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The Spindle Assembly Checkpoint in Frog Egg Extracts

Alexis Szidon

Abstract

The spindle assembly checkpoint detects defects in kinetochore-microtubule

attachment and arrests the cell cycle. The checkpoint signal that arrests cells emanates

from unattached kinetochores and negatively regulates a ubiquitin ligase activity, called

the anaphase promoting complex (APC), to affect a cell cycle arrest. This thesis deals

with either end of the pathway. It has been previously shown that chromosomes are

required for the establishment of spindle assembly checkpoint dependent arrest but

neither the nature of the checkpoint signal or the work done by chromosomes to

manufacture and distribute the signal is known. To determine the roles chromosomes

play in checkpoint signaling I reconstituted chromosome dependent checkpoint signaling

in extracts made from Xenopus laevis eggs. By developing an extract condition that

allowed for rapid chromosome removal I was able to ascertain the consequences of

chromosome removal on the maintenance of the spindle checkpoint. I conclude that

chromosomes are enzymatic scaffolds required for the maintenance of the spindle

assembly checkpoint.

Negatively regulating the APC results in the stabilization of anaphase inhibitors

and cell cycle arrest. Although the checkpoint prevents the destruction of cyclin B and

securin, it has little effect on the destruction of cyclin A, which normally occurs before
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the onset of anaphase. I was interested to know how the APC could discriminates

between cyclin A and cyclin B during a checkpoint-dependent arrest.

The approach I took was to analyze the effect of the checkpoint on existing

mutants of cyclin A to find the sequence determinants that made cyclin A destruction

resistant to the checkpoint. This property depends on two motifs, the destruction box in

the N-terminus of cyclin A and the “hydrophobic patch” reported to be involved in

substrate recognition by the Cdk-cyclin A complexes. Interfering singly with either motif

prevents cyclin A destruction in the face of the checkpoint, but fails to prevent cyclin

destruction at the metaphase to anaphase transition.

s :
* * *
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Chapter 1

Introduction



Introduction

The fidelity of key transitions of the eukaryotic cell cycle is under surveillance by

checkpoints which can detect errors and arrest the cell cycle. The spindle assembly

checkpoint is one such surveillance mechanism that insures chromosome segregation

occurs only when each pair of chromosomes is bi-oriented and stably attached to the

mitotic spindle. Upon stable bi-orientation on the mitotic spindle, chromosomes separate

from their sister pair and then segregate to opposite poles thereby insuring equivalent

genetic complements to each of the daughter cells. If such a checkpoint were not in

place, the error rate of the processes involved in bi-orienting chromosomes would result

in anueploidy and genetic instability (for review see (Nasmyth, 2002), (Kolodner et al.,

2002), (Maser and DePinho, 2002)). Genetic instability and aneuploidy are hallmarks of

cancerous cells.

All checkpoints have a similar architecture that involves a detection mechanism,

an amplification and transduction mechanism and an effector that inhibits cell cycle

progression, and in some cases, activates repair pathways. This conceptual framework is

helpful when considering the phenomenology of the spindle checkpoint: 1. What does

the the checkpoint detect? 2. How is detection amplified and translated into a

checkpoint signal? 3. What is the downstream target of the checkpoint that allows for a

reversible cell cycle arrest and the opportunity to repair damage? These fundamental



questions were in place when I began my work and much progress has been made to

answer them.

I. What does the spindle assembly checkpoint detect?

Insight into error detection arose well before the notion of checkpoint was

formalized. The observation that spermatocytes in some mantid species would never

undergo anaphase if their chromosomes were misaligned was an early indicator that

chromosome congression or bipolar attachment are prerequisites for anaphase in some

cells (Callan and Jacobs, 1957), (Li and Nicklas, 1997). Additonally, chemicals like

colchicine, colcemid and nocodazole which were known to depolymerize microtubules

were observed to lengthen the time cells spent in mitosis but had no effect on the rate at

which cells entered mitosis (reviewed in (Rieder and Palazzo, 1992)).

More recent inroads into the problem of error detection by the SAC have been

fueled by advances in microscopy/laser surgery/live cell imaging and intellectual

advances in the identification of spindle checkpoint genes. As has always been the case

with checkpoint study, as the understanding of the cell cycle became more sophisticated,

the plausible mechanisms for arresting the cell cycle revealed themselves. In an

experiment designed to test if the checkpoint signal that arrested the cell cycle was

generated by a single unattached kinetochore, Reider and colleagues ablated the



unattached kinetochore and observed anaphase progression with kinetics that closely

resembled a normal anaphase (Rieder et al., 1995). This work was significant in

demonstrating the origin of the checkpoint signal but it also fueled debate as to the nature

of the detected insult. A mono-oriented chromosome could be detected as a defect in

kinetochore attachment whereby microtubule bindng sites at one of the two kintochores

are unoccupied. Alternatively, mono-orientation could be detected as a lack in tension

since tension exerted on a mono-oriented kintochore is less than the tension exerted by

microtubules from opposite poles on kinetochores of bioriented sister chromatids.

"Attachment-sensing" advocates explained Rieder's result as evidence for microtubule

attachment sensing by arguing ablation of the kinetochore eliminates empty microtubule

binding sites thereby satisfying the checkpoint and allowing anaphase to proceed in the

absence of tension. "Tension-sensing" advocates rebutted this by claiming ablation of the

kinetochore inactivates checkpoint signalling and anaphase simply reflects checkpoint

bypass.

Compelling arguments have been made for tension-sensing or attachment-sensing

mechanisms by using different techniques and experimental systems. In experiments

where chromosome attachment to one of two spindle poles is disrupted by a microneedle,

Li and Nicklas show that by tugging on a mono-oriented chromosome in a way that



mimics biorientation, they are able to restore tension, satisfy the checkpoint and allow

anaphase progression in mantid spermatocytes (Li and Nicklas, 1995).

Several important findings came together to offer a compromise between the

seemingly disparate explanations for what the checkpoint was sensing. The first came

with the ability to monitor checkpoint activation at a particular kinetochore by 3F3-2

phosphoepitope staining (Gorbsky and Ricketts, 1993), (Li and Nicklas, 1997). The

second was the growing sophistication in the experimental applications of chemical

inhibitors and an improved understanding of microtubule dynamics.

Two major classes of microtubule inhibitors exist. One class of molecules

destabilizes microtubules while the other the other hyper-stabilizes microtubules (for

review of both classes see (Sorger et al., 1997)). Inhibitors of the second class like taxol

and low levels of vinblastine can be used to create a condition whereby tension and

microtubule attachment are uncoupled from one another. The consequence of hyper

stabilzed microtubules is the reduction of tension at kinetochores despite any measurable

effect on microtubule attachment. The reduction in tension is measured by the change in

inter-kinetochore distance between bi-oriented sister kinetochores; in the unperturbed

condition sister kinetochores are stretched apart while in taxol treated cells sister

kinetochores are closer together. In this context the spindle assembly checkpoint

activates, as evidenced by cell cycle arrest, 3F3-2 staining at the kinetochores and the



stabilization of anaphase inhibitors like cyclin B ((Waters et al., 1998), (Skoufias et al.,

2001), (den Elzen and Pines, 2001). Interestingly, though the checkpoint activates, only

a sub-set of the checkpoint proteins localize to the kinetochore (Skoufias et al., 2001),

(Nicklas et al., 2001). Increasing the dose of vinblastine destabilizes microtubules and

increases the accumulation of another sub-set of checkpoint proteins (checkpoint proteins

will be discussed later) (Skoufias et al., 2001). The differential response among

conserved checkpoint proteins with respect to a lack of tension or a lack of attachment

implies the checkpoint is adapted to detect and react to changes in attachment or tension.

The interdependence between microtubule attachment to kinetochores and

tension was extended with the recent observation that tugging on mono-oriented

chromosomes in a way that promotes tension actually increases the kinetochore

microtubule at the attached kinetochore (King and Nicklas, 2000). This result could

argue that tension is sensed by "counting" kinetochore microtubules and that tension

helps kinetochores get over an "attachment threshold." However, this explanation is not

generalizable to all eukaryotes. In budding yeast, where one microtubule binds per

kinetochore, tension can still be sensed as unreplicated chromosomes that are attached

but mono-oriented still activate the checkpoint (Stern and Murray, 2001).



The spindle assembly checkpoint in meiosis

In meiosis, the checkpoint plays a critical role in preventing chromosome non

disjunction in the first meiotic division (Shonn et al., 2000). Checkpoint-deficient cells

(mad2A) lack a tension sensing mechanism and cannot tell if homologs are correctly

oriented on the meiosis I spindle. As a result, the incidence of mis-segregation increases

and spore viability decreases. The checkpoint requirement for proper chromosome

segregation can be bypassed if the cells are delayed in metaphase of meisois I by other

means arguing the role of the checkpoint is not the activation of a repair pathway per se.

Rather, it acts as a timing mechanism that coordinates chromosome separation with

proper spindle attachment by imposing a delay if an error is detected (Shonn et al., 2000).

A satisfying explanation of error detection by the checkpoint is still lacking, and

not likely to come soon. An improved understanding of the interdependence of tension

and microtubule attachment has revealed an impressive plasticity in the sensing of

kinetochore-microtubule interactions. Though our understanding or what the checkpoint

senses is much improved since effort has been focused on this question, much remains to

be sorted out. I set out to determine what kind of work chromosomes do during a

checkpoint arrest by attempting to reconstitute checkpoint activation in a biochemically

tractable system. Chapter 2 of this thesis is an account of my efforts to dissect the role

chromosomes play in checkpoint signaling.



II. How is error detection amplified and translated into a checkpoint signal?

Screens in budding yeast for mutants which could not arrest in the presence of

spindle depolymerizing drugs identified mitotoc arrest deficient (mad 1, 2 3) and budding

uninhibited by benzamidazole mutants (bub 1, 2, 3) (Li and Murray, 1991), (Hoyt et al.,

1991) (Li and Murray, 1994). Subsequent work for other mutants identified alleles of

essential genes CDC55 and MPS1 (Wang and Burke, 1997), (Hardwick et al., 1996),

(Weiss and Winey, 1996). All checkpoint mutants die rapidly in benomyl. Death in

benomyl is a consequence of division in the absence of a spindle resulting in random

sister chromatid segregation and aneuploid cells. Though none of the MAD and BUB

genes are essential, yeast with mutations in checkpoint genes have high rates of

chromosome loss and genetic interactions with mitotic motors, kinetochore components

and factors which control microtubule polymerization (Hardwick et al., 1998), (Li and

Murray, 1991). This suggests that although many checkpoint proteins are extrinsic to the

mechanics which drive the cell cycle, they are essential for survival in competitive

environments.

The identification of the human and xenopus homologs of Mad2 was an important

indication that the molecular components of the checkpoint are conserved among

eukaryotes (Li and Benezra, 1996), (Chen et al., 1996). Since this initial finding, every



eukaryotic genome sequenced includes homologs to checkpoint proteins identified in

yeast (Wassmann and Benezra, 2001). The conservation of the checkpoint across many

experimentally tractable organisms allowed for a cross-pollination of techniques and

ideas as conclusions drawn from one system challenged models built in others.

An example of such cross-species collaboration occurred with the discovery of

the interaction between Slp1 and Mad2 in fission yeast and Mad2 and Cdc20 in budding

yeast (Kim et al., 1998), (Hwang et al., 1998), see also (Schott and Hoyt, 1998). Two

groups generated dominant mutations in CDC20 that blocked its physical interaction with

Mad2. The consequence of these mutations was bypass of the spindle checkpoint. This

result demonstrated unequivocally that Cdc20 is the primary target of the checkpoint.

What was known about Cdc20 at the time its connection with the spindle

checkpoint was elucidated was that it had an essential role in cyclin destruction. cdc20

mutants in budding yeast arrested at their restrictive temperature in mitosis with short

spindles, and high cyclin levels (cell biological and biochemical hallmarks of metaphase

in yeast). Similarly, mutations in the Drosophila homolog, FZY (Fizzy), suggested it was

required for cyclin degradation and anaphase progression (Sigrist et al., 1995), (Dawson

et al., 1995). The fºy/cdc20 mutant phenotype has much in common with a checkpoint

arrest; both arrest the cell cycle at metaphase and both stabilize B-type cyclins. There is,

however, one important difference that will become important for work presented in



chapter 3 of this thesis. Whereas the fºy mutant is defective in cyclin A degradation,

checkpoint arrested cells can still degrade cyclin A normally. This suggests that while

mutations in cdc20/fºy phenocopy many aspects of a checkpoint arrest there still remains

a pool of active or partially active Cdc20 in checkpoint arrested cells.

Investigations into the interactions between checkpoint components and Cdc20

revealed a suite of multi-protein complexes. The complexes that are the most interesting

are those that include or regulate Cdc20 (Hwang et al., 1998), (Hardwick et al., 2000),

(Fang et al., 1998a), (Tang et al., 2001a), (Sudakin et al., 2001). I will review them

briefly.

A complex comprised of Mad2, Cdc20, Bub3 and Mad3 has been identified in

yeast and human cells (Hardwick et al., 2000), (Sudakin et al., 2001). The formation of

this complex depends on Mad 1. A recent structure of Mad2 bound to peptides that mimic

Madl or Cdc20 binding reveal Mad2 takes on a similar conformations in each instance

suggesting the binding between Mad2 and Mad 1 and Mad2 and Cdc20 is mutually

exclusive (Luo et al., 2002). In addition to being required for complex formation, Mad 1

is necessary for Mad2 localization to the kinetochore (Chen et al., 1998), (Chung and

Chen, 2002). Taken together these data suggest a model whereby Madl targets Mad2 to

th kinetochore where it is met by Cdc20 and assembled into a complex with Mad3 and

Bub3.

t

, as "

10



Another complex worth mentioning is the Bub1/Mad3 complex. This

heterodimer has received new interest recently with reports of its ability to inhibit

Cdc20°APC in the absence of Mad2 (Tang et al., 2001a). Considering this result in the

context of two other reports is particularly intriguing. Bubl/Mad3 complexes have been

observed to bind kinetochores that are not under tension, independent of Mad2 (Skoufias

et al., 2001). Also, the checkpoint's ability to monitor activities that depend on Cenp-E, a

mitotic motor required for chromosome congression , depends on Mad3 (Chan et al.,

1999). Taken together, these results support the notion that Mad3/Bub3 complexes sense

tension through an interaction with a mitotic motor (CenpE) and inactivate “APC in

response to a lack in tension.

The Anaphase Promoting Complex

The anaphase promoting complex is a multi-protein ubiquitin ligase that targets

anaphase inhibitors for proteolytic inactivation. Identified initially as an activity that

could ubiquitinate cyclin A and B in clam extracts genetic screens in budding yeast,

parallel purification strategies in xenopus egg extracts and antibody injection experiments

inn human cells all converged to implicate this complex in regulating the transition from

metaphase to anaphase in eukaryotes (Sudakin et al., 1995), (Irniger et al., 1995; King et

al., 1995; Tugendreich et al., 1995) reviewed by (Morgan, 1999).

11



The APC is comprised of 11 subunits that have stubbornly resisted individual

analysis. Little had been gleaned from sequence homology to known proteins until

recently. APC2 shares homology to cullins, a protein family that includes CdcS3, a

component of the Skp1-cullin-Fbox containing complex (SCF) responsible for

ubiquitinating G1 cyclins and mitotic CDK inhibitors (Yu et al., 1998). APC11 is a

RING finger protein with homology to Rbk1/Rocl/Hrt1, another component of the SCF

complex that binds CdcS3/Cull (Seol et al., 1999). The heterodimeric complex of

APC11 and APC2 is sufficient to ubiquitinate cyclin B and securin when supplemented

with the appropriate co-factors (Tang et al., 2001b), Homology between components of

the SCF and APC is particularly tantalizing because the complexes do such similar things

with completely different substrates. Accordingly, it is not surprising to find core

components involved in E2 (review below) or ubiquitin handling to be well conserved

while factors which provide substrate specificity and cell cycle regulation are diverged.

The recent crystal structure of the Cull-Rbx1-Skp1-Fbox**quatenary complex

has important implications for the APC (Zheng et al., 2002). The conserved interaction

between cullin (APC11) and RING finger (APC2) homologs argues the structure of the

active site of these core complexes will resemble one another. The structure of the SCF

implies a mechanism that may also apply to the APC. The cullin component of the SCF

is a rod shaped molecule that makes contacts with the ubiqutin conjugating enzyme or,

12



E2, (reviewed below) at its C-terminus and factors which recognize SCF susbtrates at its

N-terminus (Zheng et al., 2002). Importantly, it does not appear that SCF components

participate directly in the transfer of ubiqutin to the substrate, rather the cullin protein

provides a scaffold whereby the substrates are held in place via specificity factors that

position the substrate to receive ubiquitin from the E2. This helps explain why

determining the E2 for the APC in yeast has been so difficult. It's possible different E2s

could interact with the APC to stimulate catalysis.

Positive regulation of the APC

The APC is activated by Cdc20 and Cdh1 (Cdc20 homolog 1, also known as

Hct1), two similar WD repeat containing proteins that promote APC activity towards

overlapping sets of substrates. Though exceptions exist for the rule, Cdc20 activates the

APC towards destruction box containing substrates while Cdh1 has more relaxed

destruction box recognition but is more efficient at stimulating APC activity towards

KEN box containing proteins. CDC20 is essential in yeast but the cdc20-1 temperature

sensitive allele can be rescued by overexpression of HCTI/CDH1 suggesting the proteins

are partially redundant (Schwab et al., 1997).

Important differences do exist between Cdc20 and Cdh1. Cdh1 is inhibited by

high levels of *CDK (the yeast homolog of *"*CDK) whereas Cdc20 appears to be

13



unaffected (Jaspersen et al., 1999). The second is the fate of the 2 proteins. Cdc20

activates the APC in mitosis and then is itself degraded as Cdh1 loads onto the APC and

drives destruction of destruction box containing proteins like

Ubiquitin mediated proteolyis

Ubiquitin mediated proteolysis requires ATP, ubiquitin, a ubiquitin activating

enzyme, a ubiquitin conjugating enzyme and in some cases, a ubiquitin ligase (Figure 1

1) and reviewed in (Pickart, 2001), (Hershko, 1996; Hershko, 1997)). The activating

enzyme, or E1, is a general activity that is not regulated in a substrate specific way. The

conjugating enzymes introduce the first level of regulation (UBC or E2) by having

substrate preferences. Two classes of Ubcs have been implicated in cooperating with the

APC to ubiquitinate substrates (reviewed in (Page and Hieter, 1999)).

The major regulated step in ubiquitin mediated proteolysis is the ligation of

ubiquitin to the target substrate. This step often requires an E3 or ubiquitin ligase

component. There are two classes of E3 enzymes, the first class uses a reactive cysteine

in a conserved HECT domain (homologous o E6-AP carboxy terminus)to form an E3

ubiquitin intermediate before transferring the ubiquitin to a lysine in the target protein

(Pickart, 2001). The second class, of which APC11 is a member, contain a RING finger

domain which coordinates zinc in a structure important for cognate E2 recruitment

14



(Borden, 2000). RING finger E3s do not accept ubiquitin from an E2 enzyme, instead

their role in catalyzing ubiquitination of substrates is that of a scaffold; positioning the

substrate in an optimal position to react with an E2.

15



Figure 1-1. Ubiquitin mediated proteolysis. Activation of the ubiqutin requires ATP

hydrolysis by the E1 to yield a ubiqutin attached to the E1 through a thiolester bond. The

ubiquitin (Ub) is then passed to a reactive cystein in a conjugating enzyme (E2) which

can then either transfer ubiquitin to a substrate directly or through a E3-Ub intermediate.

The addition of ubiquitin to the substrate is antagonized by ubiquitin hydrolases which

recycle multimeric ubiquitin into ubiquitin monomers. Multi ubiquitination is a

consequence of iterating the ligation reaction multiple times. Activation of ubiquitin and

proteolysis are the only irreversible steps (require ATP hydolysis).

16
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The ligation of ubiquitin to substrates is antagonized by deubitinating activities

known as ubiquitin hydrolases or ubiquitin-specific processing proteases (UBPs) (Lin et

al., 2001). All ubiquitin hydrolases share a common core element essential for catalysis

but diverge significantly at their N-termini. The difference in the N-termini account for

the difference in substrate specificty with regard to linear versus branched ubiquitin

moieties (Lin et al., 2001). Hydrolases are important for ubiquitin recycling and substrate

editing to make sure the wrong proteins do not ger proteolyzed..

The Embryonic Cell Cycle

Through its activators, the APC integrates signals from diverse sources. During a

developmentally imposed arrest in metaphase of meiosis II in frog eggs, the APC is kept

inactive through inhibition of Cdc20 by a mechanism that involves Mos and Emil

(Reimann and Jackson, 2002), (Reimann et al., 2001), (Sagata et al., 1989). Fertilization

of the egg triggers anaphase of meiosis II and subsequent nuclear fusion (Figure 1-2).

Fertilization affects most of its actions on the egg through a calcium wave which can be

mimicked in vitro by pulsing in calcium into meiotically arrested egg extract. The

consequence of the calcium wave is the stimulation of calmodulin dependent protein

kinase II (CMKII) activity and tinactivates Emil and degrades Mos.

18



Subsequent cell cycles are extremely fast. In order for embryonic cells to

complete cycles rapidly these cell cycles are stripped of any quality control mechanisms

and divide without growth until the Mid-Blastula Transition, after which the gap/growth

phases of the cell cycle are introduced and cells begin to differentiate (Figure 1-3)

(Murray and Hunt, 1993).

The calcium lability of the CSF arrest is an important difference between the

spindle checkpoint and CSF arrest. Experimentally this can be exploited by establishing

the checkpoint in a CSF arrested extract and then challenging the extract with calcium to

challenge the checkpoint arrest. In instances where the checkpoint is not fully activated,

extracts can escape into interphase.

19



Figure 1-2. Somatic and embryonic cell cycles. S refers to DNA Synthesis phase when

DNA is replicated. M refers to Mitosis, when replicated DNA is divided. G1 and G2

refer to Gap phases. Embyonic cycles are rapid with S and M phases alternating without

pause. In Xenopus laevis embryos these cycles take 30 minutes. In contrast, the somatic

cycle in X. laevis adults take ~24 hours.
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Figure 1-3. The Embryonic cell cycle. Oocyte begins with 4n because 2 rounds of

DNA replicaton have occurred without chromosome segregation. In order to generate a

haploid egg 2 rounds of chromosome segregation without DNA replication must occur.

Progesterone stimulates the first meiotic division and fertilization stimulates the second.

The second meiotic divsion results in a haploid genome which fuses to the paternal

haploid genome to generate diploid progeny. Fertilization and the first 2 cycles thereafter

can be performed in vitro.

22
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Chapter 2

Chromosome are Enzymatic Scaffolds Required for the Maintenance of the

Spindle Assembly Checkpoint

24



Abstract

The spindle assembly checkpoint detects defects in kinetochore-microtubule

attachment and arrests the cell cycle. The checkpoint signal that arrests cells emanates

from unattached kinetochores, a protein complex that binds the centromere region of

chromosomes. Neither the nature of the checkpoint signal or the work done by

chromosomes to manufacture and distribute the signal is known. To determine the roles

chromosomes play in checkpoint signaling I reconstituted chromosome dependent

checkpoint signaling in extracts made from Xenopus laevis eggs. By developing an

extract condition that allowed for rapid chromosome removal I was able to ascertain the

consequences of chromosome removal on the maintenance of the spindle checkpoint.

The results of the experiments described herein argue chromosomes are required to signal

continuously during a checkpoint dependent arrest. The role of chromosomes as a

scaffold for checkpoint signaling is discussed.
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Results and Discussion

The role of chromosomes in the establishment of the spindle assembly checkpoint

in Xenopus laevis egg extracts had been established previously (Minshull et al., 1994).

Likewise, experiments with mantid spermatocytes and PTK cells provide convincing

evidence that the inhibitory signal generated by the spindle checkpoint originates from

chromosomes that are not stably attached to the mitotic spindle (Rieder et al., 1995) (Li

and Nicklas, 1995). My primary interest was to determine the what role chromosomes

play in the generation of the checkpoint signal by investigating the problem in

biochemically tractable Xenopus egg extracts.

Initially, I was faced with developing a method to rapidly remove chromosomes

from extracts that were checkpoint arrested. Due to the viscosity of the extracts and the

size of the chromosomes, quick spins at maximum speed in a microfuge or airfuge were

insufficient to pellet chromosomes. Diluting the extract with a half volume of XB, a

buffer thought to best approximate physiological conditions within extracts, reduced

viscosity of the extract sufficiently to precipitate chromosomes but could no longer

support checkpoint activity (Figure 2-1). A 100,000 x g supernatant (S100) made from

crude extracts was tested for the ability to support checkpoint activation and was found to

be deficient until supplemented to 10% with crude extract (Figure 2-1). This result
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suggests that the 100,000 x g spin pellets or otherwise inactivates an activity of crude

extracts that is required for checkpoint activation. Whether this activity is an essential

checkpoint component or an uninteresting activity that is permissive for checkpoint

activation remains to be determined.
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Figure 2-1. An extract condition that can support checkpoint activation and allow

for rapid removal of chromosomes by centrifugation. High H1 kinase activity reflects

high levels of CDK and checkpoint activation. Low kinase activity reflects inability to

activate the checkpoint. Numbers above panels indicate minutes after calcium addition.

CCE crude checkpoint extract, CE crude extract (CSF), XB buffer (10 mM HEPES pH

7.6, 100 mM KCl, 1mM MgCl2, 50 mM Sucrose), S100 supernatant from S100 spin of

CE. Crude extracts are too viscous for chromosomes to be removed by

microcentrifugation. Diluting the extract with XB reduces the viscosity but inactivates

the checkpoint. S100 made from crude extract is less viscous but cannot support the

checkpoint. Supplementing the S100 with 10% crude extract allows for checkpoint

activation while retaining the ability to pellet the chromosomes.
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Upon developing a low-viscosity extract condition that could allow both robust

checkpoint activation and chromosome precipitation, I turned my attention to developing

an assay to detect checkpoint activity. Since the target of the checkpoint is Cdc20 and its

subsequent activation of the APC, I developed an assay to detect active APC activity

against a cyclin B substrate in extracts. The assay is grounded in the following:

Cyclin B-Ub conjugates = APC activity - (Ubiquitin hydrolase activity + proteasome activity)

If this argument holds, eliminating ubiquitin hydrolase activity and proteasome activity,

creates a situation in which the rate at which ubiquitin conjugates of cyclin B are formed

is a directly proportional to APC activity. Proteasome activities were inhibited using the

reversible peptide aldehyde inhibitor carbobenzoxyl-leucinyl-leucinyl-norvalinal

(MG115) (Lee and Goldberg, 1996). At a concentration of 1.6 p.M MG115, cyclin B was

stabilized and extracts remained in mitosis (data not shown). The high concentration of

MG115 necessary for proteasome inhibition is likely a consequence of the instability of

the peptide inhibitor in protease-rich egg extracts. Hydrolase activity was reduced via

competition with exogenous monomeric ubiquitin (Avram Hershko, personal

communication). Because the steady state levels of cyclin B ubiquitin-conjugates is a

dynamic balance between ubiquitin ligation (APC activity) and ubiquitin hydrolysis
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(hydrolases), I tested whether reducing hydrolase activity might allow basal levels of

APC activity to destabilize cyclin B. In experiments where different doses of ubiquitin

were added, no effect on the half-life of cyclin B was observed suggesting the regulation

of cyclin B ubiquitination lies primarily with APC activity (data not shown). This

conclusion has also been reached by others using different approaches (Vorlaufer and

Peters, 1998).

Finally, to detect ubiquitination of cyclin B, the N-terminus of Arbacia cyclin B1

was made recombinantly, purified conventionally and radio-labeled with *I (Glotzer et

al., 1991). This fragment of cyclin B has been shown to contain all the information

necessary and sufficient to confer cyclin B-like mitotic destruction (Glotzer et al., 1991),

(King et al., 1996). When added at sufficiently high concentrations, this N-terminal

fragment of cyclin B can act as a competitive inhibitor of endogenous destruction box

containing APC substrates and arrest extracts in metaphase of mitosis (Holloway et al.,

1993).

Figure 2-2 introduces the crude extract APC assay. When a trace amount of

iodinated cyclin B N-terminus was added to extracts supplemented with 1.6 plM MG115

and .5mg/ml ubiquitin the input cyclin substrate became heavily modified. To confirm

the higher molecular bands are ubiquitin conjugates, ubiquitin tagged with 6 histidines

was added to extracts in which cyclin B was known be stable or unstable: CSF extracts
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in which cyclin B is stable, and the same extracts subjected to a calcium treatment that

bypasses CSF arrest (Sagata et al., 1989) and destabilizes cyclin B (figure 2-2). Nickel

affinity purification from either extract condition recovered labeled cyclin. Interestingly,

lower molecular weight cyclin-ubiquitin conjugates can be purified from a condition

when cyclin is stable. The critical difference between extracts that stabilize cyclin (figure

2-2 panel A) and extracts where cyclin is unstable (figure 2-2 panel B) is the

accumulation of higher molecular weight ubiquitin conjugates. These conjugates, present

only in the calcium-activated CSF extract, bind nickel resin with such avidity they can

only be eluted by inactivation of the resin with EDTA (Figure 2-2).
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Figure 2-2. A crude extract assay for APC activity detects cyclin-ubiquitin

conjugates. CSF extract containing *I labeled sea urchin cyclin B1 N-terminus, .5

mg/ml ubiquitin tagged with 6 histidines and 1.6 p.M. MG115 was either activated with

calcium at to (B) or not (A). Numbers above panels indicate minutes after calcium

addition. At tis, extracts were diluted in buffer + 2M urea, poured over nickel resin,

washed and then eluted first with 150 mM imidazole and then with 100 mM EDTA. The

mix lane is equal volumes of the imidazole and EDTA eluate.
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Figure 2-3. A crude extract assay for APC activity is improved with additives that

inhibit the proteasome and ubiquitin hydrolase acivites. Crude egg extract

supplemented with 125I labeled sea urchin cyclin B N-terminus and either nothing, 1.6

pM MG115, .5 mg/ml ubiquitin or both. 125I labeled sea urchin cyclin B N-terminus (*)

runs at the bottom of the acrylamide gel. Ubiquitin conjugates run as higher moleuclar

weight bands corresponding to the number of ubiquitins ligated to the substrate (#).

Numbers under panels indicate minutes after calcium addition.
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Figure 2-3 demonstrates the sensitivity of the crude extract APC assay and the

importance of reducing hydrolase and proteasome activity to detect an increase in APC

activity. Even when no additions are made to the extract, a pulse of ubiquitination can be

observed when a CSF extract is activated with calcium. Adding either MG115 or

ubiquitin, has mild effects on the ubiquitination profile but the synergistic consequence of

both additives is a robust signal corresponding to the activation of the APC.

To test the requirement of chromosomes in the maintenance of the spindle

assembly checkpoint in Xenopus extracts, low-viscosity CSF extracts (90% S100, 10%

crude extract) were arrested with sperm and nocodazole and then spun for 1 minute at

10,000 rpm in an eppendorf 5417C benchtop microcentrifuge and assayed for their ability

to maintain checkpoint activity after being treated with calcium (Figure 3). If pelleting

chromosomes inactivated the checkpoint, then treating an extract that had been spun with

calcium would activate cyclin ubiquitination. If the checkpoint-dependent arrest was

maintained in the absence of chromosomes then the addition of calcium to a spun extract

would not activate cyclin B ubiquitination.

Chromosomes are not required for CSF arrest as cyclin B ubiquitination is

repressed in both the spun (S) and un-spun (U) instances (Figure 2-4). In addition, the

ability of calcium to bypass a CSF arrest and induce APC activation is insensitive to the

presence of chromosomes (Figure 2-4). Chromosomes are clearly important, however, in
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checkpoint arrested extracts, where their removal by centrifugation led to strong cyclin B

ubiquitination after calcium addition. Cyclin B ubiquitination could not be activated by

calcium addition in the corresponding un-spun extracts. To control for the possibility that

centrifugation may have removed an essential checkpoint component other than the
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Figure 2-4. Pelleting chromosomes in a checkpoint arrested extract inactivates the

checkpoint and activates the APC. nocodazole treated CSF extract was either

supplemented with sperm to activate the checkpoint or not. After a 30 minute incubation

to activate the checkpoint, a portion of each of the conditions were removed as the

unspun control (U) and the rest was SPUN (S) to pellet chromosomes. Immediately after

the spin, a portion of each supernatant was aliquoted over 125I labeled sea urchin cyclin

B N-terminus, mixed and activated with calcium. At t0 extracts were activated with

calcium and, at indicated time points, taken into sample buffer, resolved on acrylamide

gels and exposed for autoradiography.
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chromosomes the experiment was repeated with extracts that had been pre-spun before

adding chromosomes. This manipulation failed to affect CSF arrest, checkpoint

dependent resistance to calcium challenge, or the ability of chromosome removal to

abolish the checkpoint (data not shown),

Spinning the extract could have damaged either the extract or the chromosomes.

To test these explanations, two control experiments were performed (figure 2-5). In these

experiments the assay for APC activity was changed. Instead of iodinated sea urchin N

terminal fragment of cyclin B1 being used as a substrate I used the full-length”S labeled

Xenopus cyclin B1 made in reticulocyte lysates. I switched substrates because of the

greater ease of radioactively labeling multiple substrates with *S-methionine.

Additionally, exogenous ubiquitin and proteasome inhibitor are now excluded since the

readout for the assay is the stability of the protein. The correlation between the degree to

which the cyclin B N-terminus becomes ubiquitinated and the instability of the full

length protein is very tight (data not shown but see figures 3-1, 3-2 for a comparison

between half-lives of full-length and the N-terminal fragment of cyclin B1 in extracts).

To rule out the possibility that the pelleted chromosomes were inactivated by

spinning, fresh CSF extract plus nocodazole was added to pelleted chromosomes and

mixed. After a 30 minute incubation to allow the chromosomes time to activate the

checkpoint in these extracts, they were challenged with calcium. The reactivation of the
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checkpoint prevented calcium addition from inducing cyclin B degradation (figure 2-5).

In contrast, the supernatant from the spun extract which had contained the chromosomes

could not stabilize cyclin B, while the checkpoint extract that was never spun could

stabilize cyclin
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Figure 2-5. Spun extracts and pelleted chromosomes retain the ability to reactivate

the checkpoint. Checkpoint arrested extract with reticulocyte translated cyclin B added

to 5% was either spun or not (unspun). After which either fresh nocodazole treated

extract was added to pelleted chromosomes (top panel) or pelleted chromosomes were

remixed back into the supernatant (bottom panel). After 30 minutes at 21° extracts were

activated with calcium and, at indicated time points, portions taken into SDS sample

buffer, resolved on polyacrylamide gels and exposed for autoradiography.
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B (figure 2-5). This result argues centrifugation does not change the pelleted

chromosomes’ ability to activate the checkpoint.

To rule out the possibility that damage due to spinning makes an extract

unresponsive to the presence of chromosomes, pelleted chromosomes were remixed into

the spun extract and assayed for their ability to re-establish a checkpoint-dependent

arrest. Figure 2-6 shows remixing the pelleted chromosomes and extract supernatant

restores the spindle checkpoint. This argues that the physical separation of the

chromosomes from soluble factors, rather than some centrifugation-dependent and

irreversible inactivation of checkpoint components, is what overcomes the checkpoint.

A further explanation for the ability of chromosome removal to inactivate the

spindle checkpoint could be the depletion of essential checkpoint components that

associate with chromosomes. According to this hypothesis, adding sperm to a checkpoint

extract that has been depleted of chromosomes should not restore the checkpoint (recall

nocodazole does not get removed by spinning). Figure 2-6 demonstrates that naive sperm

added to spun extracts can reactivate the checkpoint. The impact of this result is twofold.

First, it is consistent with the idea that chromosome removal does not deplete any

essential checkpoint components. And second, chromosomes must signal continuously to

maintain the spindle checkpoint. This result recapitulates conclusions reached by Rieder

et al on the basis of mono-oriented kinetochore ablation in Ptk cells (Rieder et al., 1995).
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In these experiments, ablating the last unattached kinetochore in a cell overcomes the

spindle checkpoint and allows the cell to enter anaphase.

Models to explain the role chromosomes play in the spindle assembly checkpoint

must address the following observations: the APC is a ubiquitous soluble activity and the
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Figure 2-6 Adding fresh sperm to the supernatant of a spun checkpoint extract

reactivates the checkpoint. Checkpoint arrested extract with reticulocyte translated

cyclin B added to 5% was either spun for 2 minutes at 10,000 rpm or not (unspun). After

the spin, a sample of the supernanat was either supplemented with naive sperm (fresh

chromosomes) or not and left to incubate at 21° for 30 minutes. At to extracts were

activated with calcium and, at indicated time points, portions taken into SDS sample

buffer, resolved on polyacrylamide gels, and exposed for autoradiography.
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signal from one unattached kinetochore can prevent the activation of all APC complexes.

Though there is evidence for localized pools of cyclins being turned over more quickly

than others (Clute and Pines, 1999), (Huang and Raff, 1999), (Raff et al., 2002) and for

differently localized APC substrates degrading with different kinetics, (Parry and

O_Farrell, 2001), embryonic extracts succeed in recapitulating the ordered degradation of

APC substrates without cellular structures (Stewart et al., 1994), (Zou et al., 1999),

(Funabiki and Murray, 2000). As a result, explaining the role chromosomes play in a

checkpoint arrest either involves the diffusion of an inhibitor that is made at the

kinetochore and then binds soluble targets (diffusable inhibitor), or the diffusion of a

target (Cdc20 + APC in this case) which visits unattached kinetochores and is inhibited

(diffusable target).

Both the diffusable inhibitor and diffusable target models require an activity to

reverse the inhibition of the target since biorientation of all kinetochores or the removal

of all kinetochores, rapidly leads to activation of the APC and anaphase progression. The

time between the last kinetochore attaching to the spindle and anaphase onset has been

measured in PTK cells and reported to be 23 minutes (Rieder et al., 1994). This report is

the basis for the prediction that removing chromosomes from a checkpoint arrest might

lead to the activation of the APC but only after the soluble checkpoint signal had been

inactivated or decayed. No lag is observed in figure 2-4 and efforts to introduce a lag by
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the addition of phosphatase inhibitors okadaic acid and microcystin have had no effect on

changing the timing of APC activation (data not shown). The limit of the lag that could

be detected is set by the time taken to spin the extracts, remove the supernatant to a fresh

tube, and add calcium. I estimate this to be on the order of 5 minutes, clearly less than

the 23 minute lag between attachment of the last chromosome and the onset of anaphase.

My results are fully consistent with those of Clute and Pines, who saw that cyclin

destruction began very shortly after the attachment of the last kinetochore to the spindle

and well before the onset of anaphase (Clute and Pines, 1999).

The rapid activation of the APC upon chromosome removal from nocodazole

treated extracts also explained my earlier difficulties in detecting differences between

APCs immuno-preciptiated from checkpoint-arrested and control extracts. Early in my

thesis, I saw that APC immuno-purified from checkpoint arrested extracts was as active

as APC immuno-purified anaphase extracts (Vorlaufer and Peters, 1998), a result that

contradicted the data on cyclin B stability in the extracts from which the APC had been

immuno-preciptated (see half-life data in chapter 3).

Realizing that the checkpoint was rapidly reversed after removal of the

chromosomes from an extract led me to explore faster ways of separating the APC from a

checkpoint-arrested extract. The development of an APC assay sensitive to checkpoint

inhibition involved accelerating conventional immuno-precipitation protocols to assay the
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APC more rapidly. Figure 2-7 shows conventionally immuno-purified APC activity from

a checkpoint arrested extract (top panel) and APC activity immuo-purified with magnetic

beads and rapid washing from a checkpoint extract (bottom panel). Note in panel C that

only the APC purified from an anaphase extract is highly active whereas in panel A, the

APC purified from anaphase, checkpoint arrested and CSF arrested extracts is active.

The material difference between the assays in the two panels is the speed at which the

APC is washed and then assayed. The 15 minute timepoint in C is comparable to the

single timepoint shown in A. Importantly, this effort is the first successful report of the
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Figure 2-7. A novel assay that can detect CSF and spindle checkpoint mediated

APC inhibition. APC was immuno-precipitated from extracts supplemented with non

degradeable cyclin B (A90) and activated with .4mm CaCl2 (anaphase)(1) or interphase

extracts (2) or CSF extracts supplemented sperm and nocodazole and challenged with

.4mm CaCl2 (checkpoint)(3) or CSF extracts supplemented with Xmad2 to 100pg/ml and

challenged with .4mm CaCl2, or unperturbed CSF extracts and assayed for activity

against an iodinated sea urchin cyclin B1 N-terminus. Pharmacia 6MB or Sigma Cl4B

protein A beads were used in the top panel while magnetic protein A beads from Dynal

were used in the bottom panel. Equivalent amounts of antibody, identical wash buffers,

and similar reaction mixes were used in both experiments. The time to wash and assay

for the bottom panel was between 5 and 10 minutes while the same manipulation for the

top panel was on the order of 30-60 minutes. Time points for the bottom panel are as

indicated, Npt=checkpoint.
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purification of inactive APC complexes from CSF extracts (panel C).

The mechanism for CSF mediated inhibition of the APC is not completely

understood. Current models include Emil and Mos acting in concert to mediate CSF

arrest (Reimann and Jackson, 2002). Either way, CSF mediated APC inhibition shares a

peculiar biochemical lability in common with spindle checkpoint mediated APC

inhibition. It's possible this lability reflects tight APC association of an activator that

antagonizes soluble APC inhibitors that gets removed or inactivated with washes.

Alternatively, CSF and spindle assembly checkpoint mediated APC inhibition could go

through a common component whose association with the APC is sensitive to regimes

described used to purify the APC.
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Materials and Methods

Low viscosity extracts

100,000 x g Supernatants.

100,000 x g spins of crude egg extract were done using a Beckman airfuge and

either an A110 or A95 rotor at 4°. The A110 rotor was spun at 80,000 rpm for 30

minutes (k factor at this speed is 16.68). The equivalent spin in the A95 rotor was

determined to be 48 minutes at 80,000 rpm (k factor at this speed is 27). These spins

were calculated to pellet particles 30S and above, keeping most large complexes like the

APC (20s) soluble. Of the 175 pil loaded into A110 tubes, 40-60 pil of supernatant could

be collected.

Crude extracts

Crude extracts were prepared as described in (Murray, 1991) and (Minshull et al.,

1994). XB buffer is 10 mM HEPES (pH 7.6), 100 mM KCI, 1 mM MgCl2 50mM

Suc■ OSC

Pelleting chromosomes from low viscosity extracts

Chromosome pelleting from low viscosity supernatants was performed at room

temperature in a 5417C model eppendorf microcentrifuge. 1-2 minute spins as low as

----

* * *

*"
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7000 rpm and as high as 13000 rpm were performed with little difference in chromosome

depletion. Gentler spins were better for remixing pelleted chromosomes. Nocodazole

added to 10 pg/mL in CSF extracts was required for the unspun and the spun extracts to

behave similarly after spining.

Ubiquitin conjugate purification from egg extracts

Recombinant protein preparation and radiolabeling

6-his ubiquitin was a gift from the Hunt lab and was purified exactly as described

in (Klotzbucher et al., 1996). The sea urchin N-terminus of cyclin B was purified as

described in (Glotzer et al., 1991)

Protein iodination

Iodinated was performed essentially as described in (King et al., 1995) and (Charles et

al., 1998). A more detailed description follows. 20pul of 3 mg/ml Sea urchin N-terminus

was mixed with 100 pil .5M sodium phosphate pH 7.6 and 1 mCi of "I NaI (from NEN

or Amersham 10 pil in NaOH). The tube was then warmed to room temperature and

mixed with 50 pil of 3.6 mg/ml Chloramine T (Fluka) (stock solution made in phosphate

buffer) for 25 seconds. 50 pil of 10mg/ml sodium metabisulphite (Fluka) was used to

quench the reaction and the entire reaction contents was injected into a 3500K slide-a-

lyzer and dialyzed against 250 mls XB at room temperature for 2 hours. Aliquots were
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snap frozen in liquid N2 and used for 4-6 months. This iodinated substrate could be

diluted 20 fold into extracts (as in figure 2-2, 2-3, 2-4) or be used at 10-40x in an

immuno-precpitated APC assay (as in figure 2-7).

In vitro transcription and translation

Performed as described in the Promega TnT product manual. Translated “S-

methionine labeled proteins were diluted into extracts (1/20) that had been treated with

100 pg/ml cycloheximide to halt translation.

Purififying cyclin ubiquitin conjugates.

CSF extracts were made .5 mg/ml 6-his ubiquitin and 1.6 p.M MG115 and

incubated for 20' at 23°. This extract was then activated with .4mm CaCl2, incubated for

5' at 23° then diluted 10-fold in resin binding buffer (2 M urea, .5 M NaCl, 5m M

imidazole, 50 mM Tris-HCl (pH 7.5), 10 mM N-ethyl-maleimide) and mixed with .05-.1

volume equilibrated resin in batch at 4° in an end over end shaker. Resin was washed

with resin binding buffer with decreasing steps of urea e.g. 1.5 M urea, 1 M urea, .5 M

urea and finally no urea, Low molecular weight conjugates were eluted with elution

buffer (20 mM Tris-HCl (pH 7.5), .5M NaCl 150 mM EDTA). High molecular weight

conjugates were eluted with elution buffer + 100 mM EDTA.

-**
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Extract APC assay

Ubiquitin (Sigma) was added to .5mg/ml and MG115 was added to 1.6 p.M in

DMSO. This concentration of MG115 precipitates in the extract and requires careful

mixing and at least a 20 minute incubation with the extract for adequate proteasome

inhibition.

H1 Kinase assays

were performed as described in Minshull et al 1994.
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Immuno-precipitated APC assay

5 pil bead volume of magnetic protein A beads (Dynal) were coated with 2.5 pig of

monoclonal anti-Cdc27 antibody (Signal Transduction Laboratories) diluted 10 fold in

XB. and incubated at room temperature in an end over end rotator for 30-60 minutes.

These beads were then washed 2X with XB , aspirated to dryness and then mixed

carefully with 20-40 pil of egg extract. After a 30 minute incubation at 22° extracts were

either activated with 4 mM calcium or not and left to incubate 10 minutes before loading

tubes into magnetic rack. Bead recovery was fast (2 minutes) in extracts that contained

nocodazole and slow (5 minutes) in extracts that didn't. When it had appeared the

supernatant was cleared of beads, the supernatant was carefully aspirated away with a

p1000 pipetman. The immunoprecipitates were then rapidly washed with twice with XB,

thrice with XB + 500 mM KCl final and .1-.5% triton X-100 Once with XB. While

washing, the tubes were rotated in the magnetic rack to encourage brief mixing. After

washing, (must be less than 10 minutes from the moment extract was removed from

beads) the beads were carefully aspirated and mixed with APC reaction mix essentially as

described in (Charles et al., 1998) with the following modification: egg extract energy

mix was added to 1x to supply ATP. Reactions were incubated at room temperature

(usually 23°) for 10-15 minutes and quenched with SDS sample buffer.
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Chapter 3

A Mechanism for Substrate Discrimination by the APC During a Spindle Assembly

Checkpoint-Dependent Arrest
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Abstract

In response to defects in spindle assembly or chromosome alignment, the spindle

assembly checkpoint prevents the onset of anaphase by inhibiting the anaphase

promoting complex (APC). Although the checkpoint prevents the destruction of cyclin B

and securin, it has little effect on the destruction of cyclin A, which normally occurs

before the onset of anaphase. I was interested to know how the APC could discriminates

between cyclin A and cyclin B during a checkpoint-dependent arrest.

The approach I took was to analyze the effect of the checkpoint on existing

mutants of cyclin A to find the sequence determinants that made cyclin A destruction

resistant to the checkpoint. This property depends on two motifs, the destruction box in

the N-terminus of cyclin A and the “hydrophobic patch” reported to be involved in

substrate recognition by the Cdk-cyclin A complexes. Interfering singly with either motif

prevents cyclin A destruction in the face of the checkpoint, but fails to prevent cyclin

destruction at the metaphase to anaphase transition.
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Introduction

Despite similarities between cyclin A and B, never are their differences more

apparent than in cells that have activated the spindle checkpoint. In this situation cyclin

B is stable but cyclin A is degraded (Minshull et al., 1994), (Minshull et al., 1989). I set

about determining how the APC discriminates between these two substrates. The current

paradigm argues that the checkpoint stabilizes cyclin B by Mad2-dependent inhibition of

Cdc20, a factor required for the ubiquitinating activity of the anaphase promoting

complex (APC) (Fang et al., 1999), (Fang et al., 1998a), (Zhang and Lees, 2001)). This

model is difficult to reconcile with the requirement for Cdc20 in the degradation of cyclin

A (Sigrist et al., 1995), (Dawson et al., 1995), (Lorca et al., 1998). I examined mutatnts

of cyclin A to deduce the sequence determinants that allowed cyclin A destruction

despite activation of the spindle checkpoint.
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Results

Different requirements for degrading cyclin A during a spindle checkpoint

dependent arrest and anaphase

We wanted to determine how cells that had activated the spindle checkpoint

discriminated between cyclin A and cyclin B. The basis of the experiments was to

examine the destruction of cyclin A mutants in frog egg extracts that mimicked either

cells in anaphase or those that had activated the checkpoint. Cyclin A derivatives were

translated in reticulocyte lysate, which was then added to frog egg extracts in which

protein synthesis had been inhibited. To mimic anaphase we added calcium to extracts

that were arrested in metaphase by the presence of cytostatic factor (CSF), which inhibits

APC activity. Calcium addition overcomes the effects of CSF, leading to the activation

of the APC and rapid destruction of cyclin A and B. To establish the checkpoint,

nocodazole and a high density of sperm nuclei were added to CSF-arrested extracts.

After incubation for 30 minutes, calcium was added to the extracts to challenge the

checkpoint. For convenience we used existing mutants of human cyclin A2, but earlier

experiments establish that destruction of the endogenous Xenopus cyclin A is also

resistant to the spindle checkpoint, and the stability of human cyclin A2 mutants in egg
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extracts correlates well with their stability in intact human cells (Minshull et al., 1994),

(Geley et al., 2001), (den_Elzen and Pines, 2001).

The half-lives of human cyclin A2 (HSA2) and Xenopus cyclin B1 (X|B1) in

anaphase and checkpoint arrested egg extracts were determined (figure 3-1). The half-life

of cyclin A does not change appreciably upon activation of the spindle checkpoint, while
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Figure 3-1. Human cyclin A2 destruction in the checkpoint requires an intact

destruction box. Somatic H. sapien cyclin A2 (HSA2), H. sapien cyclin A2 A46-58

(HsA2 Adb) and X. laevis cyclin B1 (XIB1) were translated in vitro and added to CSF

arrested extracts that had been activated with .4mM CaCl2 (Anaphase) or CSF arrested

extracts treated with 9000 sperm/pl and nocodazole and challenged with .4m M

CaCl2(Checkpoint). A representative autorad from a single experiment where cyclins are

listed at top and cell cycle conditions, as described above, listed on left. Time, in

minutes, below autorads (A). Cyclins are cartooned on left with the d box representing

the canonical destruction box, the x box representing the extended destruction box

described by Geley et al 2001, and the cb box representing the cyclin box. The cyclins

and their respective half-lives, in minutes, are graphed on right (B).
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the half-life of cyclin B in the checkpoint is about 8 times longer than in anaphase (figure

3-1). Deleting the destruction box of cyclin A (A46-57) significantly increases the half

life of cyclin A in a checkpoint-dependent arrest. This is striking because this

manipulation makes the mutant cyclin A behave like wild type cyclin B, despite the fact a

motif that is essential for the destruction of cyclin B has been removed from cyclin A. In

short, cyclin A Adb behaves like cyclin B both in anaphase and in a checkpoint

dependent arrest.

Others have reported destruction box independent degradation of cyclin A in

anaphase (Geley et al., 2001), (den_Elzen and Pines, 2001), (Kaspar et al., 2001). In an

effort to generate a completely stabilized cyclin A, progressively larger internal deletions

were made that included the destruction box and amino acids C-terminal to the

destruction box (Geley et al., 2001), (den_Elzen and Pines, 2001). Deletion of residues

47-84 (A47-84) completely stabilized cyclin A in anaphase ((Geley et al., 2001) and

figure 3-2). This led Geley et al (Geley et al., 2001) to conclude cyclin A possessed an

"extended destruction box" that included additional residues beyond the canonical

RXXLXXXXN motif defined by work with cyclin B (Glotzer et al., 1991). Deletion of

19 amino acids C-terminal to the destruction box in cyclin A (A60-79) did not stabilize

the protein in a checkpoint-dependent arrest. This argues that the residues of the

extended destruction box are not involved in destabilizing cyclin A in a checkpoint
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dependent arrest (Figure 3-2), and suggests that there must be other features of cyclin A

that account for its behaving differently from cyclin B.

Destruction determinants in the N-terminus of cyclin A are not sufficient for its

destruction

The effect of deleting the destruction box suggested that there were additional

sequences in cyclin A that regulate its destruction. Since all the known determinants of

cyclin B reside in its N terminus, we asked if the same was true for cyclin A. An

expression construct containing the first 140 amino acids of human cyclin A2 fused to

GFP was expressed in reticulocyte lysates and added to egg extracts. As a control, a

similar construct was made comprising the first 142 amino acids of cyclin B (Figure 3-2).

While the cyclin B N-terminus was degraded with kinetics similar to full length cyclin B,

the N-terminal fragment of cyclin A was indestructible in both anaphase and checkpoint

dependent arrests (Figure 3-2). At first glance, this observation seems to contradict

conclusions reached by den Elzen and Pines (2001) in human cells and Kaspar et al

(2001) in fly embryos. Residues 1-98 of human cyclin A2 fused to GFP was degraded

when injected into HeLa cells (den Elzen and Pines, 2001). Importantly, this destruction

began in anaphase and is probably dependent on "APC which is active in late anaphase

and G1. In contrast, the destruction of full-length cyclin A began much earlier, in
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prometaphase, and is dependent on *"APC (den_Elzen and Pines, 2001), (Sigrist et al.,

1995). Similarly, a construct containing the first 170 amino acids of drosophila cyclin A

can be degraded in an embryo but with a delay (Kaspar et al., 2001). This delay is

explainable by a requirement for "1APC. Early xenopus embryos lack Cdh1 so analysis

of **"APC dependent destruction is not confounded by "APC dependent effects. Our

results are consistent with those of den Elzen and Pines and Kaspar et al in arguing that

the N-terminus of cyclin A is not a substrate of “APC.

.**
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Figure 3-2. Destruction motifs in the N-terminus of cyclin A are not sufficient for its

destruction. As in Figure 3-1 B except with the addition of H. sapiens cyclin A2 A60-79

(HsA2Axb), H. sapiens cyclin A2 A47-83 (HsA2 2A), H. sapiens cyclin A2 N-terminus

(residues 1-140 fused to GFP, HSA2 Nt) and X. laevis cyclin B1 N-terminus (residues 1

142, XlB1 Nt). For reference data from figure 3-1 are given for HsA2 and XIB1. Half

lives longer than the course of the experiment (60 minutes) were arbitrarily given a value

of >60 minutes
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The stability of the cyclin A N-terminus argues that the N-terminus of cyclin A is not

sufficient for “”APC-mediated cyclin A destruction and suggest other destruction

motifs must be present C-terminal to residue 140 that collaborate with the destruction box

to control cyclin A destruction in a checkpoint dependent arrest.

Cyclin A contains additional destruction determinants important for destabilization

during a checkpoint-dependent arrest.

If features of cyclin A outside its N terminus are needed for its destruction, the C

terminal two thirds of the molecule might act as a competitive inhibitor for the

destruction of full length cyclin. Such inhibition should be easiest to see in the presence

of the spindle checkpoint which makes the destruction box of cyclin A mandatory for its

destruction. We competed full-length cyclin A with a recombinant fragment of bovine

cyclin A, missing its N-terminal 171 amino acids (A3 fragment) (Brown et al., 1995). To

control for non-specific effects we monitored the destruction of full length cyclin A2 and

the N terminus of cyclin B in the same extracts. Since the N-terminus of cyclin B

contains all the sequences needed for cyclin B destruction, we expected that the cyclin

A3 fragment would have no effect on the destruction of the cyclin B N terminus. Figure

3-3 shows the dose dependent effect of the A3 fragment on full-length cyclin A stability

in a checkpoint dependent arrest. Relatively mild doses of 100 nM (about 25 times the
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endogenous level (Kobayashi et al., 1991)) have a stabilizing effect in checkpoint

arrested extracts while only higher doses begin to have effects in anaphase. At ten times

this concentration, the body of cyclin A stabilizes cyclin A in an anaphase extract but has

no effect on the stability of the N-terminus of cyclin B. These data argue strongly for the
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Figure 3-3. Protein motifs outside the N-terminus of cyclin A are important for

destruction during a checkpoint arrest. 10 nM, 100nM or 1p, M recombinant bovine

cyclin A A 171 (Cyclin A3) competed against full length H. sapiens cyclin A2 (circles)

and the N-terminus of X. laevis cyclin B1 (arrowheads) in anaphase (top row) or

checkpoint arrested (bottom row) extracts. The A3 buffer control is equivalent to the

1p. M dose.
*:
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presence of a motif on the C-terminal half of cyclin A that is critical for cyclin A

destruction, especially during a checkpoint-dependent arrest.

A plausible explanation for the competitive effect of A3 is competition for CDK

binding. Mutations in the cyclin box of several cyclins have been shown to both prevent

CDK binding and destruction of the cyclin (Stewart et al., 1994). The addition of A3

could be soaking up all of the CDKs thereby stabilizing cyclin A. This explanation

seems unlikely given CDK binding is essential for cyclin destruction in anaphase

(Stewart et al., 1994). If the mechanism of competition of A3 was though CDK binding,

one would expect competition in both checkpoint and anaphase extracts.

The hydrophobic patch of cyclin A is involved in regulating stability.

A candidate destruction motif in the C-terminus of cyclin A was suggested by

studies on cyclin stability in G1 (Sorensen et al., 2001). During this phase of the cell

cycle, cyclin destruction depends on "APC, sequence similarity between Cdh1 and

other proteins that bind cyclin A, led to tests of the hypothesis that Cdh1 binds directly to

cyclin A. The RXL motif, found in Cdk inhibitors (p21) and substrates (Rb, E2F) has

been shown to bind to the “hydrophobic patch” of cyclin A (Schulman et al., 1998).

The crystal structure of cyclin A/CDK1/p27 provided the first glimpse of how the

RXL motif of p27 fit into a peptide binding groove in cyclin A (Russo et al., 1996).
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Interestingly, the helices of cyclin A that made hydrogen bonds with the RXL motif were

within the cyclin box; the domain most highly conserved among all cyclins. At first

glance, it is hard to imagine how specificity could be accomplished through binding a

region of cyclin that is conserved among all cyclins. To solve the mystery of RXL

substrate specificity, a structure of cyclin A•CDK1 bound to a short RXL containing

peptide allowed this interaction to be studied in isolation. This structure confirmed that

the highly conserved residues M210, I213, W217 of the cyclin box do make contacts with

the RXL peptide, but cyclin A makes an additional contact through E220 (Brown et al.,

1999). In cyclin B residue 220 is a glutamine. The ionic pair interaction between the

arginine in the RXL motif and glutamate at position 220 of cyclin A is the critical

interaction which explains kinase substrate discrimination between cyclin A and B

(Brown et al., 1999). I wondered if this difference was exploited by *"APC and could

explain the difference in cyclin stability during a checkpoint-dependent arrest. Aligning

Cdc20 and Cdh1 showed that RXL motif found in Cdh1 family members is also found in

all known Cdc20 homologs (except that of budding yeast) (figure 3-4 and (Sorensen et

al., 2001)). This led us to test whether mutations in the hydorphobic patch of cyclin A or

the RXL motif affected the destruction of cyclin A.

Mutating residues M210. L214 and W217 in human cyclin A2 to alanine yielded

a cyclin (hydrophobic patch mutant or hpm) that can activate CDK against substrates like
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histone H1 but cannot phosphorylate physiologically important substrates (Schulman et

al., 1998), (Cross and Jacobson, 2000). To investigate if mutations in the "hydrophobic

patch" of cyclin A perturb the interaction between cyclin A and Cdc20, I mutated these

residues to alanine and measured cyclin A's half-life in checkpoint and anaphase extracts.

Hydrophobic patch mutations in cyclin A strongly stabilized the protein in a

checkpoint-dependent arrest but have little effect in anaphase (Figure 3-4). The

equivalent mutations in cyclin B do not strongly effect the half-life in either anaphase or

checkpoint-arrested extracts (Figure 3-4). Taken together, these data support the idea that

78



Figure 3-4. The hydrophobic patch of cyclin A is involved in regulating its stability.

Various Cdc20 and Cdh1 homologs aligned with conserved RVL motif highlighted in

grey with the alanine substitutions indicated below (A). Hydrophobic patch mutants of

H.sapiens cyclin A2 and X.laevis cyclin B1 cartooned on left with half-lives in anaphase

and checkpoint extracts graphed on right (B).
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the hydrophobic patch residues of cyclin A participate in specifying destruction during a

checkpoint-dependent arrest.

The interaction between cyclin A and Cdc20 requires the RXL motif of Cdc20 and is

necessary for cyclin A destruction in a spindle checkpoint-dependent arrest.

If the interaction between the RXL motif of Cdc20 and the hydrophobic patch of

cyclin A is essential for checkpoint-resistant cyclin A destruction, mutations in the RXL

motif of Cdc20 should have similar effects to those in the hydrophobic patch of cyclin A.

To test this hypothesis, we asked whether mutations in the RXL motif of Cdc20 affected

the protein's interaction with cyclin A2 We mixed reticulocyte lysate translated HA

tagged Cdc20 and cyclin A, immuno-precipitated Cdc20 and examined the precipitates

for the presence of cyclin A. Wild type Cdc20 recovered wild type cyclin A but

mutations in Cdc20 that substituted the RXL motif with alanine (RXL->AAA) prevented

a detectable association between Cdc20 and cyclin A (Figure 3-5). The reciprocal

interaction was difficult to test rigorously due to the cross-reaction between the antibody

used to immuno-precipitate cyclin A and Cdc20.

To test the significance of the interaction between cyclin A and Cdc20 mediated

by the RXL motif, the RVL->AAA Cdc20 mutant (Cdc20AAA) was added to anaphase

and checkpoint arrested extracts and the consequence on cyclin A half-life determined.

81



The presence of endogenous Cdc20 (approximated to be 10nM in Chung and Chen 2002)

and the limits of reticulocyte translation (no greater than 15nM final in extract) prevent

the ability to supply the Cdc20AAA competitor in excess, nonetheless, a specific

stabilizing effect on the half-life of cyclin A in the checkpoint is observed (Figure 3-5).

82



Figure 3-5. Mutations in Cdc20 that block the association between cyclin A and

Cdc20 also affect cyclin A's half-life. Cyclin A co-immunoprecipitates with wild type

Cdc20 but not Cdc20AAA (A). IPs from lysates not programmed with Cdc20 (1) or

mock-ip'd with uncoated protein A beads are negative controls (4,5). Cyclin A runs as a

doublet. Load (L), immuno-precipitate(IP) and flowthrough (F) are indicated above

panels. Adding Cdc20AAA to a checkpoint arrested extract changes cyclin A's half-life

(B). No addition and addition of equivalent amounts of wild-type Cdc20 does not have

the same effect.
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Discussion

We investigated the destruction of cyclin A mutants in anaphase and checkpoint

arrested frog egg extracts. Sequences outside the N terminus appear to be essential for

cyclin A degradation, especially in the presence of the checkpoint. Mutants in both

cyclin A and Cdc20 support the idea that one of the required interactions occurs between

a hydrophobic patch found in the cyclin box of cyclin A and the cyclin-binding RXL

motif found in the WD-40 domain of Cdc20.

A motif important for kinase susbstrate recognition is borrowed by the destruction

machinery during a checkpoint-dependent arrest.

Whether the HP is a bona-fide destruction motif is difficult to test since the

context surrounding the motif is as important as the motif itself. Cyclin B shares strong

homology with cyclin A in the sequence space where RXL proteins bind but there are

important differences. For example, the glutamate at position 220 in cyclin A forms an

ionic interaction with the arginine in the RXL motif. This interaction is impossible with

cyclin B since the corresponding residue in cyclin B is a glutamine (Brown et al., 1999).

It is possible that stabilizing mutations in the HP actually uncover a requirement

for cyclin A phosphorylation of Cdc20 via interaction between the HP and the RVL

motif. Phosphorylation of Cdc20 by cyclin A•Cdk2 seems to potentiate APC activation
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(Jami Nourse and David Morgan personal communication) arguing the physical

interaction between cyclin A and Cdc20 mediated by RXL and the hydrophobic patch

may only be important for phosphorylation of Cdc20.

It would be interesting to know if other Cdc20 interacting proteins have

developed strategies for interacting with the RVL motif on Cdc20. Testing the

genereralizability of the hydrophobic patch-RVL interaction will involve mutating the

RVL motif in Cdc20 and determining if the stability of other known APC substrates

changes.

The requirement for two destruction motifs during a checkpoint-dependent arrest

could explain why internal deletions between the two motifs stabilize the protein.

Internal deletions in cyclin A1 (A88-144, A90-146, A102-158, A109-161, A101

169, and A80–201) have been shown to stabilize cyclin A in anaphase extracts. Despite

retaining the ability to activate CDKs and maintaining destruction boxes intact these

mutants are indestructible. The involvement of the hydrophobic patch in cyclin A

degradation may begin to explain why.

If 2 contacts between Cdc20 and cyclin A are necessary for degradation during a

checkpoint-dependent arrest, the spacing between the contacts could be critical. Because

the destruction box or the hydrophobic patch is sufficient for degradation in anaphase one
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must imagine a mechanism where one contact sufficiently increases the local

concentration of cyclin A so that productive docking into the reactive site of Cdc20/APC

happens at a high enough frequency for ubiquitination to proceed. In this instance,

changing the spacing of the optimum ubiquitin acceptor site relative to either binding site

would devastate the reaction as binding to Cdc20 and catalysis would become mutually

exclusive.

Multiple destruction motifs decorate cyclin A. Combinatorial regulation of

destruction allows for tremendous specificity in the APC-substrate interaction.

Initial searches for APC substrates purely on the basis of destruction box

homology was confounded by false positives. The discovery of KEN boxes allowed

researchers to refine algorithms and award higher scores to proteins which contain both a

D and a KEN box. Though many demonstrated APC substrates contain either a D box or

KEN box but not both, many substrates contain multiple D box or KEN box cassettes of

which only a subset is necessary for destruction (pombe Cdc13, budding yeast Hsl1). It

is possible the other destruction cassettes are necessary either in a particular context (e.g.

the requirement of the HP of cyclin A is only revealed during a checkpoint-dependent

arrest) or for precise timing of destruction. Xenopus egg extracts do not contain Cdh1

yet they posses the ability to target Cyclin A, B1, B3, Xkid and securin for destruction

87



with detectably different kinetics (Funabiki and Murray, 2000), (Zou et al., 1999),

(Minshull et al., 1994). Prior to this study, differences in timing were explained with

models that invoked changes in localization, specificity factors and accessibility to the

APC. This work suggests a fourth plausible mechanism; fundamental differences in the

way each of these substrates interact with the APC and its activators.
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Materials and Methods

Expression and quantification of “S-Met labeled cyclins

For all the experiments shown, proteins were labeled with *S-methionine in

reticulocyte lysates (TnT coupled translation and transcription system, Promega) and up

to one tenth volume of the labeled lysate was added to cycloheximide-treated Xenopus

egg extracts. Thereafter, time points were taken directly into SDS gel sample buffer,

resolved on SDS polyacrylamide gels, dried and quantified using the FUJI BAS 2000

system.

Determination of cyclin half-life

Direct counts of radioactivity from dried gels were imported into Excel and

transformed in the following way. The first time point was set to one and subsequent

time points were divided by the raw value of the first time point thereby generating

values between 0 and 1. The natural log of these transformed values (+ 4 in order for

values to remain positive) was graphed versus minutes and the slope of the line

determined. The natural log of 2 (.693) divided by the - slope yielded a half-life value in

minutes. Reported half-lives are an average of at least three independent experiments

with the standard deviation being reported as the error.
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Site directed mutagenesis and plasmid construction.

Mutants of cyclin A2, B and Cdc20 as well as the N-termini of cyclin A and B

expression plasmids were generated using Quikchange (Stratagene). The oligonucletide

primers used for generation of the hydrophobic mutations in human cyclin A2: :5'-

ccagacatcactaacagtGCgagagctateCCGgtCgacGCgttagttgaagtaggag-3' and its reverse

complement: 5'-ctcctacttcaactaacGCgtcGacCGCgatagctctcGCactgttagtgat

gtctgg-3'. In addition to mutating residues M210, L214 and W217 to alanine, these

oligonucletides introduce a silent Sall site. The oligonucletide primers used for

generation of the hydrophobic mutations in Xenopus cyclin B: 5'-ggaagtcacaggcaac

GCTcgtgccatCGCgattgacGCTctggtc.caggtgcaaatg-3' and its reverse complement: 5'-

catttgcacctggaccagAGCgtcaatcGCGatggcacgAGCgttgcctgtgacttcc-3'. In addition to

mutating residues M167, L171 and W174 to alanine, these oligonucletides introduce a

silent NruI site. The oligonucletide primers used for generation of the human cyclin A2

N-terminus fused to GFP loop out a portion of the gene. The oligonucleotides for cyclin

A hybridize to the DNA sequence that encode the amino acids PGPRKPL(135-141) and

the DNA sequence that encodes ETLNLRP (428-431 from cyclin A, and linker sequence

immediately upstream to GFP): 5'-cctggacccagaaaaccattgGAGACACTAAATCTGC

GGCCG-3' and its reverse complement, 5'-CGGCCGCAGATTTAGTGTCTCCaatgg
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ttttctgggtc.cagg-3'. An identical strategy was used to make cyclin B N-terminus only in

this instance N-terminal sequences encoding amino acids 137-143 of cyclin B were

grafted directly next to cyclin B's native stop codon and 3'UTR. 5'-GTCAAGGAC

ATTTATGCTTACTGAAGGACTACGTGGCATTCC-3' and its reverse complement:

5'-GGAATGCCACGTAGTCCTTCAGTAAGCATAAATGTCCTTGAC-3'. Xenopus

cyclin B1 cloned in pCEM1 was used as the source plasmid for cyclin B manipulations

while perT7MCS(cyclin/A-GFP) was used for cyclin A constructs. SP6-Human Cdc20

HA was a gift of G. Fang (Fang et al., 1998b). The oligonucletide primers used for

generation of the RVL->AAA mutations in human CDC20: 5'ctcaaaggteacacatccGCA

GCAGCAagtctgaccatgagcc-3' and its reverse complement 5'-ggctcatggtcagact'■ GCTGC

TGCggatgtgtgacctttgag-3'. In addition to mutating RVL to alanines, these oligo

nucleotides introduce a silent SacII site. All clones were verified by restriction digestion

and DNA sequencing.

Expression and purification of cyclin A A171

The bovine cyclin A3 cloned in pET21d was a gift from the Hunt lab. Expression

and induction was done exactly as described in (Brown et al., 1995). Purification over

Nickel resin was performed as described with the following modifications. 1 mM B

mercaptoethanol was used instead of monothioglycerol. 2. no extra MgCl2 was added to
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eluted protein, instead the peak fractions were dialyzed against XB/urea (XB , 10%

glycerol, 2M urea). Dialyzed A3 was aliquoted and snap frozen in liquid nitrogen. The

concentration of cyclin A3 was 280 p.M, the 280 fold dilution into extract (recall the

highest concentration used in extract was 1 p.M) reduced the urea concentration (7mm

final) sufficiently for there to be no detectable effects on extracts.

Immuno-precipitation of Cdc20-HA.

To test interaction of Cdc20 with HsA2 or HsA2hpm all proteins were translated

singly in TnT coupled transcription and translation lysates and then mixed. The mixed

lysate was then diluted 10-fold with bead binding buffer (XB, protease inhibitor cocktail,

1 mM EGTA, 1mM PMSF, 1 mM NaF, 20 mM B-glycerophosphate (pH 7.3).1% Triton

X-100 and 1% skim milk) and mixed end over end at 4° with magnetic beads that had

been coated with 12CA5 anti-HA antibodies and equilibrated in bead binding buffer.

After 1 hour the supernatant was removed and the beads were washed twice with binding

buffer then thrice with (XB, 500 mM KCl, .1% Triton X-100) and then two more times

with XB before being aspirated to dryness and mixed with SDS sample buffer.
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