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Abstract 

New insights into the regulation of the Anaphase Promoting Complex 

Ian Thomas Foe 

 Proteolysis of cell cycle regulators is essential for transit through the cell cycle.  

Much of this proteolysis is mediated by a process called ubiquitination.  Ubiquitination 

occurs via an enzyme cascade and culminates in the covalent attachment of ubiquitin 

moieties to a substrate molecule.  Ubiquitin ligases are essential for ubiquitination and 

select the substrates for ubiquitination.  An example of an Ubiquitin ligase involved in 

cell cycle control is the Anaphase Promoting Complex (APC).  The APC is essential for 

the proteolysis of several distinct molecules at the transition from metaphase to anaphase.  

The destruction of these molecules initiates a series of events that result in the onset of 

anaphase.  The APC is critical for cell cycle progression, and likely because of this 

evolution has created a myriad of ways to regulate its activity including; transcriptional 

regulation, proteolysis, localization, and post-translational modification.  Work presented 

here discusses novel mechanisms for regulating the APC.  The first chapter looks at how 

Cdc20 one of the APC’s mitotic substrate adaptors is proteolysed during the cell cycle.  

This work shows that Cdc20 is turned over via an auto ubiquitination mechanism, and 

this mechanism  is likely influenced by substrate concentration.  Chapter 2 focuses on the 

DNA damage checkpoint and how it directly phosphorylates Apc1 a scaffolding subunit 

of the APC.  Importantly work presented here suggests that this phosphorylation may 

inhibit APC activity during DNA damage helping to enforce the arrest in metaphase seen 

on DNA damage.   
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General Introduction 

 Ubiquitin-mediated proteolysis is a key regulatory mechanism of the cell cycle. 

Ubiquitination occurs via an enzyme cascade culminating in the attachment of ubiquitin 

chains to target proteins.  Substrate selection from the cellular protein pool is 

accomplished by an enzyme called an ubiquitin ligase.  One of the most complex ligases 

known is the Anaphase Promoting Complex (APC), a 1.5 MDalton assemblage of 1-2 

copies of each of 13 different subunits [1, 2], as well as two diffusible mitotic adaptors 

[3-5].  One of the most important functions of the APC is promoting the transition from 

metaphase into anaphase.  The APC accomplishes this through the controlled degradation 

of pds1 and the mitotic cyclins [6, 7] which lead to activation of the protease Esp1 and 

entry into anaphase [8].   

   Due to the importance of the APC in promoting this transition a large amount of 

work has been done to increase our understanding of this ligase.  Previous molecular 

genetics and structural studies have demonstrated that the while the APC is incredibly 

complex, its core can be broken down into 3 distinct subcomplexes [9, 10].  The APC is 

composed of a subcomplex called the platform (Apc1, Apc4 and Apc5), upon which the 

two additional subcomplexes, the TPR and the catalytic subcomplexes are attached [9, 

10].  The TPR subcomplex contains homodimers of three (or four, in metazoans) subunits 

with tetratricopeptide (TPR) repeats (Cdc23, Cdc16 and Cdc27)[2, 11, 12], with the  

Cdc23 homodimer serving as the contact point with the platform region [9, 10].  The 

catalytic subcomplex contains the Cullin (Apc2) and Ring (Apc11) proteins, common to 

this class of ubiquitin ligases [9, 10].  It also contains Doc1 a subunit implicated in 
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substrate binding and is thought to form a co-receptor with the APC’s substrate adaptors 

(Cdc20 and Cdh1) [9, 10, 13-15]. 

 Cdc20 and Cdh1 are thought to function in a similar manner to each other.  Each 

adaptor contains two APC binding motifs, the first of which is a C-terminal Isoleucine-

Arginine motif referred to as the IR domain [16, 17].  The other motif that the activators 

use to bind to the APC is an N-terminal motif called the C-box [18].  In addition to its 

role in binding, the C-Box also appears to have a role in activating the APC towards its 

substrates though [19], the mechanism is poorly understood.  Cdc20 and Cdh1, in 

addition to their APC binding motifs share a third motif called a WD40 domain.  The 

WD40 domain is thought to bind degradation (degron) sequences in APC substrates [20].  

There are many types APC degrons, the most common ones being the Destruction box 

(D-box) [21] and the KEN box [22]. 

 The APC, and in particular its activators, are regulated in a variety of ways.  An 

example is the regulation of Cdc20 transcription and protein levels.  Cdc20 transcripts 

and protein levels oscillate throughout the cell cycle [23, 24].  Cdc20 transcription is shut 

off in G1, rises in late S phase, stays high throughout early mitosis and drops in late 

mitosis [23, 24].  Cdc20 protein levels follow a very similar pattern, with the APC itself 

driving Cdc20 ubiquitination in late mitosis and G1 [23-25].  Another example of APC 

regulation is the inhibition and degradation of Cdc20 during the spindle assembly 

checkpoint [26].  Recently, activator binding to the APC has been shown to be regulated 

by acetylation [27].  The APC is also regulated by phosphorylation.  The phosphorylation 

of the TPR subcomplex is thought to promote Cdc20 binding to the APC [28], while the 

phosphorylation of Cdh1 is thought to inhibit the binding of Cdh1 to the APC [29, 30]. 
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 The work presented here investigates additional and novel means of APC 

regulation.  Chapter 1 focuses on how Cdc20 is turned over by the APC.  In this chapter 

we show that Cdc20 main form of turnover is not mediated by Cdh1 as previously 

thought.  Instead, we show that the majority of Cdc20 turns over via an 

autoubiquitination mechanism.  Importantly, we show that this mechanism is regulated 

throughout the cell cycle and that substrate concentration may influence this mechanism 

of Cdc20 turnover.  In Chapter 2 we show that Apc1, a scaffolding subunit of the APC, is 

direct target of the DNA damage checkpoint.  Importantly, we find that APC substrate 

turnover is inhibited during DNA damage in a DNA damage checkpoint dependent 

manner.  
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Chapter 1 

Ubiquitination of Cdc20 by the APC occurs through an intramolecular mechanism 
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Summary  

 Background: Cells control progression through late mitosis by regulating Cdc20 

and Cdh1, the two mitotic activators of the Anaphase Promoting Complex (APC). The 

control of Cdc20 protein levels during the cell cycle is not well understood.  

Results: Here, we demonstrate that Cdc20 is degraded in budding yeast by multiple 

APC-dependent mechanisms.  We find that the majority of Cdc20 turnover does not 

involve a second activator molecule, but instead depends on in cis Cdc20 

autoubiquitination while it is bound to its activator-binding site on the APC core. Unlike 

in trans ubiquitination of Cdc20 substrates, the APC ubiquitinates Cdc20 independent of 

APC activation by Cdc20’s C-box. Cdc20 turnover by this intramolecular mechanism is 

cell cycle-regulated, contributing to the decline in Cdc20 levels that occurs after 

anaphase.   Interestingly, high substrate levels in vitro significantly reduce Cdc20 

autoubiquitination.  Conclusion:  We show here that Cdc20 fluctuates through the cell 

cycle via a distinct form of APC-mediated ubiquitination. This in cis autoubiquitination 

may preferentially occur in early anaphase, following depletion of Cdc20 substrates.  

This suggests that distinct mechanisms are able to target Cdc20 for ubiquitination at 

different points during the cell cycle.    

 

Introduction 

 Chromosome segregation is one of the most tightly regulated events in the 

dividing cell. Incorrect entry into anaphase can have catastrophic cellular consequences 

ranging from genomic instability to cell death. Anaphase is initiated by the Anaphase-

Promoting Complex/Cyclosome (APC) [31, 32], an E3 ubiquitin ligase composed of at 
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least 13 core subunits [1, 33]. APC function is regulated by association with one of two 

activator subunits, Cdc20 or Cdh1 (also known as Hct1) [3-5]. These proteins are thought 

to function both in the binding of substrates to the APC [18] and APC activation [19]. 

Cdc20 associates with the APC in early mitosis, and triggers anaphase onset by 

promoting the destruction of a subset of mitotic cyclins and Securin (also known as Pds1) 

[6, 7], resulting in the activation of Esp1, and the separation of sister chromatids through 

cleavage of cohesion [8]. In late mitosis and G1, Cdh1 associates with the APC, 

promoting mitotic exit and maintaining low Cdk activity. 

 Both activators contain well-conserved motifs involved in APC and substrate 

binding (Figure 1A). APC binding is mediated by both a C-box motif within the 

activator’s N-terminus [18] and a C-terminal Isoleucine-Arginine (IR) motif [16, 17] 

(Figure 1A). Substrate binding is mediated by a WD40 domain that is likely to interact 

directly with degradation signals found within substrates [20], the most common being 

the Destruction box (D-box) [21] and KEN-box [22]. Processive substrate ubiquitination 

has also been shown to require the core APC subunit Doc1 [16, 34], which is thought to 

function as a co-receptor for the D-box in conjunction with the WD40 of Cdc20/Cdh1 

[14, 15]. 

 The two mitotic APC activators are thought to function analogously, but they are 

regulated in distinct ways. While Cdh1 protein and transcript levels are constitutive, 

Cdc20 transcription and protein levels both oscillate throughout the cell cycle [23]. 

Cdc20 is absent in G1, but begins to accumulate in late S phase, its peak coinciding with 

the initiation of anaphase. Cdh1 is thought to bind an N-terminal D-box within Cdc20, 

leading to the destruction of Cdc20 in late mitosis and G1 [35-37]. However, while Cdh1-
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mediated turnover of Cdc20 is likely important, several studies have suggested that 

Cdc20 is also turned over by Cdh1-independent mechanisms [10, 23, 38]. Regulation of 

Cdc20 levels is very important, as high-level over-expression of Cdc20 is lethal [39] and 

as little as three-fold over-expression of Cdc20 is sufficient to override the spindle 

assembly checkpoint [40].   

 Previously, we found that deletion of Cdc20’s IR domain caused a strong 

accumulation of Cdc20 in vivo [10], which is inconsistent with Cdc20 simply being a 

passive Cdh1 substrate. Here, we show that Cdc20 turnover is fully APC-dependent, but 

does not depend on a second activator molecule. While Cdc20 can be targeted by the 

APC associated with either Cdh1 or, more poorly, by a second Cdc20 molecule (i.e. in 

trans turnover), we find that most turnover in vivo, and ubiquitination in vitro, is 

promoted by direct association with the APC (in cis turnover) (Figure 1B). Consistent 

with this model, we show that processive ubiquitination of Cdc20 does not require Doc1. 

Importantly, we find that Cdc20 levels oscillate independently of CDC20 transcription 

and Cdh1 activity, implying that the in cis autoregulation of Cdc20 turnover changes 

during the cell cycle.  Additionally this regulation can be influenced by the presence of 

APCCdc20 substrates. These findings uncover another mechanism by which the activity of 

the APC is tightly controlled during the cell cycle. 

 

Results 

Cdc20 turnover depends on the APC  

 Cdc20 is thought to be destroyed by both APC-dependent mechanisms [23, 24, 

41] and APC-independent mechanisms [41]. However, previous experiments suggesting 
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APC-independent Cdc20 turnover were performed with temperature-sensitive APC 

mutants, which do not necessarily eliminate all APC function. While the APC is normally 

essential, we have previously shown that deletion of genes encoding two Cdc20 

substrates, Pds1 and Clb5, combined with 10-fold over-expression of the Cdk inhibitor 

Sic1 (SIC110x), allows cells to survive in the absence of the APC [42]. To determine 

whether Cdc20 turnover is dependent upon a functional APC, we examined Cdc20 

turnover in an apc11Δ pds1Δ clb5Δ SIC110x strain.  Deletion of APC11, which encodes 

the essential RING finger subunit of the APC [43], abolishes APC activity in the cell. We 

found that, as with the known APC substrate Clb2 [44], turnover of Cdc20 was 

eliminated in the apc11∆ strain (Figure 1C). This strongly suggests that, under normal 

conditions, the majority of Cdc20 turnover depends on APC activity.  

 We postulated that there could be three modes of APC-dependent Cdc20 turnover 

(Figure 1B). First, as previously suggested, Cdh1 bound to the APC as an activator could 

recognize Cdc20 as a substrate through Cdc20’s D-box (Cdh1trans)[35-37]. However, we 

found previously that while Cdc20 levels were slightly increased in cdh1Δ cells, they 

were more dramatically increased in Apc- cells [10], suggesting that the APC targets 

Cdc20 by Cdh1-independent mechanisms as well. Consistent with this, we observed 

APC-dependent ubiquitination of Cdc20 both in the presence and absence of Cdh1 in 

vitro (Figure 1D).  

 There are two distinct mechanisms by which Cdh1-independent ubiquitination 

could occur. The first is similar to the Cdh1trans mechanism.  Here, one molecule of 

Cdc20 associates with the APC as an activator and this APC-Cdc20 complex binds a 

second Cdc20 molecule as a substrate through a WD40/D-box interaction (Cdc20trans, 
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Figure 1B). Alternatively, a single Cdc20 molecule bound to the APC as an activator 

could be ubiquitinated directly by the APC (Cdc20cis, Figure 1B).  

 

Contribution of the Cdh1-dependent and independent mechanisms to Cdc20 

turnover 

We found previously that mutation of Cdc20’s IR motif increased steady-state 

Cdc20 levels [10], consistent with a Cdh1-independent mechanism for Cdc20 turnover. 

This increase in steady-state level is higher than that observed for wildtype Cdc20 in a 

cdh1 strain, suggesting that the Cdh1-independent mechanism is responsible for the 

majority of Cdc20 turnover (Figure 2A, lanes 5&9) [10]. The IRΔ and cdh1∆ double 

mutant was more stable than either single mutant, consistent with multiple mechanisms 

controlling Cdc20 stability (Figure 2A lanes 5-16). Since mutation of the IR decreases 

Cdc20 binding to the APC (data not shown), both Cdc20trans and Cdc20cis could, in 

principle, be affected. Consistent with this idea, we found that mutation of the IR had no 

effect on Cdh1-dependent ubiquitination in vitro (Supplementary Fig. 1A) but greatly 

inhibited autoubiquitination (Figure 2B, lanes 9-12).   

 To further assess the contribution of the Cdh1trans mechanism in isolation, we 

sought to create a Cdc20 mutant that was defective in binding to the APC as an activator, 

but could be bound as a substrate through its D-boxes. The observation that mutation of 

Cdc20’s IR motif has no obvious growth phenotypes is consistent with it only having a 

partial effect on Cdc20 binding to the APC. Mutation of C-box, however, is lethal and 

decreases Cdc20 binding to the APC [10, 18], suggesting that C-box mutations greatly 

reduce interaction with the APC. Therefore, we expected a C-box mutation to eliminate 
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Cdc20cis and Cdc20trans mediated turnover. The minimal conserved sequence of the C-box 

in both Cdc20 and Cdh1 is DRYIP [18]. Previously, we characterized two C-box 

mutants, a weaker cdc20-I147A,P148A allele and a stronger cdc20-R145D allele (which 

did not translate well in vitro) [10]. We examined the turnover of Cdc20-R145D in a 

cdh1 strain. Surprisingly, while the known Cdc20 substrate Dbf4 was stabilized, the 

Cdc20-R145D protein was still turned over rapidly, although there was an increase in 

steady-state levels (Figure 2C lanes 4-9 and Supplementary Fig. 1B). It was possible that 

this mutation did not entirely eliminate C-box function, so we also analyzed a cdc20-

D144R, R145D double mutant. This mutant turned over with similar kinetics to the 

cdc20-R145D allele (Supplementary Fig. 1C).  

 We also observed that the I147A, P148A C-Box mutant had a larger effect than 

the IR mutation on securin ubiquitination in vitro (Figure 2D, lanes 7-12). Yet the defect 

observed with the same C-box mutation is less severe than that observed with the IR 

mutant in autoubiquitination activity (Figure 2B, lanes 5-12). Thus, while the C-Box is 

essential for APC function in vivo, considerable Cdc20 turnover occurs when the C-box 

is mutated. Our results, together with previous evidence that the C-box, but not the IR, is 

essential for viability, indicates that the C-box is more important than the IR motif for 

substrate turnover and less critical for Cdc20 autoubiquitination.   

 Since neither the IR nor C-box mutation alone eliminated Cdh1-independent 

turnover, we generated a C-box, IR double mutant. Cdc20-IR, R145D should not be able 

to interact with the APC as an activator and therefore should eliminate both the Cdc20trans 

and Cdc20cis mechanisms of turnover. Consistent with this, the Cdc20-IR, R145D mutant 

was strongly stabilized in a cdh1Δ strain, but could be turned over in a CDH1 strain 
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(Figure 3A, lanes 7-9 and 13-15). Similarly, we detected ubiquitination of a Cdc20-C-

box-IR mutant in the presence of Cdh1 in vitro and this activity was entirely D-box-

dependent (Figure 3B, lanes 1-6). These results are consistent with previously suggested 

model that Cdh1 can target Cdc20 [35-37]. However, the dramatic increase in steady-

state levels and the relatively slow rate of turnover in the Cdh1trans-only strain suggests 

that Cdh1-dependent turnover likely contributes to a small portion of normal Cdc20 

turnover (Figure 3A, lanes 7-9).  

 We next sought to investigate if the Cdc20trans mechanism makes any contribution 

to Cdh1-independent turnover. We generated a cdh1Δ strain containing a wildtype copy 

of CDC20 and the cdc20-IR, R145D allele at a second locus. Turnover of Cdc20-IR, 

R145D should be defective in both the Cdh1trans and Cdc20cis mechanisms in this strain 

and should therefore be turned over exclusively by Cdc20trans. This Cdc20-IR, R145D 

mutant was slightly more stable than that observed in the Cdh1trans-only strain, suggesting 

that the Cdc20trans mechanism does occur, but likely contributes very little to Cdh1-

independent turnover (Figure 3A, lanes 10-12). To further characterize the Cdc20trans 

mechanism, we tested whether a wildtype copy of Cdc20 can ubiquitinate this double 

mutant in vitro. We detected very little ubiquitination of this mutant in the presence of a 

wildtype copy of Cdc20 and the little stimulation seen over background was D-box-

dependent (Figure 3C, lanes 4-6 & 10-12). Interestingly, while this D-box appears Cdh1-

specific in terms of targeting Cdc20 as a substrate in vitro, we did see a slight defect with 

this mutant both in direct binding to the APC and in targeting Securin for ubiquitination 

in vitro, suggesting that Cdc20’s D-box may have an additional function (data not 

shown). 
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Given that total Cdc20 turnover appeared significantly faster than turnover via 

either Cdc20trans or Cdh1trans, we examined the contribution of the Cdc20cis mechanism 

using an allele of Cdc20 that could only be bound to the APC as an activator and not as a 

substrate. We generated a cdh1Δ strain in which the only copy of Cdc20 is mutated at its 

first D-box (cdc20-DB), and thus cannot function as a substrate in a Cdc20trans reaction. 

In this strain, where only Cdc20cis turnover occurs, Cdc20 turnover is quite fast, and 

steady-state Cdc20 levels are low, similar to those in a cdh1Δ strain where both Cdh1-

independent mechanisms can occur (Fig. 3D, lanes 1-8). These data suggest that Cdc20cis 

is the dominant form of Cdc20 turnover, with the contribution of Cdc20trans being very 

small (Figure 3D, lanes 9-12).   

To determine the extent to which the first D-box mutation eliminates Cdc20trans 

turnover in vivo, we examined its effect in our strain that uses Cdc20trans exclusively (see 

Figure 3A, lanes 10-12). We found that Cdc20-IR, R145D, DB was extremely stable in a 

CDC20 cdh1Δ strain, although a very low level of turnover did occur (Figure 3D, lanes 

13-16). Mutation of a second N-terminal D-box had no additional effect (data not 

shown). Thus, the D-box mutation eliminated in trans turnover, consistent with previous 

reports [23, 24]. These data suggest that Cdc20cis is the dominant form of Cdc20 

turnover, with the contribution of Cdc20trans being very small (Figure 3D, lanes 5-8 & 9-

12). 

The nonessential APC subunit Doc1 (APC10) is thought to interact directly with 

the D-box of substrates and enhance processivity by limiting the dissociation rate of the 

substrate [14, 16, 34]. Deletion of this subunit or mutation of 4 residues (Doc1-4A) 

within its putative substrate binding site leads to a decrease in the number of ubiquitins 
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conjugated to the substrate, as visualized by a significant decrease in higher molecular 

weight substrate-ubiquitin bands and accumulation of mono-ubiquitinated substrate 

(Figure 3E, lanes 1-8)[14]. Cdc20 contains a D-box that has been shown to be important 

in Cdh1-dependent ubiquitination [23]. We tested whether a Doc1/D-box interaction was 

required for processive ubiquitination of Cdc20 in vitro in the absence of Cdh1. Unlike 

our results with all other substrates tested, mutation of Doc1 had no effect on the 

processivity of this reaction. Doc1 and Doc1-4A had nearly identical activity towards 

Cdc20 (Figure 3E, lanes 9-16), implying that Doc1 is not required for Cdh1-independent 

ubiquitination of Cdc20. These data strongly suggest that Cdc20 is not ubiquitinated by 

the APC as a canonical substrate, and can best be explained by the Cdc20cis mechanism 

of autoubiquitination. 

 

Cdc20 levels oscillate independently of Cdh1 and Cdc20 transcriptional oscillation 

Cdh1 activity is cell-cycle regulated, which contributes to Cdc20 periodicity. We 

sought to determine if Cdh1-independent mechanisms are also important for oscillations 

in Cdc20 levels. Since cdh1∆ cells do not arrest well in alpha factor, we examined Cdc20 

levels through the cell cycle using cdh1Δ cdc15-2 cells. Cells were arrested at the non-

permissive temperature in anaphase and released into the permissive temperature. 

Consistent with a recent report, we found that Cdh1 is not necessary for Cdc20 levels to 

fluctuate with the cell cycle [38] (Figure 4A, Supplementary Fig. 3A). 

 To examine the extent to which oscillations in CDC20 transcription contribute to 

the fluctuation of Cdc20 levels, we generated a strain with CDC20 under the control of a 

constitutive promoter (TEF1p). Cdc20 levels were still periodic in this strain. Moreover, 
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Cdh1 was not required for this periodicity (Figure 4B, Supplementary Fig. 3B). While 

Cdh1-dependent turnover of Cdc20 and cell cycle-regulated transcription both contribute 

to Cdc20 cycling, Cdh1-independent turnover mechanisms appear to add significantly to 

Cdc20 oscillation.        

 

Substrates inhibit Autoubiquitination 

 If Cdc20 targets itself while bound to the APC as an activator, then how does the 

cell maintain Cdc20 levels sufficient to trigger anaphase? We tested the possibility that 

the binding of substrates to Cdc20 might inhibit autoubiquitination, maintaining Cdc20 

stability until its targets are depleted in anaphase. We generated an N-terminal fragment 

(aa 1-110) of budding yeast securin, containing the characterized destruction motif [6]. 

As expected for a competitive inhibitor, this fragment potently inhibited securin 

ubiquitination (IC50 ~ 200 nM) (Figure 5A). A 10 M concentration of the securin 

fragment completely inhibited ubiquitination of securin (Figure 5A). This concentration 

of the fragment also inhibited the total activity and processivity of Cdc20 

autoubiquitination (Figure 5B). These results support the notion that substrate blocks 

autoubiquitination, prolonging Cdc20 levels in the cell until substrates are depleted 

(Figure 6).  

 

Discussion 

 One of the first APC substrates to be identified was its own activator, Cdc20, 

hinting at the existence of autoregulation [23, 24]. Initial reports suggested that Cdc20 

behaved similarly to other APC substrates, being targeted in part via a different activator 
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(Cdh1) through Cdc20’s D-box [35-37]. Interestingly, we show here that, unlike other 

APC substrates, Cdc20 is largely targeted for destruction by the APC through an 

autoubiquitination mechanism that occurs when Cdc20 is bound to the APC as an 

activator. Importantly, this mechanism appears to be regulated throughout the cell cycle, 

and may be influenced by the presence or absence of substrates.  

 The observation that Cdc20 turnover was only partially reduced in conditional 

APC mutants led some authors to speculate that the residual turnover observed might be 

mediated by an APC-independent pathway. Our work in a strain that permits the deletion 

of the APC11 gene shows that in unperturbed cells, Cdc20 is turned over solely by the 

APC. This discrepancy is likely due to the fact that conditional alleles may not be 

completely null for APC activity, whereas deletion of the gene encoding the catalytic 

subunit (APC11) eliminates activity completely. 

 APCCdh1 has long been assumed to be the APC complex that targets Cdc20 for 

destruction (Cdh1trans, Figure 1B) [22, 35-37]. However, deletion of APC11 leads to 

much greater steady-state levels of Cdc20 than deletion of CDH1, suggesting the 

existence of other APC-mediated mechanisms [10]. This suggests two obvious models 

for turnover. First, Cdc20 bound to the APC as an activator could recognize another 

molecule of Cdc20 leading to ubiquitination of the substrate Cdc20 (Cdc20trans, Figure 

1B). In this case, the substrate Cdc20 should behave similarly to other Cdc20 substrates. 

Alternatively, Cdc20 may bind to the APC as an activator and this binding alone may be 

sufficient for autoubiquitination (Cdc20cis, Figure 1B). To evaluate the relative 

contributions of the three possible modes of Cdc20 turnover, we generated strains in 

which only one mechanism of turnover was possible and performed in vitro experiments 
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with similar perturbations. These experiments strongly suggested that Cdc20cis is the 

predominant form of Cdc20 turnover. 

 Previous work showed that Cdc20 not only recruits substrates to the APC, but 

also serves to activate the APC, since its presence was also required for the ubiquitination 

of the APC substrate Nek2A, which can bind the APC independently of an activator [19, 

45]. Importantly, these results suggested that an N-terminal fragment of Cdc20 

containing the C-box was sufficient to activate the APC toward Nek2A, and that the C-

box was required for this activation [19]. Interestingly, we find that a Cdc20 C-box 

mutant, which does not support viability and is unable to drive Dbf4 turnover in vivo 

[10](Fig. 2C), is still targeted for turnover by the APC, although its turnover is 

compromised. This result suggests that the C-box is not absolutely required for APC 

activity, but is specifically required for stimulating APC activity towards other APC 

substrates, potentially by properly orientating either the substrate and or the catalytic arm 

of the APC so substrate ubiquitination can occur.  Interestingly, deletion of the C-

terminal IR domain, which does not result in a growth defect, has a significant effect on 

Cdc20 turnover, slightly greater than the defect seen for the lethal C-box mutant. The IR 

domain has been shown to interact with Cdc27, the terminal subunit of the TPR arm [10, 

17, 46]. The non-essential nature of the IR-Cdc27 interaction could suggest that it is an 

intermediate in the reaction mechanism when Cdc20 is particularly susceptible to 

autoubiquitination. Consistent with this observation, this interaction is not required for 

the processive ubiquitination of other APC substrates [46]. However, the lack of affinity 

provided by the Cdc27-IR interaction is compensated by an interaction between the 

activator, substrate, and Doc1 on the APC core. However, autoubiquitination does not use 

16



Doc1, possibly, making the affinity provided by the Cdc27-IR interaction more 

important. 

 The discovery that Cdc20 is targeted for turnover by Cdh1, which is itself cell-

cycle regulated, suggested a mechanism by which Cdc20’s cyclical expression could be 

achieved. Work from the Cross lab [38] and from experiments presented here suggests 

that Cdh1 may contribute to but is not necessary for Cdc20’s cell cycle oscillation. 

However, previous work [23] suggested that oscillation in Cdc20 levels is also achieved 

by transcriptional regulation. CDC20 is a member of the CLB2 cluster of genes [47], 

whose transcription is under the control of Fkh2/Ndd1 [48, 49]. The observation that 

Cdc20 levels still oscillate in cells that express CDC20 under a constitutive promoter 

(TEF1p) in the absence of Cdh1 implies an additional cell cycle regulated mechanism. 

This is strong evidence that regulation of the Cdc20cis mechanism we observe is sufficient 

to drive the oscillatory behavior of Cdc20 through out the cell cycle.  

  Previous work has shown that phosphorylation of the TPR subunits (Cdc27, 

Cdc16, and Cdc23) by the Cyclin-Dependent Kinase (CDK) increases the affinity of 

Cdc20 for the APC [28]. It is possible that these phosphorylations are regulating the 

Cdc20cis mechanism. However, these phosphorylations promote Cdc20 binding to the 

APC, and occur when CDK activity is high. If these phosphorylations are promoting the 

Cdc20cis turnover during the cell cycle, we would expect to see the lowest Cdc20 levels 

when CDK activity is highest. However, we observe that the lowest Cdc20 levels occur 

during the G1 phase of the cell cycle, when CDK activity is lowest. Alternatively, 

phosphorylation of the TPR proteins may cause Cdc20 to bind in a slightly different 

position on the APC, which may inhibit the Cdc20cis mechanism. 
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 These data suggest the following model. The APC is hyperphosphorylated in 

early mitosis, which increases its affinity for Cdc20. As APCCdc20 runs out of substrates, 

Cdc20 begins to autoubiquitinate, constituting the majority of the late mitotic turnover. 

This model for the regulation of Cdc20 stability by the presence of substrates (Figure 6) 

is similar to that put forth for the ubiquitin conjugase Ube2C [50]. As cells exit mitosis, 

APC becomes dephosphorylated and Cdh1 becomes active, thus removing residual 

Cdc20. Additionally, our model for substrate inhibition of Cdc20 turnover may explain 

why it is advantageous for the cell to have Cdc20 binding to the APC strongly enhanced 

by the presence of substrates [46, 51]. In this way, Cdc20 would be unlikely to be 

prematurely degraded when substrates are present.   

 Interestingly, Cdc20 turnover has been shown to increase in the presence of 

spindle poisons. This turnover is dependent on an intact Spindle Assembly Checkpoint 

(SAC) [40]. The exact mechanism for this turnover is unknown, but it will be interesting 

to determine the mechanism for Cdc20 turnover during SAC activation. 

 

Methods  

Yeast Methods 

 Yeast were grown in Ym-1 media [52] and 2% dextrose. All cells were grown at 

23°C unless otherwise noted. Cdc20 integrating plasmid was created by cloning Cdc20 

and its promoter into pRS306 using standard techniques. Mutations to pRS306-Cdc20 

were accomplished using quick change mutagenesis. Cdc20 plasmids were integrated at 

the URA3 locus into derivations of 3 strains: pds1Δ clb5Δ SIC110x cdc20Δ cdh1Δ, pds1Δ 

clb5Δ SIC110x cdc20Δ CDH1, or pds1Δ clb5Δ SIC110x CDC20 cdh1Δ. All strains created 
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in this manner were checked for single integration by southern blot. Replacement of the 

CDC20 promoter with TEF1p was accomplished using standard PCR-based techniques, 

as was deletion of CDH1 and mutation of Cdc20’s IR motif in Figure 2A.   

 

Half-life assays 

 Cells were grown to saturation, diluted and allowed to grow for at least 2 

doublings to an OD between 0.6 and 1.0. 6 ODs of cells were collected for the zero time 

point. Cell pellets were washed with 1 ml cold H2O and frozen on dry ice. Cycloheximide 

was added to cultures for a final concentration of 50 μg/ml media. 6 ODs of cells were 

collected for each time point as indicated. Cell pellets processed as described below. 

 

cdc15-2 arrest and release  

 Cells were grown to saturation, then diluted to an OD of 0.3 and allowed to grow 

to an OD between 0.6 and 1.0. 6 ODs of cells were collected as described above for an 

asynchronous sample. Cells were diluted to an OD of 0.5 and placed at 37°C for 3 h. 

Cells were examined under a microscope to confirm anaphase arrest. 6 ODs of cells were 

collected for the zero time point, as described above. Cells were then released into media 

at 23°C at an OD of 0.6, and 6 ODs of cells were collected at time points indicated. Cells 

were collected for flow cytometry at every time point and processed [53]. 

 

Western blots 

 Cell pellets were processed as follows. Cell pellets were thawed in boiling sample 

buffer (50mM Tris pH 7.5, 5% SDS, 5 mM EDTA, 10% Glycerol, 0.5% BME, 0.1 µg/ml 
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pepstatin A, 0.1 µg/ml leupeptin, 0.1 µg/ml bestatin, 0.1 mM Benzamidine, 5 mM NaF, 

0.5 mM Na3VO4, 40 mM β-glycerophosphate, 1 mM PMSF). Cells were boiled for 5 

min, followed by bead-beating three times, 30 s each, and then boiled again for 5 min for 

SDS-PAGE and transfer to nitrocellulose. Western blots were performed with low salt 

PBST (15 mM NaCl, 1.3 mM NaH2PO4, 5.4 mM Na2HPO4, 0.05% Tween pH 6.8). All 

primary antibody incubations were performed overnight in 5% milk and low salt PBST 

unless otherwise noted. Antibodies were used as follows: Cdc20 (yC-20) from Santa 

Cruz at 1:1000, Cdc28 from Santa Cruz (yC-20) at 1:1000, Dbf4 (yN-15) from Santa 

Cruz at 1:500, Clb2 (y180) from Santa Cruz 1:1000 (Figure 4B), Cdc6 9H8/5 from 

Abcam at 1:2000.  

 

APC Assays 

 APC was purified from a TAP-CDC16, cdh1Δ strain. E1, E2 (Ubc4), APC, and 

Cdh1 were expressed and purified as previously described [14, 54]. ZZ-tagged Cdc20 

wildtype and mutants were transcribed and translated in vitro with TnT Quick Coupled 

Transcription/Translation Systems (Promega) either in the presence of 35S-methionine or 

unlabeled methionine. Briefly, APC assays were performed by first charging the E2 in 

the presence of E1 (Uba1, 300 nM), E2 (Ubc4, 50 M), Methyl-Ubiquitin (Boston 

Biochem, 150 M), and ATP (1 mM) for 20 min. E1/E2(Ubc4)/Methyl-Ubiquitin mix 

was added to APC (1-5 nM), ZZ-Cdc20 purified from reticulocyte lysate using IgG beads 

and cleaved using TEV protease, and Securin purified similarly from reticulocyte lysate. 

In Figure 2D, APC, Cdc20 and Securin were preincubated to increase the amount of 

activity observed for the mutants. For Figure 5A & B, His-tagged Securin (aa1-110) was 
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expressed in bacteria and purified using Ni-NTA resin. After TEV protease cleavage to 

remove the His6-tag, the protein was further purified using cation exchange and size 

exclusion chromatography. APC, Cdc20, and Securin (aa1-110) were preincubated before 

adding IVT Securin and E1/E2(Ubc4)/Methyl-Ubiquitin mix or E1/E2(Ubc4)/Methyl-

Ubiquitin mix alone. All reactions were stopped by the addition of sample buffer, 

separated by SDS-PAGE, and visualized and quantified with a Molecular Dynamics 

PhosphorImager and ImageQuant (Amersham Biosciences/GE Healthcare). 
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Figure Legends 

Figure 1. Cdc20 is turned over by the APC by Cdh1-dependent and Cdh1-independent 

mechanisms. (A) Diagrams of Cdc20 and Cdh1. Red, purple, blue and green boxes 

represent the D-boxes, the C-box, the WD40, and the C-terminal IR, respectively. (B)  

Three possible mechanisms of Cdc20 turnover: Cdh1trans, Cdc20trans, Cdc20cis.  (C)  

Asynchronous pds1Δ clb5Δ SIC110x cells were collected at indicated time points after 
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cycloheximide addition. Blots were probed with antibodies against Cdc20, Clb2 and 

Cdc28, which served as a loading control. (D) APC immunopurified from TAP-Cdc16 

lysates in a cdh1 background was used in ubiquitination reactions using in vitro 

translated (IVT) ZZ-tagged 35S-Metionine-Cdc20 purified from rabbit reticulocyte lysates 

using IgG beads. APC (++) and (+) are 5 nM and 1 nM final concentrations, respectively. 

Controls show the dependence on the presence of exogenous E1/E2(Ubc4)/Methyl-

Ubiquitin mix and the APC. 

 

Figure 2. Cdc20 ubiquitination and turnover in CDC20, CDH1 mutants.  (A) 

Asynchronous PDS1 CLB5 SIC1 cells were treated with cycloheximide and samples were 

analyzed as in Figure 1C. Cdc20-IR denotes the Cdc20-ΔIR allele. (B) ZZ-tagged 35S-

Cdc20 wildtype, C-Box mutant (I147A, P148A) or IR mutant (I609A, R610A) were 

generated by IVT and incubated with APC (5 nM) and E1/E2(Ubc4)/Methyl-Ubiquitin 

mix for the indicated times. Quantifications are shown below. (C) Asynchronous pds1Δ 

clb5Δ SIC110x cells were treated with cycloheximide, and analyzed as in Figure 1C. 

Cdc20-CB denotes the Cdc20-R145D allele. Cdc20-R145D (Cdc20-CB) protein migrates 

more slowly on an electrophoretic gel as compared to wild type Cdc20. (D) ZZ-tagged 

unlabeled Cdc20 wildtype, C-Box mutant I147A, P148A (Cdc20-CB) or IR mutant 

I609A, R610A (Cdc20-IR) or a mock purification from IVT lysate with no Cdc20 (-) was 

pre-incubated with APC (5 nM) and ZZ-tagged 35S-Securin generated by IVT. After a 15 

min preincubation, E1/E2(Ubc4)/Methyl-Ubiquitin mix was added and ubiquitination 

reactions were performed for the indicated times.  See also Figure S1. 
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Figure 3.  The majority of Cdc20 turnover occurs by the Cdc20cis mechanism. (A)  

Asynchronous pds1Δ clb5Δ SIC110x cells were analyzed as in Figure 2C. Cdc20-CB 

denotes the Cdc20-R145D, IRΔ allele. Bands represented by Cdc20 and Cdc20-CB are 

indicated. Two exposures are shown. (B) ZZ-tagged 35S-Cdc20 C-Box, IR mutant 

(I147A, P148A, I609A, R610A) or 35S-Cdc20 C-Box, IR, D-box mutant (I147A, P148A, 

I609A, R610A, R17A, L20A) mutant was incubated with recombinant Cdh1, APC (1 

nM), and E1/E2(Ubc4)/Methyl-Ubiquitin mix for the indicated times. (C) IVT generated 

ZZ-tagged 35S-Cdc20 mutants, as in Figure 3B, were incubated with APC (5 nM), 

E1/E2(Ubc4)/Methyl-Ubiquitin mix, and with or without IVT-generated ZZ-Tagged 

unlabeled Cdc20 for the indicated times. (D) Asynchronous pds1Δ clb5Δ SIC110x cells 

were treated with cycloheximide and examined as in Figure 2C. Bands labeled Cdc20* 

are Cdc20 or Cdc20-D-box allele (cdc20-R17A, L20A), whereas Cdc20-CB* indicates 

the Cdc20-IRΔ, R145D allele or Cdc20-R145D, IRΔ, D-box (R17A, L20A) allele. (E) 

Securin and Cdc20 ubiquitination assays as in Figure 2B, except that APC was purified 

from DOC1 cdh1∆ or doc1-4A cdh1∆ strains. 

 

Figure 4. Cdc20 levels oscillate with the cell cycle in a Cdh1- and transcription-

independent manner. (A) Asynchronous cdc15-2 or cdc15-2 cdh1Δ cells were arrested at 

37°C and released into 23°C media. Time points were taken every 20 min. A sample of 

each asynchronous (Asy) culture and a cdc20∆ mutant are shown for reference. (B) 

cdc15-2 TEF1p-CDC20 or cdc15-2 TEF1p-CDC20 cdh1Δ strains were arrested and 

released as in Figure 4A. Time points were taken every 10 min. Western blots were 

performed with the indicated antibody.  See also Figure S2.   
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Figure 5.  Cdc20cis mechanism is inhibited by high substrate concentrations (A) ZZ-

tagged unlabeled Cdc20 generated by IVT was pre-incubated with APC (5 nM) and the 

specified concentration of the Securin/Pds1 fragment (referred to as Securin 1-110; 

values represent the final assay concentrations). After a 15 min preincubation, 

E1/E2(Ubc4)/Methyl-Ubiquitin mix and ZZ-tagged 35S-Securin generated by IVT was 

added and ubiquitination reactions were performed for 10 min. (B) ZZ-tagged unlabeled 

Cdc20 or 35S-Cdc20 generated by IVT was pre-incubated for 15 min with APC (5 nM) 

and 10 Securin 1-110. For securin ubiquitination, E1/E2(Ubc4)/Methyl-Ubiquitin 

mix and ZZ-tagged 35S-Securin generated by IVT was added for 10 min. For 

autoubiquitination, E1/E2(Ubc4)/Methyl-Ubiquitin mix was added for 10 min.  

 

Figure 6. Model demonstrating how Cdc20cis may be regulated by substrate. Red, purple, 

blue and green boxes represent the D-boxes, the C-box, the WD40, and the C-terminal IR 

of Cdc20, respectively (see Figure 1A). 
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Supplementary Figure Legends 

Figure  S1.  (A) In vitro Cdc20-IR and Cdc20-CB ubiquitination by Cdh1. ZZ-tagged 

35S-Cdc20 Wildtype, C-Box mutant (I147A, P148A; Cdc20-CB) or IR mutant (I609A, 

R610A; Cdc20-IR) was incubated with recombinant Cdh1 and APC (1 nM) for the 

indicated times. (B)  Cdc20-R145D turns over relatively fast. Asynchronous pds1Δ clb5Δ 

SIC110x cells were treated with cycloheximide, and analyzed as in Figure 2C. Cdc20-CB 

indicates the Cdc20-R145D allele.  (C) Cdc20-D144R, R145D turned over with similar 

kinetics to Cdc20-R145D. Cycloheximide was added to asynchronous pds1Δ clb5Δ 

SIC110x cells and samples were taken at indicated time points after addition. Cdc20-CB 

indicates the 3HA-Cdc20-R145D mutant or the 3HA-Cdc20-D144R, R145D mutant. 

Cdc28 is shown as a loading control.  Two independent cdc20-D144R, R145D isolates 

are shown, blot was cropped to remove lanes between isolates. 

 

Figure S2.  Flow cytometry profiles for the experiments in Figures 4A and 4B. (A) 

Samples were taken at the same time as the protein samples in Figure 4A (20 min time 

points).  (B) Samples were taken at the same time as the protein samples in Figure 4B (10 

min time points). 
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Apc1 is target of the DNA damage checkpoint 
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Abstract 

 The transition from metaphase to anaphase is one of many regulated steps 

throughout the cell cycle.  This transition is controlled by an E3 ubiquitin ligase called 

the Anaphase Promoting Complex.  When cells experience damage to their DNA they 

activate a checkpoint called the DNA damage checkpoint.  This checkpoint arrest cells in 

metaphase, partially through the stabilization of an APC substrate.  Here we provide 

evidence that the APC itself is a target of the DNA damage checkpoint.  Importantly we 

show that the DNA damage checkpoint inhibits APC activity.     

 

Introduction 

 Mitosis is an incredibly complex event, and as such cells have evolved many 

mechanisms to ensure that it occurs correctly.  One point in mitosis that is highly 

regulated it the transition from metaphase to anaphase.  The metaphase to anaphase 

transition is controlled by a multi subunit E3 ubiquitin ligase called the Anaphase 

Promoting Complex (APC)[7, 10, 32].  The APC is activated by the binding of the APC’s 

two mitotic substrate receptors (Cdc20 and Cdh1) [3-5].  The activation of the APC at the 

metaphase to anaphase transition leads to the ubiquitination of both Pds1 and the mitotic 

cyclins[6, 7], which sets in motion a series of events that trigger the onset of anaphase[8].       

 Because of the importance of the APC in controlling this transition, a lot of work 

has been done in an attempt to understand how the APC functions.  Previous genetic and 

structural work shows that the core APC, while composed of at least 13 subunits[1], can 

be broken down into 3 sub-complexes (the platform, the TPR subcomplex, and the 

catalytic subcomplex)[9, 10] (Figure 7A).The platform is composed of Apc1, Apc4, and 
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Apc5[9, 10].  Apc1 is the largest APC subunit[55], and contains a C-terminal motif called 

the Proteasome/Cyclosome repeats (PC repeats)[56].  The exact function of the repeats is 

unknown, however, recent structural work indicates they may be involved in binding 

Apc2, a member of the catalytic subcomplex [9].  The catalytic subcomplex is composed 

of the cullin Apc2, the ring Apc11, and the processivity factor Doc1 [9, 10, 16, 34], 

which is thought to form a bipartite substrate recognition motif with the APC’s activators 

(Figure 7A) [13, 15].  In addition to binding the catalytic subcomplex, the platform also 

binds the TPR subcomplex.  Previous work has shown that Apc4 and Apc5 along with 

Apc1 bind Cdc23, a member of the TPR subcomplex [10].  The TPR subcomplex is 

largely composed of the Tetratricopeptide (TPR) repeat proteins (Cdc23, Cdc16, and 

Cdc27) [10, 12].  This subcomplex is believed to function in binding the activators Cdc20 

and Cdh1 (Figure 7A) [16, 17].   

 The APC, while essential for onset of Anaphase, is not the only enzyme involved 

in regulating this transition.  When cells encounter DNA damage they activate the DNA 

damage checkpoint.  This checkpoint has many functions, one of which is arresting 

damaged cells in metaphase [57].  The exact mechanism behind how this arrest is 

mediated is not well understood.  What is known is that when cells detect DNA damage 

they activate a kinase called Mec1 [58] which is necessary for the arrest (mec1Δ cells fail 

to arrest) in metaphase on damage [59].   Mec1, once active, phosphorylates and activates 

the effector kinases Chk1 and Rad53 (Figure 7B) [57].  Both Chk1 and Rad53 are 

necessary, however, neither kinase is sufficient to arrest cells in metaphase.  Both 

mutants pause in metaphase but eventually complete the cell cycle [59].  Previous work 

on the Chk1 branch of the pathway suggests that the APC substrate Pds1 is important for 
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this arrest [59-61] (Figure 7B). Phosphorylation of Pds1 by Chk1 is thought to increase 

the stability of Pds1 [59, 60] by inhibiting APC ubiquitination [62].  How 

phosphorylation of Pds1 accomplishes this is unknown.  It is known, however, that the 

phoshphorylations do not inhibit Pds1 binding to the APC [62].  The Rad53 branch of the 

pathway, unlike the Chk1 branch, is less understood.  What is known is that Rad53, once 

activated, phosphorylates another kinase called Dun1 (Figure 7B).  Once phosphorylated, 

Dun1 becomes active and [63, 64] then phosphorylates an unknown protein or proteins.  

It is believed that the target(s) of Dun1 are the substrates of the Rad53 branch that are 

involved in arresting cells [65] (Figure 7B).  However, while Dun1 plays a role in 

arresting cells in metaphase, it is unknown if there are additional Rad53 substrates that 

are involved in enforcing the arrest. 

 Here we report that Apc1, a scaffolding subunit of the APC, is as a substrate of 

the DNA damage kinase Rad53.  Importantly we also show that DNA damage checkpoint 

inhibits the turnover of several APC substrates including the APC activator Cdc20, in a 

Rad53 dependent manner.  In addition, we demonstrate that the spindle assembly 

checkpoint (SAC) is activated by DNA damage and directly opposes the DNA damage 

checkpoint by turning over Cdc20.  These data indicate a novel form of regulation in 

which the DNA damage checkpoint inhibits the APC during DNA damage.          

 

Results 

Apc1 is a target of the DNA damage checkpoint 

 On exposure to DNA damage, Saccharomyces cerevisiae activates a kinase 

cascade called the DNA damage checkpoint [57].  One of the major effects of this 
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checkpoint is a metaphase arrest.  Previous work has indicated that the checkpoint 

kinases Chk1, Rad53 and Dun1 are involved in enforcing this arrest [59, 65].  While the 

Chk1 substrates have been identified [59, 61], the Rad53 and Dun1 target(s) of the 

checkpoint have proven to be more difficult to identify.  

 A recent screen was performed to look for proteins that change stability during 

DNA damage.  The screen was performed by replacing endogenous promoters with the 

constitutive Translation Elongation Factor 1 promoter (pTef1).  This was done so that any 

changes in protein levels were not due to transcriptional changes, but changes in protein 

stability.  In addition to the replacement of the promoter, all the proteins were tagged 

with a C-terminal GFP tag. One intriguing hit from this screen was Apc1.  While Apc1 

levels did not drastically change on damage, Apc1 underwent an electrophoretic shift on 

an SDS page gel after DNA damage (Figure 8A).  Similar shifts are often seen with 

targets of the DNA damage checkpoint and are a result of phosphorylation, which leads 

to decreased mobility on an SDS page gel.  Previous work indicates that Apc1 in 

mammalian cells is highly phosphorylated in metaphase [66, 67].  Because of this, we 

sought to determine if the Apc1 shift we observed was dependent on the DNA damage 

checkpoint, or was a result of the cells being arrested in metaphase.  To address this 

question we arrested cells in metaphase with nocodazole treatment and observed that 

Apc1-GFP did not change its mobility (Figure (8A).  This was encouraging, as it 

indicated that the shift seen on damage is likely due to the DNA damage checkpoint, not 

the cell cycle stage. 

 We next sought to determine if the shift observed for Apc1 was dependent on the 

DNA damage checkpoint itself.  To examine this we generated strains containing the 
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pTef1-APC1-GFP allele along with deletions of the various DNA damage kinases.  When 

we compared damaged to undamaged cells we saw that Apc1-GFP shifted on treatment 

with the DNA damaging agent Hydroxyurea (Hu) in wild type cells as previously shown 

(Figure 8B), however, in a pTef1-APC1-GFP mec1Δ strain the shift was abrogated 

(Figure 8B).  This indicates that the shift was dependent on Mec1.  The shift was also 

abolished in a pTef1-APC1-GFP rad53Δ strain (Figure 8B); indicating that the shift is 

also Rad53 dependent.  This was intriguing, as it hinted that Apc1 might be a substrate of 

Rad53.  While the experiment described above shows the shift is dependent on Rad53, it 

does not however, show that Apc1 is a direct target of Rad53.  To examine if Apc1 was a 

direct of Rad53 we performed an in vitro phosphorylation assay.  Using Flag purified 

Apc1, we observed in vitro incorporation of p32 labeled phosphate that was dependent on 

incubation with purified Rad53 (Figure 8C). 

 

APC substrates are stabilized on DNA damage 

 This Apc1 result is intriguing as it indicates that Apc1 is likely a substrate of 

Rad53 and might be involved in arresting cells in metaphase.  We hypothesized that the 

phosphorylation of Apc1 during damage might affect APC activity.  To address this we 

performed cycloheximide chase assays and compared substrate stability in Hu treated 

cells to asynchronously growing cells.  Similar to previous work we observed that Clb2 

and Clb5 were both stabilized on treatment with damage (Figure 9A) [59, 68], and that 

two other APC substrates (Cdc5 and Dbf4) were also stabilized.  Cdc20, unlike other 

APC substrates tested, was not completely stabilized by Hu treatment, consistent with 

previous results (Figure 9B) [23].  However, unlike previous results, Cdc20 turnover was 

39



slightly retarded as compared to asynchronously growing cells.  These results were 

intriguing as they hinted that the DNA damage checkpoint might be inhibiting APC 

function. 

 To determine if the stability seen on Hu treatment was dependent on the DNA 

damage checkpoint we performed cycloheximide chase assays after Hu treatment in 

rad53Δ and dun1Δ strains.  Surprisingly, we found that the checkpoint mutants had no 

effect on stability when treated with Hu (Figure 9C).   This result was puzzling; however, 

previous work has reported that the spindle assembly checkpoint (SAC) is activated by 

DNA damage [69].  The SAC is a checkpoint that inhibits the metaphase to anaphase 

transition.  The SAC-based metaphase arrest is accomplished through the inhibition of 

the APC, via Cdc20 inhibition and degradation [26].  If the SAC is active in our Hu 

treated cells, it could explain the stability observed on Hu treatment both in wildtype cells 

and the checkpoint mutants.  

  To determine if the SAC was active in damaged cells and influencing APC 

activity we performed cycloheximide chase assays in mad2Δ strains.  Mad2 is an 

important component of the SAC and is required for the SAC’s metaphase arrest.  When 

we compared substrate turnover in wildtype cells and mad2Δ cells during Hu treatment, 

we observed no effect on Cdc5 or Clb2 stability (Figure 9D).  When we looked, however, 

at Clb5 turnover, we observed that Clb5 was no longer stabilized on Hu treatment in a 

mad2Δ (Figure 9D).  In direct opposition to the Clb5 result, we observed that Cdc20 was 

very strongly stabilized in a mad2Δ when compared to wild type cells on Hu treatment 

40



(Figure 9D).  Importantly Cdc20 stability is not a function of the cells being mad2Δ, as 

asynchronously growing mad2Δ cells have no defect in Cdc20 turnover (Figure 9D). 

Cdc20 stabilization in a mad2Δ during DNA damage is Rad53 dependent 

 The Cdc20 stability that we observed in mad2Δ cells indicates that cells exposed 

to DNA damage may inhibit the activity of the APC.  We next sought to determine if this 

stability was dependent on the DNA damage checkpoint.  We did this by generating a 

mad2Δ mec1Δ strain. We used this strain to perform cycloheximide chase assays during 

Hu treatment, and compared Cdc20 turnover in the double mutant to the mad2Δ strain.   

When we did this we found that Cdc20 was not stabilized in the double mutant (Figure 

9A).  This result indicates that the Cdc20 stability seen in the mad2Δ delete is dependent 

on Mec1.  As Mec1 is the most upstream kinase in the DNA damage checkpoint 

pathway, we wanted to determine if other kinases in this pathway were also involved.   

We next looked at Cdc20 stability on Hu treatment in a mad2Δ rad53Δ double mutant.  

Cdc20, in this strain, also turned over with respect to the mad2Δ strain (Figure 9B).  This 

indicates that Cdc20’s stability is dependent on Rad53.  We then sought to determine if 

Dun1 is important for Cdc20 stability in the mad2Δ strain.  This was also done by 

generating a mad2Δ dun1Δ strain and looking at Cdc20 turnover.  When we did this we 

saw no difference between the double mutant and the mad2Δ (Figure 9C).  This result 

indicates that Dun1 is not involved in stabilizing Cdc20 on Hu treatment.  Lastly we 

examined Chk1’s role in stabilizing Cdc20 on damage.  To test the contribution of Chk1, 

we generated a mad2Δ chk1Δ strain.  Using this strain we were able to determine that the 
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Cdc20 stability on Hu treatment is also independent of Chk1.  These results are consistent 

with the idea that Rad53 might be phosphorylating Apc1 and reducing APC activity.      

Mapping Apc1 binding motifs 

 Previous work from our lab and structural analysis from the Barford lab has 

shown that Apc1 likely functions as a scaffold that brings together the TPR subcomplex 

and the catalytic subcomplex of the APC [9, 10].  While it is possible that 

phosphorylation of Apc1 blocks subcomplex binding, it seems unlikely, as Clb5 turns 

over in a mad2Δ on damage (Figure 9D), indicating that the APC is likely intact.   

 In an attempt to understand the function of Apc1 phosphorylation we set out to 

map the subcomplex binding sites on Apc1.  To do this we generated a series of Apc1 

truncation mutants and a partial deletion of Apc1’s PC repeats. Using co-

immunoprecipitation we were able to determine that Cdc16, one of the TPR subunits, is 

able to bind to 2 distinct fragments of Apc1: fragment 1-878, and fragment 1-1649 

(Figure 10A and B).  Previous work in our lab has shown that Apc4, Apc5 and Cdc23 are 

needed for an interaction between Apc1 and Cdc16 therefore these subunits are also 

likely to bind the above mentioned fragments [10].  These results provide strong evidence 

that the N-terminal half of Apc1 is involved in binding the TPR subcomplex.  We next 

sought to determine where Apc2, a member of the catalytic subcomplex binds to Apc1.  

We found that only fragment 1-1649 was capable of binding to Apc2 (Figure 10A and B).  

This indicates that the catalytic arm of the APC binds most likely binds the C-terminal 

half of Apc1, as Apc2 does not bind to the 1-878 fragment.  This is consistent with a 
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recent structure generated by David Barford’s lab.  In this structure Apc1’s PC repeats 

are shown to closely interact with Apc2 [9].   

Discussion 

 When yeast cells encounter DNA damage they activate a kinase cascade that, 

among other things arrests cells in metaphase.  Previous work has shown that this arrest 

during damage is dependent on Mec1 [59].  Mec1 is able to activate two separate 

branches of the DNA damage checkpoint, each of which is essential for the prolonged 

arrest seen on damage [57-59].  One of the branches of this checkpoint is mediated 

through the kinase Chk1, and the other arm involves the kinases Rad53 and Dun1 [59, 

65].  The substrate of the Chk1 path is known [60, 61], however, the target(s) of the 

Rad53 Dun1 pathway are currently unknown.  Here we report that Apc1, one of the 

scaffolding subunits of the APC is a direct target of Rad53.  This result is intriguing 

because it raises the possibility that the DNA damage checkpoint may inhibit APC 

activity, thus enforcing the metaphase arrest. 

  Previous work shows that both arms of the DNA damage pathway are necessary, 

but not sufficient, to maintain the arrest seen on DNA damage [59].  The finding that 

Apc1 is a Rad53 substrate is very interesting, as it helps to create a model for how the 

two branches of the checkpoint work together to arrest cells in metaphase.  Chk1 is 

known to phosphorylate Pds1, an APC substrate [60, 61].  The destruction of Pds1 is one 

of the events that triggers anaphase onset [6].  The phosphorylation of Pds1 by Chk1 

increases Pds1’s stability [59, 60].  This increase in stability is caused by a decrease in 

the ability of the APC to ubiquitinate Pds1 [62].  How exactly this occurs is unknown.  It 

43



is known, however, that Pds1 phosphorylation does not affect Pds1 binding to the APC 

[62].  Phosphorylated Pds1 can still bind the APC, thus it is possible that given enough 

time, a small portion of bound Pds1 can be ubiquitinated by the APC and trigger 

anaphase onset.  This would look very similar to what is seen in the rad53Δ, where only 

the Chk1 arm of the pathway is active.  These cells initially arrest, however, the arrest 

cannot be maintained and cells eventually complete mitosis [59].  In a chk1Δ, much like 

in a rad53Δ, the cells also arrest and then eventually proceed to exit mitosis [59].  One 

possible explanation for the pause seen in chk1Δ cells is that the Rad53 phosphorylations 

on Apc1 decrease the activity of the APC.  Decreasing the activity of APC would 

increase the half life of Pds1, slow the onset of anaphase, and result in the pause observed 

in a chk1Δ strain.  The combination of Pds1 and Apc1 phosphorylations, however, may 

be sufficient to cause complete stabilization of Pds1 and arrest the cells in metaphase.  

 To determine if Apc1 phosphorylation has an effect on APC activity we 

performed a series of cycloheximide chase assays to look at the turnover of various APC 

substrate during damage.  What we found was consistent with the idea that the APC is 

being inhibited.  Many of the APC substrates that we looked at were completely 

stabilized on damage, consistent with previously reported results for two APC substrates; 

Clb2 and Clb5 [59, 68].  Also consistent with previous work, we found that Cdc20 turned 

over on Hu treatment [23].  Although, in our hands, Cdc20 turnover was slightly 

inhibited when compared to asynchronous cells.  These results were encouraging, as they 

indicated that the DNA damage checkpoint might indeed be decreasing APC activity.   
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  The results, however, did not show that the stability was dependent on the DNA 

damage checkpoint.  To address this we performed cycloheximide chase assays in both 

rad53Δ and dun1Δ delete strains and looked at substrate stability.  Every substrate we 

looked at in these mutants behaved the same on damage as in wildtype cells.  This result 

was confusing, as it indicated that we might be on the wrong track.  However, there have 

been reports that the SAC can be activated by DNA damage [69].  SAC activiation could 

explain our observations.  To see if the SAC was being activated we used a mad2Δ strain 

which is defective in SAC activity.  Several of the substrates we looked at in the mad2Δ 

were still stable on damage including Cdc20, which was completely stable.  This was 

interesting because it indicated that the SAC is actively turning over Cdc20 on damage, 

but that the DNA damage checkpoint is inhibiting APC activity and stabilizing Cdc20 

along with other APC substrates.    

 Why the SAC is activated in these experiments is unknown.  One possible 

explanation is that we are using Hu as the source of DNA damage.  Hu causes damage by 

depleting the cellular dNTP pool thus blocking DNA replication.  Inhibiting replication 

may lead to defects in centromere assembly; possibly failure to replicate centromeric 

DNA.  These effects could result in the activation of the SAC.  If this is the case, SAC 

activation would be dependent on the type of DNA damage.  

 The observation that the majority of APC substrates are stable on damage once 

the SAC is eliminated is consistent with a model were damage inhibits APC activity.  To 

determine if the substrate stability observed in the mad2Δ was dependent on the DNA 

damage checkpoint, we generated double mutants where we deleted mad2 and the 
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various checkpoint mutants to look at Cdc20 stability.  In agreement with the model that 

Rad53 inhibits the APC during damage we observed that Cdc20 is unstable in the mad2Δ 

mec1Δ and mad2Δ rad53Δ strains.  This turnover was not observed in the mad2Δ dun1Δ 

or the mad2Δ chk1Δ strains. 

 How Apc1 phosphorylation by Rad53 inhibits APC activity is unknown.  

However, we would like to propose a model for how this might occur.  From the domain 

mapping data presented here (Figure 11), previous data from our lab [10], and the 

structure created by David Barford’s lab[9], it seems likely that Apc1 functions as a 

scaffold for binding the TPR subcomplex and the catalytic subcomplex.  The TPR 

subcomplex binds to the N-terminus of Apc1, and the catalytic subcomplex likely binds 

to the C-terminus of Apc1.  Structural predictions of Apc1 indicate that between these 

two binding sites is a region that is highly unstructured [70].  This unstructured region is 

perfectly positioned to serve as a linker between the two halves of Apc1.  We believe that 

this linker may position the two halves of Apc1 such that they promote interaction 

between the TPR subcomplex and the catalytic subcomplex to promote ubiquitination of 

Cdc20 and other substrates (Figure 11B upper panels).  However, during DNA damage 

we propose that this linker is heavily phosphorylated by Rad53 (Figure 11B).  In support 

of this argument the linker contains many serine and tyrosine residues (Figure 11A); both 

are residues that Rad53 is known to phosphorylate.  We propose that phosphorylation of 

this linker changes the conformation of the APC. This conformational change might 

move the TPR subcomplex in such a way that it would longer interact with catalytic 

subcomplex stabilizing Cdc20 and other APC substrates (Figure 11B bottom panels).   
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 This model explains several pieces of data both presented here and in the 

literature.  First as previously mentioned Pds1 phosphorylation does not affect the ability 

of Pds1 to bind to the APC as a substrate [62].  However Rad53 activity in cells inhibits 

Pds1 binding to the APC [62].  This result can be explained by our model.  The APC uses 

a bipartite substrate recognition motif composed of the activators (which bind the TPR 

subcomplex) and Doc1 (catalytic subcomplex) to bind substrates [10, 13, 15-17].  When 

Rad53 phosphorylates the linker region on Apc1, the APC may undergo a slight 

conformational change such that Cdc20 and Doc1 are no longer positioned to correctly 

form the co-receptor, decreasing the APC’s affinity for Pds1.   

 Additionally, we find in mad2Δ cells Clb5 is no longer stable on damage.  This 

result appears to be in disagreement with the idea that the damage checkpoint inhibits 

APC activity.  However, studies in yeast have shown that Clb5 may be different from 

canonical APC substrates.  It has been reported that Clb5 turns over during the SAC, 

when the APC is thought to be inactive [71].  If this is true Clb5, recruitment to the APC 

is likely independent of Cdc20, as Cdc20 substrate binding during the SAC is inhibited 

[26].  How yeast Clb5 interacts with the APC in metaphase is unknown, however, 

evidence in mammalian cells suggests that Cyclin A, the mammalian Clb5 homologue, is 

brought to the APC via an interaction with Cyclin dependent kinase subunits (Cks) [72].  

In yeast, Cks may also bring Clb5 to the APC.  If this is true, it is likely that Cks1 

presents Clb5 to the APC in a manner that is different from the normal way substrates are 

bound to the APC.  Therefore Clb5 would not be affected by the conformational change 

that the Rad53 phosphorylations cause. 
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 Much of this model is unproven, and more work still needs to be done to show if 

it is correct.  Several key experiments remain to be done.  For example in vitro kinase 

assays on APC1 fragments to map the phosphorylation sites, as it has proven to be very 

difficult to identify these sites by mass spectroscopy.  If the residues in the linker region 

are indeed found to be the sites of phosphorylation, it will be imperative to mutate these 

sites and show that Rad53 no longer stabilizes Cdc20 and other APC substrates on 

damage.  It will also be important to perform in vitro APC ubiquitination assays after 

Rad53 phosphorylation to show that the APC is inhibited.         

Methods 

Yeast Methods 

 Yeast were grown in Ym-1 media [52] and 2% dextrose. All cells were grown at 

30°C unless otherwise noted.  Strains used in Figures 8-10 are s288c strains with 

background sml1 deletions.  The strains used for Immuno-precipitation of the Apc1 

fragments were A364a strains with background mutations in pbr1 and pep4.  

Replacement of the APC1 promoter with TEF1p was accomplished using standard PCR-

based techniques.  All Tagging was done using standard techniques.  Deletion strains 

were made by standard PCR based techniques and mutations were combined by crossing 

followed by tetrad dissection. 

 

Damage and Cell cycle Arrest shift Assays 

 Cells were grown to saturation, diluted to an OD of .1 and allowed to grow for at 

least 2 doublings, cells were then split and diluted to an OD of 0.2.  Asynchronous cells 
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were either allowed to grow in fresh media for 3 hours and 2 ODs cells were collected 

then spun down and washed in 1ml cold water. Cell pellets were then frozen on dry ice.  

Cells that were to be damaged were cut back to an OD of .2 and then grown in the 

presence of .2M Hu, or .05% MMS, or 2μg/ml 4NQO.   Damaged cells were allowed to 

grow for 3 hours and were harvested as the asynchronous cells above.  Cells arrested with 

Alpha factor were arrested at a concentration of 10 ng/ml.  Cells that were arrested with 

nocodazole we arrested at 10ng/ml. Cells were processed as described below except that 

7.5% pre-cast criterion gels were used to run that samples. 

 

Half-life assays 

 Cells were grown to saturation, diluted to an OD of .1 and allowed to grow for at 

least 2 doublings, cells were then split and diluted into 2 cultures with an OD of .2.  One 

culture was given fresh media and allowed to grow for 3 hours.  The other culture was 

incubated in .2M Hydroxyurea for 3 hours.  2 ODs of cells were collected for the zero 

time point. Cell pellets were washed with 1 ml cold H2O and frozen on dry ice. 

Cycloheximide was then added to cultures for a final concentration of 50 μg/ml media. 2 

ODs of cells were collected for each time point as indicated. Cell pellets processed as 

described below. 

 

Western blots 

 Cell pellets were processed as follows. Cell pellets were thawed in boiling sample 

buffer (50mM Tris pH 7.5, 5% SDS, 5 mM EDTA, 10% Glycerol, 0.5% BME, 0.1 µg/ml 

pepstatin A, 0.1 µg/ml leupeptin, 0.1 µg/ml bestatin, 0.1 mM Benzamidine, 5 mM NaF, 
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0.5 mM Na3VO4, 40 mM β-glycerophosphate, 1 mM PMSF). Cells were boiled for 5 

min, followed by bead-beating 1.5 minutes.  Samples were then spun and run on SDS 

page gels and transferred to nitrocellulose. Western blots were performed with low salt 

PBST (15 mM NaCl, 1.3 mM NaH2PO4, 5.4 mM Na2HPO4, 0.05% Tween pH 6.8). All 

primary antibody incubations were performed overnight in 5% milk and low salt PBST 

unless otherwise noted. Primary antibodies were used as follows: Cdc20 (yC-20) from 

Santa Cruz at 1:1000, Cdc28 from Santa Cruz (yC-20) at 1:1000, Dbf4 (yN-15) from 

Santa Cruz at 1:500, Clb2 (y180) from Santa Cruz 1:1000 Clb5 (yN19) from Santa Cruz 

at 1:500, Cdc5 (yN19) at 1:500 from Santa Cruz, Rad53 from the Durocher lab used at 

1:1000, GFP (JL8) from Clontech used at 1:2000, HA from convance (HA.11 16B12) 

used at 1:2000, Dun1 (yN-19) 1:500 from Santa Cruz, the antibody pre-incubated with 

nitrocellulose several time over night to reduce background before use. Cdc16 from 

Heiter Lab used at 1:2000, Apc2 from the Heiter Lab used at 1:2500.  Secondary 

antibodies used as follows.  For Figures 8A and 8B, donkey anti-goat IgG-HRP (sc-2020) 

from Santa Cruz was used at 1:10,000, goat anti mouse (170-6516) from Bio-Rad used at 

1:10,000.  For Figures 9 and 10 bovine anti goat IgG-HRP (sc2350) from Santa Cruz was 

used at 1:10,000, and bovine anti rabbit IgG-HRP (Sc-2370) from Santa Cruz was used at 

1:10,000.  For Figure 11 Protein A, peroxidase conjugated (32400) from Pierce was used 

at 1:10,000, goat anti mouse (170-6516) from Bio-Rad used at 1:10,000.   

Kinase Assay 

 Apc1-3xFlag cells were grown overnight to saturation and cut back the next 

morning to an OD of .1 cells were allowed to grow at least 2 doublings, and 800 ODs of 
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cells collected.  Cells were washed with 10 mls cold water and frozen on dry ice.  Cell 

pellet were thawed in 6ml of cold 1X lysis buffer (10% glycerol, 150 mM NaCl, 100mM 

Hepes Ph 8.0, .2% NP40, 1mM EDTA, 0.1 µg/ml pepstatin A, 0.1 µg/ml leupeptin, 0.1 

µg/ml bestatin, 0.1 mM Benzamidine, 5 mM NaF, 0.5 mM Na3VO4, 40 mM β-

glycerophosphate, 1 mM PMSF, 1 roche PhosStop tablet/10ml buffer and 1 roche EDTA 

free protease tablet/50ml buffer).  Thawed cells were split into 8 tubes and ~500 μl of 

beads were added to each tube.  Cells were bead beat for 1.5 minutes then incubated on 

ice for 5 minutes this was repeated until ~80% lysis.  Lysates were cleared by spinning 

for 10 minutes at 14,000 rpms and 4°C.  Supernatant was removed and incubated with 

pre-equilibrated Anti-Flag M2 magnetic beads (sigma) for 2 hours at 4°C.  Beads were 

then washed 3X with a high salt lysis buffer (same as above except NaCl was used at 

500mM).  Beads were then washed 3X with cold kinase buffer (20mM Tris-Hcl Ph7.5, 

20mM MgCl2, 2mM MnCl2, and 1mM DTT).  Beads were then split, one tube was 

resuspended in 18μl kinase buffer.  The other beads were resuspended in 15μl kinase 

buffer and 3μl TAP purified Rad53 kinase added.  Rad53 was purified as previously 

described[53].  1μl of adenosine 5’ triphosphate γ32P (~10μCi) (Perkin Elmer 

BLU002A250UC) was added to each reaction.  Reactions were then incubated at 30° for 

45 minutes.  Reactions were then washed 3X with high salt lysis buffer described above.  

Reactions were then boiled in 10μl 2X Sina’s sample buffer described in Chapter 1.  

Samples were run on a 4-20% precast criterion gel and exposed via autoradiograph.   

Generation of the APC1 Fragment plasmids 

 All fragments were expressed from pRS426 plasmids that are under the control of 

the endogenous APC1 promoter and are all C-terminally tagged with 5HA.  With the 

51



exception of the fragment that contains a partial deletion of Apc1’s PC repeats, the PC 

repeats have been replaced with 5HA.  These constructs were all made using standard 

cloning techniques. 

 

Fragment Immuno-precipitation Assays 

Cells were grown overnight to saturation and cut back the next morning to an OD of .2 

cells were allowed to grow at least 2 doublings, and 50 ODs of cells were collected for 

each strain.  Cells were washed with 1 ml cold water and frozen on dry ice.  Cell pellets 

were thawed in 750μl of cold 1X lysis buffer (10% glycerol, 150 mM NaCl, 50mM 

Hepes Ph 7.5, .4% Triton, 1mM EDTA, 0.1 µg/ml pepstatin A, 0.1 µg/ml leupeptin, 0.1 

µg/ml bestatin, 0.1 mM Benzamidine, 5 mM NaF, 0.5 mM Na3VO4, 40 mM β-

glycerophosphate, 1 mM PMSF 1mM DTT.  Thawed cells were lysed by bead beating for 

1.5 minutes followed by 5 minutes on ice.  This was repeated until cells were ~ 80% 

lysed.  Lysates were cleared by spinning at 14,000 rpms at 4°C for 10 min.  Supernatant 

was removed and incubated for 1 hour with 5μl of 12CA5 (mouse antibody against HA) 

for 2 hours at 4°C.   Magnetic Protein A Dynabeads were added to the lysate/12CA5 

slurry and were incubated for 1 hour at 4°C.  Beads were then washed 3X with 1ml cold 

lysis buffer.  Beads were then incubated with 30μl of 2X Sina’s buffer at 65°C to elute 

bound protein.  Samples were then run out on 4-20% pre-cast criterion gradient gel and 

transferred to nitrocellulose and probed via western as described above.   
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Figure legends 

Figure 7 Diagram of the APC and the DNA damage checkpoint. (A) Diagram of the 

APC.  Green subunits (Cdc27, Cdc16, and Cdc23) represent the TPR subcomplex.  Blue 

subunits (Apc1, Apc4, and Apc5) represent the platform region.  Red boxes in Apc1 

represent the PC repeats.  Orange subunit represents the activator (Cdc20 or Cdh1).  

Yellow subunits (Apc2, Apc11, and Doc1) represent the catalytic subcomplex.  A blue 

substrate is bound by both Cdc20 and Doc1 via the bipartite co-receptor.  Pink protein 

represents the charged E2 bound to Apc11, Red circle represents ubiquitin. (B) Diagram 

of the DNA damage checkpoint.  Mec1 (gray), Chk1 (green), Rad53 (purple), Pds1 (light 

blue), Dun1 (brown) phosphates (Dark blue with white P) and unknown substrate of the 

Rad53 branch of the checkpoint (Red circle with ? mark) 

Figure 8 Apc1 is target of the DNA damage checkpoint. (A) Apc1-GFP shifts on 

exposure to DNA damaging agents.  Cells were incubated with alpha factor (G1 arrest) 

Nocodazole (metaphase arrest) and the following DNA damaging agents Hu, MMS and 

4NQO.  Rad53 blot is shown as damage control. (B) Western to determine if the Apc1-

GFP shift is dependent on Mec1 and Rad53.  Cells were grown in the presence or 

absence of Hu.  Rad53 is shown to demonstrate that the rad53Δ status and that cells were 

damaged. (C) Apc1 is a direct substrate of Rad53.  Apc1-3XFlag was purified from cells 

and incubated with P32 labeled ATP with and without active Rad53.  Apc1 and Rad53 

bands indicated by arrows. 

Figure 9 APC substrates are stabilized during DNA damage. (A) APC substrates are 

stabilized during damage. Asynchronous and Hu treated cells were collected at indicated 
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time points after cycloheximide addition. Blots were probed with antibodies against 

Dbf4, Clb5, Clb2, Cdc5 and Cdc28, which served as a loading control. (B) Cdc20 is 

slightly stabilized by damage.  Asynchronous and Hu treated cells were collected at 

indicated time points after cycloheximide addition. Blots were probed with antibodies 

against Cdc20, and Cdc28, which served as a loading control. (C) APC substrate stability 

in damage is not Rad53 or Dun1 dependent.  Asynchronous and Hu treated cells were 

collected at indicated time points after cycloheximide addition. Blots were probed with 

antibodies against Cdc20, Clb5, Clb2, Cdc5 and Cdc28, which served as a loading 

control.  Rad53 blot is shown as a control for the addition of damage and to confirm 

rad53Δ status.  Dun1 blots are shown to confirm dun1Δ status.  Genotypes of cells are 

indicated above time points. (D) Spindle assembly checkpoint is stabilizing Clb5 and 

turning over Cdc20 in Damage. Asynchronous and Hu treated cells were collected at 

indicated time points after cycloheximide addition. Blots were probed with antibodies 

against Cdc20, Clb5, Clb2, Cdc5 and Cdc28, which served as a loading control.  Rad53 is 

shown as control for the addition of damage, and to confirm rad53Δ status.  Genotypes 

indicated. 

Figure 10 Cdc20 stability during damage is dependent on Rad53.  (A) Cdc20 stability on 

damage is Mec1 dependent Asynchronous and Hu treated cells were collected at 

indicated time points after cycloheximide addition. Blots were probed with antibodies 

against Cdc20 and Cdc28, which served as a loading control.  Genotypes indicated above 

time points. (B) Cdc20 stability on damage is Rad53 dependent.  Asynchronous and Hu 

treated cells were collected at indicated time points after cycloheximide addition. Blots 

were probed with antibodies against Cdc20 and Cdc28, which served as a loading 
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control.  Genotypes indicated above time points. (C) Cdc20 stability on damage is Dun1 

independent. Asynchronous and Hu treated cells were collected at indicated time points 

after cycloheximide addition. Blots were probed with antibodies against Cdc20 and 

Cdc28, which served as a loading control.  Genotypes indicated above time points. (D) 

Cdc20 stability on damage is Chk1 independent. Asynchronous and Hu treated cells were 

collected at indicated time points after cycloheximide addition. Blots were probed with 

antibodies against Cdc20 and Cdc28, which served as a loading control.  Genotypes 

indicated above time points. 

Figure 11 Apc1 Domain mapping (A) TPR subcomplex bind Apc1 in the N-terminus, the 

catalytic subcomplex binds the Apc1 C-terminus.  HA-IP then westerns for Apc2 

(catalytic subcomplex) and Cdc16 (TPR subcomplex).  HA blot shows the amount of 

pulled down fragment.  (B)  Diagram showing results of Figure 11A. – indicates no 

binding + indicates binding. 

Figure 12 Model for how damage may inhibit APC activity.  (A)  The linker region of 

Apc1.  Amino acid sequence begins at 813 and ends at 915, Amino acid sequence below 

#s.  H indicates predicted helix, C is a predicted coil.  #’s underneath H and C represent 

confidence score, (low) 1-10 (high).  O represents a predicted ordered residue, D 

represents disordered residue.  #’s underneath O and D represent a confidence score (low) 

1-10 (high).  Figure taken from phyre [70] (B)  Model for how Apc1 phosphorylation 

may inhibit APC activity. Teal rectangles indicated the two halves of Apc1 (left half (N-

terminus, right half C-terminus), red stripes in Apc1 C-terminus indicate PC repeats.  

Green represents TPR subcomplex, yellow represents the catalytic subcomplex, orange 
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represents Cdc20, light blue represents substrate, red circle represent ubiquitin, and pink 

circle represent the charged E2.  4 ubiquitin molecules attached to the substrate indicates 

ubiquitination.  Upper panels diagram normal turnover in the absence of damage with 

Cdc20 and substrate turning over.  Bottom panels, the APC is inhibited by the 

phosphorylation (dark blue circles) of Apc1 between the N and C terminus.  The change 

in the linker structure alters the confirmation of the APC and inhibits Cdc20 and substrate 

ubiquitination. 
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Figure 10
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