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ABSTRACT 
 
In order to create two new daughter cells out of one mother cell, a cell has to 
duplicate genetic information through DNA replication during S-phase and divide 
this DNA equally into the two new daughter cells during mitosis.  The importance of 
proper regulation of cell divison is f underscored by the fact that misregulation can 
lead to various developmental problems and diseases and is involved in all cases of 
tumor formation.  
Ordered progression through the cell cycle dependent on the levels and activity of a 
large variety of proteins. Accurate protein regulation not only requires the up 
regulation at specific time points, degradation at the end of a specific phase is 
sometimes even more important. One of the most important regulators of protein 
degradation is the anaphase promoting complex (APC/C). The APC/C is a multi-
subunit E3 ubiquitin ligase which performs its various functions by assembling poly-
ubiquitin chains on substrate proteins. Since the identification of the APC/C, only 
fifteen years ago, extensive research in the cell cycle and protein degradation field 
has elucidated more and more about its structure, functions, downstream targets and 
regulatory mechanisms. The final substrate degradation however is not only 
dependent on the activity of the APC/C but also on the intrinsic characteristics of the 
substrates. Therefore, understanding the differences between these substrates might 
give novel insight in how these substrates ensure their own degradation and how 
they, next to the regulatory mechanisms controlling the APC/C, contribute to a 
temporal ordered sequence of protein degradation. Here several mechanisms 
regulating APC/C activity and models describing the role of substrates in their own 
degradation will be discussed in order to better understand their role in targeting 
proteins to the proteasome at the right time during the cell cycle.  
 
 



 4 

INTRODUCTION 

 
The formation of a multicellular organism out of a single fertilized oocyte is 
probably one of the most intriguing and fundamental processes of life. In order to 
develop from a single cell stage into an organism with different tissues and organs 
millions and millions of cells have to be formed and their function has to be 
specified. It is therefore not surprising that during development a large number of 
mechanisms and control systems play together in order to maintain and regulate, 
with a remarkable precision, proper cell division. The importance of these 
regulatory systems is further underscored by the fact that misregulation can lead 
to various developmental problems and diseases and is involved in all cases of 
tumor formation.  
 
The cell cycle  
In order to create two new daughter cells out of 
one mother cell, a cell has to go through a series 
of events which are incorporated into a larger 
control network, called the cell cycle (Fig. 1). 
The ultimate goal of the cell cycle is to duplicate 
genetic information through DNA replication 
during S-phase and divide this DNA equally 
into the two new daughter cells during mitosis 
(M-phase) and prior to cytokinesis (the final cell 
division)(Murray, Kirschner 1989b) (Fig.1). The 
equal distribution of the chromosomes into the 
newly formed daughter cells requires a complex 
process called mitosis (Fig. 2). During mitosis 
several different phases can be distinguished. 
Early mitosis starts with the condensation of the 
chromosomes during prophase, which will be 
followed by a promethaphase. During 
prometaphase the nuclear envelope breaks 
down, the chromosomes start to move to the 
equeater and the sister chromatids are attached 
to the microtubules of the spindle. The spindle 
is a bipolar array of microtubules that can not 
only attach to the duplicated DNA, however it is also able to pull the sister 
chromatids apart during later phases of mitosis. The completion of prometaphase, 
involving the attachment of every chromosome to the bipolar spindle leads to the 
next phase, called metaphase. In metaphase all chromosomes are aligned in the 
centre of the spindle waiting for a signal to be separated during the metaphase to 
anaphase transition. The onset of anaphase, the next phase of mitosis, causes 
dramatic changes in the cell when the cohesion between the sister chromatids is 
dissolved and the separated sisters are pooled to the opposite poles of the cell 
(Mitchison, Salmon 2001, Pines, Rieder 2001).  
Until the metaphase to anaphase transition the sister chromatids are hold together by 
a large multisubunit complex called cohesin. Cohesin has a ring structure and uses 
this to surround both sister chromatids. Only cleavage of the cohesion complex and 
opening up the ring will enable the chromatids to separate, allowing the spindle to 
pull the chromosomes apart to the different poles of the mother cell. The protein 
responsible for the cleavage of the cohesion ring is a protein called separase. During 

Figure 1. The cell cyle 
Different phases of the cell cycle are 
shown in different colors. Cell 
division starts with the duplication of 
the chromosomes in the S phase. 
These chromosomes are divided 
equally  into the new daughter cells 
during Mitosis (M-phase). The S- and 
M-phase are separated by two 
regulatory Gap phases, G1 and G2.  
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early mitotic events, when it is of great importance to prevent the separation of the 
sister chromatids separase activity is inhibited by securin. However, once all 
chromatids are attached to the spindle securin is degraded and cohesin is cleaved by 
the endonuclease separase(Uhlmann 2003, Yanagida 2009). Once the chromatids are 
separated there is no return, meaning that it is impossible for the cell to re-attach the 
once paired sister chromatids. It is therefore of major importance that the transition 
from metaphase into anaphase only takes place when the cell has ensured that every 
sister chromatid is properly attached and that every chromosome is aligned in the 
centre of the spindle. Misattachments and premature separation of the sister 
chromatids will lead to unequal numbers of chromosomes in the daughter cells, 
leading to aneuploidy, which is involved in the development of many types of cancer 
((Kops, Weaver & Cleveland 2005, Bharadwaj, Yu 2004). Mitosis is completed in 
telophase when the chromosomes and other nuclear components are repacked 
together into identical daughter nuclei and a nuclear envelope starts to form around 
these nuclei (Fig 2). Following this nuclear division during mitosis, the final cell 
division takes place during the next step to which we refer as cytokenesis (Pines, 
Rieder 2001).  
 In most cell cycles the S- and M-phase are separated by two Gap-phases, called G1 
and G2. The first gap-phase (G1) takes place before S-phase, whereas the second gap-
phase, (G2) takes place after S-phase and before M-phase, separating DNA 
replication and chromosomal separation (Fig.1). These Gap-phases not only have a 
role as separators between the S-and M-phase but have important regulatory roles as 
well. The decision of a cell to go through another round of division or to withdraw 
from the cell cycle and differentiate is mainly made during G1. Early in G1 cells will 
receive mitogenic signals which will initiate another round of division. However, as 
soon as cells have passed a certain point which is called the restriction point in 
eukaryotes and start in yeast, they will complete the cell cycle independent of 
mitogenic signaling. On the other hand, the G2 phase plays a very important 
regulatory role in controlling the DNA status. Before a cell will finally go into mitosis 
it has to make sure that DNA replication has been finished and that mistakes, which 
may have occurred during S-phase, are repaired (Hartwell, Weinert 1989, Moeller, 
Sheaff 2006, Nojima 2004). 

Figure 2. Progression through mitosis 
During mitosis several different phases can be distinguished. Early mitosis starts with the 
condensation of the chromosomes during prophase, which will be followed by a promethaphase. 
During prometaphase the nuclear envelope breaks down, the chromosomes start to move to the 
equeater and the sister chromatids are attached to the microtubules of the spindle. The completion of 
prometaphase, involving the attachment of every chromosome to the bipolar spindle leads to the next 
phase, called metaphase. In metaphase all chromosomes are aligned in the centre of the spindle waiting 
for a signal to be separated during the metaphase to anaphase transition. The onset of anaphase, the 
next phase of mitosis, causes dramatic changes in the cell when the cohesion between the sister 
chromatids is dissolved and the separated sisters are pooled to the opposite poles of the cell.  
Mitosis is completed in telophase when the chromosomes and other nuclear components are repacked 
together into identical daughter nuclei and a nuclear envelope starts to form around these nuclei. 
Following this nuclear division during mitosis, the final cell division takes place during the next step to 
which we refer as Cytokinesis. 
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It is not surprising that many mechanisms have to be regulated in order to create two 
exact new daughter cells out of one mother cell and that it is of major importance to 
control the order and timing of the different events of the cell cycle, thereby 
preventing cell division before the DNA is equally separated to the opposite pools of 
the mother cell, or even before the cell has had time to properly replicate its DNA. 
The primary mechanism to ensure the ordered progression through the cell cycle is 
the formation of strict and irreversible transitions between different phases of the cell 
cycle, obtained by tight regulation of transcription and degradation of the key 
regulators of the cell cycle. The key proteins involved in the progression through the 
cell cycle and the establishment of the different cell cycle phases are the Cyclins and 
their partners the Cyclin Dependent Kinases (Malumbres et al. 2009, Morgan 1997, 
Evans et al. 1983, Jackson 2008).  
 
Cyclins and Cyclin Dependent Kinases 
In 1983 Evans et al. (Evans et al. 1983) demonstrated for the first time, using the see-
urchin as a model system the presence of a group of proteins which appeared and 
disappeared during the cell cycle and were therefore called the Cyclins (Evans et al. 
1983). Together with the in yeast identified Cyclin Dependent Kinases (CDKs) the 
Cyclins were able to regulate the progression and order of the cell cycle (Morgan 
1997, Culotti, Hartwell 1971, Hartwell 1971). The binding of a Cyclin to its CDK 
partner results in the formation of an active complex, able to phosphorylate several 
downstream targets (De Bondt et al. 1993, Russo, Jeffrey & Pavletich 1996, Jeffrey et 
al. 1995). The number of Cyclins and CDKs can differ between organisms and 
different Cyclins can interact with the same CDK. The first identified Cyclins were 
the mitotic Cyclins, to which we now refer as Cyclin A and B. Probably because of 
the fact that the mitotic Cyclins were the first identified Cyclins and the observation 
that Cyclin B levels are essential for mitotic progression, Cyclin B regulation became 
an important and widely investigated model system (Murray, Kirschner 1989a, 
Murray 1989). The use of these Cyclin B based model systems which early on have 
dramatically increased our knowledge about the Cyclins, Cdks and their importance 
for proper cell cycle regulation in general. The importance of the proper regulation of 
the levels of the Cyclins in general and Cyclin B specifically was underscored by the 
fact that expression of non degradable mutants of Cyclin B in fungal, plant and 
animal cells causes an arrest in telophase (Murray 1989, Glotzer, Murray & Kirschner 
1991). Indeed suggesting that proper degradation of Cyclin B is essential for 
progression through mitosis.    
Shortly after identification of the Cyclins, it became clear that the temporal 
upregulation of Cyclins was due to an increase in the rate of transcription (Evans et 
al. 1983) . However, despite extensive research it took much longer before the first 
insights into the mechanisms responsible for the downregulation of the Cyclins were 
obtained. Again it was Cyclin B, used as a model system, which gave, almost ten 
years after its original identification these first insights. Extensive investigations led 
to the finding that at the end of mitosis, Cyclin B undergoes covalent modifications, 
leading to a ladder of proteins on a western blot . The spacing between these 
modified forms (+/- 7 kDa) suggested that ubiquitin might be involved (Glotzer, 
Murray & Kirschner 1991, Hershko et al. 1991). Currently it is generally accepted 
that, ubiquitination of a protein will lead in many cases to the degradation of the 
protein by targeting it to the proteasome (Hershko, Ciechanover 1998, Pickart 2001). 
However, two decades ago the ubiquitin machinery was less well characterized and 
in vivo substrates of the ubiqutinin-proteasome system were poorly defined. 
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Protein degradation by the Ubiquitin-machinery 
The ubiquitin proteasome pathway is used by the cell to utilize the degradation of 
specific proteins and is the prime mechanism by which changes in the state of the cell 
cycle and irreversible transitions between the different phases of the cell cycle are 
achieved. The covalent binding of an ubiquitin molecule on lysine molecules of a 
target protein will lead to its recognition and degradation by the proteasome. This 
degradation is not only very specific, allowing a single protein in a larger complex to 
be destroyed, it is also irreversible. It is this irreversibility of the mechanism that will 
lead to the rapid changes in the cell cycle state and causes the unidirectionality of the 
cell cycle. The major role and the importance of the ubiquitin proteasome pathway in 
many biological processes in general and more specific the regulation of the cell cycle 
implies that this pathway requires a very tight regulation and that the pathway is 
only activated in response to a fulfillment of several criteria.  
The ubiquitination of a substrate involves three major steps (Fig. 3)(Hershko, 
Ciechanover 1998). The first step includes the activation of ubiquitin itself by the 
ubiquitin activating enzyme E1. Once this ubiquitin molecule is activated, it is 
transferred to an active cystein on the ubiquitin conjugating enzyme E2. The third 
and final step requires the ubiquitin ligase E3 which is able to assemble with the E2 
and can bind the substrate, which has to be targeted for degradation, at the same 
time. Once both the E2 and the substrate are bound, the ubiquitin molecule is 
transferred to one or more lysine residues on the substrate to generate a stable 
interaction between the ubiquitin molecule and the substrate. It is not surprising that 
the E3 ligases are the key components of this ubiquitin pathway since they recruit not 
only the appropriate E2 enzyme and in some cases even activate the E2, however 
their major regulatory role lies in the fact that they determine the substrate specificity 
and therefore substrate degradation. During multiple rounds of ubiquitin transfers 
from the E2 to the substrate of interest, polyubiquitin chains will be formed, leading 
to the recognition of the substrate by the regulatory cap of the proteasome (Fig. 
3)(Pickart 2001, Hershko 1991, Hershko 2009). The time required to build a 
polyubiquitin chain, long enough to be recognized by the proteasome is thought to 
be critical for substrate degradation and moreover for the creation of differences in 
the rate of substrate degradation by the proteasome, thereby allowing the 
degradation of different substrates during different time points of the cell cycle.  
Multiple factors, like the strength of the interaction between the E2, E3 and the 
substrate, the time of interaction between the three, the abundance of the substrate 
and the presence and activity of deubiquitin enzymes (DUBs) have been proposed to 
play an important role in the formation of these polyubiquitin chains on the substrate 
(Amerik, Hochstrasser 2004, Ye, Rape 2009, Rape, Reddy & Kirschner 2006). 
Although, based on investigations on all these factors many questions about 
temporal recognition and degradation have to be answered before the ubiquitin 
machinery can be fully understood.  
The first insights into the role of ubiquitination came hand in hand with the earlier 
described identification of the Cyclins. In order to better understand the temporal 
regulation and specifically the to be known important destruction of Cyclin B 
extensive research was obtained in order to identify the complex responsible for this 
degradation (Glotzer, Murray & Kirschner 1991). Currently we know that the 
complex to which we refer as the Anaphase Promoting Complex/ Cyclosome 
(APC/C), a multisubunit ubiquitin ligase is the key regulator of Cyclin B degradation 
and therefore very important for proper cell cycle progression as a whole. This 
importance is further underscored by the fact that genetically inactivation of the 
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APC/C has caused lethality in all species in which it has been investigated so far, 
ranging form fungi to mouse (Wirth et al. 2004). 
The discovery of the APC/C however, not only gave new insights in how the cell 
cycle and cell division are regulated, in addition it was this discovery that raised the 
interest in the ubiquitin-proteasome pathway and established once and for all the 
importance of ubiquitin mediated proteolysis in the eukaryotic cell biology.  
 

 
 
 
Figure 3. The ubiquitin machinery 
The ubiquitination of a substrate involves three major steps.  The first step includes the activation of 
ubiquitin itself by the ubiquitin activating enzyme E1. Once this ubiquitin molecule is activated, it is 
transferred to an active cystein on the ubiquitin conjugating enzyme E2. The third and final step 
requires the ubiquitin ligase E3 which is able to assemble with the E2 and bind to the substrate, which 
has to be targeted for degradation, at the same time. Once both the E2 and the substrate are bound, 
the ubiquitin molecule is transferred to one or more lysine residues on the substrate to generate a 
stable interaction between the ubiquitin molecule and the substrate. Additional ubiquitins are ten 
added to other lysines on the targetd on on ubiquitin itself, resulting in multiple ubiquitin polymers 
on the protein surface. Once these chains are long enough, the targeted protein will be recognized by 
the proteasome and destroyed.  
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THE ANAPHASE PROMOTING COMPLEX/CYCLOSOME 
 
Where are we fifteen years after the discovery of the APC/C 
As mentioned before the APC/C is a multi-subunit E3 ubiquitin ligase which 
performs its various functions by assembling poly-ubiquitin chains on substrate 
proteins (Glotzer, Murray & Kirschner 1991, Peters 2006). Since the identification of 
the APC/C, only fifteen years ago, extensive research in the cell cycle and protein 
degradation field has elucidated more and more about its structure, functions, 
downstream targets and regulatory mechanisms. Although major progress has been 
made in understanding the APC/C, one of the most intriguing outcomes of fifteen 
years of research is probably the fact that there are many more APC/C subunits, 
downstream targets and regulatory mechanisms than anyone could have predicted 
at that time. Currently we know that the APC/C has a role in a variety of processes 
and mechanisms, ranging from cell cycle control to axis formation in C. elegans, to 
regulation of synapse size and function in post-mitotic neurons (Yeong 2004, 
Stegmuller, Bonni 2005, van Leuken, Clijsters & Wolthuis 2008). Originally the 
APC/C was characterized only as the apparatus which was able to destroy the 
mitotic Cyclins at the end of mitosis (Zachariae et al. 1996, Zachariae, Nasmyth 1996). 
However, it is not only from a historical point of view that the role of the APC/C has 
been widely studied during mitosis, since it is also during mitosis that the APC/C 
manifest some of its most intriguing functions, namely the differential temporal 
degradation of otherwise very similar substrates. The question, how the APC/C is 
able to distinguish between these substrates has fascinated many scientist the last 
fifteen years. This same question will also be the subject of this review. Here, 
however the main focus will be on the perspectives from the substrates. Several 
independent lines of evidence have shown that it is not only the APC/C itself which 
is responsible for the targeting of specific proteins to the proteasome, but that it is an 
interplay between the substrates itself, the co-activators and the core-subunits of the 
APC/C who together determine which substrate is targeted for degradation at what 
specific time point during the cell cycle.   
 
APC/C composition and structure 
Since the first investigation of the 
APC/C in 1995 the APC/C has 
been purified by different affinity 
techniques in different cell systems 
and model organisms ranging from 
Xenopus, to human cells, clams and 
budding yeast (Dube et al. 2005, 
Gieffers et al. 2001, Passmore et al. 
2005a). These purifications have 
shown that the APC/C is a giant 
multi-subunit complex with a mass 
of 1.4-1.5 MDa, consisting of 11-13 
subunits, although the numbers are 
different between different species 
as shown in Table 1 and Figure 4. In 
addition, it is absolutely feasible 
that in the future even more 
subunits will be  

Figure 4. APC/C composition 
The APC/C is a giant multisubunit E3 complex 
containing 11-13 subunits, including a RING subunit 
(Apc11) and a culling (Apc2). APC/C activity requires 
the interaction with a co-activator (Cdc20 or Cdh1). 
Based on recent investigations the assumption is that the 
substrate, the co-activator and the APC/C form a 
terniary complex and that substrate binding requires 
interaction with the APC/C and a co-activator at the 
same time. The co-activator interacts with the APC/C 
via the IR-tail of Apc3 and the C-box found in Apc8.  
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identified since it was only very recently that an additional subunit of the human 
APC/C (Apc16) was identified (Kops et all, submitted). Why a complex like the 
APC/C needs so many different subunits whereas other, similar E3 ligases require 
much less subunits, is not understood very well. Currently our understanding of the 
different subunits is mainly limited to the conserved structural motifs in their amino 
acid sequence. Several E3 ligases have a Ring-Finger and a Cullin domain in there 
catalytic subunit. These characteristic features can also be found in the APC/C where 
subunits Apc2 and Apc11 respectively harbor a cullin and a Ring-finger domain. To 
these subunits is often referred as the enzymatic core of the APC/C. Particularly 
since Apc11 and Apc2 in combination with an E2 enzyme are sufficient to catalyze 
ubiquitination in vitro, although with reduced substrate specificity (Tang et al. 2001, 
Leverson et al. 2000, Gmachl et al. 2000). Four other subunits, Apc3, Apc6, Apc7 and 
Apc8 have tetratricopeptide (TPR) domains which are involved in protein-protein 
binding (Zachariae, Nasmyth 1996, Thornton et al. 2006). It is generally believed that 
besides the core enzymatic activity carried out by Apc2 and Apc11, the majority of 
the subunits have a role in determining the substrate specificity or serve as a scaffold 
protein. The multi-subunit nature of the complex might also reflect the large number 
of known substrates and the required multiple substrate binding sites (Passmore, 
Barford 2004). Additional explanations for the role of these subunits might be that 
they play a role in the localization of the complex to particular structures in the cell, 
that they receive regulatory information thereby influencing the activity of the 
complex as a whole or that they are involved in the binding of the co-activators of the 
APC/C (Acquaviva et al. 2004, Passmore, Barford 2005, Passmore, Barford 2005, 
King et al. 1996, Kraft et al. 2003, Vodermaier et al. 2003). Despite the fact that the 
APC/C is a giant complex it requires the binding of two additional proteins for its 
final activation and substrate specificity. The two best studied co-activators are 
Cdc20, which mainly associates with the APC/C during mitosis, and Cdh1, which 
associates with the APC/C during late mitotic events and G1. These co-activators 
interact with the APC/C in a highly dynamic fashion and are involved in the 
regulation of the APC/C activity and specificity towards its substrates (Yu 2007, 
Kraft et al. 2005).  
The fact that novel and current technologies will allow us to get more structural 
information about the complex will certainly increase our knowledge of the role of 
the different subunits in the functions of this gigantic complex.  
The first structural insight into the APC/C came in 2001 when the three-dimensional 
structure was identified using cryo-EM technology (Gieffers et al. 2001). It was 
shown that the APC/C is a asymmetric triangular complex that is composed of an 
outer wall surrounding an internal cavity. For several years it has been speculated 
that this enclosed cavity is involved in the recognition and poly-ubiquitination of 
substrates, however in 2006 Dupe et al. showed that subunits which are supposed to 
be important for substrate recognition and ubiquitination are located at the outer 
wall of the complex (Dube et al. 2005). There are still many aspects of APC/C activity 
which can be learned and predicted based on the structure of this complex. 
Identification of the different subunits and the understanding of how they are able to 
incorporate their own characteristics and activities into a large complex will therefore 
contribute to a better understanding of the essential functions of the APC/C.   
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Table 1: Subunits of the APC/C 
 

 
 
Essential functions of the APC/C: Segregation of chromosomes at the right time 
In yeast the most essential function of the APC/C is in mitosis, degrading securin 
and Cyclin B (Glotzer, Murray & Kirschner 1991, Clute, Pines 1999).  
Expression of non degradable mutants of Cyclin B in fungal, plant and animal cells 
causes an arrest in anaphase (Murray, Kirschner 1989a, Glotzer, Murray & Kirschner 
1991, Holloway et al. 1993). At the time of anaphase the sister chromatids are already 
separated and transported towards the opposite spindle poles. However, genetic or 
biochemical inactivation of the APC/C causes a mitotic arrest, much earlier, before 
the sister chromatids have been separated and anaphase has been initiated. These 
results suggested that, although Cyclin B degradation is required for proper cell 
cycle progression, it is not sufficient and that the APC/C has at least one more 
essential substrate during mitosis. This substrate is known as securin (Fig. 5)(Hagting 
et al. 2002, Nasmyth, Haering 2005, Nasmyth 2005) .  
As long as the APC/C is inactive, its target securin is active and can bind to separase, 
thereby preventing the activation of separase and the cleavage of the cohesin ring 

 

Core 

subunits 

S. 

Cerevisiae 

S. 

Pombe 

Mammals Drosophila Comments Functions 

Apc 1 Apc1 Cut4 Apc1 Shattered RPN1and 

RPN2 

homology 

APC11 and 

Doc1 

binding 

Apc2 Apc2 Apc2 Apc2 Morula Cullin 

domain 

 

Apc3 Cdc27 Nuc2 Cdc27 Makos TPRs Co-activator 

binding 

Apc4 Apc4 Lid1 Apc4  WD40 

repeats 

 

Apc5 Apc5 Apc5 Apc5 Ida TPRs  

Apc6 Cdc16 Cut9 Cdc16  TPRs  

Apc7 - - Apc7  TPRs  

Apc8 Cdc23 Cut23 Cdc23  TPRs  

Apc9 Apc9 - -    

Apc10 Doc1 Apc10 Apc10  Doc 

domain 

Substrate 

processivity, 

substrate 

recognition 

Apc11 Apc11 Apc11 Apc11 Lemming Ring H2 

finger 

E2 

recruitment, 

E3 activity 

Cdc26 - Cdc26 Hcn1 Cdc26   

Apc13 Swm1 Apc13 -    

Mnd2 Mnd2 Apc15 -    

Apc14 - Apc14 -    

Apc16 - - Apc16    
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(Peters, Tedeschi & Schmitz 2008, Nasmyth, Haering 2009). In addition, inactive 
APC/C leads to high levels of active Cyclin-Cdk complexes resulting in the 
phosphorylation and thereby inhibition of separase, providing an additional level of 
separase activity regulation (Stemmann et al. 2001, Nagao, Yanagida 2002).  
Once the APC/C becomes activated, securin as well as Cyclin B are targeted for 
destruction. By targeting both two upstream regulators of separase for degradation, 
the APC/C permits the release of securin from separase and the dephosphorylation 
of separase at the same time (Fig. 5). Together these two changes allow the formation 
of an active separase, which is then able to cleave cohesin, allowing sister separation 
and the progression into anaphase. Thus the inactivation of the APC/C maintains a 
metaphase like state.  
Although the degradation of securin and Cyclin B are in yeast indeed the only two 
essential functions of the APC/C (Thornton, Toczyski 2003) these are definitely not 
the only substrates of the APC/C. Since the discovery of the APC/C many more 
substrates and processes which require APC/C activity are identified, demonstrating 
the enormous importance of this gigantic complex.  
 
Early mitotic substrates 
In mammalian cells Cyclin B is not the only mitotic Cyclin. Next to Cyclin B, Cyclin 
A is destroyed around the time of mitosis (Fung, Poon 2005). One of the most crucial 
characteristics of these mitotic Cyclins is their periodicity. This is not only true with 
regard to the different phases of the cell cycle, but also  towards each other. Cyclin A 
starts to accumulate during late G1 and levels stay high through S-phase and G2. The 
degradation of Cyclin A, as a result of poly-ubiquitination by the APC/C starts in 
early prometaphase and is completed at metaphase. In case Cyclin A destruction is 
defective, a mitotic delay can be observed and cells are no longer able to form a 
stable metaphase plate (den Elzen, Pines 2001). In contrast, Cyclin B is both 

 
Figure 5. Essential functions of the APC/C 

Binding of securin to the proetease separase inhibits its activation. In addition to the inhibition 
by securin, separase acitivity is also suppressed by Cdk1 dependent phosphorylation. 
Activation of APC/CCdc20 triggers both the degradation of securin and Cdk1, thereby 
activating separase. Once separase becomes active, the cohesin complex which holds the sister 
chromatids together is cleaved. This allows the separation of the sister chromatids and 
progression into anaphase. 
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synthesized and degraded slightly later, and the first degradation can be measured at 
the metaphase to anaphase transition (Clute, Pines 1999). This slight difference in the 
temporal degradation of Cyclin A versus Cyclin B is probably one of the most 
interesting questions, and subject of many speculations about the function and 
specificity of the APC/C.  
For many years the relatively early degradation of Cyclin A has been seen as an 
exception to the default pathway of protein degradation by the APC/C. The 
assumption was that  the spindle assembly checkpoint dependent way, where the 
spindle assembly checkpoints inhibits APC/C activity until all chromosomes are 
attached, preventing Cyclin B and securin degradation before metaphase to anaphase 
transition, was the default pathway. However, recent investigations have indicated 
the presence of many more early mitotic substrates. Two examples of APC/C 
substrate which, like Cyclin A, are targeted for destruction relatively early during 
mitosis in a spindle assembly checkpoint independent way are the protein Nima 
related kinase 2 (Nek2a) and Hox10 (Hayes et al. 2006, Fry, Yamano 2006, Gabellini et 
al. 2003). Nek2A is a centrosomal kinase that is implicated in spindle pole separation 
at the G2-M-phase transition whereas Hox10 is a transcriptional factor involved in 
axial patterning.  
The identification of more early mitotic substrates raises the question if these early 
mitotic substrates are indeed the exceptions or that Cyclin B and securin which are 
targeted for degradation in an exceptional way.  
 
Late mitotic substrates and the role of the APC/C in cytokinesis 
The destruction of the mitotic Cyclins by the proteasome during mitosis leads to the 
inactivation of their partners the Cdks. The inactivation of the Cdks in combination 
with activation of phosphatases like Cdc14, causes a shift in the balance in the 
phosphorylation status of the cell. Cdk substrates which were once phosphorylated 
are not longer phosphorylated anymore, changing their activity or binding affinity 
for target proteins (Bembenek, Yu 2001, Bembenek, Yu 2003).  
A key example of how the change in phosphorylation status of a protein can 
influence the activity of the APC/C is the co-activator Cdh1. Cdh1 can only interact 
with the APC/C once it is dephosphorylated (Kraft et al. 2005, Visintin, Prinz & 
Amon 1997). Due to the inactivation of Cdk1 and the activation of phosphatases 
during the metaphase to anaphase transition Cdh1 becomes dephosphoryalated 
leading to the formation of APC/CCdh1. The interaction of the APC/C with Cdh1 
instead of Cdc20 changes the substrate specificity of the APC/C. Not only is 
APC/CCdh1 able to recognize different substrates, it is also able to recognize a broader 
spectrum of substrates (Kraft et al. 2005, Hagting et al. 2002, Morgan 1999, Pfleger, 
Kirschner 2000).  
The interaction of Cdh1 with the APC/C therefore results in the degradation of 
proteins which were prevented from degradation as long as the APC/C was bound 
to Cdc20. The most striking example of this is the APC/C co-activator Cdc20 which 
becomes a substrate of the APC/CCdh1 and is targeted for degradation. Next to Cdc20 
also the kinase responsible for APC/C phosphorylation after nuclear envelope 
breakdown, Plk1, and proteins involved in the assembly of the spindle like Ase1 and 
Fin1 are now degraded as well as the Aurora kinases A and B (Fry, Yamano 2008, 
Floyd, Pines & Lindon 2008, Lindon, Pines 2004). 
Interestingly there is evidence that protein ubiquitination is required for cytokinesis 
and that in some cases the APC/C might be involved. The fact that Plk, a substrate of 
APC/CCdh1 is located at the spindle midzone, and the observation that the expression 
of stabilized Aurora kinase mutants delays the onset of the cytokenesis in humans, 
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both suggest that APC/CCdh1 is indeed involved in the regulation and onset of 
cytokinesis (Tully et al. 2009, Lindon 2008, Rape 2007, Glotzer, Dechant 2002).  
 
Requirement for APC/C activity in G1/G0 and S-phase 
After a cell has gone through cytokinesis the the two new daughter cells will start 
another round of division, starting with the progression into the G1 phase. In G1 cells 
can make the decision to indeed go to another round of division or to withdraw from 
the cell cycle and enter quiescence, a prolonged nondividing state to which we refer 
also as G0. These quiescent G0/G1 cells harbour very little if any Cyclin-Cdk activity 
and even in these cells, a role for the APC/C and some substrates of this complex are 
described (van Leuken, Clijsters & Wolthuis 2008, Skaar, Pagano 2008).  
Two important negative regulators of the cell cycle and cell proliferation perform 
their function during G1/G0. In mammalian cells the progression into S-phase is 
largely controlled and dependent on the activity of these two inhibitors p27 and p21. 
Only when they are degraded via the ubiquitin mediated pathway, cells can progress 
into S-phase (Sherr, Roberts 1999). Whereas it is the E3 ubiquitin ligase APC/C 
which is responsible for cell cycle progression during mitosis, it is the E3 ubiquitin 
ligase SCF, bound to its co-activator Skp2, which is responsible for de degradation of 
these two inhibitors p27 and p21 during S-phase (Cardozo, Pagano 2004, Carrano et 
al. 1999, Bornstein et al. 2003). Like the tight control of Cdc20 and Cdh1 is very 
important for the regulation of the APC/C, the regulation of Skp2 and another co-
activator Cks1 are very important for SCF activity and the progression into S-phase 
(Carrano et al. 1999, Ganoth et al. 2001). Interestingly it has been found that it is 
APC/CCdh1 which is responsible for the regulation of this balance in the activity of 
SCF by targeting Skp2 (Bashir et al. 2004).  
The targeting of Skp2 for degradation results in the increase of the SCFSkp2 substrate 
p27, preventing the increase in S and M-phase Cyclins.  
 
Coupling APC/C substrate targeting and DNA replication during S-phase 
The accumulation of S-phase Cyclin-Cdk complexes during the G1 phase will allow 
the cell to go into S-phase. 
During S-phase the DNA has to be replicated. Therefore in parallel with the 
accumulation of the S-phase Cyclin-Cdk complexes, origins of DNA replication have 
to be assembled. By regulating the inhibitor of prereplication complex formation, 
Geminin, the APC/C plays an important role in DNA replication as well (Melixetian 
et al. 2004, Zhu, Chen & Dutta 2004, Kerns et al. 2007). Interestingly Geminin is 
targeted to the proteasome by the APC/C during mitosis and G1, allowing the 
formation of origins of DNA replication complexes during this time window (Kerns 
et al. 2007, McGarry, Kirschner 1998). The inactivation of APC/CCdh1, during early S-
phase, stabilizes Geminin, thereby preventing the assembly of novel origins of DNA 
replication complexes.  
In quiescent cells, APC/CCdh1 is constantly active resulting in the degradation of 
Geminin. However, the formation of? pre-replications complexes should be 
prevented in these cells as well. This is ensured by targeting not only Geminin but 
also Cdc6, part of the prereplication complex, to the proteasome. (Mailand, Diffley 
2005, Zielke et al. 2008). How APC/CCdh1 is able to specifically recognize Cdc6 only 
during G0, whereas Geminin is targeted for destruction in G0 and G1, is still one of 
these unanswered questions which makes the APC/C such a fascinating complex .  
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Regulation of substrates not involved in cell cycle regulation 
The above description of the substrates of the APC/C has clearly demonstrated the 
importance of the APC/C in regulating the cell cycle and cell proliferation. However, 
more recently some cell cycle independent roles have been described. Here two 
different aspects of this cell cycle independent role will be briefly described in order 
to shed some light on these interesting but yet not extensively investigated roles in 
differentiated neurons and the axis formation in C. elegans (Yeong 2004, Stegmuller, 
Bonni 2005). 
 
The APC/C is required for anterior posterior axis formation in C. elegans 
Since the small nematode Caenorhabditis elegans was described for the first time as a 
model system in 1974, it became one of the leading models for studying 
developmental processes, cell cycle regulation and asymmetric versus symmetric 
divisions (Brenner 1974). One of the reasons why it became such an important model 
system is because of its nearly invariable developmental program and cell lineage. 
This not only means that for every cell the final cell fate is known but also that the 
timing of division and the orientation of the division axis will always be the same 
and has been described in detail (Sulston, Horvitz 1981, Horvitz, Sulston 1980).  
From the moment on that the sperm nucleus enters the oocyte, the anterior posterior 
axis of the single cell embryo starts to form, determining the cleavage plan of all 
future divisions. Interestingly, inactivation of several subunits of the APC/C and in 
addition the co-activator Cdc20 eliminates the anterior-posterior polarity. In a wild-
type situation the APC/C is required for the localization of the polarity protein PAR-
3 to the anterior cortex, subsequently allowing PAR-2 to localize to the posterior 
cortex. These data suggested for the first time that the APC/C was involved in the 
set-up of polarity (Rappleye et al. 2002).  
 
The role of the APC/C in terminally differentiated neurons 
An additional role of the APC/C, demonstrating its role outside the cell cycle is its 
role in neurobiology, where it has been shown to be important for the regulation of 
axonal growth and patterning as well as synaptic development and function 
(Stegmuller, Bonni 2005). The observation that once myoblasts permanently exit the 
cell cycle and become terminally differentiated, the APC/CCdh1 activity remains high, 
raised the question what the role of the APC/CCdh1 in brain tissues would be 
(Gieffers et al. 1999, Brandeis, Hunt 1996). Several studies in a variety of organisms, 
ranging from mammalians to C. elegans and Drosophila melanogaster, have provided 
mounting evidence for the role of APC/CCdh1 but not APC/CCdc20, in various aspects 
of brain development and growth (Stegmuller, Bonni 2005). Currently, however, also 
many questions are arising from the previous work. 
The above description of the different substrates of the APC/C not only point out the 
importance of the complex, but also indicate that the APC/C is involved in a wide 
variety of processes. How all these different substrates are recognized during 
different time points by the same complex will be discussed in more detail later in 
this review. However, there is one thing which is true for many targets of the APC/C 
and that is that proper degradation of these proteins requires the oscillation of the 
APC/C throughout the cell cycle.  In contrast to the proteasome, of which neither the 
levels, nor the activity changes during the cell cycle the activity and specificity of the 
APC/C towards it targets is regulated by many different mechanisms creating a very 
specific, and tightly controlled system which is able to distinguish between its 
targets.  
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REGULATION OF APC/C ACTIVITY 
 
The oscillating activity of the APC/C during the cell cycle, being low in the S- and 
G2-phase and high in the M-phase and G1, is regulated by several mechanism and 
for a large part due to changes in activity of the APC/C itself. These regulatory 
mechanisms involve changes in posttranslational modifications, inactivation of the 
complex by inhibitors, changes in localization, the abundance of activators and the 
interaction with cofactors. From this point of view the protein degradation is 
regulated by the APC/C and its co-activators. However, there is also a different 
point of view and that is from the perspective of the substrates. The recognition of a 
substrate is not solely dependent on the activity of the APC/C, but also on the 
performance of the substrates. Eventually, it might be the interplay between the 
APC/C activity and the performance of the substrates that will determine the time 
and rate of degradation of a substrate (Peters 2006).  
In this first section the regulation of the APC/C activity is described. In the next 
section several models explaining the role of the substrates in regulating their own 
degradation will be described in more detail.  
 
The role of Cofactors: The enzymes of the ubiquitin machinery 
Although the APC/C is a gigantic complex, for proper function it still depends on 
some additional cofactors.. First of all the APC/C needs E1 enzymes and specific E2 
enzymes which activate the ubiquitin molecule and are able to bind and transfer the 
ubiquitin molecule to the APC/C, respectively. Next to the enzymes of the ubiquitin 
machinery it requires so called co-activators for its activity.  
In vitro the APC/C collaborates with two E2 enzymes called UBCH5 and UBCH10 
(Yu et al. 1996, Aristarkhov et al. 1996). Although both enzymes can participate in 
APC/C mediated ubiquitination in vitro, only the interaction with the UBCH10 has 
been shown to be essential for the initiation of anaphase in vivo (Townsley et al. 1997, 
Lin, Hwang & Basavappa 2002). In addition to this, only the use of the UBCH10 has 
been genetically validated and it has been shown that UBCH5 is an enzyme which is 
able to interact with a variety of E3 enzymes, making it less likely that the UBCH5 is 
a specific E2 enzyme for the APC/C. These data suggested that although both E2 
enzymes can interact with the APC/C it is the E2 enzyme UBCH10 which is the 
specific collaborator of the APC/C. Further investigations of this interaction 
demonstrated that UBCH10 combines its specific interaction domain for the APC/C 
with a regulatory domain on its N-terminal extension (Tang et al. 2001, Leverson et 
al. 2000, Summers et al. 2008). The combination of these domains allows UBCH10 on 
the one hand to activate the APC/C and on the other hand it is able to prevent the 
overactivation of the APC/C with regard to substrate ubiquitination. A mutation in 
this N-terminal domain does not interfere with the binding of UBCH10 to the 
APC/C, however it does result in an overactive APC/C which is no longer able to 
distinguish between substrates or residues (Summers et al. 2008).   
In addition to this initiating role of the UBCH10 E2 enzyme, very recently a novel E2 
enzyme, named UBE2S has been identified which seems to have a role in elongating 
the ubiquitination chain, initiated by UBCH10 (Garnett et al. 2009, Williamson et al. 
2009). During a normal mitosis this novel E2 enzyme, might be dispensable, however 
during a prolonged mitosis, for example as a result of the use of drugs, UBE2S seems 
to be required for the exit from mitosis. And indeed, in the absence of UBE2S, cells 
released from a mitotic arrest fail to ubiquitinate and destroy some of the key targets 
of the APC/C (Garnett et al. 2009). These data still point in a direction for a major 
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role of UBCH10 in initiating the formation of an ubiquitin chain on a target protein. 
However these data also suggest a model for a two-step mechanism separating the 
initiation and elongation of the formation poly-ubiquitin chains by the APC/C.  
 
The role of Cofactors: Co-activators 
In addition to the interaction with the E2 enzymes, the activity of the APC/C is 
strictly dependent on the association with one of its co-activators. The best known 
and most broadly studied co-activators are Cdc20 and Cdh1 (Sigrist et al. 1995, 
Dawson et al. 1993).  
The well accepted model is that the co-activators Cdc20 and Cdh1 bind to the 
APC/C at different time points during the cell cycle thereby obtaining substrate 
specificity. Cdc20 associates with APC/C from prophase to early anaphase whereas 
Cdh1 is bound to the APC/C from late anaphase into G1 and G0 (Yu 2007, Kraft et 
al. 2005, Skaar, Pagano 2008, Eytan et al. 2006a). The binding of different co-
activators during different phases 
of the cell cycle is assumed to 
create one of the key mechanism 
regulating the differential temporal 
initiation of protein degradation. 
For example, APC/CCdc20 targets 
Cyclin B and securin for 
degradation at the metaphase to 
anaphase transition whereas 
APC/CCdh1 targets the late mitotic 
substrates Plk1, Aurora A and B, as 
well as Cdc20 for degradation 
during the last phases of mitosis 
Sometimes we refer to these co-
activators as WD40 activators since 
all APC/C co-activators contain 
such a WD40 domain (Yu 2007, 
Kraft et al. 2005). It is generally 
believed that this WD40 domain 
plays an important role in the 
recognition of APC/C substrates by 
interacting with specific recognition 
domains in these substrates called 
Destruction- and KEN boxes (Kraft 
et al. 2005). Next to this WD40 
domain, these co-activators have 
additional characteristic sequence 
elements known as the C-box and 
the IR-tail which are involved in 
mediating their binding to the 
APC/C (Vodermaier et al. 2003, 
Passmore et al. 2003, Schwab et al. 
2001).  
Although the importance and  the 
absolute requirement for these co-
activators has been shown, it is 
currently less well understood how 

Figure 6. Possible roles for co-activators in 
activating the APC/C 

For a long time it has been thought that the 
primary role of the co-activators is the 
recruitment of the substrates to the APC/C. The 
observation that substrates indeed bind to the co-
activators supported this substrate adaptor 
hypothesis (left arrow). More recent observations 
questioned this role and suggested that the 
binding of a co-activator results in a 
conformational change of the APC/C, required 
to become active (right arrow). The last 
hypothesis states that the co-activator, APC/C 
and the substrate form a terniary complex and 
that binding of  a substrate requires the 
interaction with the APC/C core subunits and 
the co-activator at the same time (middle arrow) 
(Adapted from  Passmore et al. 2005) .  
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these co-activators promote the ubiquitination of substrates. It has been supposed for 
a long time that the most important role of these co-activators is to recruit the 
substrates to the APC/C. This hypothesis would be consistent with the existing 
model for SCF substrate recognition, a closely related multisubunit ubiquitin ligase 
complex. For the SCF complex it has been shown that similar WD40 domains are 
present in the adaptor proteins and that they do indeed interact with SCF substrates 
(Petroski, Deshaies 2005). This substrate adaptor hypothesis was supported by 
observations that the binding of either Cdc20 or Cdh1 could cause limited substrate 
specificity to the APC/C and that these co-activators are able to bind to APC/C 
substrates (Fig. 6) (Kraft et al. 2005, Visintin, Prinz & Amon 1997, Schwab et al. 2001).   
More recent studies have shown that it might very well be that in addition to 
recruiting substrates, co-activator proteins might promote conformational changes in 
the APC/C (Fig. 6) (Dube et al. 2005). These conformational changes consequently 
lead to an increased activity towards some but not other substrates, thereby 
providing another level of substrate specificity (Hayes et al. 2006). Evidence for this 
possibility came from investigations of Cyclin B interaction and most of all from 
investigating the interaction between the APC/C and the unusual substrate Nek2A. 
Cyclin B as well as Nek2A, is able to bind to the APC/C in Xenopus leavi egg extracts 
independent of Cdc20, the only co-activator present at high amounts in these extracts 
(Yamano et al. 2004). For Nek2A it was shown that, although it can bind to the 
APC/C in the absence of Cdc20, it will not be ubiquitinated until Cdc20 is bound as 
well (Hayes et al. 2006). Further investigations on the regulation of Nek2A 
demonstrated that the ubiquitination of Nek2A can be stimulated by an N-terminal 
part of Cdc20, containing the C-box but lacking the WD40 domain. This suggests that 
it is this C-terminal region which causes a change responsible for the initiation of the 
ubiquitination of Nek2A independent of the substrate binding domain WD40 (Hayes 
et al. 2006).  
The above suggested role of the co-activators in inducing a conformational change 
would be consistent with the results from some structural studies on the APC/C. 
These structural studies demonstrated that the conformation of the APC/C indeed 
changed in the presence of the co-activator Cdh1, giving a possible explanation for 
the differences in substrate specificity between APC/CCdc20 and APC/CCdh1(Dube et 
al. 2005). In agreement with the observation that at least some of the substrates, like 
the above mentioned Nek2A, can interact with the APC/C in the absence of a co-
activator there are several lines of evidence suggesting an important role for the core-
subunits in substrate binding and recruitment (Wendt et al. 2001, Carroll, Enquist-
Newman & Morgan 2005).  
 
Substrate binding by the core-subunits of the APC/C 
Key evidence for a model in which substrates can bind to the core-subunits of the 
APC/C independent from co-activators came with the investigation of the core 
subunit Doc1 (Passmore et al. 2003, Carroll, Enquist-Newman & Morgan 2005, 
Grossberger et al. 1999). So far it has been impossible to show a direct interaction 
between Doc1 and a possible substrate, however the crystal structure of Doc1 
suggested the presence of a domain important for interaction with a ligand or 
substrate (Wendt et al. 2001, Au et al. 2002). Interestingly, domains that are 
homologues to Doc1 have been found in other ubiquitin ligases, supporting the idea 
that this region contributes to substrate ubiquitination. Removal of active Doc1 
results in an increased rate of substrate dissociation from the APC/C, which does not 
further increase by mutating the D-box in the substrates, suggesting that it is indeed 
the D-box which is important for this interaction. Interestingly, although Doc1 binds 
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to several other subunits of the APC/C, depletion or a mutation in Doc1 does not 
lead to destabilization of the complex (Carroll, Enquist-Newman & Morgan 2005). It 
was this interesting observation that one of the APC/C subunits itself was involved 
in the recognition of its substrates, that casted further doubt on the substrate-adaptor 
hypothesis. Based on these observations it is much more likely that the APC/C core-
subunits, the co-activators and the substrates form a ternary complex. If correct, this 
would have also major implication for the role of the substrates in their own 
degradation, since their degradation might now be dependent on the binding with 
the co-activators and the APC/C at the same time. 
In addition it has been shown that subunits Apc2 and Apc11 are essential for the 
regulation of the final ubiquitination of the substrates (Leverson et al. 2000, Yu et al. 
1998). Apc2/Apc11 along with the E2 enzyme UBCH10 can catalyze ubiquitination 
of the securin and Cyclin B in vitro (Tang et al. 2001, Leverson et al. 2000). In contrast 
to these in vitro data, the in vivo data clearly show that the other subunits of the 
complex, of which the role in protein degradation currently might be less clear, are of 
great importance as well. These results demonstrate that core subunits of the APC/C 
are involved in substrate binding and recognition and that they are essential for the 
final ubiquitin reaction.  
 
Posttranslational modifications and APC/C activity  
The core subunits of the APC/C play an important role in the activity of the APC/C. 
However, there is no strong evidence that these subunits can intrinsically change 
their activity towards downstream targets. Therefore the observed oscillations 
activity of the APC/C, being low during G2 and high in mitosis, has to be explained 
by different mechanisms.  
The fact that the APC/C becomes heavily phosphorylated at the time of nuclear 
envelope breakdown suggested this activating role for phosphorylation. And indeed 
it was shown that the activation of the APC/C following mitotic entry is a multi-step 
process that starts with the phosphorylation of the earlier mentioned subunits Apc1, 
Apc3, Apc6, Apc7 and Apc8 (Kraft et al. 2003, Herzog, Mechtler & Peters 2005).  
It is commonly accepted that this first level of activation of the APC/C via 
phosphorylation results in further activation by increasing the binding affinity of the 
APC/C for the mitotic co-activator Cdc20. This multi-step activation model is mainly 
based on the observations made in yeast where mutants defective in APC/C 
phosphorylation, although viable, are not able to recruit Cdc20 to the APC/C.  
There are three known kinases which seems to be responsible for the 
phosphorylation of the APC/C, namely Protein Kinase A (PKA), Polo-like kinase 1 
(Plk1) and Cyclin B/Cdk1 (Kraft et al. 2003, Golan, Yudkovsky & Hershko 2002, 
Rudner, Murray 2000). In 2003, Kraft et al. mapped 34 phosphorylation sites on the 
APC/C in vivo, 18 of which are targets of Cyclin B1/Cdk1 in vitro (Kraft et al. 2003, 
Herzog, Mechtler & Peters 2005). Indeed suggesting that phosphorylation of the 
APC/C is a key mechanism in regulating its activity. Recently even more 
phosphorylation sites are found, which suggested different phosphorylation states 
during different phases of the cell cycle.  
Interestingly, in contrast to the activating phosphorylations of the APC/C by Cdk1 
and Plk1, PKA phosphorylation of the APC/C inhibits the degradation of the key 
substrate Cyclin B, even when all co-activators are present. The presence of these 
inhibitory modifications suggests the presence of a phosphatase able to remove 
them. Which phosphatase is responsible has, however still to be established.  
It is clear that the phosphorylation of the APC/C plays in important role in its 
activation. However the major change in phosphorylation status happens already at 
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the time of nuclear envelope breakdown, whereas the degradation of securin and. 
The most important player in preventing APC/CCdc20 activity towards Cyclin B and 
securin is the spindle assembly checkpoint.  
 
The inhibition of APC/C by the spindle assembly checkpoint 
What exactly is the spindle assembly checkpoint and how is it involved in cell cycle 
progression? The spindle assembly checkpoint is a safety control system which is 
able to sense the correct attachment of the sister chromatids to the mitotic spindle 
and is involved in prevention of chromosome mis-segragation and aneuploidy 
(Musacchio, Salmon 2007).  
As described before, the phosphorylation of the APC/C, immediately after nuclear 
breakdown, will increase the binding affinity of Cdc20 towards the APC/C, leading 
to the formation of an active APC/CCdc20 complex.  As a consequence the early 
mitotic substrates like Cyclin A and Nek2A are indeed almost immediately targeted 
for degradation (den Elzen, Pines 2001, Fry, Yamano 2006, Wolthuis et al. 2008). 
However Cyclin B and securin degradation has to be prevented until all 
chromosomes are aligned in a metaphase plate and attached to the spindle apparatus 
in a bioriented way (Clute, Pines 1999, Hagting et al. 2002).  To avoid sister 
chromatid separation during early mitosis, APC/CCdc20 activity towards Cyclin B and 
securin has therefore to be inhibited. It is this inhibition of APC/CCdc20 until 
metaphase which is maintained by the spindle assembly checkpoint. As soon as the 
last kinetochore is attached to one of the micro-tubules of the mitotic spindle the 
spindle assembly checkpoint is inactivated and the APC/CCdc20 becomes active. This 
will result in the degradation of Cyclin B and securin and further progression 
through mitosis (Musacchio, Salmon 2007). 
Several molecular mechanisms and proteins have been identified that are required 
for a functional spindle assembly checkpoint. Many of these proteins are enriched on 
kinetochores where spindle assembly checkpoint signaling is thought to be inititated. 
An unattached kinetochore will contribute to the formation of mitotic checkpoint 
complex which is able to inacitivate the Cdc20 activated APC/C. This mitotic 
checkpoint complex is regarded as the effector of the spindle assembly checkpoint 
and contains the Cdc20 and the spindle assembly checkpoint proteins Mad2, BubR1 
and BUB3. By binding to APC/CCdc20 the mitotic checkpoint complex is able to 
prevent APC/CCdc20 ubiquitination activity towards Cyclin B and securin. Mad2 as 
well as BubR1 have been shown to interact with the APC/C directly in vivo and 
inhibit indeed the ubquitylation activity in vitro (Ge, Skaar & Pagano 2009, 
Sczaniecka, Hardwick 2008). Although the role of these proteins and especially the 
role of Mad2 as an effector of the spindle assembly checkpoint has been extensively 
investigated during the past years, it is currently not exactly known how the 
individual proteins contribute to the inhibition of Cdc20. It has been reported that 
Mad2 can be found in association with APC/CCdc20, suggesting that the interaction 
between Mad2 and Cdc20 will not prevent the interaction of Cdc20 and the APC/C.  
The regulatory role of BubR1 might be slightly different since it has been shown for 
recombinant BubR1 that its binding to Cdc20 can prevent the interaction between 
Cdc20 and the APC/C. However, it might very well be that this is not the 
physiological role of BubR1 since BubR1 has also been found in a complex with 
APC/CCdc20 (Sudakin, Chan & Yen 2001, Yu 2006, Kulukian, Han & Cleveland 2009) 
The presence and activity of the spindle assembly checkpoint explains very well how 
the degradation of Cyclin B and securin is prevented during early phases of mitosis. 
However, it does not answer the question how the early mitotic substrates can 
overcome or bypass this inhibitory mechanism. As long as this question is not 
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entirely answered, the role of the spindle assembly checkpoint and the activity of 
APC/CCdc20 will be subject of many speculations.  
 
Spatial regulation of the APC/C 
Next to the earlier mentioned regulatory mechanisms of co-activators, 
posttranslational modifications and the spindle-assembly checkpoint, it might be the 
spatial regulation of the APC/C which provides some level of substrate specificity 
and the ordered sequence of degrdationz. In mitotic cells large fractions of the 
APC/C can be found in the cytoplasm. However, based on the above described 
direct interaction between some of the proteins of the mitotic checkpoint complex 
and the APC/C, it is maybe not surprising that some Cdc20 bound APC/C can be 
found, and is enriched on unattached kinetochores. Next to the enrichment on 
kinetochores, the APC/C can also be detected on different parts of the spindle 
apparatus and on the centrosomes (Acquaviva et al. 2004, Huang, Raff 2002). 
Interesting, a pool of Cyclin B can be found on centrosomes and microtubles as well 
(Clute, Pines 1999, Takizawa, Morgan 2000). It is highly suggestive that it is this pool 
of Cyclin B which is degraded prior to the cytoplasmic pool of Cyclin B. 
Observations in Drosophila Melanogaster embryo’s, further underscored the 
importance of this differential localization. In these embryo’s only the pool Cyclin B 
which is localized in the close vicinity of the mitotic spindle is degraded by the 
APC/CCdc20, whereas the bulk of Cyclin B remains stable until later cell cycle phases 
(Raff, Jeffers & Huang 2002, Huang, Raff 1999). These results do not answer the 
question if it is indeed the localization of the APC/C itself which is responsible for 
the spatial degradation of substrates or that is the spatial activation of the APC/C 
which accounts for these differences.  
The idea that the spatial activation of the APC/C accounts for the differential spatial 
degradation of substrates is supported by the observation that not only the APC/C 
but also Cdk1 and Plk1 are enriched at the centrosomes. It might therefore very well 
be that the APC/C is initially only phosphorylated and activated at the centrosomes, 
causing the spatial degradation of its substrates (Topper et al. 2002).  
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FROM THE PERSPECTIVE OF THE SUBSTRATES 
 
All the described mechanisms involved in the regulation of the oscillating activity of 
the APC/C have the ultimate goal to ensure that the APC/C can fulfill its 
physiological function: the ubiquitination of target proteins in a proper order. In the 
next section the question of regulated substrate ubiquitination will be addressed 
from the perspective of the substrates, trying to better understand the regulation and 
functional activity of the APC/C.  
There are several known substrates and the number is increasing every day. And it is 
an interesting thought that not only the activity of the APC/C regulates their 
degradation, but that the substrates themselves are also contributing to their own 
degradation. Therefore, understanding the differences between these substrates 
might give novel insight in how these substrates ensure their own degradation and 
how they, next to the regulatory mechanisms controlling the APC/C, contribute to a 
temporal ordered sequence of protein degradation. 
Here several aspects of substrate recognition will be described and various models 
and recent observations which might shed some light on the ordered protein 
degradation by the APC/C will be discussed.  
 
Destruction- and KEN-Boxes 
One of the generally accepted intrinsic characteristics of APC/C substrates, 
contributing to their own degradation is the presence of specific recognition 
sequence elements, the so called Destruction Boxes (D-boxes) and KEN Boxes 
(Glotzer, Murray & Kirschner 1991, Kraft et al. 2005, Pfleger, Kirschner 2000) . The D-
box consensus sequence of RxxL was the first identified recognition sequence and 
can be found in a number of APC/C substrates. This D-box can be recognized by 
both APC/CCdh20 and APC/CCdh1. The KEN box however, containing a 
KENxxxE/D/N sequence, is particularly recognized by APC/CCdh1, during anaphase 
and G1 (Pfleger, Kirschner 2000). The differential temporal order of degradation can 
however not simply be explained by a difference in affinity of APC/CCdc20 and 
APC/CCdh1 for the recognition elements. It is much more likely that a variety of 
intrinsic features together determine the binding affinity for the APC/C. This is 
further underscored by the fact that the more substrates are identified, the more 
variations on these primary recognition elements are found. There are several known 
examples of additional recognition sites which, when mutated prevent the 
degradation of the protein, suggesting that they are, in addition to the D- or KEN 
boxes, required for protein degradation.  
An example of how D- and KEN boxes play an important role in protein recognition 
and degradation is the temporal ordered degradation of Cyclin A and Cyclin B. 
Although very similar in many aspects, in a variety of organisms Cyclin A starts to 
degrade slightly before the onset of Cyclin B destruction. One explanation, among 
others, (as discussed later) for these observed differences might be some slight 
differences between their D-boxes. When the D-box of Cyclin A is replaced with the 
D-box of Cyclin B, normal degradation occurs. However this does not hold true the 
other way around: when the D-box from Cyclin B is replaced with the D-box from 
Cyclin A, Cyclin B degradation is disturbed, suggesting that Cyclin A contains some 
additional motifs which are required for proper degradation (Geley et al. 2001b, 
Klotzbucher et al. 1996, King, Glotzer & Kirschner 1996). Indeed, it was found that 
the D-box of Cyclin A is somewhat longer, with an additional domain at the C-
terminal site of the D-box. The presence of this additional domain might influence 
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the binding affinity and therefore the rate of ubiquitination of Cyclin A versus Cyclin 
B (Geley et al. 2001a).  
An other example of a protein of which the degradation cannot simply be explained 
by the presence of either a D-box or a KEN-box is the protein Aurora A. Aurora A 
contains not only a KEN box and a D-box but also an additional A-box (RxLxPSN), a 
destruction motif that has been found in all vertebrate Aurora As, but not in Aurora 
B and C. The presence of the A-box distinguishes Aurora A from Aurora B and C in 
terms of recognition by the APC/C and influences the differential temporal 
degradation between the different Auroras (Littlepage, Ruderman 2002, Crane, 
Kloepfer & Ruderman 2004) 
Besides the known variations and the effect of the variations, it is also interesting to 
note that the location of these elements might influence the recognition and 
especially the ubiquitination of particular proteins as well. Most of the functional 
destruction motifs are located close to the N- or C-terminus of an APC/C substrate 
and especially the D-box motifs are often located to regions which are natively 
unfolded (Zur, Brandeis 2002).  
Finally, although the D- and KEN-boxes are important for the initial recognition and 
eventual recruitment of the APC/C substrates to the APC/C, the final 
ubiquitination, occurs not solely in these specific regions but takes place randomly 
throughout the protein. This suggests that after initial recognition via these elements, 
the APC/C is able to interact with several other domains of the substrates as well.  
 
The formation of a trimolecular complex: APC/C, co-activators and substrates 
acting together  
Many, independent observations have demonstrated that binding to the APC/C 
depends on the presence and binding of a co-activator. For a long time the general 
thought was that these co-activators were functioning as adapters, recruiting the 
substrates to the APC/C, analogously to the adaptor proteins in other complexes like 
the SCF complex. However, more recent findings questioned this substrate-adaptor 
hypothesis and demonstrated that substrates can interact in a bivalent way, binding 
to the APC/C and the co-activators at the same time. In this case, only the 
simultaneous interaction between the APC/C and the co-activator would be strong 
enough to stay with the complex long enough to receive a significant amount of 
ubiquitination  (Passmore, Barford 2005, Yu 2007, Eytan et al. 2006b, Passmore et al. 
2005b). 
Only very recently additional evidence for this hypothesis came from Matyskiela and 
Morgan  (Matyskiela, Morgan 2009) which showed that indeed substrates are not 
solely bound to activators but are shared with a second binding site on the APC/C 
core.  Several mutations in the APC/C were identified which increased the co-
activator dissociation, but did not have any or only minor influences on the binding 
of the substrates, suggesting that the substrates are not solely bound to the co-
activator. In addition, it was shown that substrate binding also enhances the affinity 
of the co-activator for the APC/C. These results suggest that not only the APC/C 
and the co-activators but also the substrate itself is important for the formation of a 
stable trimolecular complex. In this model it is the binding affinity of the substrate 
for the co-activator as well as the binding affinity of the substrate for the co-activator-
APC/C complex which determines the time of interaction between the substrate and 
the APC/C-co-activator complex (Matyskiela, Morgan 2009).  
A model like this, in which a substrate interacts in a multivalent fashion to the co-
activator-APC/C complex, would also partly explain the presence of the large 
variety of sequence motifs, involved in this interaction. These multiple interaction 
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sites and the presence of multiple binding domains could together contribute to 
differences in specificity and the duration of the interaction, parameters which are 
both important for the final ubiquitination of the substrate.  
As described in the next paragraph, the time of interaction between a substrate and 
the APC/C might be the key in understanding the temporal difference in 
degradation between otherwise very similar proteins.  
 
The processivity of ubiquitination by the APC/C 
The differences in processivity of ubiquitination, describing the number of ubiquitin 
molecules that is attached to substrates during a single APC/C binding event, is one 
of the most striking examples of how intrinsic properties of a substrates determine 
ordered degradation (Rape, Reddy & Kirschner 2006, Carroll, Morgan 2002).  Protein 
degradation is initiated by the attachment of ubiquitin chains, marking the protein 
for destruction by the 26S proteasome. During the interaction between an E2 enzyme, 
an E3 enzyme and a substrate, the ubiquitin molecule is transferred from the E2 
enzyme to the substrate. During multiple rounds of interactions and ubiquitin 
transfers, a poly-ubiquitin chain is formed which, once long enough, can be 
recognized by the proteasome. It is not surprising that the processivity of 
ubiquitination might determine the timing of degradation. While processive 
substrates will obtain full ubiquitin chains within a single APC/C binding event, 
more distributive substrates have to associate multiple times with the APC/C in 
order to achieve an ubiquitin-chain long enough to be recognized by the proteasome. 
Varying the degree of processivity between substrates will therefore result in an 
ordered substrate degradation, whereby highly processive substrates are targeted to 
the proteasome relatively early compared to less processive substrates. Indeed it was 
shown that the different substrates of the APC/C have different degrees of 
processivity and that this processivity is dependent on the interaction characteristics 
between the substrate and the APC/C-co-activator complex (Rape, Reddy & 
Kirschner 2006, Passmore et al. 2005b, Carroll, Morgan 2002).  
One of the key examples of how differences in processivity contribute to ordered 
substrate degradation can be observed during G1. During G1, Geminin is degraded 
by the APC/CCdh1, whereas Cyclin A seems to be protected for degradation. By using 
these three substrates, in a purified system the role of processivity in substrate 
ordering was demonstrated.  All three substrates can be recognized by the 
APC/CCdh1, indicated by the attachment of ubiquitin molecule to all these substrates.  
However, in contrast to securin and Geminin, the modification of Cyclin A was 
limited to the monoubiqutination, whereas poly-ubiquitin chains could be observed 
on securin and Geminin. When the levels of securin of Geminin where reduced to 
non physiological levels, the length of the Cyclin A attached ubiquitin chains 
gradually increased, suggesting that there is, next to the differences in processivity 
also some competition between the substrates. These results demonstrated that 
Cyclin A can associate to APC/CCdh1, even in the presence of more processive 
substrates like securin or Geminin, but that these competitors inhibit the rebinding of 
Cyclin A, which is required for multi-ubiqutination.  
Similar trends in processivity could be observed in the late mitotic substrates Cdc20, 
Plk1 and Aurora A, which are degraded by APC/CCdh1 in that specific order during 
mitotic exit. Like the observed difference for the G1 substrate, differences in 
processivity between these substrates could be observed as well. Cdc20, which is the 
first one to be degraded, was ubiquitinated relatively rapidly, compared to the Plk1 
and Aurora A, whereas Aurora A was ubiquitinated which much slower kinetics 
compared to the other two (Rape, Reddy & Kirschner 2006). Although not shown, it 
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is tempting to speculate that processivity, is a more general mechanism, not only 
used by APC/CCdh1 but also by APC/CCdc20 to ensure the ordered sequence of 
protein degradation. These speculations are supported by the fact that replacement 
of Cdh1 by Cdc20 did not change the relative differences in processivity, suggesting 
that it is mainly the interaction between a substrate and the core APC/C which is 
determining the processivity.  
In addition it is tempting to speculate that the earlier described sequence recognition 
elements like D- and KEN boxes play an important role in determine the level of 
processivity. By making use of substrates with different D-boxes, ranging from very 
potent D-boxes to substrates in which the D-box was mutated, it was demonstrated 
that it is the interaction via the D-box which determines, at least partially, the 
processivity of ubiquitination (Rape, Reddy & Kirschner 2006).   
These results support a model in which the APC/CCdh1 establishes substrate ordering 
based on relative differences in the processivity of mulitubiqutination of the various 
substrates, which allows the APC/C to generate substrate ordering without prior 
substrate modifications. However, it is important to realize that it is very likely that 
the rate of ubiquitination is also determined by the activity of de-ubiqutinating 
enzymes (DUBs) which are able to remove the attached ubiquitin molecules and 
thereby counteracting the processivity of a protein(Stegmeier et al. 2007). What the 
exact role of these DUBs is, is not clear yet, however if their activity would be 
constant, the degradation of substrates would be determined by the availability of 
active APC/C. If there activity would however, not be constant or in case there 
would be any substrate specificity towards some, but not other substrates, the here 
described APC/C kinetics would be even more complex.  
 
Targeting substrate to the APC/C: a role for Cks 
In the previous paragraphs the importance of the binding characteristics of a 
substrate for the interaction with the APC/C has been described. In this paragraph, 
another aspect of substrate recognition will be pointed out, namely the importance of 
targeting the substrate to the APC/C. 
Once again it was the fascinating difference in temporal degradation between Cyclin 
A and Cyclin B, which was formed the basis for the identification of a novel player 
important for substrate recognition by the APC/C: namely the Cks proteins. 
Cks proteins are evolutionary conserved, small accessory subunits which bind to 
Cyclin/Cdk complexes(Harper 2001, Pines 1996). These Cks proteins have an anion 
binding site that is thought to facilitate the binding to a previously phosphorylated 
Cdk consensus site. Therefore, by binding to the Cyclin/Cdk complex and to their 
phosphorylated substrate the site of interaction for a substrate of the kinase can be 
extended (Bourne et al. 1996). One of the substrates which can be phosphorylated by 
Cyclin/Cdk complexes is the APC/C. And since it has been shown that Cyclin/Cdk 
complexes can be targeted to its substrates via these Cks proteins it is interesting to 
speculate about a role in targeting the Cyclins to the APC/C by these Cks protein. 
The presence of a mechanisms involved in the recruiting of Cyclins to the APC/C 
based on the role of these small Cks proteins was further underscored by the fact that 
Cks proteins can indeed strongly interact with the APC/C (Sudakin et al. 1997).The 
role of Cks proteins in targeting substrates to the APC/C was established by 
observations that in the absence of the mammalian Cks proteins, Cyclin A can no 
longer be degraded (Wolthuis et al. 2008). Moreover, it is stabilized to similar levels 
as in the absence of an active APC/C. Since the Cyclin/Cdk complexes are 
responsible for the phosphorylation of the APC/C, the stabilization of Cyclin A in 
the absence of the Cks proteins might also be an indirect effect of the reduced 
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phosphorylation and consequent reduction of activity of the APC/C.  To 
discriminate between these two possibilities, that in principal both could account for 
the failure of Cyclin A degradation in the absence of Cks proteins a non Cks binding 
mutant of Cdk1 was designed. As a consequence APC/C phosphorylation was 
reduced. However, Cyclin A was still degraded, indicating that reduced APC/C 
phosphorylation was not sufficient to account for the observed stabilization of Cyclin 
A levels (Wolthuis et al. 2008).  
This indicates that there is indeed a direct role for Cks proteins in the destruction of 
Cdk bound Cyclin A. The direct recruiting of Cyclin A to the APC/C by these Cks 
proteins might account for its relatively early degradation compared to Cyclin B. 
Potentially however, Cks proteins might also play a role in the destruction of Cyclin 
B as well. Although further investigations have to elucidate this possibility, the role 
for Cks proteins in targeting Cyclin B to the APC/C seems to be less likely since it 
might very well be that Cyclin B does not make use of a Cks protein for the 
interaction with the APC/C.   
 
Posttranslational modifications of the substrates 
Posttranslational modifications come in many flavors and the importance of these 
different modifications differs between the different substrates and the phases of the 
cell cycle. In many biological processes it are these posstranslational modifications 
which are rate limiting and important determinants for protein regulation. In 
contrast, the APC/C seems, in many cases, to degrade its substrates independent of 
the presence or absence of any posttranslational modifications(King et al. 1996).  
However, the better the APC/C is understood, the more examples of 
posttranslational modifications that do influence the recognition by the APC/C are 
reported. Two key examples of how the phosphorylation can prevent the recognition 
by the APC/C are Aurora A and the replication factor Cdc6. Aurora A is special in 
that way that it contains next to a D- and a KEN-box also a short region in the N-
terminus which is called the A box (Littlepage, Ruderman 2002, Crane, Kloepfer & 
Ruderman 2004). Only when all three recognition sites can indeed be recognized by 
the APC/C, the protein will be degraded. The A-Box, however contains a serine 53 
which can be phosphorylated during M-phase. The importance of the regulatory role 
of this phosphorylation side is underscored by the fact that mutants in which a 
constant phosphorylation has been mimicked are not degraded.This suggests that the 
phosphorylation of serine 53 can mask the A-box, thereby preventing the 
degradation of the protein. These data also suggest that it is the timing of 
dephosphorylation of the protein which determines the timing of degradation, 
creating an additional regulatory mechanism involved in the ordered degradation of 
proteins by the APC/C (Littlepage, Ruderman 2002).  
The phosphorylation of the replication factor Cdc6 seems to have a remarkably 
similar role as in Aurora A. When human cell reenter the cell cycle from quiescence 
the replication factor Cdc6 is phosphorylated by the CyclinE/Cdk2 complex.  The 
phosphorylation sites in Cdc6 are located directly next to the D-box, important for 
the recognition by the APC/C (King et al. 1996, Mailand, Diffley 2005). Like the 
phosphorylation in the A-box of Aurora A masked this recognitons site, the 
phosphorylations next to the D-box in Cdc6 prevent the protein from recognition and 
degradation by the APC/C. This mechanism allows Cdc6 to accumulate and initiate 
the formation of pre-replication complexes (King et al. 1996, Mailand, Diffley 2005, 
Mailand, Diffley 2005).  
These are both examples of how the presence of a posttranslational modification can 
prevent a substrate from being targeted for degradation. In contrast however, there 
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are other examples reported, suggesting a role for posttranslational modifications 
promoting the degradation of a substrate. One of these examples is the acetylation of 
Cyclin A by the acetyltranferase P/CAF (Mateo et al. 2009). As a result of a direct 
interaction between the acetyltransferase and Cyclin A at the end of G2 and the onset 
of mitosis, Cyclin A is acetylated at lysines 54, 68, 95 and 112. The importance of this 
acelyation was suggested by the fact that Cyclin A was maximal acetylated 
simultaneously with the start of ubiquitination. The observation that a nonacetylable 
mutant prevented the degradation of Cyclin A and therefore stabilized the levels of 
Cyclin A, further underscored the importance of the acetylation of Cyclin A. 
Moreover, the inhibition of deacytalase inhibitors decreases the stability of Cyclin A. 
Interestingly, although the nonacetylatable mutant could not longer be ubiquitinated, 
this mutant was still able to bind to all its interacting partners like Cdc20, Cks, Cdks 
and even to the APC/C itself. This suggested that binding to the APC/C alone is not 
enough and that even when a substrate can bind, additional regulatory mechanisms 
are involved in the regulation of the final degradation (Mateo et al. 2009) 
 
Subcellular localization of the substrates 
Like the fact that the localization of the APC/C might be important for its function 
and substrate specificity, it is likely that the differential localization of the substrate 
might also influence this interaction. The localization of Cyclin B and Cyclin A 
during different phases of the cell cycle is relatively well described and it is clear that 
there are some essential differences between them. During interphase, Cyclin B is 
shuttled from the nucleus to the cytoplasm. At the G2 to M phase transition Cyclin B 
localizes to the centrosomes, followed by a translocation to the nucleus in prophase. 
During prophase the earlier observed export out of the nucleus is prevented, due to 
phosphorylation of the nuclear export sequence of Cyclin B, thereby allowing the 
accumulation of Cyclin B in the nucleus. At the end of prophase the nuclear envelope 
breaks down and during all following phases of mitosis Cyclin B can be observed at 
the spindle apparatus (Jackman et al. 2003, Hagting et al. 1998).(Clute, Pines 1999, 
Takizawa, Morgan 2000, Huang, Raff 1999) In contrast, Cyclin A can be found in the 
nucleus during S-phase (cardos 1993 and Sobczak 1993) and on condensed 
chromosomes during prometaphase after which it is targeted to the proteasome by 
APC/CCdc20 (Sobczak-Thepot et al. 1993, Cardoso, Leonhardt & Nadal-Ginard 1993, 
Pines, Hunter 1991).  
It has been suggested that as a consequence of this different subcellular localization 
the different Cyclins are exposed to different pools of APC/CCdc20. The assumption 
made here is that there are two pools of APC/CCdc20, one which is located, along the 
microtubules, like Cyclin B, and another one which might co-localize with Cyclin A. 
It was suggested that the pool of APC/CCdc20 which is localized to the spindle 
apparatus is inhibited by the spindle assembly checkpoint via unattached 
kinetechores. Since this pool of APC/CCdc20 would also be the one which would 
target Cyclin B for destruction this would be an explanation why Cyclin B is 
degraded at a later point during the cell cycle compared to Cyclin A (Raff, Jeffers & 
Huang 2002).  
Although it might be a tempting explanation for the different time of degradation 
between Cyclin A and Cyclin B, it is unlikely that it would be the only explanation. 
This explanation would mainly elucidate the targeted degradation in vivo whereas 
the fact that Cyclin A degradation is slightly ahead of Cyclin B degradation can be 
observed in several in vivo experiments as well. It is unlikely that the subcellular 
localization is preserved in most of these in vitro experiments and therefore other 
mechanisms have to account for the observed differences as well.  
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ORDERED PROTEIN DEGRADATION OF THE MITOTIC 
SUBSTRATES 
 

All mechanisms involved in the regulation of the oscillating activity of the APC/C 
have the ultimate goal to ensure that the APC/C can fulfill its physiological function: 
The ubiquitination of target proteins in a proper order. In vivo there are roughly three 
different groups of mitotic substrates of the APC/C. During prometaphase the early 
mitotic substrates Cyclin A, Nek2A and Hoxc10 are targeted for destruction. The 
next group which can be distinguished is targeted for degradation at the metaphase 
to anaphase transition and contains the essential targets Cyclin B and securin. The 
late mitotic substrates such as Cdc20, Plk1 and Aurora A are targeted during 
anaphase and telophase (Fig. 7) (Sullivan, Morgan 2007). 
The answer to the question how the APC/C is able to ensure this sequential ordering 
of degradation of its targets is probably not a simple one. However, in order to shed 
some light on the in vivo temporal degradation in this last section the physiological 
relevance of the mechanisms described above will be addressed.  
During G2 APC/C activity is low, however as soon as the nuclear envelope breaks 
down the APC/C is activated as a result of a massive increase in phosphorylation. 
This phosphorylation causes an increase in the binding affinity of the APC/C 
towards its co-activator Cdc20, which causes a further increase of activity, substrate 
binding affinity and substrate specificity (Kraft et al. 2003, Herzog, Mechtler & Peters 
2005). The binding of Cdc20 to the APC/C increases APC/C activity towards the 
early mitotic substrates Cyclin A, Nek2A and Hoxc10. However the interaction with 
Cdc20 does not explain why the Cyclin B and securin degradation is prevented until 
the metaphase to anaphase transition, since these proteins, like the early mitotic 
targets, are targeted by APC/CCdc20.  
In order to prevent Cyclin B and securin degradation until the metaphase to 
anaphase transition, APC/C activity towards these substrates is inhibited by the 
spindle assembly checkpoint. As long as there is only a single unattached 
kinetochore the spindle assembly checkpoint is active, thereby inhibiting APC/C 
activity and preventing the degradation of the Cyclin B and securin (Fig. 7). The 
presence of the spindle assembly checkpoint prevents the separation of genetic 
information before the chromosomes are properly aligned. Moreover, it ensures that 
a cell only goes into anaphase once it is ready (Musacchio, Salmon 2007, Ge, Skaar & 
Pagano 2009, Nilsson et al. 2008). Once all sister chromatids are attached to the 
mitotic spindle in a bioriented way, the spindle assembly checkpoint is inactivated. 
This results in the degradation of Cyclin B and securin and the separation and 
relocation of the sister chromatids to the opposite poles of the cell.   
The destruction of Cyclin B, results in the inactivation of Cdk1 and the 
dephosphorylation of downstream targets of Cdk1. One of these targets is the 
APC/C itself. The dephosphorylation of the APC/C causes a change in binding 
affinity of the APC/C towards its co-activators (Fig. 7). When the APC/C becomes 
less phosphorylated Cdc20 can no longer bind and is replaced by the other co-
activator Cdh1. The binding of Cdh1 causes a change in substrate specificity 
resulting in the recognition of the late mitotic substrates like Cdc20, Plk1 and Aurora 
A (Fig 7).  
The delayed degradation of the late mitotic substrates can therefore be explained by 
the change in phosphorylation and the of subsequent binding to Cdh1.  
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However, the explanation for the observed difference in temporal degradation 
between the early mitotic substrates and Cyclin B and securin is less simple, since 
they are both recognized by APC/CCdc20. 
The intervention of the spindle assembly checkpoint gives a reasonable explanation 
why the degradation of Cyclin B and securin is delayed compared to early mitotic 
substrates, however it does not explain how the early mitotic substrates can escape 
from the inhibitory function of the spindle assembly checkpoint.  
If this question would be addressed from the perspective of the APC/C it is very 
well be possible to imagine that there are different pools of APC/CCdc20 which can 
target different substrates (Huang, Raff 2002, Raff, Jeffers & Huang 2002). And 
indeed, it has been supposed that there is a specific pool of APC/CCdc20 which 
localizes to the kinetochores, and is therefore inhibited by the spindle assembly 
checkpoint. This pool would be responsible for the degradation of Cyclin B and 
securin whereas the other pool, not targeted by the spindle assembly checkpoint 
targets the early mitotic substrates for degradation.  The combination of a differential 
subcellular localization of the substrates and the differential localization of the 
APC/C pools could account for a differential temporal degradation (Huang, Raff 
1999, Hagting et al. 1998, Sobczak-Thepot et al. 1993, Pines, Hunter 1991).  
Next to differences in subcellular localization, substrate intrinsic characteristics may 
help the early mitotic substrates to escape from the inhibitory signal of the spindle 
assembly checkpoint. One of the parameters which could influence the time of 
degradation is the binding affinity and the requirements for binding between a 
substrate and the APC/C. And indeed it has been shown that the binding domain of 
Cyclin A for the APC/C is somewhat longer than that of Cyclin B. The presence of an 
additional domain at the C terminal site might influence the binding affinity and 
therefore the rate of ubiquitination of Cyclin A versus Cyclin B (Geley et al. 2001b, 
Klotzbucher et al. 1996, King, Glotzer & Kirschner 1996, Geley et al. 2001a). 
Assuming that there is a competition between Cyclin A and Cyclin B towards the 
APC/C and that the binding affinity of Cyclin A indeed increases due to the 
presence of these additional binding sites, this could explain why Cyclin A is 
degraded slightly ahead of Cyclin B.  
The binding affinity is probably one of the key determinants for processivity, another 
substrate intrinsic characteristic responsible for a difference in temporal degradation 
(Rape, Reddy & Kirschner 2006, Carroll, Morgan 2002). While processive substrates 
will obtain full ubiquitin chains within a single APC/C binding event, more 
distributive substrates have to associate multiple times with the APC/C in order to 
achieve an ubiquitin-chain long enough to be recognized by the proteasome. 
Different substrates are different in their processivity, which might explain the 
observed differences in the time of destruction (Rape, Reddy & Kirschner 2006, 
Passmore et al. 2005b, Carroll, Morgan 2002). 
Next to the binding between a substrate and the APC/C it is the targeting of a 
substrate to the APC/C which is important for substrate degradation. It has been 
demonstrated for Cyclin A, but not for Cyclin B targeting that the small accessory 
subunit Cks was important (Harper 2001, Pines 1996).  It has been demonstrated that  
Cyclin A could only be degraded in prometaphase in the presence of Cks protein  
and that this was not related to the role of Cks in promoting APC/C 
phosphorylation. (Wolthuis et al. 2008, Bourne et al. 1996, Sudakin et al. 1997) 
It is likely that several different and many more than the intrinsic and extrinsic 
regulatory mechanisms mentioned here, are contributing to the ordered degradation 
of mitotic substrates by the APC/C. Future research will not only be needed to 
identify novel players and regulatory mechanisms but also to elucidate the relative 
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importance of the known and yet unidentified individual players. The ultimate goal 
will be to finally form a complete picture in which all regulatory mechanisms are 
incorporated.   

 
 
 
 

Figure 7. Sequential order of protein degradation by the APC/C 
Several regulatory mechanisms, controlling APC/C activity and substrate identity, are regulating the 
ordered degradation of the substrates of the APC/C. During mitosis, three major groups of proteins 
can be distinguished based on their time of degradation. Early mitotic substrates are degraded during 
prometaphase (light blue upper panel). At the metaphase to anaphase transition Cyclin B and securin 
are degraded (dark blue, upper panel), and during anaphase and telophase the late mitotic substrates 
are degraded (red, orange, yellow, upper panel) 
From the perspective of the APC/C three different ways of regulation are contributing to the 
differential temporal recognition of these substrates. These regulatory mechanisms, phosphorylation 
status, interaction with co-activators and inhibitory signaling from the spindle assembly checkpoint, 
are shown in the three lower panels (adapted from: Sullivan, Morgan 2007).  
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CONCLUSION AND FUTURE PERSPECTIVES  
 
Since its identification almost fifteen years ago, as a protein important for Cyclin B 
degradation, the APC/C has come to be considered one of the most important cell 
cycle regulators. Next to its role in cell cycle progression more recent data have 
shown that the APC/C has a function in differentiated cells as well and is involved 
in for example neuronal outgrowth and axis formation in C. elegans. The fact that the 
APC/C is able to distinguish between substrates which are similar in many aspects 
like Cyclin A and B has fascinated many scientist the last fifteen years. Here several 
mechanisms regulating APC/C activity and substrate specificity are described. In 
addition we tried to shed some light on the differential temporal protein degradation 
from the perspective of the substrates.  Although currently not completely 
understood, it is clear that a variety of mechanisms, incorporating APC/C properties 
and activities as well as substrate intrinsic and extrinsic mechanisms, together control 
the temporal targeting of substrates. The number of mechanisms and proteins  
known to contribute to ordered protein degradation by the APC/C will probably 
further increase in the future. Next to the identification of novel pieces of the puzzle, 
novel techniques will allow us to better understand the role of the individual 
proteins. However, the main future challenge will be to incorporate all the different 
mechanisms into one large control network and to understand the mutual 
importance of the individual mechanisms. Better understanding of the APC/C will 
not only increase knowledge about the cell cycle in general, however, it might also 
increase our knowledge and possibilities in cancer biology.  
Since the APC/C is a key regulator of cell cycle progression it is not surprising that it 
is also is associated with hyper proliferation and tumorigenesis (Wirth et al. 2004, 
Tanaka-Matakatsu, Thomas & Du 2007). Interestingly, although APC/C is essential 
for proper progression through mitosis, inactivation of the APC/C in quiescent cells 
drives these cells into the cell cycle again, or at least, makes these cells very sensitive 
to growth and mitogenic signals. This might mainly be a consequence of APC/Cs 
role in G1 progression and might be partially explained by the only recently reported 
link between the APC/C and p53 (Tanaka-Matakatsu, Thomas & Du 2007).  
While inactivation of the APC/C could lead to hyperproliferation on the one hand, 
interfering with APC/C activity during mitosis on the other hand might be 
important for the development of novel anti-cancer therapies. One example of this is 
the chemotherapeutic Taxol which perturbs microtuble dynamics consequently 
preventing the inactivation of the spindle assembly checkpoint. As a result, cells will 
delay in mitosis, which, if long enough, will in many cases lead to cell death. Further 
investigation of particularly APC/CCdc20 may not only increase our understanding 
about he APC/C in wild-type situations, but might also give novel insights in how 
the APC/C can be used to chemically target mitotic cells and develop novel cancer 
therapies.  
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