31, P=4.0x10-9, Student’s t). During prometaphase (after NEB, before
establishment of a clear metaphase plate), mean spindle length increased to 11.0 ± 0.1 µm
(n=37) in atk5-1 cells, versus 9.3 ± 0.3 µm in wild-type cells (n=32, P=1.5x10-11,
Student’s t). During metaphase and anaphase, atk5-1 spindle lengths were not
significantly different from those of wild type.
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Fig. 3-3: Mitotic spindle lengths differ in wild type and atk5-1 plants. (A) Images of
representative cells of wild type and atk5-1. (B) Mean spindle lengths. Asterisk indicates
significant difference (Student’s t test). Bar, 5µm.
In agreement with our previous results using tubulin immunofluorescence,
metaphase and anaphase spindles in atk5-1 plants were significantly wider at the midzone
and poles (Fig. 3-2M-O). Here, we observed that this broadening manifests first as a
splaying of the poles during prometaphase, then later at the midzone during metaphase.
Fig. 3-4A shows representative prometaphase spindles (at the point of maximum
elongation) from atk5-1 and wild-type cells. At prometaphase, atk5-1 spindle poles are
broader than those of wild type, whereas the width measured at the spindle midzone was
not significantly different (Fig. 3-4A). The mean spindle width measured at the poles was

58
2.8 ± 0.1 µm (n=37) for atk5-1 and 2.0 ± 0.2 µm for wild type (n=32, P=2.1x10-6,
Student’s t), whereas the mean midzone width was 4.5 ± 0.1 µm for atk5-1 and 4.6 ± 0.1
µm for wild type (Fig. 3-4B).

Fig. 3-4: Prometaphase mitotic spindles are elongated with splayed poles in atk5-1 cells.
(A) Representative prometaphase spindles of wild type and atk5-1 plants. (B) Mean
widths of mitotic spindles measured at the midzone and poles in wild type and atk5-1.
Asterisk indicates significant difference. Bar, 5µm.

atk5-1 spindles exhibit an increased duration of prophase/prometaphase spindle
elongation
In addition to elongated prophase/prometaphase spindles, the duration of this
stage was significantly extended in atk5-1 (Tab. 3-1). Measuring the time spent from the
start of prophase spindle elongation until maximum length is reached during
prometaphase, spindles from atk5-1 cells elongated for an average of 9.9 ± 2.9 minutes,
versus 5.8 ± 1.9 minutes in wild-type cells. A slight increase in the duration between
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prometaphase and anaphase was also observed (Tab. 3-1). As shown in Fig. 3-5 , the rate
of spindle elongation appeared normal in atk5-1 cells (0.7 ± 0.2 µm minute-1), suggesting
that this increased duration of prophase/prometaphase was not due to slowed separation
of poles, but instead due to an extended period of elongation. To test if this increased
duration was due to a premature initiation or delayed termination of spindle elongation,
the PPB was used as a marker for mitotic status, since its width decreases in a timely and
predictable manner as the spindle develops (Mineyuki et al., 1991; Vos et al., 2004). In
order to determine if prophase spindle elongation began earlier in atk5-1 cells, PPB
widths were measured at the start of prophase spindle elongation. PPB widths were
significantly larger at this stage in atk5-1 compared to wild type (2.3 ± 0.3 µm for atk5-1,
n=42; 1.9 ± 0.4 µm for wild type, n=45; Student’s t=0.0002), suggesting that elongation
started early in atk5-1 cells. Additionally, maximum prometaphase spindle lengths
coincided with PPB disappearance in both atk5-1 and wild type, further indicating that
spindle elongation ended at the normal time, not that it extended further. Lastly, in atk5-1
cells, spindle elongation began coincident with the establishment of prophase spindle
bipolarity, whereas an accumulation of MTs at the poles was evident before spindle
elongation in wild-type cells. Anaphase duration and spindle elongation rates appeared
unaffected in atk5-1 spindles.
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Tab. 3-1: Kinetics of mitotic spindle development.
Cells
Prometaphase
Prophase/prometaphase
to anaphase time
spindle elongation time
n
(minutes)
(minutes)
wt
5.8 ± 1.9
8.6 ± 1.4
24
9.9 ± 2.9
7.7 ± 1.9
21
atk5-1
P = 5.7 e-7
P = 0.027
Times are means ± S.D. Prophase/prometaphase spindle elongation is defined as the point
of first noticeable elongation of the prophase spindle until the maximum length is reached
at prometaphase. Prometaphase to anaphase is defined as the time from maximum
prometaphase length until the first noticeable anaphase spindle elongation. P values were
determined with student’s t test.
Genotype
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Fig. 3-5: Spindles of atk5-1 plants exhibit an increased duration of
prophase/prometaphase spindle elongation. Spindle lengths from four cells of wild type
(black lines) and atk5-1 (red lines) were measured every 15 seconds during
prophase/prometaphase spindle elongation. The peak of each line represents maximum
prometaphase spindle length, after which point MTs congress inward to the equator to
form the metaphase spindle.

ATK5 is enriched at overlapping regions of early interpolar MTs
Since live imaging of mitosis in atk5-1 cells revealed defects in
prophase/prometaphase spindle formation, we sought to explore the dynamic localization
of ATK5 in dividing cells specifically at this stage in order to better understand the site(s)
of ATK5 force generation. To this end, we used Arabidopsis plants stably expressing a
YFP::ATK5 fusion protein. Previous work showed that this fusion protein tracks MT plus
ends during interphase, and localizes to mitotic spindle midzones in tobacco BY-2 cells
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(Ambrose et al., 2005). Fig. 3-6 shows localization of YFP::ATK5 in a mitotic cell from
an Arabidopsis root tip. During prophase, YFP::ATK5 localizes to MTs of the PPB and
prophase spindle (Fig. 3-6A-D). As the prophase spindle elongates and progresses to
prometaphase, YFP::ATK5 localizes to MTs of the fusiform spindle and becomes
progressively enriched on MT bundles overlapping the spindle midzone (Fig. 3-6E-I). By
metaphase, the spindle poles have broadened and YFP::ATK5 is concentrated
predominately in the spindle midzone (Fig. 3-6J-L). These data show localization of
ATK5 to early prometaphase spindle midzones, presumably before a substantial number
of kinetochore fibers have formed, suggesting that ATK5 force generation during
prometaphase occurs at regions of overlap between antiparallel interpolar MTs.

Fig. 3-6: Localization of YFP::ATK5 during mitotic spindle formation in an Arabidopsis
root tip cell. (A,B) Prophase spindle. YFP::ATK5 localizes to MTs of the prophase
spindle and PPB. (C-E) Prophase spindle elongation. (F) NEB. (G-I) Prometaphase. (J-L)
metaphase. Following NEB (F), YFP::ATK5 becomes enriched on interpolar MT bundles
traversing the midzone (arrow in H). Bar, 5µm.
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To test the hypothesis that YFP::ATK5 localizes to interpolar MTs during the
prophase/prometaphase transition, we analyzed YFP::ATK5 dynamics in a tobacco BY-2
cell line harboring an MBD::DsRED fusion protein, which is used to visualize MTs
(Dixit and Cyr, 2004b). BY-2 cells were chosen owing to their large spindle size and
substantial midzone, which makes them well suited for studies requiring high
spatiotemporal resolution. Prior to NEB, a fusiform prophase spindle encapsulates the
nucleus and contains numerous MT connections to the narrow PPB. Distinct from the
situation observed in Arabidopsis cells, spindles of BY-2 cells do not undergo significant
prophase/prometaphase spindle elongation. Instead, at NEB/prometaphase, the MTs
congress inward from the poles to the midzone, where they are organized into a barrelshaped metaphase spindle. Fig. 3-7 shows frames from a time-lapse series of a BY-2 cell
expressing YFP::ATK5 and MBD::DsRed during the transition from prophase to
prometaphase (see also supplementary material, movie 3). Fluorescence intensity profiles
to the right of each time point (columns) were derived from a line drawn along the poleto-pole axis of each merged image. Dual imaging shows that YFP::ATK5 initially
colocalizes with all spindle MTs during prophase (Fig. 3-7, t=0 minutes). As the nuclear
envelope breaks down and MTs congress to the equator (Fig. 3-7, t=2.5 minutes),
YFP::ATK5 appears on thick MT bundles that span the midzone, where it subsequently
becomes progressively enriched relative to MTs throughout the sequence (Fig. 3-7, t=5 to
7.5 minutes). Coincident with this midzone accumulation of fluorescence, a proportionate
depletion in fluorescence occurs at the poles, while the MT signal remains predominately
polar.
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Fig. 3-7: Localization of YFP::ATK5 (green) during the transition from prophase to
early prometaphase in tobacco BY-2 cell expressing MBD::DsRED (red) as a MT
reporter. Fluorescence intensity profiles for each time point correspond to a line drawn
along the long axis of the spindle (MTs=red, YFP::ATK5=green). Four images taken
from a time lapse series at 2.5 minute intervals (Movie 3 in supplementary material). At
t=0, YFP::ATK5 colocalizes evenly with MTs of the prophase spindle, which surrounds
the nucleus. After NEB, YFP::ATK5 becomes progressively enriched on interpolar MT
bundles spanning the midzone, while becoming proportionately depleted from the poles
relative to MT fluorescence (t=2.5 to 7.5 minutes).
The midzone-spanning MT bundles appear stable as judged by the ability to
observe individual bundles for several successive frames (see supplementary material,
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Movie 3-3); often exhibiting pronounced lateral movement within the spindle. These
bundles are most likely interpolar MT bundles, given that they cross the midzone as a
continuous entity rather than becoming interrupted by a kinetochore, and given the fact
that the fibers do not exhibit the characteristic ‘fir tree’ morphology of plant kinetochore
bundles (Bajer and Molebajer, 1986; Palevitz, 1988). With respect to the pattern of
accumulation of YFP::ATK5 in the midzone, examination of the supplementary movie
corresponding to figure 7 (supplementary movie 3-3) gives the impression that
YFP::ATK5 fluorescence moves on MT bundles from its initial location at the poles to
the midzone during prometaphase (although the high density of MTs in this cell made
this difficult to document in a static figure). Fig. 3-8 shows a more favorable cell to
illustrate this inward movement. Its more sparsely populated midzone during early
prometaphase exposed the movement of individual MT bundles more readily.
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Fig. 3-8: Localization of YFP::ATK5 (green) and MBD::DsRed (red) during prophase to
prometaphase transition in a tobacco BY-2 cell. (A) Images taken from a time-lapse series
(Movie 4 in supplementary material) with 15 second intervals between frames.
YFP::ATK5 moves from the poles inward (arrowheads) and becomes enriched at regions
of overlap between antiparallel interpolar MT bundles (asterisks). (B) Kymograph of
entire sequence taken along dotted line in (A). Bars, 10µm. Time scale in (B) is 345
seconds.
Fig. 3-8A shows frames from a time-lapse series (15-second intervals between
frames) of the transition from prophase to prometaphase in a BY-2 cell expressing
YFP::ATK5 and MBD::DsRed (see also supplementary material, Movie 3-4). Again,
YFP::ATK5 initially colocalizes with spindle MTs during prophase (Fig. 3-8A, first
frame) and becomes progressively enriched in the midzone relative to MTs throughout
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early prometaphase. Significantly, we noticed that when two bundles from opposite poles
encounter each other and coalign, YFP::ATK5 becomes enriched at the regions of
overlap (asterisk in A). In this sequence, two of these capture events occur: the first at 75
seconds, establishes an interpolar MT bundle; the second, at 175 seconds, reveals the
captue and subsequent incorporation of another MT into this same bundle. A kymograph
of this time-lapse series taken along the long axis of the spindle (indicated by a dotted
line in the first frame) clearly illustrates the relationship between MTs and YFP::ATK5
fluorescence from prophase to prometaphase (Figure 3-8B). These data suggest that
ATK5 moves from the poles to the midzone on early non-kinetochore MTs, and becomes
enriched at regions of overlap between antiparallel-oriented MTs as interpolar MT
connections are established.

Discussion

Role of ATK5 during prophase/prometaphase
C-terminal kinesins have been implicated in spindle pole focusing (Goshima et
al., 2005a; Goshima and Vale, 2003; Matthies et al., 1996; Matuliene et al., 1999;
Walczak et al., 1998) and inward force generation (Mountain et al., 1999; O'Connell et
al., 1993; Sharp et al., 1999b) during mitosis, but the nature of these forces are unclear.
Here we show that ATK5 acts in both manners during mitotic spindle formation, and
exhibits temporally distinct localizations consistent with the sites of force generation
predicted by these two modes of action. The effects of ATK5 loss on both processes are
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apparent prior to the establishment of well-defined kinetochore fibers, during early
prometaphase, wherein atk5-1 spindles are elongated (due to reduced inward forces) and
have splayed poles (due to reduced pole-focusing forces). At this stage in wild-type
spindles, ATK5 is concentrated on overlapping midzone MTs, where it generates inward
forces to pull the two half-spindles together. At the same time, additional ATK5 also
remains in the polar regions, where it focuses minus-ends into poles.
It is interesting to note that the normal migration of ATK5 from poles to midzone
in Arabidopsis spindles during prometaphase corresponds to the broadening of the
spindle into its characteristic barrel shape by metaphase, suggesting that ATK5 is a key
pole determinant during prometaphase, and that its progressive redistribution to the
midzone leads to broad spindle poles by metaphase. Support for the idea that
sequestration of kinesin-14 in the midzone results in broad poles comes from the finding
that the redistribution of ATK1 (83% amino acid similarity to ATK5) antibodies from the
midzone to the poles during metaphase results in highly fusiform spindles in lysed cells
in the presence of ATP (Liu et al., 1996).
Although ATK5 localizes to MTs prior to NEB, atk5-1 spindles do not appear
deficient in pole focusing at this stage. One possible interpretation is that ATK5 acts
mainly to provide inward forces during prophase, as suggested by the premature spindle
elongation in atk5-1 cells, and that other factors participate in pole organization at this
stage. Similarly, any contributions of ATK5 to pole focusing during prophase may be
masked by redundant mechanisms that exist to organize the spindle poles at this stage,
and that these are inactivated after NEB, leaving ATK5 as the predominant pole
determinant during prometaphase. The actomyosin system has been implicated in pole
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organization during prophase in plant cells; specifically, disruption with cytochalasin D
results in disorganized prophase spindle poles, whereas normal metaphase spindles are
still able to form (Mineyuki et al., 1991; Mineyuki and Palevitz, 1990). Furthermore, the
PPB also plays a role in prophase spindle pole organization since any experimental
disruption of it correlates with pole abnormalities (Camilleri et al., 2002b; Chan et al.,
2005b; Granger and Cyr, 2001; Mineyuki et al., 1991; Nogami et al., 1996; Panteris et al.,
1995; Yoneda et al., 2005b). In support of functional redundancy between the PPB and
kinesin-14 motors, the effects of ATK1 deletion are more severe in meiotic spindles,
which lack PPBs, than in mitotic spindles (Chen et al., 2002; Marcus et al., 2003).
Similarly, in animal cells, the effects of kinesin-14 perturbation are often more severe in
cells lacking centrosomes, such as meiotic spindles from oocytes of several species
(Matthies et al., 1996; Walczak et al., 1997a). In fission yeast, a genetic interaction exists
between the kinesin-14 KLPA and γ-tubulin in the separation of spindle pole bodies,
indicating the existence of possible redundant pathways during spindle formation also in
fungi (Prigozhina et al., 2001).
The observation that atk5-1 prophase/prometaphase spindles begin elongation
prematurely and elongate to a greater extent than do wild-type spindles is consistent with
the hypothesis that ATK5 generates inward forces to counter the outward forces exerted
by other kinesins; thereby acting as a ‘brake’ to prevent premature spindle elongation.
This suggests that kinesin-derived forces are present and required for normal prophase
spindle formation in plants, and moreover, that a balance of inward and outward forces is
required to maintain constant prophase spindle length. The initiation of spindle
elongation results from an imbalance favoring outward forces. In agreement with this,
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loss or depletion of the other kinesin-14 family members NCD and HSET also results in
early release from stable states in animal spindles (Brust-Mascher and Scholey, 2002;
Gordon et al., 2001; Sharp et al., 2000).
Another possible contribution to the prolonged prophase/prometaphase stage may
be a deficiency in MT sorting resulting from loss of kinesin-14-based MT-MT sliding.
Indeed, numerous studies have also demonstrated slowed or less efficient spindle
assembly upon loss or depletion of kinesin-14 family members (Gordon et al., 2001;
Marcus et al., 2003; Matthies et al., 1996; Prigozhina et al., 2001).
Loss of inward forces during prophase/prometaphase manifests phenotypically as
elongated and frequently bent spindles. The bent prophase/prometaphase spindles seen in
atk5-1 cells are derived from cells with an initially misplaced prophase nucleus, which
occurs normally in roughly 25% of cells in wild type and atk5-1 (unpublished
observation). Bent spindles have been reported in several studies in which kinesin-14
proteins were disrupted (Endow and Komma, 1996; Prigozhina et al., 2001; Sharp et al.,
2000; Walczak et al., 1997a). To account for this, we propose the following scenario for
kinesin-14 function: as MTs ingress from the poles at NEB, they encounter MTs from
the opposite pole and interact to form interpolar MT bundles. However, since these MTs
radiate out from discrete poles, they often encounter opposing MTs in an oblique manner
(especially in spindles with a bent axis). The presence of kinesin-14 allows opposing
MTs encountering one another at angles to interact and coalign, thereby straightening the
spindle axis as well as contributing to longitudinal and lateral compaction. We propose
that ATK5 and other kinesin-14 family members establish interpolar MT connections via
a search-and-capture mechanism, similar to that seen for kinetochore-MT interactions. In
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addition to bent spindles, evidence for this is seen in the form of MT spurs extending out
from the spindle upon disruption of kinesin-14 activity (Endow et al., 1994; Endow and
Komma, 1996; Gordon et al., 2001; Sharp et al., 2000; Sharp et al., 1999b), which may
result from failed capture and coalignment of MTs into interpolar bundles. Further
support for this is seen in Drosophila cells, which contain only a single kinesin-14 motor
(NCD, compared to 21 predicted kinesin-14 motors in Arabidopsis). Although not
mentioned in the paper, a supplementary movie shows Ncd RNAi cells at prometaphase
in which the ingressing interpolar MTs appear not to interact with those growing in from
the opposite pole as they reach the midzone, whereas in control cells they interact and
coalign (Goshima et al., 2005a).

Mode of midzone accumulation
We previously hypothesized that the plus end tracking of ATK5 is responsible for
its accumulation at the spindle midzone, but we are unable to observe any plus end
tracking of ATK5 during mitosis. We report here that during MT ingression at
NEB/prometaphase, YFP::ATK5 signal moves from the poles inward on MTs and
becomes enriched at regions of overlap between opposing interpolar MTs as antiparallel
connections are established. Hence, the midzone enrichment may not be a result of plus
end tracking per se, but rather a manifestation of an increased affinity for neighboring
plus ends oriented in an antiparallel orientation, this plus end affinity also becoming
evident in interphase, in the form of plus-end tracking.
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Evidence that ATK5 preferentially localizes to overlapping regions of interpolar
MT bundles is threefold: 1) midzone enrichment is strongest when MTs congressing
from the poles have reached and crossed the midzone; 2) interpolar MT bundles typically
extend from the pole regions to the midzone, where they overlap with interpolar bundles
from the opposite pole to form continuous bundles (Euteneuer et al., 1982; Euteneuer and
McIntosh, 1980; Jensen and Bajer, 1973); in contrast, ATK5 only localizes to short (2-3
µm) segments spanning the midzone within these long interpolar MT bundles extending
toward the poles (see fig. 3-7, t=7.5 minutes); and 3) the midzone fluorescence of
YFP::ATK5 persists throughout anaphase, becoming constricted laterally and shortening
as the region of overlap between MTs decreases due to MT sliding (Baskin and Cande,
1990; Euteneuer et al., 1982). Whether ATK5 itself specifically crosslinks antiparallel
MTs or if it recognizes a protein or complex in these regions warrants further
investigation. We currently favor the latter scenario, since removal of the ATK5 motor
domain does not interfere with its midzone accumulation (Ambrose et al., 2005).

Role of ATK5 during metaphase and anaphase
By metaphase and anaphase, ATK5 exhibits strong enrichment in the spindle
midzone (Ambrose et al., 2005), where it presumably generates inward forces to draw the
two half-spindles together. However, metaphase and anaphase spindles exhibited no
increase in length in mutant spindles, as would be predicted from this simplistic model.
Only in the case of the fission yeast Klp2p has an increase in metaphase spindle length
been reported (Troxell et al., 2001), and metaphase spindle length in Drosophila cells has
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recently been shown to be minimally affected in response to perturbations of forcegenerating motors; spindle length being more influenced by modulations of dynamics
(Goshima et al., 2005b). Evidence for the role of MT dynamic properties in governing
metaphase spindle length has also been observed in plants (Kawamura et al., 2006). One
explanation of why atk5-1 exhibits spindle length increases in prophase/prometaphase but
not metaphase and anaphase is that prophase/prometaphase spindles lack the well-defined
kinetochore fibers that are present in metaphase and anaphase. Anchoring of kinetochore
fibers to chromosomes at the metaphase plate may augment the interpolar MTs in
maintaining spindle length. After kinetochore fiber formation, ATK5 loss results in
broadened and unstable spindles. This may be due to decreased lateral interactions
between individual kinetochore fibers themselves, as in the case of NCD (Goshima et al.,
2005a), between kinetochore fibers and MTs branching between kinetochore fibers, or
between overlapping interpolar MT plus-ends at the midzone, where the forces generated
are perpetuated throughout the spindle, where the minus ends of these MTs interact with
kinetochore MTs. The hypothesis that ATK5 mediates lateral connections in the spindle
via interpolar MTs is supported by the observation of laterally broadened, atk5-1-like
metaphase and anaphase spindles upon treatment of dividing root cells with low levels of
colchicine sufficient to remove interpolar MTs without significantly decreasing
kinetochore MTs (Galatis and Apostolakos, 1991).
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Chapter 4
Pathways of mitotic spindle formation in acentrosomal cells of higher plants.

Summary
Eukaryotic cells utilize diverse pathways to ensure the proper formation and
function of the mitotic spindle apparatus, although the contributions of these various
pathways to spindle formation in acentrosomal plant cells are unclear. In this chapter I
provide evidence for the presence of three pathways that act together to facilitate proper
spindle formation. First, the cytoplasmic microtubules connecting the preprophase band
(PPB) and prophase spindle appear to provide transient tensile vectorial forces that
facilitate bipolar organization of the prophase spindle. Second, when microtubules of the
prophase spindle are oriented at an angle with respect to the spindle axis, this discordant
angle is rectified via capture and coalignment with microtubules ingressing from the
opposite pole during prometaphase. Third, in the absence of initial prophase spindle
bipolarity, microtubules are sorted from random to bipolar arrangement, and this sorting
involves Kinesin-14. The varying contributions of these pathways to spindle formation is
discussed.

Introduction
In eukaryotic cells, the segregation of chromosomes and their partitioning into
daughter cells during cell division is achieved by the spindle apparatus, an array of
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microtubules (MTs) and microtubule-associated proteins (MAPs). The spindle consists of
two opposing halves, each containing MTs oriented with the minus ends at the poles, and
plus ends at the midzone, where they interact with chromosomal kinetochores, forming
kinetochore MTs (kMTs), or overlap in an antiparallel manner with MTs from the
opposing half spindle, forming interpolar MTs. Emerging evidence indicates that several
redundant pathways exist that cooperate and augment one another to varying degrees in
different cell types to ensure efficiency and fidelity of spindle formation and functioning
(Gadde and Heald, 2004; Wadsworth and Khodjakov, 2004).
The chromatin-mediated pathway of spindle formation involves the localized high
concentration of spindle assembly factors in the vicinity of chromatin, which leads to the
nucleation and organization of MTs into a bipolar spindle (Heald et al., 1996). The
organization of chromatin-nucleated MTs requires the action of the MT motor proteins
dynein and kinesin, and is referred to as the MT sorting pathway. MT sorting requires the
action of plus end directed Kinesin-5 motors, which coalign and sort MTs into
antiparallel bipolar configuration, while the focusing of each half spindle into poles
requires the action of minus end directed motors, such as cytoplasmic dynein (Walczak et
al., 1997b; Walczak et al., 1998). Although it was initially thought that these ‘selforganizational’ pathways were unique to acentrosomal cells and were absent in cells with
discrete microtubule organizing centers (MTOCs), such as centrosomes or spindle pole
bodies, recent evidence indicates that these pathways are operative in MTOC-containing
cells as well (Gaglio et al., 1997; Khodjakov et al., 2003; Maiato et al., 2004). Although
spindles can utilize self-organizational pathways in the absence of centrosomes, when
present, centrosomes become the dominant organizers, overshadowing the contributions
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of self-organizational pathways (Gaglio et al., 1997). Indeed, in cells lacking
chromosomes, spindles can form and execute anaphase-like behavior due to the presence
of centrosomes alone (Giansanti et al., 2001). When present, centrosomes provide
dominant sites of MT nucleation at opposing poles during prophase, which poises
dynamic MTs in the optimal orientation to undergo search and capture of chromosomal
kinetochores after nuclear envelope breakdown (NEB), during prometaphase.
Furthermore, via interactions between astral MTs and the cortex, centrosomes play an
important role in spindle positioning and orientation, which are important for proper
formation and completion of the cleavage furrow, later during cytokinesis (Khodjakov
and Rieder, 2001). Therefore, although not required for spindle formation and function,
the centrosomal pathway, when present, enhances the efficiency and fidelity of mitosis
Higher plants lack discrete MTOCs, yet still form a bipolar spindle and execute
precise control of the cytokinetic plane. Most vegetative dividing cells of higher plants
contain a preprophase band (PPB), which is a cortical ring of MTs that forms during
G2/prophase and predicts the division site (Mineyuki, 1999). Similar to the situation in
centrosome-containing animal cells (wherein bipolarity is established during prophase as
duplicated centrosomes separate to opposite poles), a bipolar spindle is also established
around the prophase nucleus in PPB-containing cells (Wick and Duniec, 1983b).
Although not required for formation of spindle poles during prophase, PPBs facilitate the
organization of prophase spindle MTs into two predominate poles, oriented
perpendicularly to the plane of the PPB. Evidence that the PPB facilitates prophase
spindle bipolarity comes from the observation that cells lacking PPBs, such as endosperm
cells, frequently contain multipolar prophase spindles (Smirnova and Bajer, 1994;
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Smirnova and Bajer, 1998). Similarly, prophase spindle bipolarity is reduced or absent in
cells in which the PPB has been disrupted or obliterated experimentally (Chan et al.,
2005; Mineyuki and Furuya, 1986; Mineyuki et al., 1991). In these cells, the subsequent
behavior of the spindle is similar to that of animal cells in which centrosomes have been
removed. Specifically, although a bipolar metaphase spindles eventually resolve after
NEB, the process of spindle formation is less efficient and takes longer (Chan et al.,
2005; Khodjakov and Rieder, 2001; Yoneda et al., 2005). Furthermore, spindles
themselves appear wobbly, changing orientations and positions frequently during
metaphase and anaphase, and the subsequent cytokinetic planes are aberrant (Chan et al.,
2005; Yoneda et al., 2005).
In this chapter, I sought to determine: 1) how the PPB establishes bipolarity of
the accompanying prophase spindle and; 2) what the relative contributions of search and
capture and motor sorting pathways are in higher plants.

Materials and Methods

Plant material and growth conditions
Suspensions of tobacco BY-2 cells expressing the MT reporter GFP::MBD (Marc
et al., 1998) were maintained in BY-2 medium (4.3 g L-1 Murishige and Skoog’s Salts,
100 mg L-1 inositol, 1 mg L-1 thiamine, 0.2 mg L-1 2,4-D, 255 mg L-1 KH2PO4, 3%
sucrose, pH5.0) and diluted 1:50 into fresh medium at seven day intervals. Cells were
observed in the period of two to four days post-subculturing.
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For the generation of homozygous atk5-1 plants overexpressing GFP::MBD, wild
type Arabidopsis (ecotype Columbia) plants expressing 35S driven GFP::MBD were
crossed to atk5-1 plants (obtained from Salk TDNA insertion library, La Jolla, CA). In
the F2 generation, plants expressing high levels of the MT reporter were screened via
widefield epifluorescence microscopy, and later genotyped for the presence of the TDNA
insertion in the coding region of ATK5. Genotyping was performed as described in
Ambrose et al., 2005. Only wild type and atk5-1 plants with comparable expression
levels of GFP::MBD were studied.
For live microscopic observation of plants, single-well chamber slides (Sigma)
supplemented with a 3mm layer of growth medium (3 mM KNO3, 2 mM Ca(NO3)2.4H20,
0.5 mM MgSO4.7H20, 300 mg L-1 myo-inositol, 0.5 g L-1 MES, 1 mg ml-1 thiamine, 0.7%
sucrose, 0.4% phytagel, and micronutrients: 25 µM KCl, 17.5 µM H3BO3, 1 µM
MnSO4·7H2O, 0.25 µM CuSO4·5H2O, 0.25 µM (NH4)6MoO24·4H2O, 25 µM (ethylenedinitrilo)tetraacetic acid (Fe-Na EDTA), pH 5.7). Seeds were pushed through the medium
with a sterile toothpick until they reached the cover slip at the bottom of the chamber.
Chambers were then placed at an angle, allowing for growth of roots along the cover slip
to facilitate viewing. Seedlings were observed 3-7 days after germination.

Fluorescence Microscopy
Images were collected using a Plan-Neofluar 40x (N.A. 1.3) oil-immersion
objective (Zeiss, Thornwood, NY, USA). Wide-field microscopy was conducted using a
shutter-equipped Zeiss Axiovert TV-100, and images were captured with a Coolsnap HQ
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CCD camera (Roper Industries, Duluth, GA) controlled by ESEE software (Inovision
Corp., Durham, NC). GFP fluorescence was observed with a 460-500 nm excitation filter
and a 510-560 nm emission filter. Light source was a variable intensity 100 watt
mercury-vapor short-arc lamp (FluoArc, Zeiss). Typical lamp intensity was 25%, and
exposure times were 0.5 to 1 seconds.

Confocal Microscopy
Confocal imaging was performed with a 40X plan-apochromatic water immersion
objective mounted on a Zeiss LSM 510 using a 488 nm Argon laser. GFP flurescence
was observed with a 450-490 nm excitation filter and a 505-545 nm emission filter.
Typical scan times were four seconds using line averaging of two. Scan intervals are
indicated in figure legends.

Image processing and analysis
Image analysis was performed using ImageJ software (http://rsb.info.nih.gov/ij/).

Results

Prophase spindle bipolarity and behavior correspond to the distribution of bridge MTs
During formation of the prophase spindle in plants, MTs are initially randomly
distributed upon the nuclear envelope, and later become sorted into two poles
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perpendicular to the plane of the PPB. Anti-tubulin immunofluorescence and GFP-based
approaches have shown that the equatorial region between the two prophase spindle poles
typically resides in the plane of the PPB and appears largely devoid of MT fluorescence
relative to the poles (Marcus et al., 2003b; Mineyuki et al., 1991; Wick and Duniec,
1983a; Wick and Duniec, 1984). Prior to the establishment of bipolarity, numerous MTs
extend between the nucleus and PPB. These will hereafter be referred to as bridge MTs.
It has been reported that as the poles of the prophase spindle develop and equatorial
clearing appears, the bridge MTs become connected predominately to the polar regions,
thereby forming an angle with the PPB plane (Mineyuki et al., 1991). Furthermore, in
BY-2 cells with an eccentric prophase nucleus, perinuclear MTs in the equatorial region
of the nucleus on the side nearest the PPB were less numerous than those on the far side
(Granger and Cyr, 2001). We reasoned that this clearing represents an asymmetry in
bipolarity within the prophase spindle, and that the sorting function responsible for the
creation of the equatorial clearing was greater on the side closer to the PPB. Although
bridge MTs have been documented in numerous studies, few studies have focused on
their function, possibly due to their low abundance compared to the prominent PPB and
prophase spindle MTs. Due to their position connecting the PPB and nucleus, bridge MTs
represent good candidates for the establishment of prophase spindle bipolarity.
To understand the relationship between bridge MTs and prophase spindle
behavior, tobacco BY-2 cells expressing the MT reporter GFP::MBD were used to study
prophase/prometaphase spindle formation. Observations were made with respect to both
spindle and bridge MT behavior, and compared between cells with uniform and non-
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uniform distributions of bridge MTs. These differences are best appreciated by first
considering cells which have a uniform distribution of bridge MTs.
Fig. 4-1 shows a time series depicting a cell with a centered prophase nucleus
that develops a bipolar spindle and enters prometaphase (See also supplementary movie
1). At the start of the sequence, the perinuclear MTs show a fairly homogeneous
distribution about the nuclear envelope, with a slight buildup at the poles (Fig. 4-1A). At
this time, numerous bridge MTs (arrowheads in A) are seen between both sides of the
spindle and the PPB site, and the density of these is similar between the two sides in this
optical plane. As prophase proceeds, perinuclear MTs become distributed into two poles
along an axis perpendicular to the plane of the PPB, while at the same time becoming
depleted near the equatorial region (Fig. 4-1A-E). Concurrent with this increase in
bipolarity, the bridge MTs become less numerous, having completely disappeared by
early prometaphase (Fig. 4-1F). Just prior to NEB, the well-developed bipolar prophase
spindle stretches laterally toward the PPB (Fig. 4-1E). In the next frame, which is
coincident with NEB, the PPB is lost, the spindle has decreased in width, and the MTs of
each half spindle have begun ingression toward the equatorial region (Fig. 4-1F). By late
prometaphase, the MTs have fully ingressed to the spindle equator (Fig. 4-1G).
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Fig. 4-1: Transition from prophase to prometaphase in Tobacco BY-2 suspension culture
cell expressing the MT reporter GFP::MBD. (A-G) images taken from a timelapse series
(Movie 1 in supplementary material). Arrowheads in (A) indicate bridge MTs. (H)
Kymograph generated from a transverse slice (indicated by dotted line) along the spindle
equator. Arrows to the left of the kymograph indicate the equatorial boundaries of the
nucleus/prophase spindle, which appear as horizontal lines in the kymograph until late
prophase. Asterisks indicate bulge corresponding to lateral stretching of the equatorial
spindle boundaries toward the PPB at late prophase. Arrowheads indicate constriction
corresponding to lateral collapse at NEB/early prometaphase. (I) Pseudocoloring of the
same kymograph as shown in (H) to emphasize bridge MTs. Color scale indicates pixel
value. Times are minutes:seconds. Bar, 10µm.
To better illustrate the spatiotemporal relationship between bridge MTs and
prophase spindle development, a kymograph was produced from a transverse slice
(indicated by dotted lines in figure 4-1H) across the equator of the prophase spindle
throughout the entire time series (Figure 4-1H). The kymograph is reproduced in both
greyscale (Fig. 4-1H) and pseudocoloring to enhance visibility of bridge MTs (Fig. 4-1I).
Initially, the bridge MT density is similar in the upper and lower regions between the
PPB and the prophase spindle, the equatorial boundaries of which appear as two
horizontal lines internal to the bridge MTs (arrows in Fig. 4-1H). As the prophase spindle
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develops into bipolar configuration, the bridge MTs become less numerous within the
equatorial plane (best seen in Fig. 4-1I). The lateral stretching of the prophase spindle
toward the PPB prior to NEB is apparent in the kymograph as a bulge in the lines
representing the equatorial spindle boundaries (asterisk in Fig. 4-1H). After the prophase
spindle has reached its maximum width, NEB begins, and the sides of the spindle
collapse laterally, which appears as a constriction after the bulge (Arrowhead in Fig. 41H). Midway through this lateral collapse, the PPB disappears at both the top and bottom.
Concurrent with the minimum spindle width (after lateral collapse is complete), MT
fluorescence appears in the equatorial region as MTs ingressing from the poles reach the
equatorial plane and form interpolar bundles (the slight spike in the kymograph is due to
focal plane readjustment at this point). Interpolar bundles appear as persistent horizontal
lines throughout the remainder of the sequence.
Based on the behavior of bridge MTs described in fig. 4-1, I hypothesized that the
PPB facilitates prophase spindle bipolarity via the bridge MTs. Specifically, a uniform
distribution of bridge MTs corresponds to symmetric prophase spindle bipolarity.
Therefore, cells with non-uniform bridge MT distribution were observed with respect to
the bipolarity of the accompanying spindles during the prophase to prometaphase
transition.
Fig. 4-2 shows a cell with an uneven distribution of bridge MTs (See also
supplementary movie 2). The time frame of observation is similar to that shown in fig. 41. Arrows serve as a reference point denoting the initial position of the prophase nucleus,
and arrowheads indicate bridge MTs. The nucleus is initially slightly displaced toward
the upper region of the PPB, which exhibits more numerous bridge MTs (Fig. 4-2A). As
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the spindle develops bipolarity, the entire nucleus/prophase spindle migrates in the
direction of the PPB with more connections (Fig. 4-2B-F). Similarly, during this same
time period, the perinuclear MTs on the upper side stretch out obliquely toward the PPB
at a greater angle than those on the lower side, creating a more pronounced equatorial
perinuclear clearing on the upper side (i.e asymmetric spindle bipolarity). As the bridge
MTs disappear during late prophase, the prophase spindle MTs collapse laterally to form
the prometaphase spindle (Fig. 4-2F,G). By 23 minutes, the MTs have begun ingression
to the prometaphase spindle equator, with many on the upper side retaining their oblique
orientation from prophase(Fig. 4-2F). By prometaphase however, these oblique MTs
have become aligned with the long axis of the spindle (Fig.4-2G).
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Fig. 4-2: Transition from prophase to prometaphase in tobacco BY-2 cell with uneven
distribution of bridge MTs. (A-G) images taken from a timelapse series (Movie 2 in
supplementary material). Arrows indicate the initial position of the nucleus/prophase
spindle in A. Arrowheads in A indicate bridge MTs. (H) Kymograph generated from a
transverse slice (indicated by dotted lines) along the spindle equator of the same cell.
Arrows to the left of the kymograph indicate the initial position of the equatorial
boundaries of the nucleus/prophase spindle, which appear as lines in the kymograph. The
positive slope in these lines represents drift and enhanced lateral stretching of the
nucleus/prophase spindle. Asterisk indicates the bulging of the lower line, which
corresponds to lateral stretching of the lower equatorial spindle boundary during late
prophase. Although lateral stretching occurs in the upper equatorial spindle boundary, a
corresponding bulge in the upper line is not apparent since the upward migration of the
nucleus/prophase spindle also appears as a positive sloping line. Arrowhead indicates
constriction of the lower line, which represents lateral collapse during NEB/early
prometaphase. Double arrowheads indicate the lateral collapse of the upper equatorial
spindle boundary. Times are minutes:seconds. Bar, 10µm.
The kymograph in fig. 4-2H illustrates the spatiotemporal distributions of the
prophase spindle, PPB and, bridge MTs throughout the time sequence. In contrast to the
cell in depicted in fig. 4-1, the bridge MTs are not uniformly distributed between upper
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and lower regions of the cell, but are rather much more numerous on the top side. The
positive slopes of the lines representing the equatorial spindle boundaries (denoted by
arrows at beginning of sequence) are due to the upward migration of the entire prophase
spindle. Additionally, the slope of the line representing the upper equatorial spindle
boundary is greater than the corresponding slope of the lower equatorial boundary due to
the enhanced stretching of perinuclear MTs in the direction of the PPB in the upper
boundary. Whereas the lateral stretching was symmetrical in the cell in fig. 4-1, creating
a bulge in the kymograph, this bulge appears only in the lower equatorial boundary in the
kymograph in figure 4-2H (asterisk) since the upper equatorial boundary already had a
positive slope due to migration. At NEB, lateral collapse of the prophase spindle occurs.
In this cell, the collapse is asymmetrical, with the constriction in the line representing the
lower equatorial boundary (Fig. 4-2H, arrowhead) appearing before the constriction in
the upper equatorial boundary. Similarly, the appearance of equatorial fluorescence
during MT ingression at early prometaphase is asymmetrical in this cell, also appearing
earlier in the lower region of the spindle (i.e. the side facing the lower region of the PPB).
The delay of both the lateral collapse and inward congression on the upper side of the
spindle are due to the persistent stretching of the MTs on the upper side toward the PPB
site. The MTs on the lower half collapse laterally to their position at the lower edge of the
prometaphase spindle (i.e. they align quickly to the longitudinal spindle axis), whereas
those connecting to the upper PPB remain stretched toward the PPB site, before collapse.
When these MTs are released and lateral collapse does occur on the upper side of the
spindle, the slope of the line representing the upper equatorial boundary switches to
negative (double arrowheads in Fig. 4-2I). Coincident with the disappearance of the
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upper PPB, the slope of the line representing the upper equatorial boundary switches to
negative as the MTs are released and laterally collapse, whereas the lower PPB persists
slightly longer, becoming undetectable by prometaphase. Midway into the lateral collapse
of the lower equatorial boundary, MT fluorescence increases in the equatorial region as
MTs congressing from the poles reach the equatorial plane and form interpolar bundles,
which appear as persistent horizontal lines throughout the remainder of the sequence. The
correction from oblique to horizontal of ingressing MTs on the upper side of the spindle
during prometaphase is observed in the kymograph as negatively sloped lines internal to
the upper equatorial boundary during lateral ingression. Later as these become aligned
with the long axis of the spindle, they appear as persistent horizontal lines (representing
interpolar MT bundles). By prometaphase, the PPB has disappeared and MTs have
congressed into the equatorial region. The upper side of the prometaphase spindle has
returned to the region initially occupied by the upper side of the prophase spindle before
movement occurred, whereas the lower side has not retreated from the location attained at
the end of spindle movement. Thus the prometaphase spindle ends up displaced upward
from the initial position of the prophase spindle.
These data show that bridge MTs appear to influence the behavior and
morphology of the prophase spindle. Specifically, enhanced bridge MTs correspond to
deformation, increased bipolarity, and migration of the prophase spindle in the direction
of the region with denser bridge MTs. In chapter 3, I reported that spindles of the atk5-1
null mutants exhibit diminished structural integrity compared to those of wild type. One
manifestation of this decreased integrity is bending of prophase/prometaphase spindles
observed in atk5-1 cells with eccentric nuclei. Importantly, the direction of this bending
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is such that the spindle bends with its midzone pointing toward the close wall (Fig. 4-3).
The decreased structural cohesiveness of atk5-1 spindles makes them more prone to
deformation and bending resulting from tensile forces between PPB and spindle.

Fig. 4-3: Spindles of atk5-1 null mutants bend toward the near PPB during the late
prophase/prometaphase. Dotted line indicates cell boundary. Time is minutes. Bar, 5µm.
To further illustrate the finding that prophase spindles of cells with uneven
distributions of bridge MTs migrate in the direction of the more numerous connections
during late prophase, we performed 4D imaging of cells during this time frame and
produced 3D reconstructions tilted such that the observer is looking down at the spindle
poles. Fig. 4-4 shows one such cell in which the nucleus is initially slightly off center,
develops asymmetric distribution of bridge MTs, and then migrates in this direction as
the cell approaches NEB/prometaphase. The PPB appears as a hoop encircling the
spindle, the pole of which is annular in nature. To illustrate the distribution of bridge
MTs graphically, a fluorescence intensity profile was generated from a line tracing along
the cytoplasmic region just internal to the PPB from the image taken at 4 minutes (Fig. 44B). The direction of the line is indicated by the arrow, and various points along the line
are represented with symbols placed at the corresponding points in the graph. From this it
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can be seen that the prophase spindle migrates in the direction of the most numerous
bridge MTs.

Fig. 4-4: Uneven distribution of bridge MTs corresponds to migration of the prophase
spindle in the direction of more extensive bridge MTs. (A) Four-dimensional imaging of a
cell undergoing the prophase to prometaphase transition. Frames represent 3D
reconstructions of Z-series rotated 90 degrees to produce a pole view of the cell. (B)
Using the image at the four minute time point, a fluorescence intensity profile was
generated corresponding to the line drawn on the cell. For orientation, the direction of the
line is indicated by the arrow, and symbols are placed at corresponding points on the
image and the graph. Bar, 10µm.

Annular prophase spindle poles close during late prophase
The annular nature of the prophase spindle pole in the cell in fig. 4-4 is quite
apparent from pole view. Throughout the sequence, the annulus becomes smaller, having
completely disappeared by prometaphase. This annulus has been observed before (Marc
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and Gunning, 1988; Wick and Duniec, 1984), but its relationship to spindle formation
remains uncharacterized.
Fig. 4-5 illustrates annular behavior using 3D reconstructions of a single halfspindle at two time points during prophase. For each of the two time points, on the left is
a confocal section corresponding to the median plane, and on the right is a 3D
reconstruction of the top pole showing rotations from 0 to 90 degrees. At 0 minutes, the
prophase spindle has just begun to develop an asymmetry of perinuclear MT
fluorescence, which in this plane appears as two elongate patches on the sides of the pole.
Serial reconstructions reveal that these patches represent cross sections through the
borders of the early annulus. The inside diameter of the annulus at each time point is
denoted by brackets at 90 degrees rotation. At 10 minutes, a well-developed bipolar
prophase spindle is seen and the diameter of the annulus has decreased by about half.
Annular poles are also discernable in the cells shown in figs. 4-1, 4-2 and 4-6.
Importantly, the closing of the annulus is a gradual process that coincides temporally with
the lateral collapse of perinuclear MTs at early prometaphase (as described in figs. 4-1
and 4-2).

95

Fig. 4-5: Annular prophase spindle poles decrease diameter during late prophase. Two
time points are shown, 0 and 10 minutes. For each time point, on the left is shown a
median section from the Z-series, and on the right are 3D reconstructions taken from the
top pole (indicated by box) tilted from 0 to 90 degrees. Bar, 10µm.

Bridge MTs and oblique spindle MTs are incorporated into forming spindle via capture
and coalignment
MTs of the prometaphase spindle are predominately aligned parallel to the
longitudinal axis of the spindle, whereas MTs of the late prophase spindle encapsulate the
nucleus or extend out tangentially from the nuclear surface, often connecting to the PPB
site (thus forming bridge MTs). We therefore asked how the oblique MTs of the prophase
spindle become organized to a predominately longitudinal orientation during
prometaphase. Fig. 4-6 shows a time sequence of a cell with an eccentrically placed
nucleus and the characteristic asymmetric bipolarity observed in these cells (See also
supplementary movie 3). In this focal plane, the perinuclear MTs on the left side emanate
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from the poles at a larger angle (the longitudinal spindle axis being zero degrees) than
those on the right. More bridge MTs are discernable on the left side as well (arrowheads
in A). As the cell undergoes NEB, these bridge MTs are released from the PPB and
become incorporated into the spindle. As the former bridge MTs and other obliquelyoriented MTs collapse laterally upon release from the PPB, they also ingress in the
direction of the incipient midzone. During this ingression, these MTs encounter MTs
from the opposite pole at oblique angles and interact (asterisk at 150 seconds). These
discordant antiparallel MTs continue to interact, becoming coaligned into a single bundle
as they grow. The orientation of this bundle corresponds to the longitudinal spindle axis,
thus correcting the initial oblique angles by prometaphase (Fig. 4-6A, t=150-240
seconds). Fig. 4-6B shows tracings of MT images taken from the above cell to more
clearly show this process (starting at t=60 seconds and extending until t=270). The MTs
in this sequence encounter each other at an angle and subsequently grow together,
becoming coaligned by 270 seconds. Thus, although some discordant MTs begin
ingression at oblique angles during early prometaphase, this is corrected and they are
later coaligned predominately along the longitudinal axis of the incipient spindle.
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Fig. 4-6: Aberrant angles of prophase spindle MTs are corrected during prometaphase
via capture and coalignment. (A) Frames taken from a timelapse series (Movie 3 in
supplementary material) of a tobacco BY-2 cell during the transition from prophase to
prometaphase. At the start, the nucleus is displaced toward the left wall, and displays the
characteristic enhanced bipolarity on the left side of the prophase spindle. Note also the
gradual closing of the prominent annulus on the upper poles from t=0 to t=160 seconds.
Asterisk indicates capture of MTs from opposing poles. (B) Tracings of MT images taken
from the time series indicated in A. The cell on the left indicates the region of the cell
used. Bar, 10µm.
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Lack of prophase spindle bipolarity in the absence of PPBs and subsequent sorting
functions of ATK5
It is known that high expression levels of the MT reporter GFP::MBD result in
abnormal MT arrays (Marc et al., 1998). We observed that cells in dividing root tips from
plants expressing high levels of this gene frequently exhibit PPBs that are broad,
unevenly developed, or fail to form altogether (unpublished observations). In all cases of
cells with broad or absent PPBs, the prophase nucleus still accumulated perinuclear MTs,
although sorting from the initial disorganized arrangement into typical bipolar prophase
spindles was not observed. Prophase spindles from these cells were instead often
multipolar and the bridge MTs were not restricted to the central plane (as in the case of
cells harboring a narrow PPB), but were instead associated at various points along the
longitudinal walls. Fig. 4-7 shows a time-lapse sequence of a dividing cell from an
Arabidopsis root tip overexpressing GFP::MBD (See also supplementary movie 3). The
first and second frames represent corresponding cortical and median focal plane
snapshots, taken roughly 5 seconds apart. Although the cell is in late prophase, near the
onset of NEB/prometaphase (9.5 minutes later) the PPB remains broad and disorganized.
The prophase nucleus exhibits perinuclear MTs but lacks the characteristic distribution
into two opposing poles normally observed at this stage (Marcus et al., 2003a); see also
supplementary fig. 4-1 for low-expressing GFP::MBD cells). Instead, perinuclear MTs
form several smaller distinct foci (arrowheads at t=0 minutes). The brackets to the left of
the spindle indicate initial prophase spindle length. At 9 minutes, the cell undergoes NEB
and enters prometaphase. Immediately after NEB, the spindle exists as a mass of
disorganized MTs, which rapidly collapse inward to form a tightly compact cluster by
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t=13.5 minutes. The same brackets from t=0 are redrawn at t=13.5 as a frame of reference
to emphasize the relative size of the collapsed prometaphase spindle compared to the
initial prophase spindle. Over the remainder of the sequence, these randomly organized
MTs are sorted into predominately parallel orientation in the direction of the long axis of
the cell. Although a clear metaphase plate is never apparent, anaphase begins at t=24
minutes, soon after the bulk of the spindle MTs have become parallel. Measuring the time
spent from prometaphase to the start of anaphase, cells from GFP::MBD overexpressing
plants took significantly longer compared to plants expressing GFP::Tubulin (16.8 ± 4.6
minutes (n=25), versus 7.7 ± 1.4 minutes (n=29)), which never exhibited defects as seen
in the GFP::MBD overexpressing plants. Thus, for plants in which PPBs were
abnormally broad or absent, prophase spindles lack bipolarity and spindles require longer
periods to complete mitosis.
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Fig. 4-7: Microtubule sorting in the absence of prophase spindle bipolarity. Living wild
type Arabidopsis root tip cells expressing GFP::MBD as MT reporter. MTs sort from
disorganized prophase perinuclear arrangement into bipolar metaphase spindles. Frames
one and two are cortical and median plane images taken roughly 5 seconds apart. The
PPB is broad and disorganized. Brackets indicate initial size of prophase spindle at 0:00,
and are placed at 13:30 for comparison to emphasize the collapse into a dense mass prior
to MT sorting. Arrowheads indicate multiple poles at prophase. Arrows indicate bridge
MTs. Although the spindle initially lacks the typical bipolarity observed at prophase, it
eventually sorts into a bipolar configuration by metaphase at 24:00. Times are
minutes:seconds. Bar, 5µm.
Given that the Kinesin-14 ATK5 is involved in early spindle morphogenesis
(Chapter 3), we sought to investigate the contributions of ATK5 to MT sorting in the
absence of PPBs and bipolar prophase spindles. To this end, atk5-1 plants were crossed
with the above GFP::MBD overexpressing line and screened for high expressors in the
F2 progeny. Fig. 4-8 shows a dividing cell from an atk5-1 homozygous null mutant
expressing GFP::MBD to similar levels as the plant in fig. 4-7. As in wild-type plants, the
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prophase spindle is disorganized and contains several small foci (arrowheads) with
numerous MTs extending out and connecting to the cell periphery (arrows), which lacks a
well-defined PPB. Brackets to the left of the spindle indicate initial prophase spindle
length. Strikingly, the prometaphase spindle does not collapse inward after NEB as seen
in wild type, but rather remains as a loosely disorganized ball of MTs of the same
dimension as the prophase spindle (Fig. 4-8, t=4-8 minutes). Again brackets are redrawn
next to the prometaphase spindle (at t =6 minutes) to emphasize its size relative to the
initial prophase spindle. From 11 to 16.5 mintes, the spindle MTs are sorted into a
predominately parallel orientation in a manner indistinguishable from that observed in
wild type cells. Again, no clear metaphase plate is seen, and anaphase proceeds at 20
minutes. The absence of spindle collapse in atk5-1 cells at prometaphase was observed in
all cases (n=13), whereas in wild type cells, prometaphase spindles collapsed to 81 ± 10%
of the prophase spindle size (n=22), compared with 101 ± 5% in atk5-1. These data show
that ATK5 is not necessary for MT sorting in the absence of initial spindle bipolarity,
although when present, its activity causes the inward collapse of randomly-oriented MTs.
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Fig. 4-8: Microtubule sorting in the absence of prophase spindle bipolarity in atk5-1 cell.
Living Arabidopsis root tip cells of atk5-1 plant expressing GFP::MBD as MT reporter.
MTs sort from disorganized prophase perinuclear arrangement into bipolar metaphase
spindles but do not undergo collapse into a dense MT mass as do wild type cells under
the same conditions. Brackets indicate prophase spindle size at 0:00 and are placed at
6:00 for comparison to show lack of collapse. Arrowheads indicate multiple prophase
spindle poles. Arrow indicates bridge MT. Times are minutes:seconds. Bar, 5µm.

Discussion

PPB is an equatorial organizer of the prophase spindle
In all documented cases of experimental perturbation of the PPB, the
accompanying prophase spindle also exhibits abnormalities. Specifically, bipolarity of
the prophase spindle is absent or reduced in the following cases: 1) cells that naturally
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lack PPBs, such as those of endosperm and meiotic tissues (Smirnova and Bajer, 1992);
2) cells of the tonneau mutant, which lacks cortical MTs and PPBs (Camilleri et al.,
2002); 3) Arabidopsis suspension cells overexpressing EB1::GFP, which frequently lack
PPBs (Chan et al., 2005); 4) cells treated with CD, which causes narrow PPBs to broaden
(Eleftheriou and Palevitz, 1992; Mineyuki et al., 1991; Mineyuki and Palevitz, 1990); 5)
cells treated with cycloheximide or kinase inhibitors, which also inhibits PPB narrowing
(Nogami and Mineyuki, 1999; Nogami et al., 1996); 6) cells exhibiting double PPBs
(Yoneda et al., 2005); 7) cells treated with taxol, which interferes with PPB narrowing
and causes MTs bridging the nucleus and PPB to become more numerous and unevenly
distributed (Baluska et al., 1996; Panteris et al., 1995); 8) caffeine-induced binucleate
cells where one nucleus lacks a PPB (Manandhar et al., 1996); 9) meristematic cells in
this study from Arabidopsis root tips overexpressing the MT reporter GFP::MBD, which
frequently causes absence of PPBs, or lack of PPB narrowing.
Although there is a clear correlation between the PPB and prophase spindle
bipolarity, little is known of the mechanistic relationship between them. Based on the
data presented in this chapter, I propose that the bridge MTs are capable of exerting
forces that facilitate the organization of perinuclear MTs from their initial random
distribution, into two halves, perpendicular to the PPB plane. This is achieved via
transient pulling forces between PPB and perinuclear MTs that serve to coalign
perinuclear MTs in a direction similar to those of the bridge MTs, thus providing a spatial
cue for the orientation of the prophase spindle axis. EM studies have shown that bridge
MTs directly connect the prophase spindle to the PPB; specifically, bridge MTs are PPB
MTs of which one end curves out into the cytoplasm (both individually and in bundles)
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toward the nucleus, while the other end remains bundled with other PPB MTs (Bakhuizen
et al., 1985; Burgess, 1970). The ends of the bridge MTs that remain inside the PPB are
coaligned with PPB MTs, thus providing possible sites for anchorage and/or force
generation via MT-MT sliding mechanisms. Indeed EM studies have shown crossbridges representing possible crosslinking factors or motors between MTs in PPBs
(Hardham and Gunning, 1978). Similarly, interactions between bundled bridge MTs may
also provide a scaffold for motor-dependent force generation.
Figs. 4-2 and 4-4 show cells in which the following observations correspond to
asymmetric distribution of bridge MTs: 1) the prophase spindle/nucleus migrates in the
direction of more numerous bridge MTs; 2) the prophase spindle exhibits transient lateral
deformations in the direction of the PPB with more extensive bridge MTs; 3) the
bipolarity of the prophase spindle is greater (i.e. better sorted into opposing half spindles)
on the side with more numerous bridge MTs; 4) this asymmetric bipolarity and lateral
deformation of the prophase spindle effects the subsequent direction of ingression of MTs
at prometaphase, and; 5) the closing of the polar annuli coincides temporally with the
release of bridge MTs and the lateral collapse observed at early prometaphase.
These data provide evidence of tension between prophase spindle and PPBs, and
suggest that a candidate for the transmission of this force is bridge MTs. Further evidence
for forces between PPB and prophase spindle comes from the observation that the more
structurally compliant spindles of atk5-1 are more prone to deformation toward the close
PPB in cells with eccentric prophase nuclei (Fig. 4-3). Other studies have also provided
evidence for tension between the nucleus and PPB: 1) laser microsurgery experiments
wherein the cytoplasmic strands are observed to rapidly recoil upon laser ablation
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(Goodbody et al., 1991; Hoffman, 1984); 2) observations of prophase nuclei becoming
distorted into an elliptical shape along the plane of the PPB, suggesting the presence of
pulling forces acting on the nucleus along the plane of the PPB (Burgess, 1970; Panteris
et al., 1991); 3) association of PPBs with isolated prophase nuclei, suggesting a strong
link between the two (Wick and Duniec, 1984); 4) reduced organelle motility within
mature phragmosomes (Mineyuki et al., 1994; Ota, 1961) and resistance of prophase
nuclei to centrifugation, suggesting increased gelation and tensile forces between the PPB
and prophase spindle (Mineyuki and Furuya, 1986; Mineyuki and Palevitz, 1990; Pickettheaps, 1969). Although these findings provide compelling evidence for tensile forces
between PPB and prophase spindle mediated by bridge MTs, further studies are required
to elucidate the mechanisms (i.e. kinesins and/or actomyosin) by which these interactions
facilitate bipolarity along an axis perpendicular to the plane of the PPB.

Capture and coalignment of misoriented MTs
As with cells containing centrosomes or spindle pole bodies, the initial
establishment of prophase spindle bipolarity in PPB-containing cells poises MTs in a
favorable orientation (with their plus ends inward) for search and capture of kinetochores
and opposing interpolar MTs during prometaphase and metaphase. As shown in figs. 4-2
and 4-6, asymmetric bipolarity of the prophase spindle can lead to discordant alignment
of ingressing MTs at prometaphase. This misalignment is later corrected via a mechanism
I call capture and coalignment. Specifically, when MTs ingressing from poles to midzone
encounter MTs from the opposite pole, they interact (become captured) and coalign,
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forming antiparallel interpolar MT bundles. In many cases, these opposing MTs
encounter one another in an oblique manner, and subsequently become coaligned,
thereby straightening their trajectories of growth in a direction parallel to the spindle axis.
Whether this occurs via similar mechanisms as the zippering observed between MTs
encountering one another at shallow angles in cortical arrays (Dixit and Cyr, 2004)
remains to be determined. Similarly, whether capture of interpolar MTs involves similar
or different molecular players as that observed in classic kinetochore search and capture
remains to be seen. In chapters 2 and 3 of this thesis, I provide evidence that Kinesin-14
motors may play a role in capture and coalignment of interpolar MTs. Plants lacking the
plus end tracking Kinesin-14, ATK5, contain a higher proportion of cells with bent
prophase/prometaphase spindles than do wild type. Perhaps under normal conditions, the
enrichment of ATK5 at growing MT plus ends allows it to act as an adaptor to facilitate
capture of ingressing MTs of opposite polarity as they probe the cellular space for MTs.
When such an encounter is established, ATK5 minus end-directed motor activity acts to
coalign the MTs and pull them past one another. In the case of spindles with a bent axis, a
higher proportion of MTs encounter one another at an angle, requiring Kinesin-14 to
straighten the axis. Bent spindles are observed across diverse phyla upon Kinesin-14
inhibition, suggesting that capture and coalignment may be a universally conserved
mechanism (Endow and Komma, 1996; Prigozhina et al., 2001; Sharp et al., 2000;
Walczak et al., 1997a).
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Motor-dependent MT sorting
Whereas the bipolar organization of MTs in cells with a bipolar prophase spindle
sets MTs up for search and capture/coalignment in prometaphase, in the absence of a
bipolar prophase spindle, random perinuclear MTs are organized during prometaphase
via motor-dependent MT sorting. The motor-dependent MT sorting pathway has been
shown to be necessary in the sorting of the MTs nucleated via the chromatin-mediated
pathway. Indeed these two pathways have been described as comprising one pathway
known as self-organization (Gadde and Heald, 2004). In figs. 4-7 and 4-8, I provide
evidence for MT sorting of random MT arrays in the absence (or presumed miniscule
contribution) of chromatin mediated nucleation. Specifically, MTs nucleated randomly
around the prophase nucleus are sorted into a bipolar spindle during prometaphase. The
collapse to a tight disorganized mass observed in wild type cells under these conditions is
dependent on ATK5, consistent with its role as an inward force-generating motor
(Ambrose et al., 2005). ATK5 does not appear to be responsible for the subsequent
sorting of the disorganized mass into a bipolar spindle, although this does not rule out a
more subtle role for ATK5 during MT sorting. Another possibility is that the collapse
into a tight mass is an aberration observed in cells that normally undergo PPB-dependent
spindle formation, and that ATK5 normally acts in the PPB-dependent pathway,
facilitating capture and coalignment of MTs within this already bipolar array. It is likely
that the motors responsible for the sorting into bipolar arrays are Kinesin-5 (BimC)
family members, 4 of which are predicted in Arabidopsis. Indeed studies in animals have
shown that Kinesin-5 takes on this role (Walczak et al., 1998).
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Pathways of mitotic spindle formation in higher plant cells: a model
Based on the above data, I propose the following model for pathways of mitotic
spindle formation in higher plant cells (Fig. 4-9). MTs are initially nucleated in random
distribution on the nuclear surface, which has been shown to act as an MTOC (Canaday
et al., 2000). Subsequent to this, MTs coalesce into poles, most likely via motor protein
activity. In the presence of a PPB, two dominant poles form, becoming oriented
perpendicular to the plane of the PPB. In PPB-containing cells, the bipolar organization
of the prophase spindle poises MT plus ends in the ideal orientation to perform capture of
kinetochores and opposing non-kinetochore MTs (capture pathways). In the absence of
prophase spindle bipolarity, MT sorting becomes the dominant mode of organization in
establishment of a bipolar spindle. In both PPB-dependent and PPB-independent
pathways, a bipolar metaphase spindle is resolved, albeit less efficiently in the absence of
a PPB. Chromatin-mediated MT nucleation also contributes to spindle formation during
prometaphase and metaphase in both PPB-containing cells, and in cells lacking PPBs
(Cleary and Hardham, 1988; Galatis and Apostolakos, 1991), although its contributions
are less obvious.
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Fig. 4-9: Model depicting pathways of mitotic spindle formation in higher plants.
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Appendix A
Supplementary movies and figures

Chapter 2
Movie 2-1. YFP::ATK5 localizes along microtubules with accumulation at
growing plus-ends. Shown is a leaf epidermal guard cell from a plant stably expressing
YFP::ATK5. Scale bar, 10 µm.

Movie 2-2. YFP::ATK5 localizes to mitotic spindle midzones and phragmoplast
leading edges in dividing BY-2 cells. Microtubules=red, YFP::ATK5=green. Scale bar,
10 µm.

Movie 2-3. YFP::Tail/Stalk localizes along microtubules with accumulation at
growing plus-ends. Shown is a cortical view of a hypocotyl epidermal cell from a plant
stably expressing YFP::Tail/Stalk. Scale bar, 10 µm.

Movie 2-4. YFP::Tail/Stalk localizes to mitotic spindle midzones and
phragmoplast leading edges in dividing BY-2 cells. Microtubules=red,
YFP::Tail/STalk=green. Scale bar, 10 µm.
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Chapter 3
Movie 3-1. Mitosis in root tip of wild-type plant expressing GFP::TUB6. This cell
corresponds to figure 1. Bar, 5µm.

Movie 3-2. Mitosis in root tip of atk5-1 plant expressing GFP::TUB6. This cell
corresponds to figure 2. Bar, 5µm.

Movie 3-3. YFP::ATK5 enriched on interpolar MTs in early prometaphase in
tobacco BY-2 cells. MTs left column, red in merge. YFP::ATK5 center column, green in
merge. Time between frames is 15 seconds. Bar, 10µm.

Movie 3-4. YFP::ATK5 moves from the pole to the midzone during
prometaphase, and becomes enriched on regions of overlap between antiparallel
interpolar MT bundles. For each frame in the time-lapse series, a fluorescence intensity
profile was drawn along the long axis of the spindle. MTs, red. YFP::ATK5, green. Time
between frames is 15 seconds. Bar, 10µm.

Chapter 4
Movie 4-1. Transition from prophase to prometaphase in Tobacco BY-2
suspension culture cell expressing the MT reporter GFP::MBD. This movie corresponds
to the cell shown in Fig. 1. For increased contrast, the series is also shown in negative.
Interval between frames is 20 seconds, frame rate is eight frames per second. Bar, 10µm.
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Movie 4-2. Behavior and morphology of spindle during transition from prophase
to prometaphase is aberrant in cells with asymmetric distribution of bridge MTs. Tobacco
BY-2 suspension culture cell expressing the MT reporter GFP::MBD. This movie
corresponds to the cell shown in Fig. 2. In this cell, bridge MTs are more numerous on
the top side of the nucleus in this focal plane. The nucleus/prophase spindle migrates and
exhibits lateral stretching in the direction of the more numerous bridge MTs. Ingression
of MTs at prometaphase is oblique in the top side of the spindle due to the previous
lateral stretching. For increased contrast, the series is also shown in negative. Interval
between frames is 30 seconds, frame rate is eight frames per second. Bar, 10µm.

Movie 4-3. Microtubules with oblique angles are captured and coaligned with the
spindle axis during prometaphase. Transition from prophase to metaphase in Tobacco
BY-2 suspension culture cell expressing the MT reporter GFP::MBD. This movie
corresponds to the cell shown in Fig. 5. Note also asymmetric spindle bipolarity and
gradual closing of annulus at top pole. For increased contrast, the series is also shown in
negative. Time intervals are 1 minute from frames 1-43, 30 seconds from 43-62, and 15
seconds from 62-93. Bar, 10µm.

Movie 4-4. Microtubule sorting in the absence of prophase spindle bipolarity.
Living wild type Arabidopsis root tip cells expressing GFP::MBD as MT reporter. Time
between frames is 30 seconds, frame rate is eight frames per second. This movie
corresponds to the cell shown in fig. 6. Bar, 5µm.
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Movie 4-5. Microtubule sorting in the absence of prophase spindle bipolarity in
atk5-1 cells. Living Arabidopsis root tip cells of atk5-1 plant expressing GFP::MBD as
MT reporter. Time between frames is 30 seconds, frame rate is eight frames per second.
This movie corresponds to the cell shown in fig. 7. Bar, 5µm.

Fig. 4-S1. Mitosis in wild type Arabidopsis root tip from a plant expressing low levels of
GFP::MBD. (A) Early prophase spindle. (B) Late prophase spindle. The spindle has
become bipolar and has begun prophase spindle elongation. (C) Prometaphase. (D)
Metaphase. (E) Anaphase. (F-G) Phragmoplast expansion during telophase/cytokinesis.
Bar, 5µm.

Appendix B
ATK5 truncation analysis
It was shown in chapter 2 that YFP::ATK5 localizes to growing MT plus ends in
interphase cortical arrays, and to spindle midzones during mitosis. Both these
localizations are independent of the motor domain, since YFP::TS exhibits
indistinguishable localization patterns from that of full-length YFP::ATK5. In chapter 2, I
hypothesized that the plus end tracking activity of ATK5 plays a role in midzone
accumulation, since the midzone contains numerous MT plus ends. To test this, I created
a series of C-terminal truncations of the tail/stalk domain of ATK5, and analyzed the
following: (1) plus end tracking, (2) midzone accumulation, and (3) in vitro MT binding.
The results of this are summarized in Fig. S-1. Midzone accumulation does not appear to
require plus end tracking, although a possible involvement cannot be ruled out, since the
constructs 224 and 274 accumulate at MT plus ends to a lesser extent than the longer
tail/stalk truncations. Although the stalk or tail alone do not bind MTs and localize to
cytoplasm, putting them together confers association with MTs, suggesting a number of
possibilities (1) the MT binding site spans the tail/stalk junction, (2) distinct low-affinity
MT binding sites exist in the tail and stalks, or (3) MT binding is located in the tail, but
requires a dimeric tail. Based on the findings that the putative dimeric tail (114+cc) does
not associate with MTs, and that the MBD tail restores the ability of the stalk to
accumulate at the midzone, I favor the second scenario, wherein both moieties contain
distinct MT binding sites. Interestingly, although MBD::stalk construct localizes to all
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arrays, it did not exhibit plus end tracking, suggesting that plus end tracking requires
determinants in both the tail and stalk domain. The presence of generic MT binding
(conferred by MBD) N-terminal to the stalk is not the sole requisite of plus end tracking.

Fig. S-1: Summary of ATK5 truncations with respect to plus end tracking activity (+TIP),
midzone accumulation, and ability to cosediment with MTs in vitro. Additional
abbreviations: cc (28amino acid synthetic coiled-coil), MBD (microtubule binding
domain from MAP4), question marks indicate experiments not yet performed.
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