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Abstract

Mitotic Chromosome and Spindle Dynamics in Saccharomyces cerevisiae.

Aaron F. Straight

Studies of chromosome dynamics in Saccharomyces cerevisiae have

been hampered by the inability to visualize individual chromosomes in

living yeast cells. We have developed a system that makes it possible to

monitor the movement of a single chromosome in living yeast. We have

introduced a tandem repeat of the lac repressor binding site into sites in the

yeast genome. Expression of a green fluorescent protein-lac repressor fusion

allows us to visualize the locus containing the lac repressor binding site

repeat. Using this system we have been able to monitor chromosome

movement in interphase and chromosome segregation as cells proceed

through mitosis. Additionally, we have been able to monitor the dynamics of

chromosome movement in relation to the mitotic spindle using green

fluorescent protein fusions to alpha tubulin.

Using our chromosome staining method we were able to demonstrate

the following observations. Mutants that are defective in the spindle

assembly checkpoint are able to separate their sister chromatids in the absence

of any microtubule spindle. Wild type yeast cells separate their sister

chromatids prior to the destruction of the mitotic cyclins and protein-protein

interactions are sufficient to mediate the linkage of sister chromatids. Time

lapse observation of mitosis revealed that spindle elongation and

chromosome separation exhibit biphasic kinetics and that centromere

separation precedes telomere separation. Furthermore, budding yeast lack a

viii



conventional metaphase plate but do show anaphaseA chromosome to pole
movement. We have examined the effect of deletions of the kinesin motors

Cin8, Kip1 and Kip3 on spindle elongation and chromosome separation. We

have observed very specific roles for each kinesin motor during yeast mitosis.

Cells that lack Cin8 are defective in the rapid phase of spindle elongation

while cells that lack Kip1 are defective in the slower phase of elongation.

Furthermore, Kip3 deleted cells show normal kinetics of anaphase but the

timing of spindle disassembly is disrupted. Our observations demonstrate

that kinesin molecules that have genetically redundant functions actually

have specific roles during mitosis. We also show that the cell monitors both

the timing and extent of spindle elongation to ensure proper chromosome

Segregation.

** *
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Introduction

The study of mitotic chromosome behavior was born in the late 19th

century with the work of Walther Flemming, Eduard Strasburger, Edouard

van Beneden and Wilhelm Roux. Flemming's careful observations of

chromosomes showed that the chromosomes split longitudinally and are

distributed equally between the two daugther cells during what he called

mitosis. The characterization of the stages of mitosis led Flemming,

Strasburger and van Benden to name those stages: prophase, metaphase and

anaphase. Accompanied by Roux's theory of the role of chromosomes in

heredity, it became clear that the accurate distribution of chromosomes to

daughter cells during mitosis was essential to the survival of the cell and the

organism (Darlington 1932). In the intervening century we have learned a

great deal concerning the cytological structures required for chromosome

distribution in mitosis: the mitotic spindle, the centrosomes and the

kinetochores. Although many of the molecules that comprise the important

structural components of the mitotic apparatus have now been identified and

characterized, a molecular explanation for chromosome distribution during

mitosis is far from realization.

This thesis is not concerned with identifying more molecules that play

roles during mitosis. Instead, the experiments described can be divided into

three parts. First, we developed modern tools that allowed visualization of

chromosomes and spindles in living cells of the budding yeast,

Saccharomyces cerevisiae. Second, using these modern reagents, we

reinvestigated some of the cytological observations in yeast in order to better

understand chromosome and spindle dynamics during yeast mitosis. Finally,



we use the information gained from our observations of yeast mitosis to

understand the roles of kinesin motor proteins during mitosis.

The study of mitosis in Veast and in higher eukarvotes.

Characterization of mitosis in vertebrate, insect and plant cells has

defined the important events that regulate proper chromosome segregation

(reviewed in Wadsworth 1993; Nicklas 1997). Complementary genetic studies

in yeast have discovered a large number of proteins that affect mitosis

(reviewed in Hoyt & Geiser 1996). These two approaches, however, have

serious limitiations. The inability to genetically manipulate higher

eukaryotic cells makes dissecting the roles of individual proteins and protein

complexes difficult. The lack of cytology in yeast severly limits the analysis of

proteins discovered through genetics. Rather than develop genetic

approaches in higher eukaryotic cells, we have developed new cytological

techniques in yeast in order to capitalize on the advantages provided by yeast

genetics and existing yeast mutants affecting mitosis. Here we describe the

stages of mitosis and the contributions to their understanding from yeast

studies and cell biological approaches in higher organisms. In order to

provide a contextual framework for our studies, we also describe problems in

studying mitosis and some of the outstanding questions that require
attention.

hromosom ndensation and Spindle assemblv.

The first events of mitosis are the condensation of the chromosomes

and the assembly of the bipolar spindle around the condensed chromatin.





Virtually all of our understanding of chromosome condensation comes from

studies in higher eukaryotes. Early cytological observations of condensing

chromosomes pointed out that the nucleus increased in its 'granularity' until

chromosome fibers became apparent. Furthermore, it was suggested that

these granules were assembling 'coiled threads' prior to the appearance of the

chromatids (Belar 1929). More recent analysis of chromosome condensation

has shown that complex three dimensional organization of the DNA strand

is required for proper condensation (Marsden & Laemmli 1979; Mirkovitch et

al 1984). The histones that make up the nucleosome core are required for the

proper condensation of the chromosome (Billett & Barry 1974; Gurley et al

1974). Many non-histone proteins participate in the assembly of the

chromatin into looped domains around a scaffold structure resulting in the

compacted metaphase chromosome (Earnshaw & Laemmli 1983). Recently, a

new family of ATPases that directly regulate and mediate chromosome

condensation has been identified biohemically in Xenopus egg extracts and

genetically in budding yeast (Hirano et al 1997; Hirano & Mitchison 1994;

Strunnikov et al 1995). These proteins, known as the SMC family, are able to

bind to DNA and introduce positive supercoils into circular DNA molecules

(Kimura & Hirano 1997; Sutani & Yanagida 1997). It is still not clear how the

cell signals condensation or how it recruits the SMC proteins to the DNA to

initiate condensation. The observation that yeast exhibit chromosome

condensation like higher eukaryotes opens the door for genetic analysis of the

process (Guacci et al 1994). Combining new cytological approaches in S.

cerevisiae with genetic approaches and biochemical approaches in higher

eukaryotes should allow a comprehensive analysis of the process of
chromosome condensation.



The assembly of the bipolar spindle is thought to be directed by

multiple independent pathways (Waters & Salmon 1997). In the best

understood model of spindle formation, microtubules nucleated from two

centrosomes interact with chromosomes resulting in the capture and

stabilization of the microtubules and the establishment of a bipolar spindle

array (Kirschner & Mitchison 1986). Although centrosomes direct assembly of

the spindle in some systems, bipolar spindle formation can also occur in the

absence of centrosomes. Condensed chromatin can serve as a nucleating site

for bipolar spindle assembly. In this system, a bipolar array of microtubules is

formed around chromatin and cytoplasmic dynein crosslinks and sorts

microtubules into spindle poles (Heald et al 1996; Heald et al 1997). It has

been demonstrated in both vertebrates and in yeast that the establishment

and maintenance of centrosome separation and bipolar microtubule arrays

involves kinesin related proteins (Hoyt et al 1992; Rodionov et al 1993;

Saunders & Hoyt 1992; Sawin et al 1992; Vernos et al 1995; Walczak et al

1996).

hrom ngression he metaphase plat

Concomitant with the assembly of the spindle, chromosomes establish

bipolar attachment of their sister kinetochores to the spindle poles. Following
attachment to the spindle, chromosomes congress to a position midway

between the spindle poles to establish the metaphase plate. Chromosomes

nearer one spindle pole than the other at the time of nuclear envelope

breakdown establish a monopolar attachment to the spindle pole. Generally,

these chromosomes do not intitiate congression to the metaphase plate until

the unattached kinetochore captures a microtubule from the opposite pole to
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establish a bipolar attachment (Rieder & Salmon 1994). Earlier models for

chromosome congression assumed that the positioning of the chromosome

on the metaphase plate was the result of antagonistic forces acting on sister

kinetochores pulling them toward opposite poles (Nicklas 1971; Ostergren
1951). It is now understood that even when only one kinetochore is attached

to a pole the chromosome pair can exhibit motion both away from and

toward its attached pole (Skibbens et al 1993).

The oscillatory motions of kinetochores may be explained by a number

of different forces acting at the kinetochore and along the chromosome arms.

One possibility is that plus and minus-end microtubule motors acting at the

kinetochore are responsible for moving the kinetochores toward and away

form the pole (Hyman & Mitchison 1991). Another alternative is that the

kinetochore is able to couple the force provided by the polymerization and

depolymerization of kinetochore microtubules to produce kinetochore

movement on the spindle (Desai & Mitchison 1995). In addition to forces

applied directly at the kinetochore, the array of spindle microtubules also

exert a pushing force on the chromosome arms, forcing the chromosome

away from the spindle pole. It is now thought that a balance between these

forces is responsible for the proper positioning of chromosomes on the

metaphase plate (Hyman & Karsenti 1996; Inoue & Salmon 1995; Rieder &

Salmon 1994).

metaphase to anaphase transition

Following proper alignment of all the chromosomes in metaphase, the

chromosomes are separated and move to the poles and the spindle poles

separate from one another in anaphase. It is now understood that the





transitions between the different cell cycle stages are driven by the activity of

the cyclin dependent kinases (CDK's). Activation of CDK's by the synthesis

of A and B-type cyclins, drives cells into mitosis and initiates spindle

assembly and chromosome condensation (Morgan 1997). The initiation of

anaphase is then triggered by the proteolytic destruction of the cyclin subunits

of the CDK's and the destruction of proteins responsible for holding sister

chromatids together (for a detailed discussion see Appendix A) (King et al
1996). The release of the bond between the sister chromatids and the removal

of CDK activity results in spindle elongation and chromosomes separation.

During anaphase there are three events that are important for chromosome

segregation. First, the link between the sister chromatids must be removed so

that the spindle can segregate the chromatids into the daughter cells. Second,

the chromatids must move to the spindle poles utilizing the kinetochore

microtubules. Third, the non-kinetochore microtubules must elongate and

slide along one another to separate the spindle poles.

The role of sister chromatid separation in mitosis has recently received

a great deal of attention. It was known that the separation of sister

chromatids required the ubiquitin mediated proteolysis of protein (s) other

than the mitotic cyclins (Holloway et al 1993; Irniger et al 1995). The most

likely candidates for these proteins were identified in fission and in budding

yeast. The Cut2 protein and the Pds1 protein were both shown to be degraded

by the ubiquitin degradation pathway and mutated versions of these proteins

that could not be destroyed blocked the separation of sister chromatids in both
yeasts (Cohen-Fix et al 1996; Funabiki et al 1996a; Funabiki et al 1996b).

Although the Pds1 and Cut2 proteins need to be degraded to separate the

sister chromatids they do not appear to be responsible for holding the sister

chromatids together. The identification of another protein in budding yeast,



Mcd1/ScC1, that binds to the chromatin and dissociates at the time of sister

chromatid separation is likely to be responsible for the link between

chromatids. Mutations in the Mcd.1/Scol protein cause premature separation

of sister chromatids (Guacci et al 1997; Michaelis et al 1997). How is the

destruction of Pds1 linked to the dissociation of Mcd.1/ScC1 from the

chromosomes? A third protein, Esp1 in budding yeast and Cutl in fission

yeast, seems to be responsible for initiating sister chromatid separation.

Mutants in the Esp1/Cutl protein are defective in sister chromatid separation.

Furthermore, the Pds1/Cut2 protein binds tightly to the Esp1/Cutl protein

effectively sequestering it from other interactions. The proteolysis of the

Pds1/Cut2 protein during mitosis releases the Esp1/Cutl protein which can

then carry out its function in anaphase initiation (Ciosk et al manuscript

submitted; Funabiki et al 1996b). An intriguing question is whether the

separation of sister chromatids is responsible for triggering anaphase by

releasing the link between the two centrosomes thereby allowing spindle

elongation. In metaphase, if one kinetochore of a chromosome is destroyed

or the link between the sister kinetochores is severed, the kinetochores move

toward the poles suggesting that the removal of the link between the

chromatids is sufficient for anaphase A chromosome movement (McNeill

and Berns 1981, Skibbens et al 1995). One important argument against this

hypothesis comes from the study of mitosis in grasshopper spermatocytes. In

spindles where metaphase was established but all the chromosomes were

removed by micromanipulation, the spindle length and the timing of spindle

pole separation were the same as cells that contained chromosomes (Zhang &

Nicklas 1996).

Two distinct steps of chromosome and spindle movement occur

during anaphase; anaphase A, the movement of the chromosomes to the





poles and anaphase B, the separation of the spindle poles and elongation of

the spindle. Studies of a symbiotic protist (Barbulanympha u■ alula) that

inhabits the hindgut of the wood-eating cockroach (Cryptocereus

punctulatus) provided the most elegant demonstration of the two discrete

phases of anaphase. Barbulanympha mitosis exhibits a complete temporal

separation of chromosome to pole movement from spindle elongation,

clearly showing that the two steps are discrete (Inoue & Ritter 1978).

The exact mechanism for anaphase A chromosome to pole movement

is still under discussion. The first models to explain the movement of

chromosomes toward the spindle poles invoked a “traction fiber" model

(Östergren 1951). This model and its variations argue that chromosomes
attached to microtubules by their kinetochores are pulled toward the spindle

pole by the movement of the kinetochore microtubules toward the pole.

Although this model was widely accepted after its introduction, experiments

in somatic cells suggested an alternative mechanism. Kinetochore

microtubules that were labeled at their plus ends lost the label after the

initiation of anaphase, suggesting that depolymerization of the microtubules

was occurring at the kinetochore (Mitchison et al 1986). Photobleaching of

kinetochore microtubules showed that they remained quite stable during

anaphase and were not transported toward the pole. Furthermore,

chromosomes moved toward and through the photobleached regions of the

spindle suggesting that microtubules depolymerized primarily at the

kinetochore and not at the spindle pole (Gorbsky et al 1987, Gorbsky et al

1988). Microdissection experiments demonstrated that the spindle could

actually be severed and the pole removed thereby eliminating a large part of

the traction fiber but chromosomes would still move poleward (Nicklas 1989).

Finally, kinetochore microtubules that were labeled and photobleached or

i



labeled by photoactivation were used to demonstrate that the majority of

chromosome to pole movement is the result of the depolymerization of the

microtubules at the kinetochore (Mitchison & Salmon 1992; Zhang & Nicklas

1996).

The discovery of poleward flux of microtubules provides another

possible explanation for the anaphaseA movement of chromosomes.

Photolabeling of kinetochore microtubules in metaphase demonstrated that

the kinetochore microtubules polymerize at the kinetochores and

depolymerize at the spindle poles resulting in net nicrotubule flux toward the

spindle pole (Mitchison 1989). The preferential stabilization of kinetochore

microtubules at their plus ends with the drug taxol resulted in the stretching
of the centromeric DNA as a result of minus end microtubule

depolymerization; demonstrating that microtubule flux can produce

poleward force (Waters et al 1996). Recent experiments argue that unlike the

situation in some somatic cell types, microtubule flux can be the primary

mechanism for the movement of the chromosomes to the poles. In Xenopus

egg extracts, the rate of chromosome to pole movement could be explained by
the rate of microtubule flux and inhibition of microtubule flux blocked

chromosome to pole movement. Furthermore, taxol treated extracts that

have stabilized microtubule plus ends still show microtubule flux and still

show chromosome to pole movement (Desai et al manuscript submitted).

How does the kinetochore link the depolymerization of the

kinetochore microtubules to the movement of chromosomes to the poles?

The two models of chromosome to pole movement mentioned above can be

explained in terms of the actions of microtubule motor proteins at the

kinetochore. In the first model, the motor activity of microtubule motor

proteins would be responsible for towing the chromosome along the

10





kinetochore spindle fibers toward the pole. The plus ends of the

microtubules would depolymerize as the motor protein moved along the

microtubule, catalyzed by either the motor protein or other proteins at the

kinetochore (Inoue & Salmon 1995; Rieder & Salmon 1994). Alternatively, it

has been demonstrated that microtubule motors can couple the plus-end

depolymerization of microtubules to the movement of chromosomes toward

the minus end of the microtubule (Desai & Mitchison 1995; Lombillo et al

1995a; Lombillo et al 1995b). In the flux model, the motor proteins at the
kinetochore would mediate the attachment of the kinetochore to the

microtubules. The flux of the microtubule toward the pole could then carry

the chromosomes poleward (Desai et al manuscript submitted; Mitchison &
Salmon 1992; Sawin et al 1992; Waters et al 1996).

The final separation of the chromosomes into the daughter cells at

mitosis is achieved by a combination of anaphase A and anaphase B.

McIntosh postulated in 1969 that the movement of the chromosomes to the

poles and the separation of the poles could be explained by forces produced by

the antiparallel sliding of microtubules (McIntosh et al 1969). Although this

hypothesis is probably not correct for the movement of chromosomes to the

poles it is almost certainly involved in pole separation. Analysis of diatom

spindles demonstrated that the metaphase spindle consisted of antiparallel

overlapping microtubules but that the overlap zone decreased as the spindle
fibers elongated in anaphase (Inoue 1981; McDonald et al 1977; McDonald et

al 1979). Experiments from a number of laboratories have implicated the

kinesin family of microtubule motor proteins in the antiparallel sliding of
microtubules in anaphase. Disruption of motor proteins blocks nuclear

division and spindle elongation in Aspergillus (Enos & Morris 1990), fission

yeast (Hagan & Yanagida 1990; Hagan & Yanagida 1992), Drosophila (Hecket

i
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al 1993), Xenopus (Boleti et al 1996; Sawin et al 1992), and budding yeast

(Hoyt et al 1992; Saunders & Hoyt 1992). Furthermore, separation of diatom

spindles can be blocked with either ATP analogs that affect kinesins or with

kinesin specific anti-peptide antibodies (Hogan et al 1992; Hogan et al 1993).

What is the role of kinesin motors in spindle elongation? Experiments

in budding yeast demonstrated that the maintenance of the preanaphase

bipolar spindle required an outward directed force on the spindle poles caused

by the plus-end directed kinesin motors Cin8p and Kip1p. The balance of this

outward directed force against an inward directed force caused by the Kar3p

motor protein resulted in the proper length of the preanaphase spindle

(Saunders & Hoyt 1992). Once cells entered anaphase, the actions of Cin8 and

Kip1, in combination with the actions of dynein, resulted in the proper

elongation of the mitotic spindle (Saunders et al 1995). The authors put forth

the model that Cin8 and Kip1 form crossbridges between the antiparallel

microtubules and slide them apart. Purification of the KLP61F kinesin from

Drosophila and analysis by electron microscopy demonstrated that this

kinesin was a bipolar rod with two kinesin motor domains at each end. The

bipolar kinesin was able to form bridges between microtubules thus giving

biochemical credence to the previous models for kinesin in the microtubule

overlap zone (Kashina et al 1996a; Kashina et al 1996b; Saunders et al 1995).

The fact that dynein was also required for the separation of the spindle poles

in anaphase suggests that kinesin driven pushing forces may not be the only

mechanism for spindle elongation. The observation in newt lung cells that

anaphase B continues even when there is no microtubule overlap argues

strongly that pulling forces directed through the astral microtubules may also

be responsible for separating the centrosomes (Rieder & Salmon 1994; Waters

et al 1993).
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The first chapter of this thesis describes techniques we use to bridge

some of the gap between the beautiful cytology available in higher eukaryotes

and the powerful genetics afforded by yeast. We establish techniques for

visualizing individual yeast chromosomes in living cells and use these

techniques to investigate the checkpoint that controls the progression of cells

from metaphase into anaphase. We show that mutants in the checkpoint for

the metaphase to anaphase transition prematurely separate their sister

chromatids when challenged with spindle depolymerization. We also show

that the link between sister chromatids can be mediated by interactions

between proteins and that in wild type cells the link between chromatids is

destroyed prior to the destruction of the cyclin molecules that control mitosis.

In the second chapter we use the chromosome staining technique

coupled with a new method for fluorescently labeling the mitotic spindle in

living cells to analyze mitosis in budding yeast. Through time lapse

observation of dividing yeast cells we are able to compare yeast mitosis with

the mitosis of higher cells. We demonstrate that yeast show oscillations of

chromosomes prior to sister separation but that unlike higher eukaryotes

these oscillations do not result in the alignment of the chromosomes on the

metaphase plate. We also demonstrate that once anaphase initiates, yeast

exhibit a clear anaphase A movement of the chromosomes to the poles

followed by anaphase B separation of the spindle poles and that anaphase B

has two kinetic phases. Finally we show that the separation of yeast
centromeres precedes the separation of yeast telomeres and that chromosome

Separation does not require spindle forces.

The final chapter of this thesis utilizes the genetics of yeast in order to

clarify the roles of microtubule motors during anaphase. By deleting

13



individual kinesin motors we demonstrate that different kinesins control

different phases and parameters of mitosis. The Cin8 motor protein regulates

the fast phase of anaphase B and the Kip1 motor regulates the slow phase of

anaphase B. The Kip3 motor regulates the dynamics of microtubules during

anaphase and assists spindle breakdown at the end of anaphase. From our

analysis of motor proteins it appears that the cell monitors the final length of

the spindle as well as the total time that the cell spends in anaphase in order

to ensure that mitosis is properly executed. i
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GFP tagging of budding yeast chromosomes
reveals that protein-protein interactions can

mediate sister chromatid cohesion
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Background: Precise control of sister chromatid separation is essential for the

accurate transmission of genetic information. Sister chromatids must remain

linked to each other from the time of DNA replication until the onset of

chromosome segregation, when the linkage must be promptly dissolved.

Recent studies suggest that the machinery that is responsible for the destruction

of mitotic cyclins also degrades proteins that play a role in maintaining sister

chromatid linkage, and that this machinery is regulated by the spindle assembly

checkpoint. Studies on these problems in budding yeast are hampered by the

inability to resolve its chromosomes by light or electron microscopy.

Results: We have developed a novel method for visualizing specific DNA

sequences in fixed and living budding yeast cells. A tandem array of 256 copies

of the Lac operator is integrated at the desired site in the genome and detected

by binding of a green fluorescent protein (GFP)-Lac repressor fusion expressed

from the HIS3 promoter. Using this method we show that sister chromatid

segregation precedes the destruction of cyclin B. In mad or bub cells, which lack

the spindle assembly checkpoint, sister chromatid separation can occur in the

absence of microtubules. Expressing a tetramerizing form of the GFP-Lac

repressor which can bind Lac operators on two different DNA molecules can

hold sister chromatids together under conditions in which they would

normally separate.

Conclusions: We conclude that sister chromatid separation in budding yeast

can occur in the absence of microtubule dependent forces and that protein

complexes that can bind two different DNA molecules are capable of holding

sister chromatids together.

i
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Background

Controlling the linkage between sister chromatids is essential for

accurate chromosome segregation. Sister chromatids must remain linked to

each other from the time of DNA replication until the onset of chromosome

segregation. At the transition between metaphase and anaphase, this linkage

must be promptly dissolved to allow sisters to separate to opposite poles of

the mitotic spindle. Several lines of evidence suggest that the principal

trigger of chromosome segregation is sister separation, rather than any change

in the structure of the spindle or the forces acting on the chromosomes [1, 2,

3].

Sister chromatid separation is controlled by the machinery that

regulates the eukaryotic cell cycle. Mitosis is induced by the activation of MPF

(maturation or mitosis promoting factor) a protein kinase composed of three

subunits: Cac2(known as Cdc28 in budding yeast), cyclin B, and a small

subunit named Suc1 in fission yeast (reviewed in [4]). Cells normally exit

from mitosis by destroying cyclin B and thus inactivating MPF [5]. Cyclin

destruction requires ubiquitination of the protein (6, 7), which depends on the

activity of a multiprotein complex known as the cyclosome or anaphase

promoting complex (APC) [8, 9, 10] and a short stretch of amino acids in the

N-terminus of cyclin called the destruction box [6]. Although the destruction

of cyclin B is not required for the onset of anaphase, experiments in frog egg

extracts suggest that the cyclin proteolysis machinery induces anaphase by

destroying other proteins that are required to maintain the linkage between

sister chromatids [3]. Genetic analysis of chromosome segregation in yeast has

identified proteins whose destruction regulates sister chromatid separation.

In fission yeast, the proteolysis of Cut2, which contains a cyclin destruction
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box, is required for sister separation [11]. In budding yeast, the Pds1 protein,

which is weakly homologous to Cut2, has similar properties, and the absence

of Pds1 allows sister chromatids to separate in cells arrested in mitosis by

depolymerization of the mitotic spindle or inactivation of the cyclin

proteolysis machinery [12]. We do not know whether Pds1 and Cut2 directly

link sister chromatids by forming a proteinaceous linkage between them or

link them indirectly by inhibiting activities that can dissolve the linkage

between sisters. The observation that topoisomerase II activity is required at

mitosis for sister chromatid segregation in both vertebrates [13, 14] and fungi

[15, 16], suggests that there is a topological component to sister linkage,

although this linkage appears to be absent from very small chromosomes [17].

Studies on chromosome behavior in budding yeast have been

hampered by the inability to resolve individual chromosomes in intact cells

by either light or electron microscopy. This problem has been partially solved

by the development of in situ hybridization techniques [18], but these depend

on fixation and proteolysis and are thus unsuitable for detailed studies on cell

morphology or analysis of living cells. We have developed a method that

reveals the localization of a defined DNA segment in living yeast by

expressing a protein fusion between green fluorescent protein (GFP) [19] and

the Lac repressor in cells containing 256 tandem repeats of the Lac operator

integrated into the genome. We have visualized the binding of the GFP-Lac

repressor fusion to the operator array in both living and fixed cells and used it

to show that sister chromatid separation can occur in the absence of

microtubule-dependent forces. In addition, by using versions of the GFP-Lac

repressor fusion that can bind to two operators simultaneously we have

shown that protein-protein interactions can maintain sister chromatid

linkage.
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Results

A novel assay for sister chromatid separation

We exploited the intrinsic fluorescence of green fluorescent protein

and the highly specific binding of the Lac repressor to the Lac operator to

visualize a specific segment of the budding yeast genome in living cells. To

ensure an adequate signal, we used a 10 kb segment of DNA that contains 256

tandem repeats of the Lac operator [20], which can be cloned into yeast vectors

and integrated into any site in the genome by homologous recombination.

For the majority of experiments in this paper, the repeat was integrated at the

LELI2 locus, which is located 22 kb to the left of the centromere of

chromosome III (Figure 1A) [21]. Despite the large number of tandemly

repeated sequences the Lac operator array is not a frequent substrate for

mitotic recombination events: the size of the array does not change detectably

during the approximately 25 cell divisions required for a single cell to form a

macroscopic colony (data not shown). In meiosis, a single Lac operator repeat

segregates to two of the four spores and remains tightly linked to the

selectable marker used to integrate it into chromosome III.

The Lac operator repeats were recognized by a hybrid protein that

consists of GFP fused to the N-terminus of the Lac repressor (Figure 1B). Each

Lac repressor dimer binds to a single operator sequence. Since wild-type Lac

repressor tetramerizes, it can bind two operators allowing it to link two

segments of DNA to each other [22]. To investigate the potential role of such

linkage we constructed GFP-Lac repressor fusions that contained either wild

type repressor or a C terminal truncation that allows normal dimerization but
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prevents tetramerization [23]. We found that the HIS3 promoter, which

normally drives the expression of b-isopropyl malate dehydrogenase, a gene

involved in histidine biosynthesis, gave the optimal level of expression of

the GFP-Lac repressor fusion for efficient detection of the Lac operator array.

This promoter is expressed at very low levels when cells are grown in the

presence of histidine, at low levels when cells are grown in histidine free

medium, and at moderate levels in the presence of 3-aminotriazole, an

inhibitor of histidine biosynthesis [24]. For all the experiments reported here,

cells were placed in histidine-free medium containing 10 mM aminotriazole

for 30 minutes to induce expression of the GFP-Lac repressor, and then

returned to medium containing histidine before any other experimental

manipulations.

We used the Lac operator tagged chromosome III to monitor sister

chromatid separation as a population of cells proceeded synchronously

through the cell cycle. An a-mating strain

containing both the Lac operator array and the non-tetramerizing GFP-Lac

repressor fusion was cultured until it was proliferating exponentially in

histidine-containing medium. The culture was then treated with O-factor,

which arrests cells in G1 of the cell cycle by activating the mating pheromone

signaling pathway (reviewed in (25]). O-factor arrested cells were then

incubated in media lacking histidine and containing 10 mM aminotriazole

for 30 minutes to induce the GFP-Lac repressor fusion. After induction of the

GFP-Lac repressor the cells were washed free of a factor and aminotriazole

into medium containing histidine allowing them to escape from the G1 arrest

and proceed synchronously through the cell cycle. To restrict our

observations to a single cell cycle we arrested cells at G1 of the next cell cycle,

by adding a factor back to the culture 60 minutes after the initial release from

:
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a factor. Samples were fixed at 15 minute intervals and subjected to

fluorescence microscopy to determine the localization of the GFP-Lac

repressor fusion. We monitored progress through the cell cycle by analyzing

overall cell morphology, DNA content, and the level of Clb2, one of the yeast

B-type cyclins that rises as cells enter mitosis and falls as they leave mitosis.

During the early part of the cell cycle each cell contains a single green

fluorescent dot, corresponding to the unreplicated marked copy of

chromosome III. After 75 minutes cells containing two dots appear and by 90

minutes constitute the majority of the population (Figure 2A, 3A). To

confirm that the two fluorescent dots in these cells are due to separated sister

chromatids, we released cells from a factor arrest into conditions that would

block the onset of anaphase. Releasing cells into hydroxyurea, which blocks

DNA synthesis leads to a uniform population of large budded cells that

contain a single fluorescent dot (Figure 2B), as expected from the ability of this

drug to block the onset of anaphase by activating the cell cycle checkpoint that

detects unreplicated DNA [26, 27].

By monitoring sister separation relative to Clb2 levels and DNA

content we determined the timing of sister separation relative to DNA

synthesis, cyclin proteolysis, and cytokinesis (Figure 3). As expected, sister

separation does not occur until cells have completed DNA replication and

accumulated mitotic cyclins, indicating that they have assembled a spindle.

Sister separation is first detectable at 75 minutes after release from a factor

(Figure 3A) but Clb2 levels do not begin to fall until at least 90 minutes after

release from O-factor (Figure 3B), suggesting that sister separation precedes the

bulk destruction of the mitotic cyclins. This finding is consistent with the

existence of mutants, such as cdc15, that allow sister separation to occur but

prevent the complete inactivation of MPF and destruction of mitotic cyclins
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[28]. Cytokinesis and cell separation produce G1 cells with a 1C DNA content

and this event occurs between 105 and 120 minutes (Figure 3C).

Checkpoint mutants and sister separation

The spindle assembly checkpoint prevents the onset of anaphase in

cells that have defects in spindle assembly or chromosome alignment on the

spindle [29, 30, 31, 32]. Mutations that inactivate this checkpoint allow cells

whose spindles have been depolymerized by anti-microtubule drugs to

proceed through mitosis into the next cell cycle. Previous experiments in

yeast have monitored passage through mitosis by detecting the inactivation of

MPF, the destruction of mitotic cyclins, or the round of budding and DNA

replication that occurs after the exit from mitosis [29, 30, 33, 34].

We wished to examine the role of microtubule-dependent forces in

sister chromatid separation by determining whether sister separation would

occur in checkpoint mutants proceeding through mitosis in the absence of

microtubules. We used the non-tetramerizing form of GFP-Lac repressor to

follow sister separation in cultures of wild type cells and a variety of

checkpoint-defective mutants. Cells were grown to mid log phase before

inducing the GFP-Lac repressor by shifting the cells into histidine-free

medium containing 10 mM 3-aminotriazole. After 30 minutes of induction,

the cells were shifted back into medium with histidine containing 15 mg/ml
of nocodazole, a level that reduces microtubules below detectable levels in the

W303 strain background used for these experiments. Samples of each culture

were fixed every three hours and examined for the pattern of GFP

fluorescence. Cells with two dots were scored as having undergone sister
chromatid separation.
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Wild type cells incubated in nocodazole-containing medium proceed

tthrough the cell cycle until they arrest as large budded cells with a single

green fluorescent dot (Figure 4A, 5A). This result is consistent with those

obtained using in situ hybridization to determine whether sister separation

occurs in cells that lack microtubules ([18] and A. Rudner and A.W.M.)

unpublished results). One interpretation of these experiments is that the

failure to observe sister separation is due to activation of the spindle assembly

checkpoint, but it is difficult to eliminate the possibility that the only factor

preventing sister separation is a requirement for microtubule-dependent

forces that can physically pull the sisters apart. To test this possibility, we

examined sister separation in two classes of checkpoint defective mutants:

the mad1-mad3 (mitotic arrest defective [30]) and bubl-bub3 (budding

uninhibited by benzimidazole [29]) mutants. In all six mutants, cells treated

with nocodazole show an increase in the number of separated spots in

comparison to wild type (Figure 4C,D, 5A) showing that sister chromatid

separation can occur in the absence of the spindle. We also examined the

behavior of the tub1-801 mutant whose microtubules are more susceptible to

depolymerization than those of wild type cells (K. Richards and D. Botstein,

personal communication). Nocodazole treatment of this mutant did not

induce sister separation, indicating that the separation seen in the checkpoint

mutants is not simply a consequence of their sensitivity to anti-microtubule

drugs (Figures 4B and 5A). Unlike cells proceeding through a normal

anaphase, in which the separation between dots is closely correlated with

extent of spindle elongation, the distance of separation between the dots in

nocodazole treated checkpoint mutants reflects the lack of spindle forces.

mad2-1 cells that proceed through anaphase in the absence of nocodazole

separate their sister chromatids up to 8 microns as a result of spindle
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elongation (Figure 5C, filled bars). In the presence of nocodazole, mad2-1 cells

passively separate their sister chromatids showing separation distances of 1

micron or less (Figure 5C, open bars) with both chromatids remaining in the

mother cell (data not shown). It is clear that although sister chromatid

separation occurs in mad mutants in the presence of nocodazole, mitotic

spindle elongation is the primary force behind proper distribution of the

sister chromatids to the mother and daughter cells.

Previous analysis of mad and bub mutants has shown that their cell

cycle continues despite the absence of a spindle, leading to the death of these

mutants as they pass through mitosis [29, 30]. In our experiments the onset of

sister separation correlates with the decline in viability, but it remains to be

determined whether sister separation in the absence of a spindle is the event

that prevents the generation of viable progeny. Our analysis of chromosome

behavior in cells lacking the spindle assembly checkpoint makes two points:

sister separation can occur in the absence of detectable microtubules and thus

in the absence of microtubule-dependent forces, and this checkpoint prevents

the initiation of sister separation in cells with spindle defects.

Lac repressor tetramerization can link sister chromatids

The observation that sister chromatids can separate in the absence of

microtubules prompted us to investigate the minimum requirements to

maintain the linkage between sisters. In vitro, tetrameric Lac repressor can

bind two Lac operators simultaneously, thus linking two different DNA

molecules or two distant segments of the same piece of DNA [22]. We

therefore asked whether a tetramerizing GFP-Lac repressor fusion could hold

a pair of sister chromatids together by linking their Lac operator repeats.

35





mad2-1 cells containing the Lac operator array on chromosome III were

grown to mid log phase. Following GFP-Lac repressor induction, the cells

were transferred to nocodazole-containing medium and examined for the

pattern of GFP fluorescence at 3 hour intervals. Comparing Figures 6A and

5A shows that unlike mad mutants which express the non-tetramerizing

form of the Lac repressor, those expressing the tetramerizing form contain

only one fluorescent dot, despite the inactivation of the spindle assembly

checkpoint.

To confirm that the sister chromatids are being held together by the Lac

repressor binding to the operator array, we repeated this experiment in the

presence of isopropyl-3-D thio galactopyranoside (IPTG). The binding of IPTG

to the Lac repressor reduces its affinity for the Lac operator 1000-fold, without

affecting its affinity for non-specific DNA [35]. Log phase cells were incubated

in medium containing nocodazole and 20 mM IPTG. When the living cells

were examined in the presence of IPTG, no discrete pattern of fluorescence

was observed. To determine whether sister chromatids were linked, samples
of the culture were removed at 3 hr intervals and the cells were transferred to

IPTG-free medium for 30 minutes before fixation and observation. Figure 6A

shows that mad2-1 cells cultured in the presence of IPTG and nocodazole

separate their sister chromatids. To eliminate the possibility that the

tetramerizing GFP-Lac repressor was affecting the cell cycle, we examined the

ability of mad2-1 cells containing this molecule to pass through mitosis, as

determined by their ability to rebud in the presence of nocodazole. Figure 6B

shows that the tetrameric GFP-Lac repressor has no effect on the progression

of the cell cycle in mad mutants in the presence or absence of IPTG. Two

conclusions can be drawn from the effects of the tetramerizing GFP-Lac

repressor on sister separation. First, the ability of the tetramerizing form of
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the Lac repressor to link sister chromatids depends on its binding to the Lac

operator array rather than non-specific DNA. Second, that activating the

binding activity of the Lac repressor cannot restore the linkage of sister

chromatids that have already separated from each other.

Discussion

We have developed a new method that uses the intrinsic fluorescence

of a GFP-Lac repressor to localize a repeated array of the Lac operator

incorporated into various DNA molecules within living or fixed budding

yeast cells. This technique reveals that sister chromatid separation is under

the control of the spindle assembly checkpoint and can occur in the absence of

microtubule-dependent forces. The tetramerization of the Lac repressor can

hold sister chromatids together by binding to repeated arrays of the Lac

operator.

The Lac operator array has a number of advantages over in situ

hybridization [18] for following chromosome behavior in yeast cells. Because

the operator is detected by a GFP-Lac repressor fusion expressed within the

cells, it can be observed in living cells and followed by time lapse video

microscopy (our unpublished observations). The fluorescence of GFP

survives fixation allowing the location of the Lac operator array to be

determined relative to proteins visualized by immunofluorescence.

Experiments in mammalian cells that use GFP-lac repressor and in situ

hybridization to see the same Lac operator arrays show that chromosome

morphology is degraded by the conditions required to denature double

stranded DNA prior to hybridization [20]. One advantage of in situ

hybridization is that by using differently labeled probes it is possible to

determine the localization of up to three different DNA segments within the
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same cell. Although we can create strains which have the Lac operator array

integrated at two or more sites in the genome, and see multiple spots within

cells (data not shown), we cannot determine which spot corresponds to which

segment of DNA. Varying the length of the operator repeat may allow us to

distinguish different loci within the cell based on differences in fluorescent

intensity.

Analyzing the behavior of the Lac operator array reveals that it is an

accurate marker for sister chromatid segregation. Experiments on

synchronous populations of cells show that sister chromatid separation

occurs within a brief window and that treatments that prevent the onset of

anaphase block sister separation. There is no change in the appearance of the

GFP dots during the cell cycle, suggesting that any cell cycle-dependent

changes in local chromatin structure occur below the resolution of the light

microscope. By constructing chromosomes that have two or more widely

separated Lac repressor arrays, it should be possible to determine whether the

changes in chromosome condensation seen by in situ hybridization [18] can

also be detected in living cells.

We determined the timing of sister separation relative to cyclin

proteolysis and cytokinesis (Figure 3). Sister separation appears to precede

cyclin proteolysis by about 15 minutes and cytokinesis by about 30 minutes.

The relative timing of sister separation and cyclin proteolysis thus seems to

differ between yeast and multicellular eukaryotes, where the onset of cyclin

proteolysis clearly precedes detectable sister separation [14, 36]. This difference

may reflect the different relationship between the orientation of the spindle

and the cleavage plane in these different organisms. In animals, the

orientation of the spindle determines the orientation of cleavage [37]. In

contrast, in budding yeast the cleavage plane is specified by the position of the
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bud neck and is independent of the orientation of the spindle [38]. To ensure

that both mother and daughter cells inherit DNA, cells must make sure that

one pole of the anaphase spindle lies in the mother and one in the daughter

before cytokinesis begins. One way of satisfying this requirement is to delay

cytokinesis by delaying the proteolysis of mitotic cyclins and the inactivation

of MPF until one pole of the spindle has entered the daughter cell [39].

Treating cells with microtubule inhibitors activates the spindle

assembly checkpoint and prevents sister chromatid separation as monitored

by in situ hybridization or the GFP-tagged Lac operator array. To eliminate

the possibility that sister separation can only occur if the sisters are physically

pulled apart, we demonstrated that inactivation of the spindle assembly

checkpoint allows sisters to separate in the absence of microtubules. The

separation of the GFP dots in these cells is variable and substantially smaller

than the separation observed in cells not treated with nocodazole. This

suggests that the separation occurs by diffusion, unlike the uniform sister

separation seen in telophase of cells that contain a functional spindle.

The wild type Lac repressor can form a tetramer that can hold two

DNA molecules together because each of the two dimers it contains can bind

one Lac operator [22]. If a tetramerizing GFP-Lac repressor is expressed from

the beginning of the cell cycle it can hold sister chromatids together in a mad

mutant that lacks a spindle. Intriguingly, once sister separation has occurred,

the tetramerizing Lac repressor is unable to restore the linkage of sister

chromatids, suggesting that their mobility within the nucleus is restricted. In

the presence of microtubules the binding of the tetramerizing GFP-Lac

repressor to the Lac operator repeats fails to prevent chromosome separation

(data not shown). This observation suggests that microtubule dependent
forces can overcome the association between two DNA molecules mediated
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by multiple copies of the Lac repressor. The linkage between sister

chromatids is stable in cells, such as unfertilized vertebrate eggs or yeast

mutants in the cyclin proteolysis machinery [9], that are arrested in metaphase

for long periods. This observation suggests the natural linkage between

sisters is considerably more robust than the artificial linkage due to

tetramerization of the Lac repressor.

Conclusions

We have demonstrated that the interaction of a DNA-binding protein

with its specific recognition sequence can be used to determine the location of

a particular DNA molecule within a living cell. By making the DNA binding

protein fluorescent, we have shown that the technique can be used to

investigate the behavior of chromosomes throughout the cell cycle. This

technology will allow a detailed comparison of the dynamic behavior of the

chromosomes and spindle of budding yeast with those of animal and plant
cells.

Materials and Methods

Strains and media

All yeast strains are isogenic derivatives of strain W303 (AFS34) and

their genotypes are listed in Table I. For all experiments yeast were grown in

YPD (10g/l yeast extract, 20g/l Bacto-Peptone, 20g/l Dextrose) supplemented

with 501g/l adenine-HCl and 50pg/l l-tryptophan. Complete synthetic

medium lacking histidine (CSM-HIS) [40] was supplemented with 50pg/l
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adenine-HCl, 50pg/l l-tryptophan and 6.5g/l NaCitrate. All experiments were

performed at 23°C. Yeast transformations were performed using the lithium

acetate method [41]. All plasmids were propagated in E. coli strain TG1 in

medium containing 100pg/ml ampicillin.

Expression of GFP-Lac repressor fusions in yeast

To express GFP in yeast, wild type GFP was cloned into pI)K20

(Doug Kellogg, unpublished), a plasmid that contains the bidirectional GAL1

GAL10 promoter cloned into pKS306 [42], by PCR using oligos with

overhanging XhoI (5'CGCCTCGAGGAGATGAGTAAAGGAGAAGAACTT3')

and EcoRI (5 GCGGAATTCTTTGTATAGTTCATCCATGCC3) sites to yield

pGAL-GFP. Oligonucleotides encoding the SV40 nuclear localization

sequence

(5'GGGGGATCCTGTACTCCACCAAAGAAGAAGAGAAAGGTTGCCTAAT

CTAGAGGG3) were inserted into the BamhI and Xbal sites of pCAL-GFP to

give an in frame fusion with GFP(pAFS50). The Lac repressor was then

cloned into the BamhI site of parS50 by PCR with oligos containing

overhanging BamhI sites (5'CGCGGATCCATGGTGAAACCAGTAACG3',

5'GCGGGATCCCTGCCCGCTTTCCA3) to give parS51. Serine 65 of GFP was

then mutated to threonine to shift the excitation peak to 495 nm followed by

replacement of the KpnI-XhoI GAL promoter fragment with a KpnI-XhoI

HIS3 promoter fragment [24] to give parS67. The carboxyl terminal 11 amino

acids were then deleted from the Lac repressor to prevent tetramerization as

previously described [23] resulting in parS78. Yeast strain AFS168 was made

by linearizing pàfS78 by Nhel digestion and integrating into the HIS3 locus

of yeast strain AFS34.
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Introduction of Lac-operator repeat into yeast

The 256 Lac operator repeat was introduced into yeast by cloning

the KpnI-Sphl fragment of pSV-DHFR-8.32 [20] into the yeast integrating

plasmid YIplac128 [43] to yield parS59. p.AFS59 was linearized with EcoRV

which cuts within LEU2 and transformed into yeast strain AFS168 resulting

in strain AFS173. Transformants were selected for leucine prototrophy, and

integration at the LEU2 locus was verified by Southern blotting [44]. For

experiments on tub1-801, which is marked with LEU2, p.AFS52, which carries

the Lac operator array on a plasmid bearing TRP1, was integrated at the TRP1

locus of chromosome IV. Control experiments showed that the Lac operator

arrays on chromosomes III and IV behaved identically, with respect to the

timing of sister separation (data not shown).

Growth Conditions

For all experiments yeast were grown to mid log phase in YPD before

manipulation. For experiments with synchronous cultures, cells were

arrested with 10pg/ml of o-factor for three hours and then released into

medium lacking O-factor. The GFP-Lac repressor was induced during the last

30 min of the o-factor arrest by transferring the cells to CSM-HIS containing

10pg/ml o-factor and 10 mM 3-aminotriazole to induce the HIS3 promoter.

Cells were then transferred to YPD and samples were taken every 15 minutes

and fixed for 30 minutes in 3.7% formaldehyde. Hydroxyurea was added to 10
mM where indicated.

:

:
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For nocodazole arrest experiments log phase cells were induced for 30

minutes in CSM-HIS containing 10 mM 3-aminotriazole to induce GFP-Lac

repressor expression. The cells were then resuspended in YPD containing

15pg/ml nocodazole. Samples were collected at 3 hour intervals and fixed as
above.

Western Blotting

Western blotting were performed as described [45]. Clb2 antibody was

diluted 1:2000 and protein was detected using chemiluminescence (ECL,

Amersham).

FACS Analysis

To determine DNA content, yeast cells were fixed for 60 minutes in

70% ethanol at 24°C. Cells were then washed twice in 50 mM Tris pH 7.5 and

resuspended in 1 mg/ml RNaseA in 50 mM Tris pH 7.5. RNaseA digestion

was performed for 4 hours at 37°C. Cells were then washed in 50 mM Tris pH

7.5, resuspended in 401g/ml proteinase K, and incubated for 1 hour at 55°C.

The cells were harvested and resuspended in 50pg/ml propidium iodide in

PBS, pH 7.2 and then sonicated. Determination of DNA content was

performed on a Becton-Dickinson FACScan.

Visualization of Lac operator staining in yeast

Cells were imaged on a Nikon Microphot SA microscope using a 60x,
1.4 NA oil immersion lens. Fluorescence was visualized with a conventional



FITC excitation filter and a long pass emission filter. Images were acquired

with a MTI-SIT68 camera using MaxVision-AT software. All images were
averages of 128 optical frames of 33 msec each.
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FIGURE LEGENDS

Figure 1 - Yeast chromosomes can be tagged by directed integration of Lac

operator repeats.

A) Lac operator repeats were integrated by homologous recombination near

the centromere of chromosome III in S. cerevisiae. Plasmid parS59 was cut

with EcoRV to target integration to the LEU2 locus which lies 22 kb to the left

of the centromere. B) Schematic structure of the GFP-Lac repressor fusion.

Figure 2 - GFP-Lac repressor staining shows separation of sister chromatids in

yeast.

WT yeast cells (AFS173) containing integrated Lac operator repeats were
arrested in a factor then released into rich medium after induction of GFP-Lac

repressor. (A) GFP fluorescence (GFP-LacI, left panels) and DIC (differential

interference contrast) images of yeast (right panels) every 15 minutes after O

factor release. Cells at the 0 and 30 minute time points are unbudded and

contain a single fluorescent dot per cell. Cells at 60 and 75 minutes have

small buds and a single fluorescent dot, whereas those at 90, 105, and 120

minutes have large buds and a pair of widely separated dots. Cells at 135 and

150 minutes have completed cytokinesis and cell separation and each

individual G1 cell contains a single fluorescent dot. In this experiment o

factor was added back at 60 minutes after release to prevent cells from

proceeding beyond G1 of the second cell cycle. (B) Yeast cells released from an

a factor arrest for 120 minutes into the medium containing 10 mM
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hydroxyurea. Each cell has a large bud but only a single fluorescent dot,

indicating that preventing DNA replication blocks the onset of sister

chromatid separation.

Figure 3 - Separation of sister chromatids occurs in mitosis.

WT yeast cells (AFS173) were scored for sister chromatid separation, Clb2

levels and DNA content after o-factor release. The cells analyzed in this

figure are from the same experiment as the cells depicted in Figure 2. (A)

Separation of sister chromatids as assayed by GFP-Lac repressor staining. At

least 100 cells were scored for each time points. (B) Western blot of Clb2

protein. The Clb2 band is indicated with an arrow, bands above and below it

are background bands. (C) DNA content from FACS analysis. Similar results

to those shown here were obtained in 5 other independent experiments.

Figure 4 - Checkpoint deficient mutants prematurely separate sister
chromatids.

Wild type (WT, AFS173), mad2-1 (AFS387), and tub1-801 (AFS396) cells were

treated with nocodazole and assayed for sister chromatid separation. GFP

fluorescence (left panels) and DIC (differential interference contrast) images

(right panels) are shown. (A) WT yeast cells treated with nocodazole for 3

hours. Both cell pairs show a single fluorescent dot. (B) tub1-801 cells treated

with nocodazole for 3 hours. Both cell pairs show a single fluorescent dot. (C)

mad2-1 cells treated with nocodazole for 3 hours. Two cell pairs show two

‘.
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fluorescent dots and one shows a single dot. (D) A mad2-1 cell pair treated

with nocodazole for 6 hours. The sisters have separated and one of the two
cells has rebudded.

Figure 5 - Premature sister chromatid separation in nocodazole treated cells

correlates with rapid death.

Logarithmically growing cultures of wild type (WT, AFS173), mad2-1

(AFS387), mad1-181 (AFS386), mad3-152 (AFS388), bub1-242 (AFS389), bub2

257 (AFS390), bub3-305 (AFS391), and tub1-801 (AFS396) were treated with

nocodazole and assayed for sister chromatid separation. (A) Separation of

sister chromatids assayed as the percentage of cells with two fluorescent dots

at 0, 3, and 6 hours after nocodazole treatment. (B) Percentage of viable cells

at 3, and 6 hours after nocodazole treatment relative to the number of viable

cells in that strain at time 0. (C) O-factor arrested mad2-1(AFS387) cells were

released in the presence (open bars) or absence (filled bars) of nocodazole. The

distances between separated sister chromatids were scored 120 minutes after

release from O-factor arrest. Separation distances less than 0.6 pm were

difficult to resolve and thus were scored as unseparated.

Figure 6 - Lac repressor binding can hold sister chromatids together.

Wild type (WT, AFS173) and mad2-1 (AFS387) yeast strains containing the

tetramerizing GFP-Lac repressor were treated with nocodazole in the presence

(+IPTG) or absence of 20 mM IPTG. In the IPTG containing cultures, the cells
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were transferred to medium lacking IPTG for 30 minutes before assaying the

pattern of fluorescence (A) Sister chromatid separation at 0, 3 and 6 hours

after drug treatment as assayed by the percentage of cells containing two

fluorescent dots. (B) The percentage of cells that have rebudded as a measure

of passage through mitosis in the presence of nocodazole. Cells are scored as

rebudding if they form a cluster containing at least three distinct projections.
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Table
I.

Yeaststrains
Strain NumberRelevantGenotypePlasmidSource -Esri (W303-1a)

|

MATaade2-1can1-100uraj-1leu2-3,112his3-11,15trp1-1Rothstein AFS168MATahis3-11,

15::GFP-LacI-HIS3pAFS78Thiswork AFS173MATahis3-11,
15::GFP-LacI-HIS3leu2-3,112::lacO-LEU2pAFS78,p.AFS59
in

AFS386MATamad1-181his3-11,
15::GFP-LacI-HIS3leu.2-3,112::lacO-LEU2
1111

AFS387MATamad2-1his3-11,15::GFP-LacI-HIS3leu.2-3,112::lacO-LEU2
11in

AFS388MATamad3-152his3-11,15::GFP-LacI-HIS3leu2-3,112::lacO-LEU2
it.tº

AFS389MATabub1-242his3-11,
15::GFP-LacI-HIS3leu.2-3,112::lacO-LEU2
in11

AFS390MATabub2-257his3-11,
15::GFP-LacI-HIS3leu.2-3,112::lacO-LEU2
nºrt

AFS391MATabubj-305his3-11,
15::GFP-LacI-HIS3leu.2-3,112::lacO-LEU2
nºnº

AFS396MATatub1-801::LEU2his3-11,15::GFP-LacI-HIS3
lirp
1-1::lacO-TRP1
|

parS52,par’S78,pKR16-1
in

AFS292MATahis3-11,
15::GFP-LacI(tet--)-HIS3
leu2-3,112::lacO-LEU2pAFS67,p.AFS59
wn

AFS397MATamad2-1his3-11,15::GFP-LacI(tet-F)-HIS3
leu.2-3,112::lacO-LEU2
nnº

Allstrainsareisogenic
to
AFS34,andonlythosepartsofthegenotypethatdifferfromthatofAFS34areindicated.LacI(tet--) indicatesthe

tetramerizingformoftheLacRepressor.
3.
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Figure 3. Straight et al.
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Chapter 2

Mitosis in living budding yeast: anaphase A
but no metaphase plate
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ABSTRACT

Chromosome movements and spindle dynamics were visualized in living

cells of the budding yeast Saccharomyces cerevisiae. Individual chromosomal

loci were detected by expressing a protein fusion between green fluorescent

protein (GFP) and the Lac repressor, which bound to an array of Lac operator

binding sites integrated into the chromosome. Spindle microtubules were

detected by expressing a protein fusion between GFP and Tub1, the major

alpha tubulin. Spindle elongation and chromosome separation exhibited

biphasic kinetics and centromeres separated before telomeres. Budding yeast

did not exhibit a conventional metaphase chromosome alignment but did

show anaphase A, movement of the chromosomes to the poles. i.
+ tº

1

6.
-1 tº

- iº
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The reproduction of eukaryotic cells depends on the ability of the

mitotic spindle to segregate the replicated chromosomes into two identical

sets. As cells enter mitosis they organize microtubules into a bipolar spindle.

In most eukaryotes, the kinetochore, a specialized region of the chromosome,

binds microtubules and in higher eukaryotes the condensed chromosomes

move to a position equidistant from the spindle poles called the metaphase

plate. Once all sister chromatids are properly aligned in metaphase, the

linkage between the sister chromatids is dissolved causing two changes that

segregate the sisters from each other: chromosomes move toward the spindle

pole (Anaphase A) and elongation of the spindle separates the spindle poles

(Anaphase B).

Knowledge of mitosis comes from three sources: microscopic

observation and manipulation of animal and plant cells (1), studies in cell

cycle extracts (2), and genetic analysis, especially in budding and fission yeast

(3). To integrate the findings of these different approaches, we need to know

if the basic features of mitosis are conserved among eukaryotes. Although the

budding yeast, Saccharomyces cerevisiae, is an excellent organism for genetic

analysis, its mitotic spindle is small and difficult to see in living cells.

Individual mitotic yeast chromosomes are not visible by conventional light

or electron microscopy and can only be seen by in situ hybridization to fixed

cells (4, 5). We have simultaneously visualized the mitotic spindle and

individual chromosomes in living yeast cells. These studies show that

budding yeast chromosomes do not align on a metaphase plate, that spindle

elongation and chromosome separation exhibit biphasic kinetics, that yeast

exhibit anaphase A chromosome to pole movement, that chromosomes are

under polewards force as they separate, and that centromeres separate before

- I gº

º º

fl-º.

{../
*—
tº 1 tº
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telomeres.

We used green fluorescent protein (GFP) (6) to follow chromosome

and spindle movements in living yeast cells by fluorescence microscopy. We

visualized the spindle with a protein fusion between GFP and the major

alpha tubulin (Tub1) (7). Specific loci were marked by binding of a protein

fusion between GFP and the Lac repressor (GFP-LacI) to an integrated array of

the Lac operator (LacO) (8, 9). We observed synchronized cells passing

through mitosis, taking vertical stacks of images every 26s and subjecting :-
them to iterative deconvolution (10, 11). The top panel of Fig. 1A shows a º
series of optical sections after deconvolution projected as a stereo pair to *:
reveal the structure of the entire spindle and the staining of the centromeres !-
in three dimensions and the bottom panel shows a three dimensional model |-
of the same cells. Although the chromosomal LacO array and microtubules aia

are both marked with GFP, the two structures are easily distinguished: the !-
LacO array is a spherically symmetrical dot whereas the spindle is a straight, { º

rod-shaped structure that stains more intensely at its two ends. Although, 6.
subsequent images are two dimensional projections of the three dimensional --
data, all distances are true distances between objects in three dimensional

space.

Fig 1B shows mitosis in a living yeast cell. Even in the shortest

spindles, the GFP-tagged centromeres were close to the spindle's long axis

(Fig. 1B). The centromeric staining was not restricted to the central region of

the spindle and was often found near one of the spindle poles. Once

anaphase began, sister chromatids moved rapidly toward opposite spindle

poles along the spindle axis. Finally, spindle elongation distributed one sister

chromatid to the mother cell and its partner to the daughter cell.

In animal and plant cells, once the two kinetochores of a pair of sister
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chromatids have attached to opposite spindle poles, the chromatid pair

moves to a point equidistant from the two poles (12, 13). This congression is

thought to be achieved by a balance between opposing forces on

chromosomes: a poleward force applied at the kinetochore, a polar ejection

force or the 'polar wind' acting along the length of the chromosome, and

forces acting on the attached sister kinetochore (12). We examined yeast cells

to see if congression occurred in these very small spindles, which appear to

lack the non-kinetochore microtubules that have been postulated to be :-
responsible for the polar wind (14). We observed multiple cells (6 out of 14) º
in which the centromeric staining moved back and forth along the long axis *"I

of the spindle (Fig. 2A and B). The oscillations spanned the length of the !-
spindle (1.5 to 2.0 pm), and continued until anaphase began (t=0 seconds). |-
Animal and plant chromosomes also oscillate along the the spindle axis and a tº

the absolute magnitude of the of the oscillations is similar to that seen in 1
yeast. Unlike yeast spindles, however, the relative amplitude of these º

movements is much less than the length of the spindle so that the 4
oscillations do not bring chromosomes near the poles. Centromere --
oscillation along the spindle axis implies that either kinetochores detach from

and reattach to spindle microtubules or that microtubules lengthen and

shorten while attached to the kinetochore, as occurs in higher eukaryotes (15).
Detachment and reattachment of kinetochores to microtubules seems

unlikely because yeast appear to have a single microtubule per kinetochore

(16, 17) and unattached kinetochores would activate the spindle assembly

checkpoint (18). Thus, chromosome oscillations suggest that an individual

microtubule can polymerize and depolymerize while maintaining

attachment to a yeast kinetochore.

Yeast cells often initiate anaphase when the centromeres are closer to
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one pole than the other. Fig. 2A shows a chromosomal spot abutting one

spindle pole immediately prior to anaphase chromosome separation. Ten

out of 17 cells (59%) initiated anaphase when the centromere was within the

terminal 25% of the spindle, and 7 (41%) did so when the centromere was

between 25% and 75% of the distance along the spindle. This observation

suggests that budding yeast lack a conventional metaphase plate and that

chromosomal alignment on a metaphase plate is not required for anaphase

chromosome separation in S. cerevisiae. This result is consistent with fixed :--
cell studies that show that chromosomes are distributed along the length of º
the metaphase spindle and that presumptive kinetochore microtubules do * .

not exhibit a metaphase arrangement (4, 17, 19, 20). Although the ■ º
chromosomes often separated when the sister chromatid pair was near one of |-
the spindle poles, both sister chromatids never moved to the same pole. alº

Thus the sister kinetochores on all the observed chromosomes were attached 1–
to opposite spindle poles before the onset of anaphase, satisfying the cell cycle t 2
checkpoint that senses kinetochore attachment to the spindle microtubules *—
(18, 21). --

Successive images of anaphase in a single cell are shown in Fig. 3A.

We measured all the pairwise distances between the spindle poles and the

kinetochores of the sister chromatids as cells proceeded through mitosis and

aligned the records from various cells by defining t–0 as the moment of sister

chromatid separation. Fig. 3B shows the average distance between the spindle

poles and the distance between the sister centromeres over time. The kinetics

of anaphase were highly reproducible from cell to cell. The bipolar mitotic

spindle was between 1.5 and 2.0 um in length for many minutes before the

initiation of anaphase. Two minutes before sister chromatid separation, the

rate of spindle elongation gradually increased to 0.54 pum/min and the spindle
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was between 2.5 and 3.0 pm long when chromosome separation began (Fig.

3B). In contrast to this smooth increase, the separation of the centromeres

showed a jump of 1.8 pm (average) in less than 26 seconds, followed by a

smooth increase in separation at a rate (0.64 mm/min) similar to that of the

spindle poles. The initial jump in sister separation accomplished most of

anaphase A, reducing the average centromere to pole distance from 1.5 pm to

0.7 pum in less than a minute. The abrupt separation of the sister chromatids

suggests that either their linkage to the poles is under poleward force before :--
sister separation or that there is some repulsive force between the : º:
chromosomes that propels them apart once the linkage between them is * ...

dissolved. The rapid phase of elongation and separation continued until the !-
spindle length increased to 5.0 to 6.0 pm (Fig. 3B). At this point both spindle |-
elongation and sister separation slowed to about 0.2 mm/min, reaching a alsº

final extent of 10 to 11 pm (Fig. 3B). However, the chromosomes continued | -º-
to separate with the spindle, indicating that microtubule attachment of the º 2
chromosome to the spindle pole was still intact. These results are consistent *—
with rates of spindle elongation measured by DIC microscopy in another wild -
type strain (22). In the majority of cells the rapid phases of both sister

separation and spindle elongation occured through the bud neck. In two out

of seventeen mitoses, however, the initial phase of separation occurred

entirely within the mother cell and was followed by reorientation of the

spindle and its slow elongation through the bud neck.

The unusual property that chromosomes can separate when they are

much nearer one spindle pole than the other allowed us to investigate

anaphase A in yeast. Fig. 3A shows images from a cell that started anaphase

when chromosomes were close to one spindle pole body. At t=0 the

chromatid pair was still joined but was very close to one spindle pole body
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(Fig. 3A). At the next timepoint (t=26 seconds) the chromatid pair had clearly

separated and one chromatid had moved toward the more distant spindle

pole. After this chromosome to pole movement, the spindle elongated and

separated the sister chromatids into the mother and daughter cells (Fig. 3A).

Fig. 3C shows the distance between the sister chromatids, the distance

between the chromatid that began anaphase near its spindle pole and its

spindle pole and the distance between the sister chromatid that began

anaphase far from its spindle pole and its spindle pole, with respect to time. :--
Once sister chromatid separation began, the chromatid that was far away from º:
its spindle pole moved rapidly toward that pole at a rate of at least 1.33 º: º:
pum/min. The chromatid that was near its spindle pole moved little if at all. !-

Our analysis of chromosome movement to the spindle pole indicates E.
that, in yeast, proximity of the sister chromatid pair to the spindle pole is not aiº

the activating signal for the mitotic checkpoint (23). Loss of tension on a !--
kinetochore activates the spindle checkpoint in insect spermatocytes (24). Our ( _*
observation that chromatid pairs close to one spindle pole appear to satisfy *—
the spindle assembly checkpoint suggests that either there is sufficient tension -
on both kinetochores to prevent the activation of the checkpoint, or the yeast

checkpoint monitors a parameter other than tension. Yeast are responsive to

excess kinetochores (21), and in higher eukaryotic cells unattached

kinetochores activate the spindle assembly checkpoint (18), but it is still

unclear how yeast cells sense defects at the kinetochore.

To investigate the role of microtubule-dependent forces in

chromosome separation we observed mitosis in cells that lacked a spindle but

still progressed through mitosis. The spindle assembly checkpoint mutant

mad1 does not sense spindle depolymerization and proceeds through mitosis

even though it cannot accurately segregate its sister chromatids. We
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constructed a mad1 yeast strain that contained the GFP-LacI tag at the

centromere of chromosome III and followed mitosis in the presence of

nocodazole (15 pg/ml, a concentration that depolymerizes all microtubules).

The first detectable instance of sister centromere separation occurred at t=26

seconds (Fig. 4A), but in the absence of a spindle there was no efficient

segregation of the chromosomes. Instead, the GFP-marked LacC arrays

repeatedly separated into two separate dots and then approached each other so

closely that they could no longer be resolved and appeared as a single dot. :--
Sister chromatid separation in mad1 mutants in the presence of nocodazole º:
was compared to that in wild-type cells in the absence of nocodazole (Fig. 4B). tº.

In mad1 cells, sister chromatids never separated more than 1.5 to 2.0 pm from ■ º
each other, whereas chromatids in wild-type cells separated 2 to 2.5 mm |-
within 52s after disjunction (Fig. 4B), demonstrating that chromosome alsº

segregation requires the microtubule-dependent forces exerted by an intact l-i-
spindle. (..*

During anaphase in higher eukaryotes, chromosomes move towards *—
the poles with their centromeres leading and their telomeres lagging behind. -
To visualize the centromere and telomere of the same chromosome in yeast,

we integrated the LacO array both at the centromere and near the telomere of

the long arm of chromosome IV, 1000 kb apart. A fortuitous recombination

event reduced the size of the telomeric LacO array, allowing us to differentiate

the weaker fluorescence of the telomeric array from the centromeric one.

Before separation, the centromere and telomere stained as two discernible

spots (Fig. 5A), and in all cells the centromeres separated 1 to 3 minutes before

the telomeres. The kinetics of centromere and telomere separation were

measured as an average of 5 video sequences (Fig. 5B). The centromeres of

chromosome IV separated with kinetics nearly identical to those of the
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centromeres of chromosome III (Fig. 5B). The telomeres lagged in the kinetics

of their separation. The distance between Centromere2 and Telomere2

increased then decreased suggesting that the chromatin strand was stretched

as the centromere was dragged into the daughter cell (Fig. 5B) and that this

stretch was relieved as the telomere approached the centromere. Although

the centromeres separated smoothly, the rate of telomere separation varied

during anaphase. This difference may result from the active pulling on the

centromere region by the spindle as opposed to the elastic stretching and

recoiling of the chromatin that links the centromere and telomere.

The relative importance of various mechanisms of chromosome

movement in mitosis has not been established and may vary between cell

types. The ability to see individual chromosome movements in living yeast

should allow detailed analysis of the phenotypes of mutations in microtubule

motors and components of the mitotic apparatus and contribute to

understanding of the dynamics and mechanism of mitosis. º
**
**
* =
aiº
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Figure Legends

Fig. 1. Visualization of microtubules and chromosomes during mitosis.

Images are two-dimensional projections of three dimensional data sets.

Spindle microtubule staining is the bright bar joining the chromosomal

staining. (A) Top, stereo projection of yeast cells during anaphase. Scale bar,

2 p.m. Bottom, a three dimensional model of the top panel constructed by

tracing the fluorescence intensity in the three dimensional data. (B) Top,

images from a single cell going through mitosis (arrowheads mark

chromosomal staining). Bottom, cartoon of centromeres, spindle and cell

outline. Scale bar, 2 p.m. (a) Early mitosis. A short bipolar spindle has

formed. (b) Onset of anaphase with sister chromatids at one spindle pole.

(c) Early anaphase. Sister chromatids have separated and the spindle is

elongating. (d) Late anaphase. Chromosomes are distantly separated and

spindle has elongated into the daughter cell (10).

Fig. 2. Chromosomes oscillating along the spindle axis. (A) Images from a

single sequence showing centromere oscillations. Arrowhead indicates the

centromere and time is in seconds relative to centromere separation. Scale

bar, 1 p.m. (B) Distances during metaphase oscillation. Chromosome1

Chromosome2, distance between the two centromeres; Chromosome1-SPB1,

distance between the chromosome pair and one spindle pole body;

Chromosome2-SPB2, distance between the chromosome pair and the other

spindle pole body.

Fig. 3. Anaphase spindle elongation and chromosome separation. (A)

Anaphase video sequence. Arrowheads mark centromeres, time is in seconds

- tº
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*
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*
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relative to sister chromatid separation, cartoon shows cell outline. Scale bar,

2pm. (B) Kinetics of anaphase. Distances were measured between spindle

pole bodies and chromosomal spots (25). in 6 datasets aligned by defining the

time of chromosome separation as t = 0, (arrow on the pole separation trace).

Arrowhead: time when chromosomes reached the same separation as the

spindle poles. Rates of movement were derived by linear regression and all

correlation coefficients exceed 0.99. (C) Observation of anaphase A

chromosome movement. Chromosome-to-pole distance was calculated for !--
cells that exhibit biased anaphase intiation (n=3).

,--

Fig. 4. Sister chromatid separation without a spindle. (A) Successive images º
of the mad1 mutant strain AFS386(8) in nocodazole. Centromeres marked by |-
arrowheads, time in seconds relative to onset of anaphase. Scale bar, 2 p.m. tiº

(B) Distance of chromosome separation in the presence and absence of |-1.
nocodazole. WT-Noc, chromatid separation in the presence of a spindle, !_
mad1 +Noc, distances from four separate video sequences in the presence of t—
nocodazole. -

Fig. 5. Centromere and telomere separation. (A) Successive images showing

the separation of the centromeres and telomeres of chromosome IV in yeast

strain AFS412 (26). Centromeres: arrowheads, telomeres: barbed arrowheads.

Scale bar, 2 p.m. Time is relative to centromere separation. (B) Distance

between centromeres and telomeres. The figure shows the average of five

video sequences of centromere and telomere separation. The centromere and
telomere that remained in the mother cell are labeled Centromerel and

Telomerel and the centromere and telomere that were distributed to the

daughter cell are labeled Centromere2 and Telomere2.
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Figure 2. Straight et al.
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Chapter 3

Time lapse microscopy reveals unique roles for
kinesins during anaphase in budding yeast.
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Summary

The mitotic spindle is a complex and dynamic structure. Genetic analysis in

budding yeast has identified two sets of kinesin-like motors, Cin8 and Kip1, and

Kar3 and Kip3, that have overlapping functions in mitosis. We have studied the

role of three of these motors by video microscopy of mutants cells that lack a

single motor and have their microtubules and centromeres marked with green

fluorescent protein. This analysis reveals that despite their functional overlap,

mutants in each motor have specific defects in mitosis. cin&A mutants lack the

rapid phase of anaphase B, kip1A mutants show defects in the slow phase of

anaphase B, and kip3A mutants prolong the duration of anaphase to the point at

which the spindle becomes longer than the cell. These findings imply that

careful analysis of most groups of genes with overlapping functions will reveal

specific functions for individual members of the group.
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Introduction

The mitotic spindle segregates the chromosomes into the daughter cells

during cell division. The dynamic behavior of the spindle is controlled by motor

proteins that move along microtubules and by the dynamic polymerization and

depolymerization of microtubules. Motor proteins are required to assemble a

bipolar spindle, to maintain the spindle prior to anaphase, to regulate

microtubule dynamics, and to orient the spindle in the cell. After the spindle

has formed, motor proteins mediate spindle elongation and chromosome

separation during anaphase (reviewed in Inoue and Salmon, 1995; McIntosh and

Pfarr, 1991; Vernos and Karsenti, 1996).

In vertebrate cells, the roles of motor proteins have been dissected by

inactivating motors in living cells and by inactivating or immunodepleting

them from egg extracts (Heald et al., 1997; Lombillo et al., 1995; Rodionov et al.,

1993; Vaisberg et al., 1993; Walczak et al., 1996). These approaches are powerful,

but can produce complex results because many motors have overlapping

functions and antibody inactivation or immunodepletion experiments can also

affect proteins that interact with the target motor protein. Several advances have

made budding yeast an attractive alternative for studying the roles of specific

motors in mitosis: the sequence of the budding yeast genome (Goffeau et al.,

1996) provides a complete inventory of microtubule motors, yeast genetics allows

rapid inactivation of individual motor proteins, and marking centromeres and

microtubules with green fluorescent protein (GFP) makes it possible to study

spindle and chromosome dynamics in living cells (Straight et al., 1997). Yeast

contain six kinesin related proteins (Cin8, Kar3, Kip1, Kip2, Kip3 and Smy1) and

a single dynein (Cottingham and Hoyt, 1997, DeZwaan et al., 1997; Eshel et al.,

1993; Hoyt et al., 1992; Lillie and Brown, 1992; Meluh and Rose, 1990; Roof et al.,
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1992). This paper analyzes the mitotic roles of three of the six kinesin motors:

Cin&, Kip1 and Kip3. We did not study Smy1 since it is likely to be involved in

polarized cell growth and vesicle transport (Lillie and Brown, 1992; Lillie and

Brown, 1994) or Kip2 because it primarily affects cytoplasmic microtubules rather

than the intranuclear microtubules of the mitotic spindle (Miller and Rose,

1998). We were unable to study kar3A mutants, because most cells arrest in

mitosis under the conditions required for microscopy.

Cin& and Kip1 belong to the bimC/Cut? class of microtubule motors that

have been demonstrated to have roles in spindle formation and spindle

elongation in other organisms (reviewed in Kashina et al., 1997). Kip3, is a novel

kinesin that does not easily fit into the known kinesin subfamilies but has been

shown to be important for spindle positioning (Cottingham and Hoyt, 1997;

DeZwaan et al., 1997). Multiple other microtubule motor proteins have been

shown to be involved in spindle positioning, assembly and elongation. The

minus end directed motor Kar3 antagonizes the activity of Cin8/Kip1 to ensure

proper spindle assembly and elongation (Saunders et al., 1997; Saunders and

Hoyt, 1992) and is also thought to participate in the positioning of the spindle

(Cottingham and Hoyt, 1997, DeZwaan et al., 1997). In addition to the kinesin

family of proteins, dynein has also been shown to have a roles in spindle

positioning, assembly and elongation (Carminati and Stearns, 1997; Heald et al.,

1997, Li et al., 1993; Saunders et al., 1995; Shaw et al., 1997; Vaisberg et al., 1993;

Yeh et al., 1995).

The Cin8 and Kip1 proteins are thought to be plus end directed motors

that have overlapping roles in pushing the spindle pole bodies apart. cin& was

isolated as a mutant that exhibited elevated chromosome loss (Hoyt et al., 1990).

At 37°C cin&A mutants arrest in mitosis with duplicated spindle poles but fail to

form a bipolar spindle. The defect in cin8A mutants can be overcome by the
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overexpression of the Kip1 protein suggesting that the two motors may have

redundant functions during mitosis (Hoyt et al., 1992). Furthermore, cin&A

kip1A double mutants are inviable and fail to form a functional bipolar spindle

(Hoyt et al., 1992; Roof et al., 1992). Cin8 and Kip1 are required for both the

assembly and the maintenance of the bipolar spindle. Bipolar spindles in kip.14

cells that carry a temperature sensitive allele of cin& collapse when cells are

shifted to the nonpermissive temperature. Spindle collapse is partially rescued

in cells lacking Kar3, suggesting that Cin8 and Kip1 push the spindle pole bodies

apart during mitosis and that forces generated by Kar3 balances this outward

force to maintain a constant spindle length during metaphase (Saunders and

Hoyt, 1992).

Kip3 plays a role in the migration of the nucleus to the neck between the

mother and daughter cells and the proper alignment of the mitotic spindle prior

to anaphase (Cottingham and Hoyt, 1997, DeZwaan et al., 1997). One explanation

for the defects in kip3A cells is that Kip3, like certain other motors (Endow et al.,

1994; Walczak et al., 1996), can destabilize microtubules.

Since the spindle is a dynamic structure, we investigated its behavior by

time lapse microscopy of wild type and mutant cells whose centromeres and

microtubules were marked with GFP. Kip1 and Cin8 have distinct roles during

anaphase chromosome separation and spindle elongation. Although both

motors are required for normal elongation of the spindle, Cin8 is most

important early in anaphase when rapid separation of the chromosomes occurs,

and Kip1 is required late in anaphase for robust elongation of the spindle.

Analysis of Kip3 mutants shows that Kip3 does not play a role in the absolute

rates of anaphase spindle elongation but is involved in the proper timing of

spindle disassembly. Thus, despite the functional overlap between them, each of

the three kinesin motors is responsible for a particular event during anaphase.
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Results

Positioning, assembly and elongation of the yeast spindle during mitosis requires

microtubule motor proteins. Anaphase has two components: anaphase A, the

movement of the chromosomes towards the spindle poles and anaphase B, the

separation of the poles from each other. In budding yeast, anaphase B has two

phases a rapid initial elongation of the spindle that is follwed by a period of

slower elongation (Kahana et al., 1995; Straight et al., 1997, Yeh et al., 1995). In

order to study the individual contributions of motor proteins to the process of

spindle elongation and mitotic chromosome separation, we performed time

lapse video microscopy on yeast cells individually deleted in three kinesin

motors, Cin8, Kip1 or Kip3. We visualized the mitotic spindle using a GFP

fusion to the major o-Tubulin (TLIB1) and the centromere using a GFP-Lac

repressor fusion bound to a tandem array of Lac operators integrated near the

centromere of chromosome III (Straight et al., 1997). We measured the

separation between the ends of the spindle and between the sister centromeres as

cells went from metaphase to anaphase. These distances allow us to quantitate

anaphase A chromosome to pole movement and the increase in the separation

between the poles during anaphase B.

Cin8 regulates the rapid phase of mitotic spindle elongation.

Cells lacking Cin8 were recorded as they progressed through mitosis and

the distance between the ends of the mitotic spindle and the distance between the

centromeres were calculated over time (Figure 1A, B). During metaphase, cin&A

cells had shorter spindles (1-1.5 pm) than wild type cells (1.5-2 pm) (Figure 1A,

Figure 4). The suggestion that Cin8 is required for the full separation of the
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spindle pole bodies during metaphase is consistent with the role for Cin8 in

spindle assembly described by Saunders and Hoyt (Saunders and Hoyt, 1992)

As cin&A cells proceeded through anaphase, a defect in the rapid phase of

spindle elongation became apparent. In wild type cells an initial rapid separation

of the spindle pole bodies (0.54|im/min) was followed by a slower phase

(0.21pm/min) (Table II) (Straight et al., 1997). cin8A cells showed a uniformly

slow spindle elongation whose rate (0.19 pm/min) was similar to the slow phase

of anaphase B in wild type cells (Table II, Figure 1A). This defect in early

anaphase suggests that Cin8 has a specific role during anaphase B in the initial

separation of the spindle pole bodies but that other activities drive the slower

phase of mitotic spindle elongation. The rapid initial separation of the

centromeres in wild type cells was not affected in the cinéA mutant (Figure 1B)

suggesting that other factors are responsible for the initial separation. These

could include the activity of other motors or the release of tension as a result of

dissolving the linkage between the sister chromatids.

Although, cinéA cells are defective for the rapid phase of anaphase B, the

long slow phase of anaphase allows them to complete mitosis relatively

normally, cin8A spindles break down at the same time after anaphase initiation

as do wild type cells (Table II, Figure 2) but with a shorter length (7.0 + 0.7 pm)

than that of wild type cells (9.5 + 0.5 pm). About 1.8 p.m of this difference can be

accounted for by the slower elongation of cin&A spindles during the 5 minutes

when wild type cells are elongating their spindle rapidly ( (0.55 pum/min (WT) -

0.2 pm/min (cin&A)) x 5 min = 1.8 pm). The breakdown of the cin&A spindle at

the same time as a wild type spindle suggests that spindle disassembly is in part

controlled by the time since the onset of anaphase.

Kip1 regulates the slow phase of mitotic spindle elongation.

97



Cin8 and Kip1 have overlapping roles during spindle assembly and

elongation (Saunders et al., 1997; Saunders and Hoyt, 1992). We examined kip14

cells during mitosis to determine whether differences exist between the two

motors. Consistent with prior measurements in hydroxyurea arrested cells

(Saunders et al., 1997), and like cin8A cells (1.2 pm), kip1A cells (1.2 pm) had

shorter metaphase spindles than wild type cells (1.8 pm) (Figure 4). This result

supports the idea that Cin8 and Kip1 work together to maintain the mitotic

spindle at its proper metaphase length (Saunders and Hoyt, 1992). The distances

we have measured are slightly larger than the distances measured in

hydroxyurea arrested cells for wild type, cin8A and kip1A (Saunders et al., 1997).

All the measurements of metaphase spindle length before anaphase were made

using video records of the 20-30 minutes preceding sister chromatid separation.

The differences between hydroxyurea arrested and G2/M cells may reflect a

difference between cells arrested by the DNA replication checkpoint and mitotic

cells, a difference between cells with unreplicated centromeres and replicated

centromeres, or differences between measurements made on live and fixed

samples.

Once anaphase began, a clear difference between kip 1A and cin&A cells

became apparent. In contrast to cin&A cells, whose spindles elongate slowly,

kip1A cells exhibited a normal rapid elongation phase (0.51pum/min) (Figure 3A,

Table II). However, once cells switched to the slow phase of spindle elongation,

the kip1A cells showed a marked defect in the rate of elongation (0.12 pm/min)

compared to that of wild type spindles (0.2pm/min, Figure 3A, Table II). This

suggests that even though Kip1 and Cin8 both elongate the spindle, the two

motors have distinct roles in anaphase B. Cin8 is required for rapid elongation at
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the beginning of mitosis and Kip1 contributes to the slower completion phase of

spindle elongation.

The period from the onset of anaphase to spindle breakdown was about 15

minutes longer in kip1A cells than it was in wild type or cin&A cells. The longer

duration of anaphase compensated for the slower rate of spindle elongation with

the result that kip1A cells elongated their spindles to the same length as wild type

cells (9.5-10pm, Figure 3A, Figure 6, Table II). This difference suggests that Kip1

is involved in the timing of spindle breakdown. We cannot determine whether

the absence of Kip1 slows the cell's progress through the cell cycle or slows the

spindle's response to the cell cycle changes that lead to its dissolution. The

failure of cin&A mutants to delay spindle breakdown suggests that defects in the

rate of spindle elongation do not directly affect progress through the cell cycle.

We have previously shown that anaphase A (chromosome to pole movement)

occurs in budding yeast (Straight et al., 1997). The shorter metaphase spindle in

cin&A and kip1A cells makes it impossible to directly determine the rate or extent

of anaphase A.

Kip3 regulates microtubule length and spindle breakdown in mitosis.

Deletion of KIP3 increases the metaphase spindle length compared to wild

type cells. Spindles in kip3A cells were on average 0.41m longer than those in

wild type cells (Figure 5A, Figure 4, Table II). This increase is similar to that seen

in the comparison between fixed kip3A and wild type cells arrested in S phase by

treatment with hydroxyurea (Cottingham and Hoyt, 1997). Unlike Cin8 and Kip1,

Kip3 opposes extension of the metaphase spindle, either by exerting an inward

directed force on the spindle pole bodies or by reducing the length of spindle
microtubules. One characteristic of kip34 cells is that astral microtubules
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increase in length and that these cells are resistant to spindle depolymerization

with the drug benomyl (Cottingham and Hoyt, 1997, DeZwaan et al., 1997). Thus,

Kip3 may regulate the length of the mitotic spindle by destabilizing the central

spindle microtubules.

Examination of kip3A cells during anaphase revealed a specific role for

Kip3 in the regulation of spindle breakdown. Initial anaphase spindle

elongation occurred normally in kip3A cells, consistent with measurements of

spindle pole separation in fixed samples of kip3A cells (DeZwaan et al., 1997).

kip3A cells elongated their spindles during the early rapid phase at a rate of

0.56mm/min compared to the wild type rate of 0.541m/min (Figure 5A, Table II).

The slow phase of spindle elongation in kip3A cells (0.17 pum/min) was also

similar to that of wild type rates (0.21 pm/min) (Figure 5A, Table II). Although

the rates of spindle elongation in wild type and kip3A are similar, kip3A cells

broke down their spindles 12 minutes later than wild type cells (Figure 2, Table

II). This observation contrasts with measurements on populations of kip34 cells,

that showed that the distance between the spindle pole bodies stopped increasing

at the same time wild type and kar3A cells (DeZwaan et al., 1997). However, in

all but one of our video records (n=7), spindles persisted in kip3A cells after the

time at which the spindle in wild type cells broke down. This difference is

probably explained by the fact that previous measurements were made using a

fluorescent spindle pole body marker. Although the distance between the

spindle pole bodies in kip3A cells stopped increasing, the spindle may still have

been intact in those cells and was simply not seen.

Cells lacking Kip3 elongate their spindles beyond the length of wild type

cells. Although the pole to pole distance in kip3A stops increasing at around 10

plm (Figure 5A), the spindles keep elongating, making them bend prior to the

breakdown of the spindle (Figure 5D). Thus the spindles in kip34 cells continue
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to elongate and are merely constrained by the physical dimensions of the cell. To

confirm this interpretation we measured the length of the bent kip3A spindles in

3-dimensional space. Although the spindle pole bodies were only separated by 10

pum, the actual spindle length increased to more than 12 pum (Figure 5C, Figure 6,

Table II). Kip3 may therefore be involved in destabilizing microtubules at the

end of mitosis so that the spindle can disassemble at the proper time and at the

proper length. Bowed spindles have also been observed in wild type fission

yeast, although in this organism the spindle poles do not have to reach the ends

of the cell for bending to occur (Hagan and Hyams, 1996).

Motor mutants delay the onset of anaphase

We investigated the effect of motor mutants on the interval between

spindle assembly and the onset of anaphase. Wild type, cin&A, kip14, and kip.34

mutants that contained GFP-marked tubulin and CENIII were arrested in G1 by

treatment with the yeast mating pheromone o-factor . The cells were released

from this arrest and population samples were removed at intervals and scored

for spindle elongation and sister chromatid separation. Cells deleted for Kip1 or

Kip3 initiated anaphase at the same time as wild type cells and progressed

through anaphase with similar kinetics (Figure 7). Cells lacking Cin8 showed a

dramatic delay in the progression through anaphase. Ninety minutes after

release from O-factor, greater than thirty percent of wild type, kip1A and kip.34

cells had initiated anaphase compared to only four percent of cin&A cells. When

more than eighty percent of wild type, kip.1A and kip3A cells had initiated

anaphase (t=120), less than 25 percent of cin8A cells had separated their sister

chromatids (Figure 7). We have also observed delays in the entry into mitosis in

cells lacking the Kar3 motor protein (data not shown). The prolonged metaphase
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of motor mutants is probably due to the action of the spindle checkpoint

(Nicklas, 1997, Rudner and Murray, 1996), which delays anaphase until all

chromosomes are correctly aligned on a bipolar spindle. Inactivation of the

checkpoint allows cells with spindle defects to exit from mitosis and kills kar3A

and cin&A mutants, which have the most profound delays in mitosis (Geiser et

al., 1997; Roof et al., 1991).
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Discussion

We performed video microscopy on microtubule motor mutants whose

microtubules and a centromere had been marked with GFP. Our analysis reveals

that each motor mutant has distinct defects in the rates and timing of anaphase

spindle elongation.

Motor proteins in yeast are involved assembly, positioning, and

elongation of the mitotic spindle. We have investigated the roles of three motor

proteins in the elongation of the mitotic spindle during anaphase. Two of these

motors, Cin8 and Kip1 belong to the bimc class of microtubule motors that have

been demonstrated to have roles in spindle formation and spindle elongation in

other organisms (Kashina et al., 1997). The third motor, Kip3, is a novel kinesin

that does not easily fit into the known kinesin subfamilies but has been shown to

be important for spindle positioning (Cottingham and Hoyt, 1997, DeZwaan et

al., 1997). Multiple other microtubule motor proteins have been shown to be

involved in spindle positioning, assembly and elongation. The minus end

directed motor Kar3 antagonizes the activity of Cin8/Kip1 to ensure proper

spindle assembly and elongation (Saunders and Hoyt, 1992) and is also thought

to participate in the positioning of the spindle (Cottingham and Hoyt, 1997;

DeZwaan et al., 1997). In addition to the kinesin family of proteins, dynein has

also been shown to have a roles in spindle positioning, assembly and elongation

(Carminati and Stearns, 1997; Heald et al., 1997; Li et al., 1993; Saunders et al.,

1995; Shaw et al., 1997, Vaisberg et al., 1993; Yeh et al., 1995).

Separate roles for motors during anaphase.

Our results show that Cin8 and Kip1 have distinct roles during anaphase.

Previous studies have demonstrated that Cin8 and Kip1 have partially
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redundant roles in exerting an outwardly directed force on the spindle pole

bodies (Hoyt et al., 1992; Hoyt et al., 1993; Roof et al., 1992; Saunders et al., 1997;

Saunders and Hoyt, 1992). We have shown that Cin8 functions early in the

separation of the spindle pole bodies and is required for the proper execution of

the rapid phase of anaphase spindle elongation. Unlike Cin8, Kip1 plays no role

in controlling the rapid phase of spindle elongation. Cells deleted for Kip1

perform the inital phase of anaphase normally but are then compromised in

their ability to execute the slower phase of spindle elongation.

The difference between the rates of the two phases of anaphase B in wild

type cells could be explained in many ways. One is that the rate of the rapid

phase is set by the rate at which motors slide the microtubules from opposite

poles of the spindle past each other and that of the slow phase is set by the rate of

the microtubule growth required to maintain an overlap zone as the spindle

extends. In the rapid phase, Cin8 would move microtubules past each other

more rapidly than Kip1, whereas in the slow phase the absence of Kip1, but not

that of Cin8, would affect the rate at which the length of microtubules increased.

Cut?, a fission yeast homolog of Cin8 and Kip1, localizes to the mid zone of the

spindle during anaphase B (Hagan and Yanagida, 1992). Another possibility is

that both rates are set by the speed of microtubule sliding and that Cin8 is a faster

motor that is only active during early anaphase, whereas Kip1 is active

throughout anaphase.

Cells lacking Kip3 delay spindle breakdown and their final spindles are so

long that they are physically deformed when they run into the ends of the cell.

Previous studies suggest that Kip3 may regulate the stability of microtubules

(Cottingham and Hoyt, 1997). In our experiments, metaphase kip3A spindles

were longer than those of wild type cells in agreement with spindle length

measurements in hydroxyurea arested cells (Cottingham and Hoyt, 1997). Once
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anaphase began, the kip3A cells behaved exactly like wild type cells until the time

of spindle breakdown: when wild type spindles broke down, kip3A spindles

remained intact and continued to elongate. The ability of the spindle to elongate

beyond the cell length has implications for the mechanism of spindle elongation.

The final buckling of the spindle in kip3A means that some or all of the force

elongating the spindle must be generated within the spindle, pushing the poles

apart. If all of the forces were due to pulling force generated by interactions of

astral microtubules with the cortex at the ends of the cell, the length of the

spindle could not exceed that of the cell. In experiments in Nectria haematococca

and in rat kangaroo kidney epithelial cells (Ptk2 cells), severing the central

spindle during anaphase increased the rate of spindle pole separation arguing

that interactions in the central spindle were limiting the rate of spindle

elongation (Aist et al., 1991; Aist et al., 1993). We do not know if this apparent

discrepancy is due to different factors regulating the extent versus the speed of

anaphase, or differences between the mechanism of spindle elongation in

different organisms.

Regulation of spindle elongation.

In most organisms, the position of the metaphase spindle dictates the

plane of cell division (Rappaport, 1996), ensuring that each daughter cell ends up

with one set of chromosomes. In budding yeast, cell division occurs at the neck

that separates mother and bud and this site is defined prior to spindle formation.

As a result, cells must ensure that the anaphase spindle passes through the neck
So that the mother receives one set of chromosomes and the bud the other.

Studies of dynein mutants reveal a mechanism to achieve this: the anaphase
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spindle does not break down until one of its poles and the associated set of

chromosomes has entered the bud (Yeh et al., 1995).

Our analysis of kinesin mutants suggests that the regulation of spindle

breakdown is complex. Compared to wild type cells, the spindles of cin&A break

down at the same time after the onset of anaphase and at shorter final lengths,

those of kip1A break down later but at the same final length those of kip3A cells

break down later and at a greater final length. A simple interpretation of these

results is that the timing of spindle breakdown is influenced both by the state of

the cell cycle machinery and also by the effects of microtubule motors on

microtubule dynamics.

We suggest that late in anaphase, some change in the cell cycle destabilizes

nuclear microtubules leading to spindle breakdown. Possible changes include
the inactivation of Cdc28 and the APC-mediated destruction of ASE1. Asel has

been shown to regulate spindle breakdown: Asel localizes to the spindle

midzone, ase 1A mutants have unstable spindles in late anaphase, and

indestructible Asel results in a delay in spindle breakdown producing a

phenotype similar to kip3A (Juang et al., 1997; Pellman et al., 1995). In cin&A

mutants, the cell cycle-induced destabilization would occur normally so that

spindles broke down at the same time as they did in wild type. In contrast, Kip1

and Kip3 would be among the activities that were regulated in order to induce

the microtubule depolymerization that destroys the spindle. In the absence of

either of these activities, although the change in the cell cycle machinery would

occur normally, it would take longer for this change to induce spindle

breakdown. The difference in the final lengths of the kip1A and kip.34 spindles

would simply reflect the different rates of spindle elongation in these mutants.

The increased length of astral microtubules in kip3A cells suggests that this

motor does control microtubule dynamics. Experiments in isolated diatom
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spindles suggest that the rate of spindle elongation is strongly influenced by

factors that control the speed at which microtubules grow (Masuda and Cande,

1987).

It is likely that the fidelity of anaphase results from the regulation of

multiple independent properties including cell cycle timing of spindle

elongation, absolute spindle length, spindle microtubule dynamics, and motor

protein activity. Determining how these properties are built into the chemistry

of motor proteins and how they are regulated by the cell should be informative

in understanding the regulation of anaphase.

Genetic Redundancy and Functional Overlap

The distinct phenotypes of cin8A and kip1A cells have important

implications for the concepts of genetic redundancy and functional overlap

between related genes. Groups of two or more genes are said to be redundant if

deletion of a single member of the family produces little or no phenotype, but

deletion of all members of the group is lethal. KIP1 and CIN8 are partially

redundant since kip1A mutants have very mild phenotypes and mild

overexpression of Kip1 suppresses the phenotype of cin&A (Hoyt et al., 1992). One

interpretation of these observations is that the two motors perform essentially

identical functions and differ only in their level of expression. If this were so,

the phenotypes of kip.1A and cin&A might differ quantitatively but not

qualitatively. The observations that two mutants have distinct effects on

different aspects of anaphase strongly argues that although the functions of the

two motors overlap, they are clearly specialized for different roles. We believe

that "genetic redundancy" is an artifact of studying the behavior of cells under a

very limited set of conditions and using crude criteria like easily detectable
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differences in overall growth rate to assess the phenotypes of mutants. As

mutant phenotypes are investigated in more detail, we suspect that deleting

individual members of gene families will produce phenotypes that have aspects

that are clearly distinct from those of knocking out other genes within the same

family.

The phenotypes of motor mutants highlight the distinction between

minimal and full systems for performing complex cellular tasks like

chromosome segregation. A minimal system is one that suffices to perform the

task at a level that allows cells to reproduce indefinitely under optimal

conditions. Cells lacking up to three motor proteins can function at this level A

full system is one that performs a task with high fidelity in the face of

environmental, physiological, and genetic perturbations. For mitosis one

criterion of the full system is a very low rate of errors in chromosome

segregation. Lack of Cin8 disrupts the full system, since ciné mutants were first

found because they lead to errors in chromosome segregation. A more general

criterion for including a function in the full system is that loss of the function

makes cells more susceptible to genetic perturbations. Mutations in any one of

the mitotic motors (Cin8, Kip1, Kip3, Kar3, and dynein) make at least one of the

remaining mitoic motors essential for cell proliferation (Cottingham and Hoyt,

1997, DeZwaan et al., 1997; Hoyt et al., 1992; Roof et al., 1992). Detailed analysis of

the requirements for mitosis in budding yeast and other organisms should

illuminate how minimal systems for chromosome segregation arose and were

then evolved into the highly efficient and regulated machines found today.
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Experimental Procedures

Strains and Media

Yeast were grown either in YPD (10g/l yeast extract, 20g/l Bacto-Peptone, 20g/l

Dextrose) supplemented with 50pg/l adenine-HCl and 50pg/l l-tryptophan or in

complete synthetic medium lacking histidine (CSM-HIS) (Sherman et al., 1974)

supplemented with 501g/l adenine-HCl, 50pg/l l-tryptophan and 6.5g/1

NaCitrate. Yeast strains are listed in Table I and are all isogenic to W303 (AFS34).

Yeast transformations were performed using the lithium acetate method (Ito et

al., 1983). Plasmids were propagated in E. coli strain TG1 (Sambrook et al., 1989)

in medium containing 100pg/ml ampicillin except for Lac operator repeat

plasmids which were propagated in E. coli STBL2 (Gibco/BRL). GFP-Lac

repressor and GFP-Tubulin fusions were induced as described (Straight et al.,

1996; Straight et al., 1997).

Plasmids and DNA manipulation

Construction of Motor Protein Deletions

The cin&A::LEU2 deletion plasmid was provided by Andrew Hoyt (Hoyt et al.,

1992). Cin8 was deleted in strain AFS34, then the LEUI2 marked Cin& deletion

was changed to TRP1 by integrating the marker switching plasmid pLT7 from F.
Cross (Cross, 1997).
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Kip1 was amplified from yeast genomic DNA by PCR using the following

oligonucleotide pair:
5'-GCTTGGTCGACGTCAAATGCAGACGGATACGAG-3'

5'-GCCAATTCGTATGGTGCTGCGGCCGTCAAC-3'

The PCR product was digested with Sal■ and Eagl and cloned into Sal■ and Eagl

digested pbluescript (KS-) (Stratagene) to yield parS108. The complete open

reading frame of KIP1 was replaced by inserting an EcoRI-Sph■ fragment of HIS3

into EcoRI-Sph■ digested parS108. The resulting deletion construct pAFS111

was digested with Not■ and Aat■ I and transformed into yeast strain AFS34.

Kip3 was amplified from yeast genomic DNA by PCR using the following
oligonucleotide pair:
5'-GCGCTCGAGAACTGAACGTCATAGTTATAG-3'

5'-ACGTTATTCCTCCTCCTGTTCGCGGCCGCGCGC-3'

The PCR product was digested with XhoI and Not■ and cloned into XhoI and
Not■ digested pBluescript (KS-) (Stratagene) to yield parS119. The Nhel-HincII
fragment of parS119 was replaced with an Xbal-SmaI fragment of HIS3 to
remove the open reading frame of KIP3. The deletion plasmid parS124 was

then cut with EcoRV and Not■ and transformed into yeast strain AFS34.

Mu tagenesis of GFP-LacI fusions

GFP was fused to the Lac repressor as previously described (Straight et al., 1996).
The Ser65->Thr mutant of GFP (Heim and Tsien, 1996) was linked with XhoI and

HindIII sites by PCR using the following oligonucleotide pair:
5-CGCCTCGAGGAGATGAGTAAAGGAGAAGAACTT-3'

5-GGCATGGATGAACTATACAAATAAGCTTCGC-3'.
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The XhoI-HindIII digested PCR product was cloned into Sall-HindIII digested

pQE9 (Qiagen) to generate a 6-histidine fusion to GFP (p4RS97). Mutant GFP

molecules were generated by PCR shuffling (Stemmer, 1994), expressed in E. coli

at 37°C then sorted by Fluorescence Activated Cell Sorting to isolate cells that

fluoresced strongly at 37°C. These mutant GFP molecules were then screened for

fluorescence intensity relative to the Ser65->Thr mutant of GFP and the brightest

molecule was sequenced. The brightest GFP (GFP12) was mutated at codon 163

from GTT to GCT changing Val163 to Alalé3. This change resulted in the same

amino acid change described by Siemering et al. for the GFP-B mutant

(Siemering et al., 1996) but utilized a different codon. Based on the work of

Siemering et al we then combined our GFP12 mutant with the Ser175->Gly

mutation to give GFP13 (S65T, V163A, and S175G).

Certain mutations in the lac repressor cause increased affinity between the

repressor and operator DNA (Miller and Reznikoff, 1980). We mutated the GFP

lac repressor fusion contained in parS78 from Pro3->Tyr3 to give the lacI-112

mutation (Schmitz et al., 1978). This Lac repressor mutant was then fused to the

GFP12 and GFP13 sequences exactly as described for parS78 to give parS135 and

pAFS144 respectively. Plasmids parS135 and parS144 were linearized with

Nhe■ and transformed into yeast strain AFS34 for expression of GFP-LacI fusions

in yeast. Lac operators were introduced at the centromere of chromosome III as

previously described using parS59 (Straight et al., 1996). GFP-Tubulin was

expressed by integration of parS91 as previously described (Straight et al., 1997).

Time Lapse Microscopy and Image Analysis

Images were acquired as described (Straight et al., 1997) except that the actual

length of spindles in kip3A cells was calculated by tracing fluorescence intensities
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in three dimensional image stacks using the program 3D Model that had been

customized for length measurement (Chen et al., 1996). The data for wild type

spindle elongation is previously published (Straight et al., 1997) and used only

for comparison to the motor mutant data.
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Figure Legends

Table I - Yeast Strains

All strains are isogenic to AFS34 (W303-1a from the laboratory of R.

Rothstein). Only the genotype that differs from AFS34 is shown.

Table II - Spindle and chromosome dynamics in wild type cells and kinesin

mutants

Rates of spindle elongation were calculated using linear regression

analysis in the same time intervals used to calculate the wild type rates for the

fast and slow phases of anaphase. All measurements shown in bold are

significantly different from wild type rates. The average breakdown length and

the average duration of anaphase were calculated using the final timepoint prior

to spindle dissasembly. The total number of records analyzed for measurements

of WT, cin&A, kip1A, and kip3A are n=6, n=5, n=5, and n=7 respectively.

Figure 1 - cin8A cells are defective in the fast phase of anaphase B

Comparison of spindle elongation and centromere separation in wild type

and cin&A cells. Cells of yeast strain AFS426(cinéA) were arrested in G1 with O

factor then released from G1 and recorded as they progressed through mitosis.

Twelve optical sections at 0.5pm intervals were acquired every 26 seconds. The

distances between the spindle poles and the distances between the centromeres

were measured in 3-dimensional space. (A) Distance between spindle pole
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bodies versus time. (B) Distance between centromeres versus time. The time of

sister chromatid separation is indicated by t=0.

Figure 2 - Motor mutants affect the duration of anaphase

Duration of anaphase in wild type cells and motor mutants. The average

time between the separation of sister chromatids and the breakdown of the

spindle was calculated from video records of strains AFS403 (WT), AFS426

(cinéA), AFS404 (kip1A) and AFS417 (kip34).

Figure 3-kip1A cells are defective in the slow phase of anaphase B and prolong

anaphase

kip1A cells (yeast strain AFS404) were recorded as described in Figure 1.

(A) Distance between spindle pole bodies versus time. (B) Distance between

centromeres versus time. The time of sister chromatid separation is indicated by
t = 0.

Figure 4 - Motor mutations alter the length of the metaphase spindle

Metaphase spindle length in wild type cells and motor mutants. The

length of the bipolar spindle was measured in the 20-30 minute interval prior to

the initiation of anaphase in strains AFS403 (WT), AFS426 (cingA), AFS404

(kip14) and AFS417 (kip3A).
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Figure 5 - The length of the spindle and the duration of anaphase are regulated

by Kip3.

Cells deleted for Kip3 (AFS417) were recorded as described in Figure 1. (A)

Distance between spindle pole bodies versus time. (B) Centromere separation

versus time. (C) Measurement of actual spindle length in 3-dimensions.

Asterisk represents the total length of the spindle as compared to the distance

between the spindle pole bodies. (D) Bent spindle at the end of anaphase

inkip3A cell. Twelve 0.5pm axial sections through a kip3A cell were projected

onto two dimensions (left panel), a schematic of the cell is also shown (right

panel).

Figure 6 - Motors regulate the final length of the anaphase spindle

Spindle breakdown length in wild type and motor mutants. The final

breakdown length of the anaphase spindle was calculated using the timepoint

prior to spindle breakdown in strains AFS403 (WT), AFS426 (cin&A), AFS404

(kip14) and AFS417 (kip34).

Figure 7 - Motor mutants delay anaphase onset

cin8A causes a delay in the entry into anaphase. Strains AFS501 (WT),

AFS426 (cin&A), AFS404 (kip14) and AFS417 (kip3A) were synchronized in G1 by

treatment with 10pg/ml O-factor. Cells were released from the block and were

assayed for sister chromatid separation at 15 minute intervals as previously

described (Straight et al., 1996). The percentage of cells with separated sister
chromatids versus time is shown.
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Table
I-
YeastStrains StrainNumberRelevantGenotypePlasmid AFS34(W303-1a).MATaade2-1can1-100ura■ -1leu2-3,112his3-11,15trp1-1

AFS78

AFS403MATa
his3–11,15::GFP-LacI-HIS3leu.2–3,112::lacO-LEUI2ura:3-1::GFP-TUIB1-UIRA3iº

pAFS91

AFS426MATacin&A::TRP1his3–11,15::GFP-LacI-HIS3leu.2–3,112::lacO-LEUI2ura3-1::GFP
TUIB1–UIRA3

AFS.404MATakip1A::HIS3his3-11,15::GFP-LacI-HIS3leu2-3,112::lacO-LEU2ura■ -1:GFP
TUIB1
–

UIRA3

AFS417MATakip3A::HIS3his3-11,15:GFP-LacI-HIS3leu2-3,112::lacO-LEU2ura3-1::GFP
TUIB1-UIRA3 -

pAFS144

AFS501MATa
his3-11,15::GFP13-LacI-I12-HIS3leu.2–3,112::lacO-LEUI2ura3-1::GFP-TUIB1-pAFS59

pAFS91

UIRA3
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Table
II
Spindledynamics
inwildtypeandkinesinmutants

FastPhase
|

SlowPhase
|

Breakdown
|

Anaphase
|

AnaphaseA plm/minpum/minLengthpum
|

Duration
WT0.54+0.02
||

0.21+0.01
||

9.52+0.49
||

26.6+1.61.33pum/min cin8A0.28+0.020.19-HO.026.95+0.6826.7+2.4ND kip1A0.51+0.030.12+0.039.79:0.4343.0+3.1ND kip3A0.56+0.040.17+0.0212.31+0.25
||

38.5+3.11.30pum/min
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Appendix A

Identification of Cyclosome/APC substrates by
regular expression pattern matching of protein

families.
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Appendix A

Identification of Cyclosome/APC substrates by regular expression pattern

matching of protein families.

Introduction

The ordered events of the cell cycle are controlled by two mechanisms: -
º

activation of cyclin dependent kinases (CDKs) that drive cell cycle transitions, ***
g ==

and destruction of proteins important for cell cycle transitions. The activity of *-

-CDKs is regulated by activating and inhibitory phosphorylations of the kinase
- - º

º

–.
molecules, by the synthesis and destruction of activating subunits of the

kinases called cyclins, and by the induction and destruction of inhibitor

subunits of the kinase called CKIs. The regulation of CDK activity is best

understood during mitosis. Prior to the entry into mitosis, mitotic cyclins (A ;
and B-type cyclins) are synthesized and form active kinase complexes with

CDC2, the mitotic CDK (Deshaies, 1997; Fisher, 1997; King et al., 1996a). These

active kinase complexes initiate the events leading to nuclear envelope

breakdown, bipolar spindle assembly, and metaphase chromosome

alignment. Once cells have properly formed a mitotic spindle and all the

chromosomes are aligned on the metaphase plate, the transition from

metaphase to anaphase is signalled and cells complete chromosome

separation and spindle elongation.

The transition from metaphase to anaphase requires the inhibition of

CDK kinase activity. The primary mechanism of CDK inhibition is through

the proteolysis of the activating cyclin subunits of the CDK complex. When
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the transition from metaphase to anaphase is signalled, the cyclins are

targeted for destruction by the conjugation of ubiquitin to the cyclin molecule.

Once a polyubiquitin chain has been added to the cyclin molecule, the cyclins

become substrates for the proteasome and are degraded. The enzyme that

accomplishes the conjugation of ubiquitin to the cyclin N-terminus is called

the Cyclosome/APC (Hershko, 1996). The exact mechanism of cyclin

recognition by the Cyclosome/APC is unclear, however, it is known that

ubiquitination of cyclin requires a short amino acid motif in the N-terminus

of the cyclin molecule called the destruction box.
The destruction box was first identified because deletions in the N

terminus of cyclins stabilized the cyclin protein. The sequence responsible for

destabilization was identified as nine amino acid sequence (Glotzer et al.,

1991). In this nine amino acid sequence, all destruction boxes identified to

date contain arginine at the first position. The fourth position is also highly

conserved and in the vast majority of destruction boxes is leucine. Other

postions in the destruction box sequence have a greater degree of variation

(King et al., 1996b; Yamano et al., 1996).

Recent work has implicated destruction box dependent proteolysis in

the destabilization of more than just cyclin substrates. In particular, as cells

exit mitosis they must separate their sister chromatids and must disassemble

their spindle so that they can properly proceed through the cell cycle.

Evidence in frog egg extracts suggested that proteins other than cyclins had to

be destroyed in order for sister chromatids to properly separate. Addition of

cyclin N-terminus to extracts going through mitosis prevented the proper

separation of sister chromatids but allowed spindle elongation. This

suggested that the N-terminus of cyclin overwhelmed the ubiquitin-mediated

proteolysis pathway, blocking the degradation of other substrates required for

:
º * -
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tºº
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sister chromatid separation (Holloway et al., 1993). Analysis of sister

chromatid separation in fission and budding yeast identified proteins that had

to be proteolyzed in order for sister chromatids to separate. These proteins,

CUT2 and PDS1 respectively, contain sequences homologous to the cyclin

destruction box. These sequences were shown in both cases to be required for

the proper destruction of these proteins as cells passed through anaphase

(Cohen-Fix et al., 1996; Funabiki et al., 1996a; Funabiki et al., 1996b; Funabiki et

al., 1997; Yamamoto et al., 1996a; Yamamoto et al., 1996b). In addition, studies

of spindle breakdown in budding yeast identified another protein, ASE1, that -
had to be destroyed in order for the mitotic spindle to properly disassemble. -
The destruction of ASE1 was also shown to be dependent on the presence of a º
sequence homologous to the destruction box (Juang et al., 1997; Pellman et al., º
1995). –

Other proteins required for the proper execution of mitosis and the

transition from mitosis to interphase are likely to be destroyed by the

Cyclosome/APC. Identification of these proteins is difficult since there is no ;
simple biochemical assay for their activity. One possible approach is to use

homology to the destruction box to identify potential substrates of the

Cyclosome/APC. The destruction box is short and highly degenerate so that

conventional homology searching, using programs such as BLAST or

FASTA, is unlikely to find specific destruction box containing proteins. We

wanted to use an alternative approach to find destruction box containing

proteins based on the properties of known destruction boxes. We used an

approach similar to the approach desribed by Gribskov et al. (Gribskov et al.,

1990) to search for novel destruction box containing proteins. We constructed

a matrix that reflected the likelihood that a particular amino acid would occur

at an individual position in a destruction box. We then aligned this matrix
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with every position in the yeast proteome to find those proteins containing

the most likely destruction boxes. From this search we identified all the

known destruction box containing proteins in yeast as well as numerous

candidate proteins as novel Cyclosome/APC substrates.

Methodology

We first constructed an alignment of known destruction boxes in the

yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe (Figure

1A). The destruction boxes of the B-type cyclins in S. cerevisiae CLB1-4, the B

type cyclin cdc13 of S. pombe and three other known destruction box

containing proteins: S.pombe cut2, S. cerevisiae ASE1 and S. cerevisiae PDS1,

were aligned with one another (Figure 1A). Following alignment of the

destruction box sequences we constructed a matrix containing the number of

times an amino acid appeared in each position of the destruction box (Figure

1B). For example, postion four of the destruction box is leucine in eight out of

the nine sequences aligned and is phenylalanine in the ninth destruction box.

Thus leucine at position four receives a score of eight, phenylalanine a score

of one and all other amino acids a score of zero (Figure 1B). From this type of

matrix, one can construct an 'ideal' destruction box representing the amino

acids that give the highest score at each position (Figure 1B, Best Box). We

have also made alignments of destruction boxes from the majority of the

known A- and B-type cyclins and all other proteins containing destruction

boxes. For simplicity, we show the destruction boxes, the accession numbers

of the sequences, and the names and origins of the sequences (Figure 2).

;
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We used the matrix representation of the destruction box to identify

other destruction box containing proteins in budding yeast. The recent

sequencing of the entire yeast genome allowed us to search all the encoded

proteins in yeast. Furthermore, yeast have the advantage that candidate

destruction box containing proteins can be easily tested using yeast genetic

approaches. Conventional search algorithms such as FASTA and BLAST are

extremely rapid and efficient when comparing longer and less degenerate

sequences against large databases (Altschul et al., 1994; Altschul et al., 1990;

Pearson, 1990). Since we wanted to compare a short highly degenerate

sequence family against a large database we needed a more sensitive search

method so that we could accurately search all potential yeast sequences for

destruction boxes. One highly sensitive method for matching patterns

utilizes regular expression pattern matching. Regular expressions use

generalized representations of language characters to scan for matching

patterns (Friedl, 1997). For example, a regular expression character such as "."

will match any alphanumeric character when compared against a set of

characters. We could therefore represent a nine amino acid destruction box as

merely a set of nine alphabetic characters. The only disadvantage to the use of

regular expressions is that they are more computationally expensive than

conventional fast searching methods. However, our primary concern was

sensitivity and we had unlimited computational resources.

A simple PERL program for matrix construction and database searching.

The Practical Extraction and Report Language (PERL) was ideal for our

purposes (Wall and Schwartz, 1991). PERL implements tools for data

:
- º
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manipulation and extraction and also contains an efficient implementation

of regular expression pattern matching routines (Friedl, 1997). We wrote a

simple program that, when given a list of destruction boxes and a database to

Search against would compile a matrix based on those destruction boxes and

pattern match the destruction box matrix against the database. The complete

Source code for the program is listed in Figure 3. In order to ensure complete

coverage of the genome, we allowed any position to contain any amino acid

and we searched every nine amino acid block in the yeast genome. Each block

was scored using the matrix constructed from the input destruction box

sequences. Following scoring, the destruction boxes were ranked according to

their scores and then identified using the information published by the

Saccharomyces Genome Database (SGD). Identification was done based on

the most current version of the file "ORF_table.text" available by ftp from
genome-ftp.stanford.edu.

Results

Identification of destruction box containing proteins.

The top ten scoring destruction boxes from searching the yeast genome

are displayed in Figure 4. Figure 4A shows the results from searching the

yeast genome with a matrix containing the four S. cerevisiae B-type cyclins

(CLB1-4), ASE1, PDS1, the S. pombe cyclin cdc13 and the cut2 protein. The

destruction box prediction program detects the four budding yeast B-type
cyclins as the highest scoring destruction boxes in the genome. This is in

contrast to the FASTA search results shown in Figure 4C where only one of
the four B-type cyclins ranked in the top ten search results. The results of this

:
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type of matrix searching are entirely dependent on the sequences used to
build the matrix. We therefore altered the destruction box matrix to include

all the destruction boxes listed in Figure 2. Results from this search are

shown in Figure 4B. The searching program still scored three of the four

yeast B-type cyclins in the top ten but CLB2 fell to position number seventeen

in the results. The rearrangement in scores is accounted for by the difference

in the destruction box matrix representing the majority of cyclins versus the

matrix representing only yeast proteins. As a futher comparison we

constructed a 'profile' from the yeast proteins and searched this profile

against the same yeast database using the profilesearch method developed by

Gribskov et al (Gribskov et al., 1990; Gribskov et al., 1987). The Gribskov

method was also effective, finding three out of the four B-type cyclins. The

profile searching approach, however, gave significantly different results apart

from the cyclins (Figure 4D). The divergence between the results using our

regular expression matching approach and the profilesearch method may be

explained by a number of differences between the methods. The

profilesearching method normalizes scores as a function of their length.

Thus, a high scoring destruction box in a long amino acid sequence will

receive a lower score. In addition, score assignment is also modified using

predicted evolutionary distances between amino acids. Using the Dayhoff

evolutionary distance matrix, scores are positively or negatively weighted

based on the likelihood that a change between two amino acids would occur

during evolution (Dayhoff, 1965). The differences between our linear scoring

scheme versus the weighted scheme used by Gribskov et al. may account for
the differences in results.

New candidates for CycloSome/APC mediated proteolysis,

º

-
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We examined the results from our database searching method to

determine whether specific proteins ranked highly using different destruction

box matrices. We describe four potential candidates that gave high scores

using different matrices and have some known function. The first candidate

protein, known as Hsl1, was isolated because mutations in the gene cause

cells with mutations in histone H3 to die (Ma et al., 1996). The isolation of

the gene revealed that it was homologous to the nim.1 protein kinase that

promotes the entry into mitosis in S. pombe (Coleman et al., 1993; Parker et

al., 1993; Tang et al., 1993; Wu and Russell, 1993). Destruction of the Hsl1

protein at the metaphase to anaphase transition would inhibit mitosis and

thus help drive cells through anaphase and ensure that cells exit mitosis

properly. We have attempted to detect Hsl1 protein levels in cells by tagging

the Hsl1 protein with an epitope recognized by a monoclonal antibody against

the influenza hemagglutinin protein. Even when overexpressed under

control of the GAL1-10 promoter we were unable to detect the Hsl1 protein

(data not shown).

A second protein that consistently scored well in our matrix searching

approach was the Sir4 protein. The Sir4 protein is required for the
establishment and maintenance of silent heterochromatin at telomeres in

yeast (Laurenson and Rine, 1992). Sir4 was recently shown to interact tightly

with Sir2, Sir3 and two other proteins. One of the other proteins was shown

to be a deubiquitinating enzyme that inhibits telomeric silencing (Moazed

and Johnson, 1996; Moazed et al., 1997). The Sir4 protein has been shown to

oscillate during the cell cycle much like the Clb2 protein in yeast. In addition,

mutations in components of the Cyclosome/APC cause stabilization of the

Sir4 protein. Finally, mutation of two potential destruction boxes in the Sir4

.
º

I

;

146





protein causes stabilization of Sir4 protein (D. Moazed and A. Johnson,

unpublished data). It may be that destruction of a silencing protein like Sir4 is

required to remove and then reestablish the silent chromatin state during the

cell cycle. It is known progression through replication is required to

reestablish silencing in S. cerevisiae. Establishment of silencing may reflect

the resynthesis of Sir4 after passage through mitosis and Start.

The third protein, YPL183, was recently identified in a screen for

proteins that caused death to a cell lacking the kinesin motor Cin8 (Geiser et

al., 1997). The PAC1/LIS-1 protein was found to be homologous to a gene

implicated in the neurological disorder Miller-Deiker Lissencephaly (Dobyns

et al., 1993). Recent work has identified this protein as having a role in

stabilizing microtubules. In the presence of the LIS1 protein the catastrophe

rate of microtubules decreases, resulting in longer, less dynamic microtubules

(Sapir et al., 1997). Destruction of this protein at the end of mitosis would

cause the destabilization of microtubules as cells enter into interphase.

However, this is inconsistent with the known changes in microtubule

dynamics in cells that normally undergo a transition from dynamic mitotic

microtubule arrays to stable interphase microtubule arrays (Mitchison, 1989).

An alternative possibility is that destabilization of microtubules at the end of

anaphase may be required for the disassembly of the mitotic spindle prior to

cytokinesis.

The yeast RadS2 protein is also an interesting candidate for proteolysis.

Rad52 is involved in double strand break repair and recombination (Friedberg

et al., 1991). In two hybrid interaction screens using the human RadS2

protein, RadS2 interacts with the ubiquitin like protein Ubl.l/Smt3 and with

the ubiquitin conjugating enzyme Ubc9 (Shen et al., 1996a; Shen et al., 1996b).

RadS2 has also been reported to have high protein levels in S and G2/M and

;
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low levels in other cell cycle phases. Cells with DNA damage arrest in

response to the damage and prevent the proteolysis of B-type cyclins. If

proteolysis is blocked in a DNA damage arrest, Rad52 might be stabilized

allowing the cell to repair the damaged DNA. It is unclear why RadS2 would

need to be proteolyzed after mitosis. One possibility is that there is a

deleterious effect of the presence of RadS2 in late anaphase or prior to the

initiation of S-phase.

Conclusion

The proteolysis of substrates important for the passage through mitosis

is regulated by a short, degenerate amino acid sequence called the destruction

box. Using a sensitive pattern matching technique we have identified a

number of proteins that contain potential destruction boxes. Preliminary

biochemical data suggests that at least one candidate is a true substrate of the

Cyclosome/APC. The ability to distinguish true destruction boxes from

destruction box like sequences will be strengthened as biochemical data

verifies or rejects the candidate destruction box containing proteins. Once a

more widespread family of proteins that contain true destruction boxes is

known we can strengthen our analysis by including new sequences into the

matrix used to search databases. Our analysis is not limited to destruction

boxes. Any family of sequences can be used to construct a searching matrix to

use against any database. We hope that an iterated approach to searching and

identification of destruction box containing proteins will lead to the

identification of novel substrates for the Cyclosome/APC.
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Figure Legends

Figure 1 - Matrix representation of destruction box sequences

Destruction box sequences can be aligned to create a matrix

representing the frequency of amino acid appearance at each position. (A)

Alignment of all known yeast (S. cerevisiae and S. pombe) destruction box

sequences. (B) Matrix representing the number of times each amino acid

appears at each position in the destruction box. The "ideal" destruction box is
listed below the matrix.

Figure 2 - List of known destruction boxes in eukaryotes

All sequences of cyclin destruction boxes were retrieved from the

genbank, pir, Swissprot, and EMBL databases and checked for redundancy.

Column 1, 2 and 3 contain the sequences of the destruction boxes, the

accession numbers for the destruction boxes and the name of the cyclin and

genus and species of the organism. The last four sequences represent

functional destruction boxes in non-cyclin proteins.

Figure 3 - A PERL program to compare destruction boxes against sequence
databases

The PERL souce code of the destruction box prediction program. The

source was written and run using PERL version 5.01 on a DEC station alpha

OSF1 running UNIX BSD v3.2. The same source has been run on a

Macintosh running system MacOS 7.6 or 8.0 using MacPERL v5.

.
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Figure 4 - Comparison of different search methods

Different search methods were used to identify destruction box

sequences in the yeast genome database. In each case Column 1, 2, 3 and 4

represent the score from the database search, the destruction box sequence

identified, the open reading frame designation of the destruction box

containing protein and the identity (if known) of the open reading frame. (A)

Results from searching a matrix comprised of only yeast destruction box

containing sequences represented in Figure 1 against the yeast database. (B)

Results from searching a matrix comprised of all destruction box containing

sequences represented in Figure 2 against the yeast database. (C) FASTA

search results using the "ideal" destruction box sequence shown in Figure 1.

(D) Results of the Profilesearch method using the known yeast destruction

boxes from Figure 1.
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DestBox RRALSDIKN RRALGDIGN RAVLGDISN RAPLGNITN RRALGVINQ RASVGSLGN RRALGVINQ RRALGDIGN RRALGDIGN RQYLGDVSN RAALGDVSN RKALGDIGN RTILGNVTN RLALNNVTN RVALSDVTN RVALGDVTS RRALTDVPV RTVLSDVSN RHALDDVSN RVVLGVLTE RAALGTVGE RVVLGEISN RSILGVIQS RAALAVLKS RAALKTGNA RSALGTITN RAALGVITN RQVLGDIGN RAALGNISN RCALENISN RAALGEIGN RTALSNISN
Acc#

D57742 S49904 S53003 S5300.4 S566.79
C
57.742 CG1B_MEDVA CG21_ANTMA CG22_ANTMA CG21_CANAL CG21_EMENI CG21_SOYBN CG21_YEAST CG22_YEAST CG23_YEAST CG24_YEAST CGS5_YEAST CG22_SCHPO CG23_SCHPO CG2A_CARAU CG2A_CHICK CG2A_DAUCA CG2A_DROME CG2A_HUMAN CG2A_MESAU CG2A_PATVU CG2A_SPISO CG2B_ARATH CG2B_ARBPU CG2B_ASTPE CG2B_CARAU CG2B_CHLVR

NameandSpecies cyclinIIImaize(Zeamays) cyclincommontobacco(Nicotianatabacum) cyclinrape(Brassicanapus) Cyclinrape(Brassicanapus) cyclinIIIalfalfa(Medicagosativa) CyclinIImaize(Zeamays) cyclin
B

(Medicagovaria) cyclinA/Bgardensnapdragon(Antirrhinummajus) cyclinA/Bgardensnapdragon(Antirrhinummajus) cyclinB1
(Candidaalbicans) cyclin

B

(Aspergillusnidulans) cyclin
B
soybean(Glycinemax) cyclin

B
CLB1buddingyeast(Saccharomycescerevisiae) cyclin

B
CLB2buddingyeast(Saccharomycescerevisiae) cyclin

B
CLB3buddingyeast(Saccharomycescerevisiae) cyclin

B
CLB4buddingyeast(Saccharomycescerevisiae) cyclin

B
CLB5buddingyeast(Saccharomycescerevisiae) cyclin

B

Cig2/CyclTfissionyeast
(Schizosaccharomycespombe) cyclin

B
Colc13fissionyeast
(Schizosaccharomycespombe) cyclin

A

goldfish(Carassiusauratus) cyclin
A
chicken(Gallusgallus) cyclin

A
carrot(Daucuscarota) cyclin

A
fruitfly(Drosohilamelanogaster) cyclin

A
human(Homosapiens) cyclin

A
goldenhamster(Mesocricetusauratus) cyclin

A
commonlimpet(Patellavulgata) cyclin

A

atlanticsurf-clam(Spisulasolidissima) cyclinA/Bmouse-earcress(Arabidopsisthaliana) cyclin
Bseaurchin(Arbaciapunctulata) cyclin

B

starfish(Asterinapectinifera) cyclin
B

goldfish(Carassiusauratus) cyclin
B
hydra(Chlorohydraviridissima)
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RGALSDLTN RAALGDLQN RGALENISN RRALGGINQ RSALGDIGN RNTLGDIGN RTVLGVIGD RTVLGVLTE RTVLGVLQE RTALGDIGN RTALGDIGN RTALGDIGN RTALGDIGN RTALGDIGN RTALGDIGN RAVLEEIGN RAVLEEIGN RAVLEEIGN RAALGEIGN RSAFGDITN DestBox RQLFPIPLN RLPLAAKDN RAPLGSTKQ RTVLGGKST
CG2B_DICDI CG2B_DROME CG2B_MARGL CG2B_MEDVA CG2B_PATVU CG2B_SPISO CGA1_XENLA CGA1_MOUSE CGA2_XENLA CGB1_CRILO CGB1_HUMAN CGB1_MESAU CGB1_MOUSE CGB1_RAT CGB1_XENLA CGB2_CHICK CGB2_MESAU CGB2_MOUSE CGB2_XENLA CGB3_CHICK Acc

#

ASE1_YEAST PDS1_YEAST CUT2_SCHPO CUT2SCHPO
>

cyclin cyclin Cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin cyclin Cyclin Cyclin Name ASE1buddingyeast PDS1buddingyeast CUT2–1fissionyeast CUT2–2fissionyeast
i

i A2 B1 B1 B1 B1 B1 B1 B2 B2 B2 B2 B3
CLB1slimemold(Dictyosteliumdiscoideum) fruitfly(Drosohilamelanogaster) spinystarfish(Marthasteriasglacialis) (Medicagovaria) commonlimpet(Patellavulgata) atlanticsurf-clam(Spisulasolidissima) africanclawedfrog(Xenopuslaevis) mouse(Musmusculus) africanclawedfrog(Xenopuslaevis) chinesehamster(Cricetuluslongicaudatus) human(Homosapiens) goldenhamster(Mesocricetusauratus) mouse(Musmusculus) rat(Rattusnorvegicus) africanclawedfrog(Xenopuslaevis) chicken(Gallusgallus) goldenhamster(Mesocricetusauratus) mouse(Musmusculus) africanclawedfrog(Xenopuslaevis) chicken(Gallusgallus)

andSpecies

(Saccharomycescerevisiae) (Saccharomycescerevisiae) (Schizosaccharomycespombe) (Schizosaccharomycespombe)

Figure2.
(cont.)
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#!/usr/local/bin/perl
#################################################
#This program searches a database by constructing a matrix
# from an input family of related sequences (See Gribskov Meth Enz,
1996

#266: 198–212) then uses regular expression pattern matching to search
# the database.
#
#Database format is fasta format with each sequence terminated
#by an asterisk.
# e. g. > COmment
# ASEDRTYFHGILK!"

#This is the current yeast genome database format see http://genome
# ftp. stanford. edu/ the current yeast database name is
orf_trans. fasta # for all the translated ORF's .
#There is also a companion program "Getnames" that will identify the
#sequences by name and print out descriptions of their known
functions.
##################################################
#The following sequences are the default matrix
#ASE1 RQLFPIPLN
# PDS1 RLPLAAKDN
#CLB1 RTILGNVTN
#CLB2 RLALNNVTN

#CLB3 RVALSDVTN
#CLB4 RVALGDVTS
#CDC13 RHALDDVSN

#CUT 2–1 RAPLGSTKQ
#CUT2 – 2 RTVLGGKST
##################################################

Gweightedarray = ();
print "Enter family of sequences separated by colons [e.g.
RQLFPIPLN : RLPLAAKDN) \n";
print "Default Family = <CR-> \n";
print " \t/ASE1 RQLFPIPLN\n\t PDS1 RLPLAAKDN\n \tcLB1
RTILGNVTN\n\tcLB2 RLALNNVTN \n \tcLB3 RVALSDVTN\n\tcLB4
RVALGDVTS \n\tcDC13 RHALDDVSN\n\tcUT2 – 1 RAPLGSTKQ\n\tcUT2-2
RTVLGGKST \n";

chop ($sequences = <>);
print " \nWhich database to search?\n";
chop ($database = <>);
print "\n"What name for output file?\n";
chop (Soutfile = <>);

unless ($sequences) {
$sequences =

"RQLFPIPLN : RLPLAAKDN: RTILGNVTN : RLALNNVTN : RVALSDVTN : RVALGDVTS: RHALDDVSN
: RAPLGSTKQ: RTVLGGKST";

Figure 3.
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# $sequences =
"RRALSDIKN :
: RRALGDIGN :
: RVALSDVTN :
: RVVLGEISN:
: RAALGNISN:

: RRALGGINQ :
: RTALGDIGN :
: RAVLEEIGN :

}
$sequences
@ family =
print
foreach Šmember

"Smember \n";print
Gresidues
push Gaminoarray,

RRALGDIGN :
RRALGDIGN :
RVALGDVTS :

RSILGVIQS :
RCALENISN:

RSALGDIGN:
RTALGDIGN:
RAALGEIGN :

RAVLGDISN:

RQYLGDVSN:
RRALTDVPV :
RAALAVLKS :
RAALGEIGN :

RNTLGDIGN :
RTALGDIGN :

RSAFGDITN :

; # this is all destruction

= ~ tr/a-z/A-Z / ;
split / : /,

"\nFamily members \n";
(G family) {

split //,

$sequence

$member;
[ Gresidues

boxes

S;

] ;

RAPLGNITN :
RAALGDVSN:
RTVLSDVSN :
RAALKTGNA :
RTALSNISN :

RTVLGVIGD :
RTALGDIGN :

RQLFPIPLN :

RRALGVINQ :
RKALGDIGN :
RHALDDVSN:
RSALGTITN :
RGALSDLTN

RTVLGVLTE :
RTALGDIGN:

RLPLAAKDN:

#contruct array of hashes to use as scoring matrix
$ lastres =
foreach $res

foreach Šm (A

}
for Sk (0

$#residues;
(0 . . $la

undef

for $5

stres) {
. . Z) {
SSm;

(A . . Z)
$#aminoarray) {

RASVGSLGN :
RTILGNVTN :
RVVLGVLTE :
RAALGVITN :

: RAALGDLQN :
RTVLGVLQE :
RAVLEEIGN :

RAPLGSTKQ:

RRALGVINQ
RLALNNVTN

RAALGTVGE

RQVLGDIGN
RGALENISN

RTALGDIGN
RAVLEEIGN

RTVLGGKST

if ("$5" =~ / Saminoarray [$k) [Sres ] / ) {

$scoringmatrix [$res ] { $j} = "$$j";

}

}

$$ j++;

#print out scoring matrix
undef Šmaximum;

$#scoringmatrix ) {
undef Gmaxscore;

for $i ( 0

for $donut

}
@newmaxscore =
Šmaximum =
print
}
print
print
chop

n \n" ;

( keys # ($scoringmatrix [Ši ) } ) {
print "SiS donut-$scoringmatrix [Sij ($donut)

e, "Sscoringmatrix [$i ) ($ donut) ") ;push (Gmaxscor

$newmaxscore [0] + $maximum;

<>) ;r

"\n"The maximum possible score =
"\n"What cutoff score? [D

(Scutoff =
efault =

sort ($b <=> Ša } @maxscore;

Šmaximum \n";
1/2 maximum score ) \n";

Figure 3.
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unless ($ cutoff) {
$cutoff = Smaximum/2;

}

#search database with amino acid window
open (DATABASE, "Sqatabase");
open (OUTFILE, ">Soutfile") ;
while (<DATABASE->) {

if (/> / ) { # gets sequence name
$matchstring = () ;
$sequencename = $ ';
next ;

} else { #concatenates sequence file into single line
chop ($ _) ;
$matchstring . = S ;
next until / \* /;

}
while ( Šmatchstring =~ / \w/ig) { #matches each amino acid

$firstmatch = $8: ;
$matchnext = substr ( Š " , 0, $ lastres);
if (Šmatchnext =~ / [A-Z ) ($ lastres } / ig) { #matches next

8 residues
@weightedarray = split ( / " /, $& );
unshift (@weightedarray, $firstmatch);
undef ■ weight;

for $position (0 . . $lastres) {
$residueweight =

$scoringmatrix [$position ) { $weightedarray [$position] };
■ weight = $weight + $residueweight;

#score assignment
}

if (Šweight-$cutoff) {
push (Gname file, "Sweight $firstmatch $8.

$sequencename");
}
}

}
}
@sortedlist = sort ($b <=> $a } @name file; # rank boxes in order of
SC Ore

print OUTFILE G sortedlist;
close (DATABASE) ;
close (OUTFILE) ;

Figure 3. (cont. )
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A BOXSEARCHYEASTONLY C
RVALSDVTN RTILGNVTN RLALNNVTN RVALGDVTS RAALSDITN RHALENVTS RTWLHLVTN RDYLGVVSN RLSLDDVTT RLILPGVGN FASTA

YDL155W YGR108W YPR119W YLR21OW YKL101W YNL118C YLR342W YIL013C YDR332W YBR248C
CLB3 CLB1 CLB2 CLB4 HSL1 PSU1 FKS1 PDR11 HIST

B BOXSEARCH 276 241 240 240 23.9 23.8 236 232 230 230 D

RAALSDITN RTILGPIKN RVALSDVTN RAALGKARN RRSLRDIGN RKALGVITH RVALGDVTS RTILGNVTN RPQLGEIPN RMALVNINN
YKL101W YLR163C YDL155W YOR019W YDR130C YGR002C YLR21OW YGR108W YDR227W YEL046C

PROFILESEARCH
--

RVALGDVTS
HSL1 MAS1 CLB3 (YDR474) NOHOm Sp,At CLB4 CLB1 SIR4 GLY1

RTILGNVTNNYCR108WCLB1

YLR210WCLB4

-
08 45

.
43

.
86

.
13 65

42 41 41 40 36 34 34 34 33 33 114. 113. 111. 111. 109. 109. 107. 106. 106. 106.

RAWGGDVGN
YNL277W YAL009W
MET2

PESIGDVGN RAEVSDVGN RAEVSDVGN LYATGDLGN RATIGLLGN RRSLRDIGN RVALGDVTS QGVLGDIGD VRHVGDMGN
YAL038W YOR347C YCR100C YPI,059W YDR13OC YLR21OW YOR003W YJR104C

SPO7 CDC19 ALD7 NOHOm CLB4 YSP3 SOD1

15. 15. 15. 14. 13 13 13 14. 12 13

40 26
.
86

.
31

sºcº-
.

RVALSDVTN RNALGEVS RQALGSL RKGLGDLTS RLVLGKL RTILGPIKN RRRLGD RATIGLLGN
YDL155W YLR091W YJR038C YGR226C YDL009C YLR163C YNL211C YPL059W
CLB3 MAS1 Figure

4.
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Appendix B

Methods for studying the spindle assembly
*

checkpoint in budding yeast. l
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Introduction

As cells proceed through cycles of growth and division they are often

challenged by environmental insult and injury as well as spontaneous errors

in cellular processes. The response to cell damage requires that cells sense the

damage, arrest the cell cycle, and attempt to repair the lesion. This general

process is known as checkpoint control and is a key mechanism cells employ

to ensure accuracy and fidelity during cell division(Hartwell and Weinert").
Recent work demonstrates that a checkpoint regulates mitosis to ensure the

faithful construction of the mitotic spindle and the proper segregation of the

chromosomes. This mitotic checkpoint, known as the spindle assembly

checkpoint, monitors defects in the assembly of the mitotic spindle and

failure of the kinetochores of paired sister chromatids to attach to opposite 6.

poles of the spindle. In response to spindle depolymerization or incorrect |

attachment of chromosomes to microtubules, the spindle assembly | .
checkpoint arrests cells at metaphase (reviewed in (Wells”)). By preventing | 4

the onset of anaphase until spindle spindle assembly and chromosome ~2

alignment are complete, the checkpoint helps to ensure that each daughter sº
cell will receive an equal chromosomal complement. *

Studies in the budding yeast, Saccharomyces cerevisiae, have º,
genetically defined the spindle assembly checkpoint. A wild type yeast cell

will arrest prior to the initiation of anaphase in response to spindle 'c■ .
depolymerizing drugs such as nocodazole or benomyl. Li and Murray, and R_Y

Roberts and Hoyt first identified components of the yeast spindle assembly sº
checkpoint by isolating mutants that could no longer sense spindle S

depolymerization (mad 1,2 and 3 and bub1,2 and 3 respectively), and thus º,
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continued through the cell cycle in the absence of a spindle, resulting in

death(Li and Murray?, Hoyt, et al.”). Two complementary approaches, studies
on populations of cells and careful analysis of individual cells, have

elucidated the roles of MAD and BLIB genes in sensing and responding to

spindle damage and have helped to classify the biochemical and

morphological hallmarks of the spindle asssembly checkpoint. We describe

both types of analysis in the following sections.

Studying the Spindle Assembly Checkpoint in Yeast

The advantage of studying the spindle assembly checkpoint in budding

yeast is that mutations exist that abrogate the reponse to spindle

depolymerization. When the spindle is depolymerized, wild type yeast

strains fail to initiate anaphase and arrest as large budded cells with a G2 DNA

content. This arrest is thought to be due to the inactivation of the machinery

that degrades B-type cyclins and proteins involved in holding sister

chromatids together(Funabiki, et al.’, Yamamoto, et al.", Yamamoto, et al.’).
The stabilization of B-cyclins results in cells maintaining high Cdc28 kinase

activity which prevents the exit from mitosis.

Populations assays for the spindle assembly checkpoint

The plate assay for benomyl sensitivity

The most easily scored phenotype of a spindle assembly checkpoint

checkpoint mutant is its sensitivity to spindle depolymerizing drugs such as

benomyl. This phenotype alone, however is not sufficient to classify a

167



mutant as checkpoint defective, since many mutants that affect microtubule
assembly are also benomyl sensitive(Stearns, et al.”). The original checkpoint
mutants mad1, mad2, mad3, bub1, bub2 and bub3 were isolated by looking for

cells that would not grow on YPD plates containing benomyl(Li and Murray",
Hoyt, et al.”). In order to accurately assay a yeast strain's sensitivity to
benomyl it is best to test it on plates containing a range of drug

concentrations. YPD plates are made containing 7.5, 10, 12.5 and 151g/ml

benomyl. Benomyl is very insoluble so the drug must be added to hot YPD

media. Benomyl is added from a 10mg/ml stock in DMSO to YPD agar

immediately after autoclaving. Twofold serial dilutions of cells are made

starting with a liquid culture at an OD600 of 1.0 and equivalent amounts of

cells (approximately 2011) are "frogged" onto the YPD +benomyl plates using

a multiwell inoculating tray and a pronged metal inoculator for transferring

reproducible volumes of cell suspensions to an agar plate. (Figure 1A, Dankar

Scientific). The plates are incubated at 23°C for 24–48 hours before scoring the

growth of the transferred cells as a measure of their sensitivity to the drug. It

is best to apply cells in to the benomyl plates as drops of cell suspensions

rather than by replica plating since thick patches of cells often give results that

are difficult to interpret. This is most likely due to different cells in the patch

being exposed to different effective concentrations of the drug. Furthermore,

choosing the proper strain background can facilitate later analysis since

different strain backgrounds exhibit different sensitivities to benomyl. For

example, the A364a strain background is much less sensitive to benomyl than

is W303. Figure 1B shows the sensitivites of three different W303 background

strains (wild type, mad2-1 and tub1-801) to benomyl. The three strains grow

equally well on rich medium lacking benomyl (Figure 1B (top panel). In the

presence of 7.5pg/ml and 10pg/ml benomyl the wt strain is still able to grow.
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The mad2-1 strain dies since it cannot respond to the depolymerization of the

spindle and continues through mitosis and the tub1-801 strain dies since it

cannot recover from spindle depolymerization and rebuild a proper spindle

(Figure 1B middle and lower panels).

The rapid death assay for nocodazole sensitivity

Although the plate assay isolates cells that are sensitive to spindle

depolymerizing drugs it does not distinguish between checkpoint mutations

and other mutations that cause drug sensitivity. Unlike mad or bub mutants,

nocodazole sensitive mutants that affect microtubule stability cannot

proliferate in the presence of benomyl but are not involved directly in the

checkpoint(Straight, et al.”). One way to distinguish between checkpoint and

microtubule assembly mutants is to assay the rates at which they die when

exposed to nocodazole. Starting with cells that are logarithmically growing

(OD600 = 0.3-0.6), the cells are harvested and resuspended in YPD containing

15pg/ml nocodazole. Nocodazole is much more soluble than benomyl and is

also more effective in activating the checkpoint in liquid medium than

benomyl. Two hundred cells are plated on a YPD plate at 0, 3 and 6 hours

after nocodazole addition. Once colonies have formed, viability after

exposure to nocodazole is calculated by dividing the number of colonies

formed at time 0, 3 or 6 hours by the number formed at time 0. Strains that

aggregate should be lightly sonicated to disperse cell clumps before plating.

The rate of death in the presence of nocodazole is an excellent indicator of

checkpoint deficiency. Wild type cells maintain high viability over the 6

hour period of exposure to nocodazole. Checkpoint mutants die very rapidly

often showing a 75% or greater loss of viability after three hours and a greater
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than 95% loss of viability after 6 hours. Mutants that decrease microtubule

stability, such as tubulin mutants, however, die more slowly when exposed to

nocodazole, with significant inviability only apparent 6 hours after exposure

(Figure 2). The rapid rate of death of a checkpoint mutant presumably reflects

its passage through mitosis in the absence of a spindle. Although treatment

of mad mutants with benomyl leads to a high frequency of chromosome loss,

it is not possible to rigorously demonstrate that death is due to errors in

chromosome segregation.

Analysis of Cyclin levels and Cdc28 kinase activity

Wild type yeast arrest in mitosis upon exposure to nocodazole or

benomyl. This arrest is maintained through the stabilization of the B-type

cyclins and the elevation of cyclin B-associated Cdc28 kinase activity. Analysis

of the levels of Clb2 protein (the primary mitotic cyclin in yeast) and the

activity of Clb2-associated Cdc28 kinase activity serves as an excellent marker

for checkpoint arrest. Logarithmically growing yeast cells are arrested in G1 by

treating them with 10pg/ml a-factor in YPD for 3 hours at 24°C. Cells are then

released from alpha factor into YPD containing 15ug/ml nocodazole and

1.5ml samples are harvested every 10 minutes, pelleted by centrifugation for

10 seconds in an eppendorf centrifuge and the cells pellets are frozen in liquid

nitrogen. Alpha factor is added back to the medium 60 minutes after the

initial alpha factor release to ensure that cells do not proceed into a second

cell cycle. Harvested samples are lysed in 1701l lysis buffer (50mM Hepes pH

7.6, 50mM Na-beta-glycerolphosphate, 150mM KCl, 50mM NaF, 1mM EDTA,

1mM EGTA, 0.2% Tween-20, 1mM PMSF, and 10ug/ml each of leupeptin,

pepstatin and chymostatin) by mechanical disruption using glass beads. Cells
º

t
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are disrupted by adding an approximately equal volume of acid washed glass

beads to the yeast in lysis buffer and vigorously agitating the mixture of beads

and yeast in a Bead Beater (Biospec Products) for 1-3 minutes. Lysates are

spun for 5 minutes in a microfuge at top speed and supernatants transferred

to a new tube. Samples are equalized for protein concentration by Bradford

Assay (Bradford") and 15-30pg of total protein is denatured in SDS-PAGE
sample buffer for analysis of Clb2 protein levels by western blotting. Clb2 and

the associated Cdc28 kinase are immunoprecipitated from 100-2001g of the

remaining undenatured lysate and analyzed for kinase activity against

histone H1. Clb2 antibody (0.5-1.0pg) is added to the lysate in a total volume

of 400ml and incubated for 1 hour at 4°C to allow antibody binding. Once the

antibody is bound, 10ul of Protein A Sepharose beads (Pharmacia, Catá17-0469

01) that have been equilibrated in lysis buffer are added and the mixture is

incubated 1 hour at 4°C. The beads are spun out of the lysate and washed

twice with 400ml wash buffer (50mM Hepes pH7.6, 50mM Na-beta

glycerolphosphate, 250mMKCl, 50mM NaF, 1mMEDTA, 1mM EGTA, and

0.1% NP-40). After the second wash, the beads are transfered to a new tube

and washed once more with wash buffer. For H1 kinase assays, the beads are

washed in 400ml kinase reaction buffer (80 mM Na-b-glycerophosphate pH 7.4,

15 mM MgCl2, 20 mM EGTA) then resuspended in 101l kinase reaction buffer

containing 1mM DTT, 2001M ATP, 2.5pg histone-H1 (Boehringer

Mannheim), and 1pCi of g-32P-ATP. The mixture is incubated for 10 minutes

at 30°C then the reaction is stopped by adding 10pil of 2X Laemmli sample

buffer. The reactions are electrophoresed on a 15% SDS-polyacrylamide gel,

dried, and autoradiographed.

Wild type cells released from alpha factor into nocodazole accumulate

Clb2 and its associated kinase activity (Figure 3A left panel). However,
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checkpoint deficient mutants do not sense that the spindle has been disrupted

and continue through mitosis into the subsequent alpha factor block. This is

clear from the drop in Clb2 (Figure 3A right panel) and Clb2 associated kinase

levels (Figure 3B right panel)(Minshull, et al.."). As it does in the rapid death
assay, a tubulin mutant behaves like wild type in these assays maintaining

high levels of Clb2 and Clb2-associated H1 kinase activity (data not shown).

Thus it is clear that one of the primary defects in a checkpoint mutant is its

inability to activate the mitotic arrest characteristic of wild type yeast cells.

Hyperphosphorylation of Mad1 protein

Although the activation of Cdc28 and the high levels of Clb2 serve as

general markers for cells in mitosis, the phosphorylation of the Mad1 protein

serves as a specific marker for cells that have activated the mitotic checkpoint.

The Mad1 protein is normally phosphorylated at a low level throughout the

cell cycle. When the spindle assembly checkpoint is activated, the Mad1

protein becomes hyperphosphorylated and its mobility in SDS-PAGE gels

decreases(Hardwick and Murray”). To assay the modification of Mad1,

logarithmically growing cells are treated with 15pg/ml nocodazole for 3 hours

at 23°C. Cells are then harvested by centrifugation and broken by mechanical

shearing with glass beads in Laemmli sample buffer. Cell lysates are separated

on an SDS-PAGE gel, transferred to nitrocellulose, and then blotted for Mad1

protein using Mad1-specific antibodies (Figure 4). Mad1 protein shows a

dramatic shift in mobility in wild type cells that are treated with nocodazole

indicating that the checkpoint has been activated. The hyperphosphorylation

of Mad1 also serves as an excellent marker for epistatic ordering of genes

involved in the checkpoint pathway. Examination of Mad1
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hyperphosphorylation in mad2, bub1, bub2 and bub3 mutants suggests that

the Bub1 and Bub3 proteins lie upstream of the Mad1 protein, that Mad2

functions upstream or in concert with Mad1, and that Mad3 functions

downstream of the Mad1 protein in the spindle assembly checkpoint pathway

(Figure 4).

FACS analysis of DNA content

When the spindle assembly checkpoint is activated, yeast cells arrest

with a 2C DNA content indicating that replication is complete but anaphase

chromosome separation, cytokinesis, and initiation of the next round of DNA

synthesis have not occurred. Checkpoint deficient mutants, however,

continue through mitosis in the absence of a spindle and start another round

of replication resulting in cells with 4C DNA content(Weiss and Winey”).
The simplest assay for DNA content in yeast is by fluorescence activated cell

scanning (FACS). A logarithmically growing population of cells is arrested in

G1 before replication by treatment with 10pg/ml alpha factor for 3 hours at

23°C. Cells are then released from alpha factor into media containing

15pg/ml nocodazole and 1 ml samples are taken every 10 minutes to assay

total cellular DNA content. At each timepoint, cells are harvested and fixed

in 70% Ethanol for 1hour. Samples are washed twice in 50mM Tris pH 7.5

then digested with 1mg/ml RNaseA in 50mM Tris pH 7.5 for 4 hours at 37°C

followed by 401g/ml Proteinase K for 1 hour at 55°C. Digested cells are then

stained with 501g/ml propidium iodide and lightly sonicated to separate

aggregated cells. The cells are then analyzed by conventional flow cytometry

to assay the DNA content. A wild type population of cells starts with a 1C

DNA content and as it proceeds through replication increases to a 2C DNA
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content. Cells then arrest with 2C DNA content before mitosis (Figure 5 (wild

type)). Checkpoint deficient mutants proceed through replication as wild type

cells do, but rather than arresting at mitosis, continue through the next G1

and replicate their DNA again (Figure 5 (mps 1-1 and mad1-1)). Since cell cycle

progression occurs in the absence of a spindle, chromosomes are mis

segregated and the cells progress to 4C DNA content or become aploid.

Morphological and Single Cell Studies

Analysis of the behavior of single cells in response to spindle

depolymerization reveals aspects of the spindle assembly checkpoint not

observed in studies of cell populations.

The Rebudding Assay -

Wild type yeast cells arrest in response to checkpoint activation as large

budded cells in mitosis (Figure 6A left panel). Because mutants in the

checkpoint continue through the cell cycle in the absence of a spindle they

eventually pass through the subsequent G1 and generate new buds(Hoyt, et

al.”). This rebudding is clearly seen as cells that have two rather than one bud
(Figure 6A right panel). Logarithmically growing cells are placed in the

presence of 15pg/ml Nocodazole for 0, 3 and 6 hours. At each timepoint cells

are fixed in 3.7% formaldehyde for 1 hour at room temperature. Cells are

then vortexed vigorously or sonicated lightly to disperse cell clumps,

examined by bright field, phase contrast, or DIC microscopy and categorized
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into unbudded, large budded and multibudded groups. A wild type cell

arrests in nocodazole and maintains greater than 80% of the cells as large

budded even after 6 hours in nocodazole. Mad mutants, however, continue

through the cell cycle and rebud as shown in Figure 6B.

Formation of Microcolonies -

A distinguishing characteristic of checkpoint mutants is that in the

presence of activators of the checkpoint the mutants divide faster than wild

type cells. These rapid divisions result in death but can be used as a valuable

assay to monitor checkpoint defects. As mad or bub mutant cells go through

rapid divisions on plates containing benomyl they give rise to microcolonies

containing 5-50 cells. Wild type cells show a mitotic delay in the presence of

benomyl, and thus proliferate slower, giving rise to microcolonies containing

fewer cells(Li and Murray”). Logarithmically growing cultures of cells are
arrested in G1 by treatment with a-factor for 3 hours then streaked in a

narrow line onto a plate containing 7.5pg/ml of benomyl. From the streak of

cells, 25-50 arrested cells are micromanipulated into a grid onto the rest of the

plate (Figure 7A). After micromanipulation, each cell in the grid is scored

every three hours for the number of cells produced from each progenitor.

From these experiments it is clear that checkpoint mutants intitally divide

rapidly forming small but dead colonies (Figure 7B (mad2-1). Wild type cells

delay in mitosis (Figure 7B (wt)) but eventually recover from the delay and,
after a day or two, form true colonies. Mutants in tubulin will arrest in

mitosis but do not have the ability to recover form the arrest and thus remain

as a single large budded cell (data not shown).
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Pedigree Analysis of Mitotic Delays -

Most of the techniques employed to study the spindle assembly

checkpoint in yeast depend on microtubule depolymerization to activate the

checkpoint. Chromosome missegregation and kinetochore detachment from

microtubules are also important activators of the spindle assembly

checkpoint. Pedigree analysis of yeast chromosome segregation has been

described previously(Murray and Szostak”). The use of pedigree analysis to
monitor the delay caused by chromosome missegregation has helped to

elucidate the role of the yeast kinetochore in the control of mitosis. Initial

experiments by Wells and Murray monitored the cell cycle delay in cells

containing a short linear minichromosome (a linear plasmid with a

centromere, telomeres and a selectable marker)(Wells and Murray”). A
logarithmically growing population of cells containing the minichromosome

is streaked onto YPD plates. From the initial streak, small budded cells are

micromanipulated into a line of individual cells separated by 5 mm from one

another on another region of the plate. As cells complete cell separation, the

mother and daughter cells are separated from one another and the daughter

cell is moved to another location on the plate. This process is repeated for 4

divisions to generate a pedigree of 16 cells. The total time taken to traverse

the cell cycle is recorded and the cells are allowed to grow into colonies.

Colonies are then replica plated to selective medium to determine which

divisions occured in the presence or absence of the minichromosome (Figure

8A). These experiments demonstrate that wild type cells lacking the short

linear minichromosome divide faster than wild type cells containing the

minichromosome (Figure 8B (compare MAD , plasmid-free and plasmid

bearing cells)). If the same experiment is done in a checkpoint deficient
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background, the delay caused by the linear minichromosome disappears

demonstrating that the presence of the minichromosome activates the

spindle assembly checkpoint (Figure 8B (compare mad1, 2 and 3, plasmid

bearing cells to MAD, plasmid bearing cells)).

Visualization of Chromosome Separation -

A significant problem in the study of yeast mitosis is the inability to

visualize individual yeast chromosomes by conventional microscopic

techniques. Using a novel technique to specifically fluorescently label yeast

chromosomes in living cells, we have examined the effect of checkpoint

mutations on chromosome separation and segregation. A large tandem array

of 256 Lac operator binding sites was constructed by Robinett et al(Robinett, et

al.”). Taking advantage of the high specificity of Lac repressor binding to the
Lac operator and the intrinsic fluorescence of the Green Fluorescent

Protein(GFP), we constructed fusions of the Lac repressor, GFP, and the SV40

nuclear localization sequence (GFP-LacI). We then integrated the array of

operator binding sites into the yeast genome near the centromere of

chromosome III and expressed the GFP-LacI fusion under control of the yeast

HIS3 promoter in these yeast cells. Transcription from the yeast HIS3

promoter is low in rich medium, induced to moderate levels in medium

lacking histidine, and strongly induced in cells treated with the histidine

analog 3-aminotriazole(Struhl and Kill'7) allowing the levels of expression of

the GFP-LacI fusion to be regulated. Once expressed, the GFP-LacI enters the

nucleus, binds to the tandem array in the yeast genome and the chromosomal

locus can be visualized by imaging the fluorescence from the GFP-LacI fusion

by conventional fluorescence microscopy(Straight, et al.” Robinett, et al.”).
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Logarithmically growing cells containing the GFP-LacI fusion and the tandem

lac operator array are induced with 10mM 3-aminotriazole for 30 minutes at

23°C in complete synthetic medium lacking histidine (CSM-HIS) to induce

strong expression of the GFP-LacI fusion. Following GFP-LacI induction the

cells are placed in YPD containing 15pg/ml nocodazole and timepoints are

taken at 0, 3 and 6 hours. At each timepoint cells are fixed for 30 minutes in

3.7% formaldehyde then resuspended in phosphate buffered saline pH7.2

containing 1mM EDTA. Fixed cells are examined by conventional

fluorescence microscopy and the number of cells with separated sister

chromatids is quantified. When the spindle assembly checkpoint is activated

in a wild type yeast cell, the cell arrests with a single large bud and its sister

chromatids still linked, prior to anaphase chromosome separation (Figure 9A

(wt) and 9B (top panel)). A nocodazole sensitive tubulin mutant also arrests

in mitosis with unseparated sisters (Figure 9A (tub1-801) and 9B (middle

panel)), demonstrating that the checkpoint is still intact. In a checkpoint

deficient mutant, the sister chromatid linkage is dissolved as cells proceed

through anaphase in the absence of a spindle. This is easily seen as the sister

chromatids separate and two fluorescent spots appear rather than one (Figure

9A (mad2-1) and 9B (bottom panel)). Since there is no active segregation

apparatus, the sister chromatids passively separate and remain in the mother
cell.

Conclusions

The spindle assembly checkpoint has been best characterized in the

budding yeast, Saccharomyces cerevisiae. Analysis of mad and bub mutants

has revealed some of the biochemistry controlling checkpoint arrest and the
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response to spindle depolymerization. The analysis of cell populations and

single cells demonstrates that the cell cycle proceeds in spindle assembly

checkpoint mutants and that the yeast cell is exquisitely sensitive to

perturbations in the spindle and the kinetochore. It is still unclear why

spindle assembly checkpoint mutants die so rapidly when the spindle is

depolymerized. It may be that chromosome missegregation is the primary

defect in checkpoint mutants exposed to spindle damage or there may be an as

yet unidentified cell cycle event causing cell death. To date, the spindle

assembly checkpoint has been primarily analyzed by studying the behaviors of

cells and cell populations. However, the tools are now well established to

begin unraveling the biochemical events underlying the spindle assembly

checkpoint.
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Figure Legends

Figure 1 - mad and tub mutants are sensitive to benomyl.

A) The innoculating tray and stamp used to frog reproducible quantities of

cells onto yeast plates. An aliquot of liquid culture of each strain is placed in

the rightmost row of cavities, and serial dilutions are performed using the

rows of cavities to the left of the one containing the initial aliquot. The 32

pronged metal device is used to transfer an aliquot of the cells in each cavity

to the surface of an agar plate. B) Wild type, mad2-1, and tub1-801, cells were

serially diluted twofold from a culture at OD600=1.0, with the highest

concentration of cells furthest to the right. Cells were stamped onto YPD

plates or YPD plates containing benomyl. Wild type cells show growth on all

plates while mad2-1, and tub1-801, cells do not grow on plates containing

benomyl.

Figure 2 - mad mutants die rapidly in the presence of nocodazole.

Logaritmically growing cultures of wt, mad2-1, and tub1-801 were treated with

15ug/ml of nocodazole in liquid YPD medium and cells were plated for

viability at 0, 3 and 6 hours on YPD plates lacking nocodazole. The fraction of
viable cells was calculated relative to the number of viable cells at time 0.
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Figure 3 - Checkpoint deficient mutants fail to stabilize Clb2 and Clb2

associated H1 kinase in nocodazole.

Wild type or mad2A cells were released from a-factor arrest into nocodazole

and timepoints were taken every thirty minutes (time 30 omitted). A)

Western blot of Clb2 levels. The position of the Clb2 protein is indicated. B)

Clb2-associated H1 kinase levels measured by a phosphorimager. Histone H1

was phosphorylated using the associated kinase from immunoprecipitations
with anti-Clb2 antibodies.

Figure 4 - Mad1 is hyperphosphorylated when the checkpoint is activated.

Logarithmically growing wild type, mad1, 2, and 3, and bub1, 2, and 3 cells

were treated with 15 ug/ml benomyl for 3 hours then assayed for

modification of Mad1 protein by western blotting. The presence or absence of

benomyl is indicated by the + or - sign respectively. The Mad1 protein band is
indicated.

Figure 5 - Checkpoint mutants proceed into another round of DNA

replication in the presence of nocodazole.

Wild type mps 1-1, and mad1-1 cells were arrested in G1 by treatment with a

mating factor. Cells were then released at 37°C (the nonpermissive

temperature for mps1-1) into medium containing 15ug/ml of nocodazole.

Timepoints were taken every 30 minutes and analyzed by FACS. Arrows
indicate G1 and G2 DNA content.
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Figure 6 - Checkpoint mutants continue to bud in the presence of nocodazole.

Logarithmically growing cultures of wild type, mad2-1, and tub1-801 cells

were treated with 15ug/ml of nocodazole and harvested at 0, 3 and 6 hours.

A) mad2-1 cells continue to bud in the presence of nocodazole as shown by

the presence of two buds rather than one, in this image taken 6 hours after

the start of nocodazole treatment. B) The percentage of cells with multiple

buds was calculated at 0, 3 and 6 hours.

Figure 7 - Checkpoint mutants divide faster than wild type cells in the

presence of benomyl.

A) Cells were micromanipulated into a grid on a plate containing 7.5pg/ml

benomyl. B) The number of cells and buds in each colony is counted at

various times after micromanipulation. The number of colonies with greater

than 2 cells plus buds/colony is shown at each timepoint.

Figure 8 - Checkpoint mutants fail to delay in the presence of linear

centromere containing plasmids.

A) Cells containing a short linear minichromosome are micromanipulated

into a line with each cell separated by 5mm. At each generation, daughter

cells are separated from mother cells and moved to another region of the
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plate (these movements are vertical on the figure as shown). After four

generations the cells are allowed to form colonies and the presence or absence

of the linear centromeric mini-chromosome is assayed by replica plating to

selective medium. B) The total number of divisions with and without the

linear minichromosome and the percentage of those divisions that exhibit a

delay is shown for wild type, mad1, mad2, and mad3 strains.

Figure 9 - Sister chromatids separate prematurely in checkpoint mutants.

A direct fluorescent method for analyzing sister chromatid separation. Wild

type, mad2-1, and tub1-801 cells containing chromosome III marked with the

Lac operator array and expressing the GFP-Lac repressor fusion were treated

with 15ug/ml of nocodazole and assayed for sister chromatid separation at 0, 3

and 6 hours. A) Separation of sister chromatids assayed as the percentage of

cells with two fluorescent dots at 0, 3, and 6 hours after nocodazole treatment.

B) GFP fluorescence (left panels) and DIC (differential interference contrast)

images (right panels) are shown. WT yeast cells treated with nocodazole for 3

hours (top panels). Both cell pairs show a single fluorescent dot. tub1-801 cells

treated with nocodazole for 3 hours (center panels). Both cell pairs show a

single fluorescent dot. mad2-1 cells treated with nocodazole for 3 hours

(bottom panels). Two cell pairs show two fluorescent dots and one shows a

single dot.
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