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CHAPTER 1

GENERAL INTRODUCTION

Microtubules are ubiquitous cytoskeletal components of eukaryotic cells which are

required for the directed motion of intracellular organelles and mitotic chromosomes and

play important roles in the determination and maintenance of polarized cell morphology and

directed cell motion. In addition, microtubules are highly labile structures under many

conditions, and thus their involvement in normal cell function requires the assembly,

selective stabilization and disassembly of microtubules in an organized and coordinated

manner.

Microtubule Structure and Polarity

Microtubules are formed by the polymerization of alpha-beta tubulin heterodimers

(Luduena et al., 1977), into tubules generally 25 nm in diameter and 13 subunits in

circumference (for review, see Amos et al., 1976). Tubulin dimers (subunits) are oriented

in the same direction within a microtubule (Amos and Klug, 1974), thus, microtubules

poses two morphologically distinct ends, one with exposed beta tubulin, the other with

exposed alpha tubulin. In vitro experiments demonstrate that the two ends of a microtubule

are functionally as well as morphologically distinct; the rate of microtubule polymerization

at one end of a microtubule, termed the plus or fast growing end, is greater than that at the

opposite minus or slow growing end (Allen and Borisy, 1974; Dentler et al., 1974; Bergen

and Borisy, 1980), and the affinity of the plus end for tubulin subunits is higher than that

of the minus end (Margolis and Wilson, 1978). Various methods can be used to determine

the structural polarity of intact microtubules. For example, microtubules placed in

conditions which promote polymerization increase in length more rapidly at the plus end.

1



This method has been used to reveal the polarity of microtubule arrays found in cilia and

flagella (Allen and Borisy, 1974; Binder and Rosenbaum,1978) as well as of single

microtubules (Summers and Kirschner, 1979). Dynein, a microtubule motor protein, binds

to microtubules at an angle with respect to the microtubule axis. The orientation of attached

dynein reveals the polarity of microtubules in the same way that the polarity of actin

filaments is revealed by the attachment of heavy meromyosin (Haimo et al., 1979). Finally,

under some conditions microtubules can provide a substrate for the polymerization of new

incomplete microtubules along the length of the original "seed" microtubule (Burton and

Himes, 1978). In cross sections, these incomplete microtubules appear as curved hooks,

and the direction of curvature indicates the orientation of the seed microtubule with respect

to the observer (Mandelkow and Mandelkow, 1979). This technique has been used to

demonstrated that the vast majority of microtubules found in living cells have free plus

ends, while the minus ends are embedded in or attached to intracellular structures (Allen

and Borisy, 1974; Heidemann and Mcintosh, 1980; Euteneuer and Mcintosh, 1980,1981).

Although the orientation of the alpha-beta dimers within microtubules is not known, kinetic

arguments suggest that beta tubulin is exposed at the plus or fast growing end, while alpha

tubulin is exposed at the minus end (Mandelkow and Mandelkow, 1989).

Microtubule Assembly Requires GTP

Each member of an alpha-beta dimer is capable of binding a molecule ofGTP

(Weisenberg et al., 1968; Bryan, 1972). Alpha tubulin binds GTP tightly, and exchange of

GTP at this site (the N site) is slow. In contrast, GTP bound to beta tubulin (the E site) is

capable of both rapid exchange and hydrolysis (Zeeberg and Caplow, 1979). Tubulin-GTP

must be present for microtubule assembly, and assembly is accompanied by the rapid

hydrolysis of bound GTP to form tubulin-GDP (Carlier, 1982). Once formed, GDP

remains associated with tubulin subunits until the subunits depolymerize. Because addition
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and loss of tubulin subunits in vivo occurs almost exclusively at the plus end of a

microtubule (Geuens et al., 1989; Mitchison et al., 1986; Schulze and Kirschner, 1986),

the plus end of an elongating microtubule contains a high proportion of tubulin-GTP

subunits, while the remaining microtubule polymer is comprised of dimers in which GTP

has been hydrolyzed. It has been suggested that under physiological conditions a

microtubule is "protected" from disassembly by the presence of a "cap" of tubulin-GTP

subunits at its plus end (Carlier and Panteloni, 1981; for review, see Bayley, 1990).

Although the presence of a GTP cap has not been direcdy demonstrated, numerous

experiments have both provided strong evidence in favor of this "GTP-cap" model of

microtubule assembly, and suggested that this cap may be as small as a few dimers in

length (Walker et al., 1991).

Dynamic Instability Model of Microtubule Assembly

In the presence of high concentrations of tubulin-GTP, the loss of a microtubule's

GTP "cap", and the subsequent conversion of the microtubule from growing to shrinking

is an infrequent event (Walker et al., 1988). In the presence of more limited concentrations

of tubulin-GTP, however, random diffusion of tubulin-GTP subunits, coupled with

microtubule polymerization, may result in local depletion of free tubulin-GTP subunits at a

microtubule's plus-end, and a decrease in the rate of tubulin-GTP addition. Under these

conditions, formation of tubulin-GDP within the microtubule lattice may proceed as far as

the exposed microtubule end and result in disassembly of the microtubule. Because the rate

of tubulin-GDP disassembly is higher than the rate of tubulin-GTP assembly, such random

depolymerization events result in populations of microtubules in which both slow growing

and rapidly shrinking microtubules are present (Mitchison and Kirschner, 1984a). This

behavior of microtubule populations, termed dynamic instability (Mitchison and Kirschner,

1984a), has now been directly observed both in vitro (Horio and Hotani, 1986; Walker et
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al., 1988) and in yjyja (Cassimeris et al., 1988; Sammak and Borisy, 1988; Schulze and

Kirschner 1988), and may be an underlying principle in the formation and function of all

microtubule containing structures.

Treadrnilling Model of Microtubule Assembly

Because the plus and minus ends of a microtubule have different affinities for

tubulin subunits, under some conditions subunits can add to a microtubule at its plus end

while being lost at its minus end. If addition and loss of tubulin subunits are balanced,

turnover or "treadrnilling" of the microtubule lattice can occur without net change in the

total length of the microtubule polymer (Margolis and Wilson, 1978). It has been suggested

that if an end of such a microtubule were held stationary, translocation of the microtubule

lattice, and of attached organelles or chromosomes, would occur from the plus end toward

the minus end (Mitchison, 1989a; Nicklas, 1987a). Although few examples of treadrnilling

behavior in vivo exist, net translocation or "flux" of microtubule polymer toward the minus

end of both kinetochore (Mitchison, 1989a) and non-kinetochore microtubules has recently

been demonstrated. The role of this mechanism in the in vivo function of the mitotic spindle

apparatus has yet to be determined.

Regulation of Microtubule Assembly

Microtubules in vivo exhibit a much greater range of behaviors than microtubules in

vitro . For example, microtubules observed in vitro are rarely seen to pause, while

microtubules in vivo can remain in a meta-stable state, during which neither elongation or

shortening can be detected, for extended periods of time (Schulze and Kirschner,

1976,1987). Experiments conducted in mitotic cells at the level of microtubule populations

(Salmon et al., 1984) and direct observation of individual microtubules in living interphase
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cells (Cassimeris et al., 1988; Sammak and Borisy, 1988; Schulze and Kirschner, 1988)

have further revealed that microtubules in vivo can convert from growing to shrinking

states (catastrophe) and from shrinking to growing states (rescue) much more frequently

than microtubules in vitro (Walker et al., 1988). In addition, although tubulin in vitro is

capable of self assembly in solution, most microtubules in living cells are nucleated from

microtubule organizing centers (MTOCs). Finally, microtubules undergoing

depolymerization in interphase cells are often rescued before they depolymerize completely.

This behavior, termed "tempered" dynamic instability (Sammak and Borisy, 1988b),

results in microtubule arrays where exchange between polymerized and free tubulin

subunits (microtubule turnover) occurs most rapidly at microtubule plus ends, while the

remaining microtubule polymer undergoes turnover more slowly.

Microtubule Associated Proteins

Some of the first microtubule regulatory factors to be isolated were microtubule

associated proteins (MAPs; Sloboda et al., 1975). MAPs are a diverse group of proteins

which bind tightly to, and are thus co-purified stoichiometrically with, microtubules.

Some, such as dynein, are microtubule-based motor proteins (Gibbons, 1965), while

others lack motile functions but affect the assembly behavior of microtubules. Experiments

conducted at the level of microtubule populations demonstrate that the presence ofMAPs

stimulates the in vitro and in vivo assembly of microtubules (Cleveland et al., 1977; Drubin

and Kirschner, 1986; Herzog and Weber, 1978; Sloboda and Rosenbaum, 1979), and

increases the resistance of microtubules to microtubule destabilizing agents (for review, see

Purich and Kristofferson, 1984). Examination of individual microtubules in yj£2 further

reveals that MAPs increase the growth rate of individual microtubules, and can both

decrease the frequency of catastrophe events and increase the frequency of rescue events

(Bre and Karsenti, 1990; Pryer, 1989). Although MAPs were first isolated from sources of

highly stable microtubules, such as cilia and nerve tissues (Gibbons, 1965; Olmsted and
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Borisy, 1973) MAPs have now been found in association with microtubules in a wide

variety of cell types during both interphase and mitosis (for reviews, see Bloom and Vallee,

1989: Olmsted, 1986; Wiche et al., 1991). Finally, the binding ofMAPs to microtubules

in vitro is strongly affected by both phosphorylation of MAPs (Jameson and Caplow,

1981; Murphy and Flavin, 1983; Sloboda et al., 1975) and the interaction of MAPs with

calmodulin (Lee and Wolff, 1984) indicating that the regulation of microtubule dynamic

behavior by MAPs is under cellular control.

Calcium and Magnesium

The concentration of various cations, particularly calcium and magnesium, has also

been demonstrated to affect the in vitro and in vivo behavior of microtubules. Magnesium

is required in small amounts for microtubule polymerization in vitro (Weisenberg, 1972)

while even low concentrations of calcium ions prevents the in vitro assembly of

microtubules (Weisenberg, 1972), and causes the disassembly of intact microtubules

(Kiehart, 1981; Salmon and Segall, 1980; Zhang et al., 1992). Although the mechanism

whereby calcium ions inhibits microtubule polymerization is still poorly understood, this

effect is now known to be mediated by the calcium binding protein calmodulin. Both

calmodulin and calcium sequestering membrane systems have been found in association

with subsets of cellular microtubules (De Mey et al., 1980; Hepler, 1980,1989; Petzelt,

1984; Welsh et al., 1978) strongly suggesting that local changes in calcium ion

concentration may be involved in the in vivo regulation of microtubule assembly and

disassembly. In addition, experiments using calcium ions or calcium chelating agents have

demonstrated that the onset of kinetochore microtubule disassembly during anaphase

chromosome-to-pole motion (Izant, 1983), the integrity of the mitotic spindle (Izant, 1983;

Kiehart, 1981; Salmon and Segall, 1980) and the rate of anaphase chromosome-to-pole

motion (Cande, 1981; Zhang et al., 1990) can be experimentally regulated by changes in

the concentration of calcium ions. Furthermore, observations using calcium indicator dyes
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have revealed that elevation of intracellular calcium concentration (Hepler and Callaham,

1987) or calcium transients (Poenie et al., 1986; Ratan et al., 1986) can occur ia vivo as

cells initiate the motion of chromosomes toward the poles during mitosis.

Post-translational Modification

Dynamically distinct groups of microtubules found in living cells are often

characterized by the post-translational acetylation or detyrosination of alpha tubulin

subunits or the phosphorylation of beta tubulin subunits (for review, see Greer and

Rosenbaum, 1989). Microtubules comprised of such post-translationally modified tubulin

are generally less dynamic and more resistant to depolymerization than microtubules

comprised of non-modified tubulin. For example, microtubules found in cilia and flagella

(Gunderson and Bulinski, 1986a; Schneider et al., 1987), neurite cell processes (Black and

Keyser, 1987; Wehland and Weber, 1987), centrioles (Gunderson et al., 1984), and some

stable microtubules found in the interior regions of cultured animal cells (Schulze and

Kirschner, 1986; Schulze et al., 1987) react strongly with antibodies to detyrosinated or

acetylated tubulin. Other studies have demonstrated increases in the in vivo

phosphorylation of microtubules during differentiation of neuroblastoma cells (Gard and

Kirschner, 1985), and have indicated that the level of tubulin acetylation and detyrosination

varies in both a cell cycle dependent and developmentally regulated manner (Cambray-

Deakin and Burgoyne, 1987; Gunderson and Bulinski, 1986b; Sherwin et al., 1987).

However, experimental detyrosination of cytoplasmic microtubules has no effect on the

dynamic behavior of these microtubules as shown by photobleaching studies of fluorescent

microtubules (Webster et al., 1990). Furthermore, in vitro assays fail to detect differences

in the assembly or disassembly behavior of modified and unmodified tubulin subunits

(Raybin and Flavin, 1977; Maruta et al., 1986), and immunofluorescent and immunogold

staining using antibodies to tyrosinated and detyrosinated tubulin has revealed that some

individual microtubules contain both modified and unmodified tubulin (Gunderson et al.,
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1984, Geuens et al., 1986). Thus, the role of post-translational modification in generating

dynamically distinct microtubule arrays remains to be resolved

Microtubule Drugs

In addition to binding GTP, tubulin dimers can bind several drug molecules which

dramatically alter the behavior of microtubules. Some, such as colchicine, colcemid,

vinblastine and nocodazole cause the rapid disassembly of microtubules (Bergen and

Borisy, 1983; Jordan et al., 1986; Margolis and Wilson, 1977; Snyder et al., 1982), while

others such as taxol, promote microtubule assembly and stability (Bajer et al., 1982; Schiff

andHorwitz, 1980; Vallee, 1982). These drags have become indispensable experimental

tools in the study of microtubule function and microtubule based motility in vivo (for

reviews, see Dustin, 1984; Schliwa, 1986). In addition, although endogeneous compounds

related to these drugs have yet to be discovered, the presence of microtubule drug binding

sites suggest that functional analogues of microtubule poisons may be used by cells to

regulate some aspects of microtubule behavior.

Tubulin Concentration

Finally, it should be noted that the concentration of tubulin subunits is itself a potent

regulator of microtubule behavior in vitro. The concentration of tubulin-GTP has been

shown to increase the stability of microtubules in vitro by increasing the frequency of

rescue events and decreasing the frequency of catastrophe events in a concentration

dependent manner (Walker et al., 1988). Experimental increases in the intracellular

concentration of tubulin have also been shown to increase the rate of microtubule growth in

vivo (Schulze and Kirschner, 1986), and induce the reversal of anaphase A chromosome-

to-pole motion (Shelden and Wadsworth, 1992). Furthermore, recent direct observations

of microtubules in vitro have demonstrated that the integrity of intact microtubule walls is

dependent upon a sufficient concentration of free tubulin subunits (Dye and Williams,
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1991). Finally, the intracellular concentration of tubulin has been shown to be

autoregulated at the level of tubulin mRNA translation (Yen et al., 1988). Such

observations strongly suggest that the behavior of microtubules in vivo is regulated by

changes in tubulin subunit concentration.

Organization and Function of Microtubules in Interphase Cells

Microtubules in interphase cells provide a substrate for the organization and

movement of intracellular organelles and are involved in the generation and maintenance of

polarized cell morphology. The polarized morphology of interphase microtubule arrays is

largely determined by the presence of a single microtubule organizing center (MTOC)

(Pickett-Heaps, 1969) associated with the nucleus, to which the majority of interphase

microtubules are attached by their minus end. This creates a microtubule array with

microtubule plus ends distal and minus ends proximal to the MTOC. Microtubule based

motor proteins frequently translocate along microtubules in a unidirectional manner (Vale et

al., 1985a). For example, the motor protein dynein translocates toward the minus end of a

microtubule (retrograde motion) (Paschal and Vallee, 1987), while kinesin generally moves

along microtubules toward the plus-end (anterograde direction) (Vale et al., 1985b). Thus,

organelles and vesicles which bind selectively to these microtubule motor proteins can be

directed toward or away from the cell center.

MTOCs may also play a role in regulating the number and behavior of

microtubules. For example, in vitro experiments reveal that MTOCs nucleate microtubules

at tubulin concentrations well below the concentration necessary for tubulin self-assembly

(Mitchison and Kirschner, 1984b). Other observations reveal that the number of

microtubules attached to centrosomes varies in a cell-cycle dependent manner (Snyder and

Mcintosh, 1975; Kuriyama and Borisy, 1981). More recently, in yjfis experiments have

demonstrated that the nucleation capacity of centrosomes can be increased by the
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phosphorylation of centrosomal proteins (Verde et al., 1990,1991). Because cells contain

a limited amount of tubulin, changes in the number of centrosomal microtubules may have

additional effects on the intracellular concentration of free tubulin.

In mammalian cells, MTOCs are characterized by a central pair of barrel shaped

microtubule arrays, the centriole pair, and a surrounding cloud of electron dense

pericentriolar material. Microtubules are found embedded in the pericentriolar material but

do not generally appear to interact with the centrioles. In addition, a variety of experimental

evidence indicates that the pericentriolar material, not the centriole pair, is necessary and

sufficient for the generation of interphase microtubule arrays (Gould and Borisy, 1977) and

separation of chromosomes during anaphase (Berns and Richardson, 1977). Although the

biochemical composition of MTOCs is still poorly defined, a third form of tubulin subunit

(gamma-tubulin) has recently been found in association with MTOCs (Joshi et al., 1992)

and has been shown to mediate microtubule nucleation. Gamma tubulin may thus play a

crucial role in the determining the over-all organization of microtubule arrays.

A variety of experimental evidence indicates that interphase microtubules are also

involved in maintaining and possibly determining the direction of cell motion. For

example, cells treated with microtubule destabilizing drugs lose the ability to undergo

directed locomotion, although random motion can still occur (reviewed in Vasiliev and

Gelfand, 1976; see also Euteneuer and Schliwa, 1984 for an alternate view). In addition,

other experiments indicate that the orientation of the MTOC can be correlated with the

direction of cell motion (Gotlieb et al., 1981) and that destruction of the centrosome or

centriole pair results in loss of a cell's ability to display directed cell motion (Koonce et al.,

1984; Albrect-Buehler, 1979). Other experimental evidence indicates that the presence of

modified microtubule subpopulations can be correlated with the direction of cell motion

(Gunderson and Bulinski, 1988), and that the bending of microtubules in living neurons

during growth cone movements predicts changes in the direction of motion (Tanaka and

Kirschner, 1991). Finally, it should be noted that microtubules arrays are more dynamic in
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.notile fibroblasts than in more stationary epithelial eells (Pepperkok et al., 1990;

Wadsworth and MeGraU, 1990), indieating that mierotubule dynamic behavior may be

required for or correlated with cell locomotion.

amniTmi™ and Futi
-
ti-i "f Mi<™"'h"'es in Mitotic Cells

The ability of eukarvotic cells to regnlate the dynamic behavior of micrombules is

pe^aps most dramatically displayed daring mitosis, me process of cell division. The onset

of mitosis is accompanied by the disappearance of interphase micrombules and the

appearance of a highly dynamic army of microtubules, me mitotic spindle. Mitodc spindles

are bipolar structures containing three functionally distinct populations of
micrombules: the

kinetochore micrombuies (KMTs), interzonal micrombules, and astral micrombules. The

regulated assembly and disassembly of these micrombules plays a crucial role in affecung

the various motions of mitosis (Sahnon, 1989). However, aithough micrombules were

recognized in the mitotic spindle apparatus as early as ,950 (for review, see McDonald,

,989) and the dynamic nature of spindle microtubules in living cells was recogmzed

almcBt 30 years ago (Inoue, 1964; Inoue and Sato, 1967), tire manner in whack

nuc—s-contaimng structures are generated and regulated during mitosis reman,

important and unresolved issues.

WrpWe/Mitosis Transition
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ma, interphase microtubules may be actively disassembled as cells enter mitosis throngh the

action of agents which increase the frequency of microtubule catastrophe events (Belmont

et al 1990),
reducemefreqnencyofrcscueeventstCassimerisetal., 1988), or break

ricrotnbules into fragments (Vale, 1991). Finally, some evidence snggests that interphase

rfcrotubnles may be released from the centrosome during me entry into mitosis (Belmont

etal., 1990; McBeath and Fujiwara, 1990).

y;nPtorhorf Microtubules

Kinetochore microtubules form a handle of sevetal to hundreds of microtubules

which attach me spindle pole regions ,o speciaUzed areas found at the primary consrdcuon

of each chromosome pair, termed the kinetochore (fca review, see Rieder, 1982). A.though

Hnetochores have been shown to nudeate me pwth of microtubules inyto (Bergen e,

i ,980; Gould and Borisy, 1978; Snyder and Mcintosh, 1975) it is now though, that

KMTs are nucleated by me centrosomes, or mitode poles, and are captured a. their plus end

tough chance interacdon with kinetochore regions (Rieder, 1982). Lateral associadon of

Rck* 1973), however, natural analysis of the interacdon between the kinetochore

reviewsseeBrinkleye.al.,
19S9; Rieder,

1982,.Awidetangeofexperime„,s 1nwh,ch

Z^^^^^^^^TT
anai
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kinetochores may also decrease the stability of attached microtubules under some

conditions (Hyman and Mitchison, 1990). Rieder (Rieder, 1982) notes that MTs found

within the kinetochore fiber display increased stability regardless of whether they are

attached direcdy to the kinetochore. The increased stability of KMTs may therefore be due

in part to lateral interactions ofKMTs with each other or with MAPs found within the

kinetochore fiber rather than to the actual attachment of KMTs to the kinetochore (Rieder,

1982).

During prometaphase and metaphase, chromosomes become aligned at the spindle

equator, or metaphase plate, a process termed chromosome congression. During

congression, linked sister chromatids move back and forth (oscillate) across the spindle

equator, these oscillations become reduced in in extent and frequency as anaphase onset

approaches. Recent experimental evidence reveals that such oscillations require the

coordinated assembly and disassembly ofKMTs attached to opposing kinetochores

(Mitchison et al, 1986; Wise et al., 1991, for review see Mitchison, 1988). These

experiments further reveal that the majority ofKMT assembly and disassembly during

chromosome oscillations occurs at the kinetochore proximal or plus ends of the KMTs

(Mitchison et al., 1986; Wise et al., 1991), although some disassembly at KMT minus

ends may contribute to the overall changes in KMT length at this stage (Mitchison, 1989a).

Although it is clear that the alignment of chromosomes at the metaphase plate requires a

balance of opposing forces applied to the kinetochores of sister chromatids, the nature of

these forces remains unknown. It has been postulated that the assembly and disassembly

ofKMTs could generate the force required for motion of chromosomes at this stage (for

discussion, see Mcintosh et al., 1989). However, other experimental evidence suggests

that congression results from a balance of pulling forces generated at the kinetochore (Hays

et al., 1982).

During anaphase, the attachment between KMTs and kinetochores continues to

provide a mechanical link between the chromosomes and poles. Both in vittp and in vivo.
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experiments have demonstrated that the kinetochore is the site of microtubule disassembly

during anaphase chromosome-to-pole motion (Gorbsky et al., 1988; Koshland et al., 1988;

Nicklas, 1987b). However, the manner in which the attachment between the kinetochore

and KMTs is maintained during chromosome motion and disassembly of the kinetochore

microtubules, and the manner in which the force used to move chromosomes is generated,

remain unresolved issues. The observation that chromosome motion and the disassembly

of KMTs are tightly coupled, and the exothermic nature of microtubule disassembly, led

Inoue and others (Hill, 1981; Inoue, 1976; Inoue and Sato, 1967) to suggest that the the

disassembly of KMTs is itself responsible for the movement of chromosomes. Some

support for this hypothesis has come from recent experiments which have demonstrated

that isolated kinetochores can remain attached to microtubules which are undergoing

disassembly in response to a decreased tubulin subunit concentration (Koshland et al.,

1988) and that microtubules undergoing depolymerization in vitro in response to a

reduction in tubulin concentration can promote the minus end directed motion of

chromosomes and chromosome fragments (Coue et al., 1991). Further evidence in support

of this hypothesis has been provided by ultrastructural analysis which reveals that

microtubule ends become splayed during disassembly, giving the end of a microtubule a

frayed appearance (Mandelkow et al., 1991). It has been suggested that if this

conformational change is accompanied by the generation of force, the kinetochore, acting

as a sliding collar, could be driven down kinetochore microtubules ahead of the region of

microtubule splaying (Koshland et al., 1988; Mitchison, 1988).

Some evidence for an alternative hypothesis has been obtained from in vitro

observation of stable microtubules attached to isolated kinetochores, which reveal that

kinetochores can generate motion of microtubules in an ATP dependant manner (Hyman

and Mitchison, 1991; Mitchison and Kirschner, 1985b). Further observations reveal that

this motion can be produced in both a plus end and a minus end directed manner (Hyman

and Mitchison, 1991), suggesting that either two motors which move along microtubules in
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opposite directions are present at the kinetochore, or that the direction of motion can be

regulated in some manner. Recently, both direct observation of the motion of chromosomes

in vivo (Rieder and Alexander, 1990) and immunological studies (Pfarr et al., 1990; Steuer

et al., 1990; Wordeman et al., 1991) have provided strong evidence for the presence of

dynein, a minus-end directed microtubule motor, at the kinetochore.

Interzonal Microtubules

Although chromosome separation in many cells occurs largely through the motion

of chromosomes toward the spindle poles (anaphase A) most cells also undergo some

degree of pole-pole separation (anaphase B). In some organisms anaphase B plays only a

minor role in the separation of chromosomes, while in others anaphase B may replace

chromosome-to-pole motion as the mechanism of chromosome separation. There is

general agreement that spindle pole separation involves the interaction and elongation of

microtubules from opposite spindle poles (for reviews, see Mcintosh, 1989; Cande et al.,

1989). It remains unclear, however, if interzonal microtubules generate, regulate or convey

the forces required for spindle elongation. In vitro studies conducted using isolated diatom

spindles have provided strong evidence for the presence of a motor protein in the mid-

region of these spindles which generates sliding of the overlapping anti-parallel interzonal

microtubules (Cande and McDonald, 1985; Masuda and Cande, 1987,1988; for review see

Cande et al., 1989). In these cells, interzonal microtubules may therefore convey force

generated in the interzone to the spindle poles. It should be noted, however, that the diatom

spindle is somewhat unusual in that it is made up largely of a bundle of overlapping

interzonal microtubules arranged in a paracrystalline array (for review, see Pickett-Heaps,

1991). In addition, these organisms exhibit very little anaphase A chromosome-to-pole

motion and the chromosomes are divided to the two daughter cells largely through the

process of spindle pole separation. Alternatively, experiments conducted during anaphase

B in Fusarium (Aist and Bayles, 1988,1992) and in PtKi epithelial cells (Kronebusch and
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Borisy, 1981), in which interzonal microtubules are severed using a highly focused laser

beam or micromanipulation produce substantial increases in the rate of spindle pole

separation. Such experiments suggest that in these organisms the interaction of interzonal

microtubules from opposite poles serves to regulate rather than generate the force used to

separate the spindle poles. Finally, it should be noted that the dynamic instability behavior

of microtubule populations can generate "polar ejection forces" (Rieder et al., 1986;

Salmon, 1989) capable of moving objects as large as chromosomes away from the pole,

and that interzonal microtubules are most dynamic in mammalian epithelial cells, as

measured by the incorporation of labeled tubulin subunits, when the rate of anaphase B

spindle elongation is greatest (Shelden and Wadsworth, 1989). Together these

observations provide evidence that microtubule assembly may itself generate the force

required for spindle pole separation.

Astral Microtubules

Finally, the astral microtubules are those microtubules emanating from the spindle

poles which do not interact with either a kinetochore or with microtubules from the

opposite pole. Although the role of these microtubules in the process of mitosis is still

largely unresolved, several investigators have proposed that these microtubules may

generate forces required for the alignment of chromosomes at the metaphase plate during

prometaphase and metaphase (for discussion, see Salmon, 1989), or convey pulling forces

during separation of the spindle poles in anaphase B spindle elongation (Aist and Bayles,

1988,1992; Kronebusch and Borisy, 1981). Other experiments suggest that these

microtubules may play an important role in the positioning of the spindle pole during

unequal cleavage common to many embryonic cells (Salmon, 1976; Schatten, 1981), and

indicate that astral microtubules are required for pronuclear migration during fertilization in

several marine organisms (Hamaguchi and Hiramoto, 1986; Schatten, 1981). Finally, a

variety of experimental evidence indicates that astral microtubules are required for the
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organization of the contractile ring prior to the onset of cytokinesis (for reviews, see

Mabuchi, 1986; Rappaport, 1986).

Resrair.h Objectives

To further characterize the in yjyu behavior of microtubules, I have undertaken a

three part study of microtubule dynamics at the level of individual microtubules. First, I

have extended the observations of individual microtubule assembly during mitosis to

include anaphase A and B. Briefly, biotin labelled tubulin subunits were injected into

living cells at different stages of mitosis. After allowing the cells to incorporate injected

subunits for varying amounts of time, the cells were lysed, fixed and immunostained with

antibodies to tubulin and biotin to reveal both the sites and extent of subunit incorporation.

Using this technique, I have documented that interzonal microtubule arrays remain dynamic

while the cell utilizes them to perform mechanical work during anaphase B spindle

elongation. Using quantitative methods, I have further determined that interzonal

microtubules are most dynamic during the period of anaphase B when the spindle poles

separate most rapidly. The results of this work therefore contrast with that conducted in

isolated diatom spindles (Cande and McDonald, 1985; Masuda and Cande, 1988).

Incorporation of biotin tubulin into interzonal microtubules was significantly reduced after

the completion of spindle separation, when interzonal microtubules are much less dynamic

(Saxton and Mcintosh, 1987) and form tightly packed bundles. The assembly of mitotic

microtubule populations has been shown to exert a pushing force capable of moving

particles as large as mitotic chromosomes (Bajer, 1982; Rieder et al., 1986; Salmon,

1989). Therefore, the elevated levels of incorporation into interzonal microtubules detected

during spindle pole separation suggest a new model of spindle elongation in which

microtubule assembly itself produces the force for anaphase B spindle elongation.
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Second, I have examined the relationship between microtubule dynamics and

chromosome motion in anaphase cells by experimentally inducing the assembly of

kinetochore microtubules during anaphase A. As chromosomes move toward the poles,

kinetochore fibers must shorten to maintain the attachment between kinetochores and the

spindle pole. Recent experiments have provided strong evidence that this disassembly

occurs preferentially at the plus ends (Euteneuer and Mcintosh, 1980) of the kinetochore

microtubules, proximal to the kinetochore (Mitchison et al., 1986; Gorbsky et al., 1988;

Nicklas, 1989). Surprisingly, the plus-ends of kinetochore microtubules appear to be

highly competent to assemble subunits at this stage. The elevation of intracellular tubulin

concentration induced by the microinjection of labeled tubulin subunits into anaphase cells

resulted in rapid assembly of tubulin subunits at the kinetochore plus ends - the presumed

site ofKMT disassembly. Furthermore, this assembly was accompanied by a temporary

reversal of chromosome-to-pole motion. Together these results suggest that the direction

and possibly the rate of anaphase chromosome motion are tightly linked to the assembly

and disassembly competence of kinetochore fiber microtubules, and provide the first

demonstration that tubulin subunit concentration can regulate some aspects of anaphase

chromosome motion in vivo .

Finally, microtubules in motile fibroblasts are more dynamic than those found in

more stationary epithelial cells (Pepperkok et al., 1990; Wadsworth and McGrail, 1990),

suggesting that the dynamic behavior of microtubules is intimately involved in the

locomotion of interphase cells. However, the mechanisms involved in generating cell type-

specific differences in microtubule dynamics were not examined in these previous studies.

In the third part ofmy thesis research, I have addressed this issues by examining

individual microtubules in living epithelial cells and fibroblasts, and quantifying the

parameters of microtubule dynamic behavior in each cell type. Examination of individual

microtubule behavior in these two cell types confirms that microtubules are more dynamic

in fibroblasts than in epithelial cells as measured by the amount of time an individual
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microtubule remains within an equivalent area of the cell lamella. Quantification of the

dynamic behavior of microtubules in these cells further reveals that both the rate of growth

and depolymerization are higher in fibroblasts than in epithelial cells, and that microtubules

pause less frequently in fibroblasts than epithelial cells. Surprisingly, this analysis also

reveals that the frequency of microtubule transitions is higher in epithelial cells than

fibroblasts. However, microtubules in epithelial cells are characterized by growth and

shrinking excursions of short duration and extent, while microtubules in fibroblasts

undergo less frequent, but more extensive length changes. A small number of more stable

microtubules are also detected in fibroblasts. The results of these experiments have

increased the understanding of microtubule dynamics and its regulation in interphase cells,

and by extension, suggest regulatory mechanisms involved in the formation and function of

mitotic microtubule arrays.
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CHAPTER 2

INTERZONAL MICROTUBULES ARE DYNAMIC DURING

SPINDLE ELONGATION

Abstract

The pattern and extent of microtubule assembly during spindle elongation has been

examined in PtKi cells by microinjection of biotin-tubulin and immunolocalization of

biotin-tubulin containing microtubules using antibodies to biotin. PtKi cells were

microinjected at 30° C, incubated for various intervals to allow incorporation of biotin-

tubulin into microtubules, then lysed, fixed and stained for biotin-tubulin and total tubulin.

When mid- to late anaphase cells are examined at short times post-injection using

conventional fluorescence light microscopy, rapid incorporation of biotin-tubulin is

detected throughout the interzonal region, between the separating chromosomes, and in the

spindle asters. Using confocal fluorescence microscopy, the segments of biotin labeled

microtubules detected in the interzonal region are found to be continuous with the distal, or

plus-ends, of unlabeled microtubules. When telophase cells are examined, a marked

decline in the extent of incorporation is apparent

Quantitative analysis of the total length of biotin-labeled polymer in the interzonal

region of cells from mid-anaphase through telophase further reveals that the extent of

incorporation is greatest during late anaphase, and decreases during telophase. The

measured rate of interzonal microtubule growth remains relatively constant during this

period. These results provide direct evidence for plus-end elongation of interzonal

microtubulesduring spindle elongation and further reveal that interzonal miaombules^

highly dynamic during late anaphase spindle elongation. The implications of these results

for the mechanism of anaphase B are discussed.
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Introduction

Anaphase chromosome motion consists of both chromosome-to-pole motion,

anaphase A, and the separation of the poles, anaphase B. In cultured animal cells, pole-

pole separation begins after chromosome-to-pole motion is nearly complete and continues

for several minutes, depending on cellular morphology. The rate of pole separation is

slower than the rate of chromosome-to-pole motion (Brinkley and Cartwright, 197 1).

Structural analysis of the arrangement of spindle microtubules throughout mitosis

has indicated that those spindle microtubules which overlap at the equator lengthen during

spindle elongation, or anaphase B (Mcintosh, 1985). These interzonal microtubules are

composed of microtubules extending from each pole and thus are of opposite polarity,

plus-ends distal to the pole from which they originated (Euteneuer and Mcintosh, 1980).

Recent experiments in which fluorescent tubulin has been microinjected into living cells

suggest that these interzonal microtubules elongate by addition of subunits to their distal or

plus-ends during spindle elongation, although individual microtubules could not be

resolved in these experiments (Saxton and Mcintosh, 1987). Further analysis of pattern

photobleaches in the interzone of late anaphase/telophase cells (a stage which corresponds

to telophase cells in this study) reveal that fluorescence recovery is slow and that the two

half-spindles slide apart (Saxton and Mcintosh, 1987). However, the rate of sliding in

these cells is very limited (approximately 0.09 ^m/min).

Additional information concerning the mechanism of anaphase B comes from

analysis of elongation of the diatom central spindle. In these cells, the central spindle

consists of a very regular, interdigitated array of overlapping microtubules which slide

apart during elongation, reducing the extent of overlap (Cande and McDonald, 1985;

Mcintosh et al., 1979). These central spindles can be isolated and reactivated in buffers

containing ATP and exogenous tubulin (Masuda and Cande, 1987,1988). When labeled

tubulin is present in the reactivation solution, microtubule elongation at the ends of the
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region of overlap is observed; as the spindle elongates, the zones of new microtubule

growth approach each other. When central spindle reactivation is prevented by omitting

ATP, microtubule polymerization continues, but the spindles do not elongate (Masuda and

Cande, 1988). Thus, ATP dependent force generation within the overlapping array of

microtubules contributes to spindle elongation; microtubule assembly increases both the

rate and extent of spindle elongation inviEQ (Masuda and Cande, 1988).

In the experiments presented here, the pattern and extent of microtubule

polymerization during spindle elongation in cultured cells has been examined by

microinjection of biotin-labeled tubulin (Mitchison et al., 1986; Wadsworth et al., 1989).

At various intervals post-injection, cells were lysed, fixed and prepared for immuno-

localization of both biotin-tubulin and total tubulin using either conventional or confocal

fluorescence microscopy. These experiments demonstrate that microtubules remain highly

dynamic during late anaphase as evidenced by the rapid incorporation of labeled tubulin

subunits. This study further documents elongation of individual interzonal microtubules

during anaphase B. Finally, quantitative measurements reveal time dependent changes in

the amount of total polymermm^***!*****^"*-***™*
telophase. The greatest extent of incorporation occurs during late anaphase, coincident

with the maximal rate of anaphase B pole-pole separation in these cells.

Materials and Methods

Preparation Kinrin Tubulin

Biotin-tubulin was prepared as described (Mitchison e. al., 1986; Wadsworth e, al.,

1989) Small aliquots were stored a, -70°C in injection buffer (20 tnM sodium g.utamate,

, mM EGTA and 0.5 mM MgSCM, pH 7.2). Tbe protein solution was adjusted to 1
mM

OTP concenmation and centrifnged for 10 min a. maximum speed in an Eppendotf

microcentrifuge before use. Biotin-tubulin was used a, a concentration of 3-4 mg/ml m tire



injection pipette as determined by a modificadon (Sehacterle and Pollack, 1973) of the

method of Lowry (Lowry et al., 1951).

r.l] Piilmre. and MicroinieCtion
'

PtK, ceUs were grown at 37°C in Ham's F-12 medium supplemented with 10%

feud bovine serum, 10mM HEPES and antibiotics. Cells were plated on glass coverslips

and allowed to grow for 36-48 hours before use. Coverslips were then mounted in a

iaboratory constructed micromjectton chamber
(Wadsworm e. al., 1989) and mounted on

the stage of a Zeiss IM-35 microscope. In mis chamber, individual cells could be readily

observed, injected and relocated following staining. Temperamre was maintained a. 30° C

using an Optt-Qoip Red Beam Incubator calibntted with a YSI Telethermister.

Microinjection was performed using a Narishige micromampubtor and an Eppendorf

model 5242 microinjector. Needles were pulled to a final tip diameter of approximately
0.5

pm on a Sutter Instruments P-80 Brown-Flaming
micropipette puller, using Miemdo.

capillaries. Pipettes were back loaded with approximately 0.5 pi of biorin-tubulin using a

Hamilton syringe. Chromosome position in injected cells was recorded photographically

on thirty-five millimeter film CeUs incubated less man thmy seconds post-injection were

photographed jnst after injection and again just after lysis. For some experiments in which

eells were incubated !onger titan thirty seconds, the living cell was phorographed after

injection and just before lysis, to record any change in chromosome position.

Immunofluorescence

Following microinjection, cells shown in Fignres 2.1 and 2.2, and eonrrol cells

nsedfor ratification (seeQuanti^

lysis bnffer containing 80mM PIPES, 5 mM EGTA, 1 mM MgS04 and 0.5% Tnton X-

100 PH 6.8 (Cassimeris e. al., 1986). Cells shown in Fignres 2.3-2.5, and cells


