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Summary

The anaphase-promoting complex or cyclosome (APC/C) is a ubiquitin ligase that
polyubiquitinates specific substrates at precise times in the cell cycle, thereby triggering the events
of late mitosis in a strict order. The robust substrate specificity of the APC/C prevents the
potentially deleterious degradation of hon-APC/C substrates, and also averts the cell cycle errors
and genomic instability that could result from mistimed degradation of APC/C targets. The APC/C
recognizes short linear sequence motifs, or degrons, on its substrates. The specific and timely
modification and degradation of APC/C substrates is likely to be modulated by variations in
degron sequence and context. We discuss the extensive affinity, specificity and selectivity
determinants encoded in APC/C degrons, and we describe some of the extrinsic mechanisms that
control APC/C-substrate recognition. As an archetype for protein motif-driven regulation of cell
function, the APC/C-substrate interaction provides insights into the general properties of post-
translational regulatory systems.

Introduction

The cell division cycle is a complex sequence of events, each of which must be initiated at
the appropriate time. In the eukaryotic cell, these events are controlled by an oscillating
regulatory system driven by changes in protein phosphorylation and ubiquitin-dependent
protein degradation. Central to this system are the cyclin-dependent protein kinases (Cdks)
and a ubiquitin-protein ligase called the anaphase-promoting complex or cyclosome
(APC/C) (Morgan, 2007).
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The APC/C, like other E3 ubiquitin ligases of the RING family, serves as a binding platform
that brings together a specific substrate and an E2 co-enzyme, resulting in polyubiquitination
and degradation of the substrate by the 26S proteasome. APC/C activity oscillates during the
cell cycle, primarily due to changes in its association with an activator subunit, Cdc20 or
Cdh1 (Pines, 2011; Primorac and Musacchio, 2013; Sivakumar and Gorbsky, 2015). The
activator subunit serves as the primary site of APC/C-substrate interaction: binding pockets
on its surface interact with short linear sequence motifs, called degrons, on the substrate
(Glotzer et al., 1991; Pfleger and Kirschner, 2000; He et al., 2013; Primorac and Musacchio,
2013; Lu et al., 2014; Di Fiore et al., 2015). In early mitosis, rising Cdc20 levels and Cdk-
mediated APC/C phosphorylation initiate the formation of active APC/CC4¢20 \which drives
the destruction of the mitotic cyclins, the separase inhibitor securin, and other proteins,
thereby triggering chromosome segregation in anaphase (Pines, 2011; Primorac and
Musacchio, 2013; Sivakumar and Gorbsky, 2015). In early anaphase, Cdk inactivation leads
to activation of Cdhl, and Cdc20 is degraded (Pines, 2011; Sivakumar and Gorbsky, 2015).
APC/CCUn1 then governs the final stages of cell division and continues to function
throughout G1 to suppress cyclin-Cdk activity. Deactivation of APC/CCUh1 at the end of G1
enables cyclin accumulation and progression into S phase (Pines, 2011).

The APC/C promotes the specific degradation of tens of substrates in a precise order (Min
and Lindon, 2012). The APC/C modifies substrates with high specificity, recognizing
specific degron-containing proteins in the crowded environment of the cell, and high
selectivity, differentiating between APC/C targets to establish a hierarchy of substrates. The
conserved ordering of substrate destruction suggests that degrading an APC/C target at the
wrong time can have a profound effect on the fidelity of cell cycle progression. Substrate
ordering is likely to depend on tight regulation of APC/C selectivity, but the mechanisms
underlying this selectivity, and thus substrate ordering, are not clear. Recent advances have
begun to clarify the determinants controlling the specific recruitment of APC/C substrates
and the mechanisms that define the window of instability for these proteins. These findings
suggest that multiple distinct mechanisms, both within a substrate and across all substrates,
collaborate to trigger the degradation of the correct targets in the correct location at the
correct time.

The general features of APC/C structure, function, and regulation have been well described
in numerous review articles (Pines, 2011; Min and Lindon, 2012; Primorac and Musacchio,
2013; Chang and Barford, 2014; Sivakumar and Gorbsky, 2015). Here, we focus on APC/C
substrates, with an emphasis on the mechanisms responsible for their specific and timely
recognition by the APC/C. We describe some common misconceptions about degron motif
composition, and we highlight the precise level of control that motif-binding systems can
encode.

recognition by the APC/C

APC/C-mediated polyubiquitination governs the stability of over 100 distinct proteins across
a range of eukaryotic species (Table 1; see a full list at http://slim.ucd.ie/apc/). As the
APC/C promotes irreversible degradation of its targets, it is important that these targets are
recognized with high specificity. Most APC/C substrates are recruited by interaction with
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the seven-blade p-propeller WD40 repeat domain in the C-terminal half of the APC/C
activator subunit (He et al., 2013). This domain contains binding pockets that recognize
APC/C degrons, of which there are three major types: the destruction box (D box) (Glotzer
etal., 1991), the KEN box (Pfleger and Kirschner, 2000) and the ABBA motif (Burton et al.,
2011; Lischetti et al., 2014; Lu et al., 2014; Di Fiore et al., 2015; Diaz-Martinez et al., 2015)
(Figure 1). A fourth sequence, the CRY motif, also binds the WD40 domain (Alfieri et al.,
2016; Yamaguchi et al., 2016), but only a single instance (in Cdc20) has been identified to
date (Reis et al., 2006). Over two decades of biochemical studies have defined the sequence
preferences for each of the major degrons, and recent structural studies of these degrons
bound to the APC/C explain the preferred amino acids at each position (He et al., 2013;
Chang et al., 2015; Tian et al., 2012)(Figures 1, 2).

The D box-binding pocket is a composite binding site involving the activator WD40 domain
and a second site on the Apc10/Docl subunit of the APC/C (Buschhorn et al., 2011; da
Fonseca et al., 2011) (Figure 1A). The arginine and leucine of the consensus RxxL sequence
contact an acidic patch and an aliphatic pocket on the activator surface, respectively (Figure
1C)(He et al., 2013). After the RxxL sequence, the D box adopts a tight turn that imposes
strong constraints on the allowed amino acids in residues directly flanking the leucine,
explaining the preference for proline and alanine in position +3 (the 3™ position of the
motif) and for small residues in position +5 (Figure 2A). A hydrogen bond between an
acidic position of the D box and an arginine on the activator surface explains the preference
at position +6. A strong preference for hydrophabic residues at position +7 is explained by
contacts with a non-polar surface of the activator. The remaining preferences for serine,
threonine and asparagine at position +8, and the strong asparagine preference at position +9,
reflect complementarity to the binding surface of the Apc10/Docl subunit (Chang et al.,
2015).

The KEN box-binding pocket is situated on the top surface of the activator WD40 domain,
in a depression at the center of the B-propeller (Chao et al., 2012; Tian et al., 2012; He et al.,
2013)(Figure 1B, D). The bound KEN box peptide, named after its consensus sequence,
forms an underwound helix that executes a tight turn in the pocket around the central
glutamate residue. The charged residues of the consensus contact a highly conserved
complementary binding pocket on the activator surface. The pocket also has a preference for
aspartate or an asparagine in position -1 (Figure 2B). The preference for a C-terminal
proline is a structural feature that breaks the helix and directs the exiting peptide away from
the domain surface (Chao et al., 2012; He et al., 2013).

The ABBA motif-binding pocket recognizes peptides with a consensus of [ILVF]x[ILMVP]
[FHY]X[DE] (Figure 1E, 2C)(Di Fiore et al., 2015). The motif occupies a hydrophobic
groove between blades 2 and 3 on the opposite surface of the WD40 domain from the KEN
box-binding pocket (He et al., 2013)(Figure 1B). Position +1 and +3 are deeply buried,
position +4 rests against blade 3 and position +6 reaches out of the pocket to contact the side
of the WDA40 repeat. The specificity of the budding yeast Cdc20 ABBA motif-binding
pocket has diverged, losing the preference for the position +1 hydrophobic residue and
instead preferring a position —1 basic residue (Lu et al., 2014). This change reflects a

Mol Cell. Author manuscript; available in PMC 2017 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davey and Morgan

Page 4

complementary change in the binding pocket, as discussed later in this article (see Figure 5
below).

Motif-binding pockets have the ability to bind a vast number of potential peptides with a
broad range of binding affinities. Thus, the concept of a conserved consensus can be
misleading and does not accurately describe the sequence preferences of the pocket (Figure
2). The core degron consensus, such as the RxxL of the D box, describes the residues with
the highest complementarity to the core-binding pocket, and these residues are shared across
the majority of peptides binding to the motif-binding pocket. However, degron-containing
peptides are highly divergent outside these key residues, and this variability is likely to
create major differences in specificity, affinity and selectivity of activator binding (Van Roey
et al., 2014). Furthermore, many degrons vary from the consensus even for strongly
preferred positions (Figure 2). Mutation of the canonical D box position 1 arginine is
sufficient to stabilize many substrates (King et al., 1996), and yet the D boxes of shugoshin
proteins (Karamysheva et al., 2009) and the D. melanogaster securin homolog Pimples (pim)
(Leismann and Lehner, 2003) lack arginine at this position. Similarly, in budding yeast,
securin (Pdsl) (Hilioti et al., 2001) and Spo13 D boxes (Sullivan and Morgan, 2007), and
the N-terminal D box of the Cdh1 inhibitor Acm1 (Enquist-Newman et al., 2008; He et al.,
2013), have a lysine in the commonly observed +7 hydrophobic position. Structural
information suggests that a position +7 lysine can contact the acidic residues of the position
+1 binding site and position +7 non-polar binding surface, with their charged and aliphatic
groups, respectively (He et al., 2013). Even the most conserved D box consensus position,
the position +4 leucine, is variable. D. melanogaster cyclin A (Ramachandran et al., 2007)
and H. sapiens cyclin B3 (Nguyen et al., 2002) both contain phenylalanine at this position.
Several KEN box degrons also diverge from the classical consensus (Figure 2B). KEN boxes
lacking the position +1 lysine have been identified, and asparagine and aspartate are also
allowed (Cromer et al., 2013; He et al., 2013). In the Xenopus kinesin-like protein KIF22
(XKid) and several plant proteins, a glycine in the —1 position has been shown to
compensate for the absence of a lysine in position +1 (Castro et al., 2003; Heyman et al.,
2011; Cromer et al., 2012; He et al., 2013).

Divergence from degron consensus has led to some confusion, as novel classes of degrons
were proposed for sequence motifs that are actually variations of D boxes and KEN boxes
(Figure 2). These include the O box of Drosophila origin recognition complex subunit 1
(orcl) (Araki et al., 2005), Drosophila abnormal spindle (asp), and S. pombe securin (Cut2)
(Funabiki et al., 1997; Araki et al., 2005; He et al., 2013), which are non-canonical D box
degrons (Figure 2A). In budding yeast, several APC/C substrates with non-canonical
degrons are stabilized by mutations in the D-box-binding pocket of the activator (Qin et al.,
2016). Interestingly, most non-canonical degrons appear to compensate for the lack of
consensus positions by using preferred residues in multiple other peptide positions that
contact the activator surface (Figure 2) or are part of larger multi-degron interfaces (Funabiki
etal., 1997; Hildebrandt and Hoyt, 2001; Hilioti et al., 2001; Heyman et al., 2011; Cromer et
al., 2012; Cromer et al., 2013). For the remaining uncharacterized degrons (see http://
slim.ucd.ie/apc/), it is possible that the substrate does not bind directly to the ligase; instead,
uncharacterized stability-determining regions may promote scaffolding interactions with a
degron-containing binding partner to indirectly recruit the APC/C.
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In general, APC/C activators interact with degrons in substrate regions that are predicted to
be both flexible and accessible (Guharoy et al., 2016). Thus, all high-confidence degrons
(those backed by multiple complementary sources of validation) are found in the
unstructured, intrinsically disordered regions of proteins. Several proposed APC/C degrons
in the literature were later shown to be structurally buried; these include the D boxes of Ski-
like protein (SKIL) and Aurora A and the KEN box of 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase 3 (PFKFB3). These sites should be treated with caution without
further investigation. Flexibility is highly important, as the peptides must adopt a strictly
defined conformation when bound to the activator (He et al., 2013). Furthermore, the
flexibility of the degron-containing polypeptide allows multiple lysines in nearby regions, or
on an attached ubiquitin, to efficiently attack the E2-ubiquitin conjugate (Guharoy et al.,
2016). The requirement for accessibility is self-explanatory, as the degron must be available
for recognition by the APC/C. It is important to emphasize that most peptides matching a
simplified APC/C degron consensus are unlikely to be recognized by the APC/C. It was
suggested recently, for example, that ~70% of human proteins contain a D or KEN box-
containing peptide (defined simply as RxxL or KEN)(Lu et al., 2015b), but the vast majority
of these peptides are unlikely to be accessible in intrinsically disordered protein regions or
co-localize with the APC/C. Most of the remaining peptides will not fit the complex
sequence preferences of the degron-binding pockets.

Some APC/C substrates appear to contain multiple D box-like sequence motifs. In many
cases, such as budding yeast Dbf4 (Lu et al., 2014) and human Sgol (Karamysheva et al.,
2009), it is likely that only one of these motifs is a functional degron. Alternatively, multiple
D boxes might provide fine-tuning of substrate affinity or specificity for different activators.
These possibilities have not been explored systematically for any substrate.

Substrate ordering by the APC/C

A remarkable feature of substrate recognition by the APC/C is the ability of a single
holoenzyme, and two substrate recognition subunits, to modify a wide array of targets in a
defined order (Table 1; see also http://slim.ucd.ie/apc/ for further discussion of the ordering
of APC/C substrates). The ordering of substrate degradation is important for the fidelity of
the cell cycle and is remarkably robust. It is now clear that no single mechanism controls
ordering; indeed, substrate recruitment by the APC/C is controlled by a variety of
cooperating mechanisms encoded by the degron-containing peptide, co-operativity between
degrons, degron context, local activity of the APC/C, and competition among substrates
(Figure 3).

Substrate binding affinity of the APC/C activators

Substrates typically bind with sufficient affinity to enable repeated ubiquitination during a
single binding interaction (Carroll and Morgan, 2002; Rape et al., 2006). The binding
affinity (or, more specifically, the dissociation rate) determines the residence time of a
substrate on the APC/C, and, together with the enzyme catalytic rate, determines the number
of ubiquitins attached per binding event (processivity). Several studies of other motif-
binding domain families indicate that degeneracy of motif-binding pocket specificity permits
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peptides recognized by that pocket to exhibit a wide range of affinities (Roy et al., 2007,
Hertz et al., 2016). In the case of the APC/C, the affinity of an individual degron has not
been directly determined. The so-called “super D box” of budding yeast Hsl1 appears to be
the most high-affinity D box tested to date, based on competition-based assays (Burton and
Solomon, 2001; Frye et al., 2013). The D box of metazoan cyclin A appears to be a weak D
box as, unlike the D box of cyclin B, it is not sufficient as a transplantable degradation signal
(King et al., 1996; Klotzbucher et al., 1996). These observations can be rationalized by
comparing the similarity of these motifs to the optimal D box consensus (Figure 2A).
Drawing analogies to motifs with similar properties (e.g. the PP2AB56 |_xxIxE docking
motif, which physicochemically resembles the D box) (Hertz et al., 2016), it is likely that
single APC/C degrons bind with dissociation constants (Kp) in the low uM range.

The presence of multiple degrons on the same substrate is likely to increase effective affinity
to the low nM range (Bu et al., 1995). The structure of Acm1 bound to Cdh1 revealed that
the D box-, KEN box- and ABBA motif-binding pockets of the activator WD40 domain can
be occupied simultaneously (Chao et al., 2012; He et al., 2013). The enhanced avidity that
results from multivalent binding is most easily observed in the pseudosubstrate inhibitors of
the APC/C (Figure 4A). However, several APC/C substrates also illustrate the power of
multivalent interactions (Figure 4B). These multivalent sites often appear to exist in close
proximity, perhaps reflecting the spacing of the degron-binding pockets on the activator.
Human cyclin A and yeast CIb5 each contain a D box, an ABBA motif, and a potential
degenerate KEN box, and they also employ the Cdk-associated subunit Cks1 to provide
additional binding affinity for the APC/C (Lu et al., 2014; Di Fiore et al., 2015). Another
early mitotic target, human Nek2A, contains a KEN box and a D Box, and also uses a C-
terminal MR tail motif to interact with a non-activator site on the APC/C (Hames et al.,
2001; Sedgwick et al., 2013). These multiple interaction surfaces in early substrates allow
them to compete effectively with the mitotic checkpoint complex (MCC), thereby allowing
degradation in the presence of an active spindle assembly checkpoint (SAC) (Lu et al., 2014;
Di Fiore et al., 2015). Even if the SAC is inactivated experimentally, these proteins are
degraded earlier than the metaphase targets securin and M cyclins. Mutation of the ABBA
motif in CIb5, together with mutations that block recruitment of Cks1, results in Clb5
destruction at the same time as securin destruction (Lu et al., 2014). Conversely, the addition
of an ABBA motif to cyclin B1 can increase its rate of degradation, although cyclin B1ABBA
cannot compete with the SAC (Di Fiore et al., 2015). These observations suggest that degron
co-operativity contributes to substrate degradation ordering.

It is conceivable that high-affinity substrates act as competitive inhibitors of weaker binding
substrates, thereby setting up the timing of substrate degradation (Kamenz et al., 2015; Lu et
al., 2015a). The importance of competition to substrate ordering is largely untested. Early
targets do appear to have multipartite APC/C degrons, suggesting that they are strong
binders (Figure 4B). However, increasing the levels of Clb5, which should result in
increased competition, does not result in delayed degradation of securin in budding yeast,
suggesting that APC/CC4¢20 activity is not limiting and that the ordering of CIb5 and securin
destruction depends on intrinsic differences in their affinities, not on competition (Lu et al.,
2015a). On the other hand, overexpression of the B-type cyclin Cdc13 delays the onset of
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securin (Cut2) destruction in the fission yeast S. pombe, arguing that these two substrates
compete for limited APC/CC4c20 jn this species (Kamenz et al., 2015).

Degrons and the rate of ubiquitination

The timing of APC/C substrate degradation is determined largely by the accumulation of
sufficient ubiquitins to promote proteasomal targeting. The time taken to complete this
process depends on the occupancy time of the substrate on the APC/C, and on the relative
rates of substrate ubiquitination and deubiquitination. The catalytic rates of the E2s that
work with the APC/C control the rates of polyubiquitin chain initiation and elongation
(Rodrigo-Brenni and Morgan, 2007; Jin et al., 2008). These catalytic rates are often thought
to be the same for different substrates. However, recent evidence suggests that activator
binding dramatically increases the binding and catalytic rate of the E2, and degron binding
to the activator is required for full E2 stimulation (Chang et al., 2014; Van Voorhis and
Morgan, 2014). Different degrons can influence the rate of catalysis (Van Voorhis and
Morgan, 2014; Lu et al., 2015a). Thus, specific degrons can modulate both the binding
strength for the APC/C and the rate of ubiquitination, and both of these effects are likely to
influence the timing of substrate degradation (Lu et al., 2015a).

Substrate specificity of APC/C activators

The two major activators of the APC/C are temporally regulated so that they occupy the
APC/C at distinct times in the cell cycle. This sequential activation of two distinct APC/C
isoforms led to the hypothesis that the ordering of substrate degradation is due in part to the
different specificities of Cdc20 and Cdh1 (Visintin et al., 1997; Pfleger and Kirschner,
2000). The KEN- and D box-binding pockets of Cdc20 and Cdh1 are highly conserved and
are expected to have very similar specificities for the core residues of substrate degrons.
However, evolutionary refinement of activator binding surfaces outside the core of the
degron-binding pocket could generate subtle specificity determinants that allow
discrimination between different degron-containing peptides.

Little is known about the specificity determinants of the APC/C activators. APC/CC4¢20 has
a narrow substrate range /n vivo (with only a handful of identified substrates), whereas
APC/CCdn1 targets a much larger group of substrates that seems to include all substrates of
APC/CCUc20 Cdc20 is required for the initiation of anaphase, and its essential function is to
promote degradation of just two substrates: securin and cyclin (Thornton and Toczyski,
2003). Cdh1 is not essential for cell viability in any organism tested. Thus, Cdc20 interacts
with the key substrates whose destruction is required for anaphase and mitotic exit, and
Cdhn1 tidies up afterwards, keeping Cdc20 targets and numerous other proteins at low levels,
thereby stabilizing the G1 state. The major reason for the presence of two activators might
not be their differing substrate specificities but rather their distinct regulation, as we describe
later in this article. Nevertheless, activator specificity is responsible in part for substrate
ordering: a small group of Cdc20-specific targets is degraded earlier than the numerous
targets recognized only by Cdh1. The precise contribution of activator binding preferences
to this specificity is poorly understood.
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Degron regulation by post-translational modification

Post-translational modification of motif-containing regions is a widely used mechanism to
integrate cell state information into regulatory decision-making (\Van Roey et al., 2012). The
ordered inactivation of cell cycle kinases by the APC/C provides the cell with information
regarding the current stage of mitosis, and this temporal regulation of kinase activity can
help order the timing of degradation of kinase targets. For example, Cdk1-mediated
phosphorylation of a serine at position +2 of the D box stabilizes KIF1C and Dbf4, while
Aurora kinase A-mediated phosphorylation at position +3 of the D box stabilizes geminin
(Rape et al., 2006; Tsunematsu et al., 2013; Lu et al., 2014). Dephosphorylation of these
sites promotes degradation of the protein. In other cases, degron phosphorylation can
stimulate ubiquitination by the APC/C, as seen in the case of human securin, in which
phosphorylation at position +6 of the D box enhances degradation (Hellmuth et al., 2014).
The opposing outcomes of phosphorylation at different positions in the D box can be
explained by the sequence preferences of D box degrons (Figure 2A): position +6 strongly
prefers an acidic residue, and a phosphate at this position also fulfills this requirement and is
therefore likely to increase the affinity of the D box for the activator; conversely,
phosphorylation of position +2 inhibits binding. Phosphorylation can also modulate KEN
box function. Cdk1-mediated phosphorylation near the KEN box of Cdc6 results in
stabilization (Mailand and Diffley, 2005). Furthermore, the structure of the KEN box of
Acm1 bound to Cdh1 included a phosphorylated serine residue that stabilized the kinked
structure of the bound peptide (Hall et al., 2008; He et al., 2013). Substrate stability can also
be influenced by phosphorylation of residues outside the degron, as seen in the destabilizing
phosphorylation of Mcl-1, which promotes degradation (Harley et al., 2010), and the
stabilizing phosphorylation of budding yeast securin (Holt et al., 2008; Lu et al., 2014). The
mode of action in these cases is not known.

Regulation by motif hiding

Several targets of the APC/C are protected from degradation by association with proteins
that block access of the APC/C to degron motifs. TPX2 protects Aurora A from APC/CCdhl
at the spindle, thereby linking activity, localization, and stability of Aurora A (Giubettini et
al., 2011). HURP and NuSAP are protected from the APC/C through their association with
importin subunit beta-1, an interaction relieved by the nuclear GTP-binding protein Ran
(Song and Rape, 2010). Modification of substrates can also regulate degron access by
driving the recruitment of a binding partner that interferes with activator binding. For
example, phosphorylation of Acm1 by Cdk1 promotes recruitment of the 14-3-3 family
members Bmh1 and Bmh2, thereby stabilizing Acm1 (Enquist-Newman et al., 2008; Hall et
al., 2008; Ostapenko et al., 2008). Deactivation of Cdk1 and activation of the phosphatase
Cdc14 are required to inactivate the phosphodependent 14-3-3 binding motif to allow Acm1
degradation (Hall et al., 2008). Similarly, NIPA is protected from degradation by a
phosphodependent interaction with Skpl (Klitzing et al., 2011).

Lysine accessibility

APC/C substrates are typically ubiquitinated at multiple lysines in disordered regions
surrounding the activator-binding degron sequences (King et al., 1996; Ramachandran et al.,
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2007). No single ubiquitin-accepting lysine has been shown to be required for the
degradation of any APC/C substrate, and multiple lysine mutations are required to stabilize a
substrate. Nevertheless, lysine position is likely to be important: the degron-binding pockets
of the activator are 20-40A from the active site of the E2-ubiquitin conjugate, and
ubiquitination is therefore likely to occur only at lysines located beyond this distance from
degrons — about 5-10 residues in an unfolded polypeptide chain (Chang et al., 2015; Brown
et al., 2016). The contribution of lysine density to substrate degradation is poorly
understood, apart from the strict requirement for the presence of an accessible lysine for
ubiquitin attachment. Furthermore, given the modular architecture and flexibility of
disordered regions, acceptor lysines and degrons may not need to be in the same region of
the protein. Sequence context of the ubiquitinated lysine might also contribute to the rate of
substrate modification (Williamson et al., 2011; Min et al., 2013; Mattiroli and Sixma,
2014). Given the numerous enzymes that can modify lysines, blocking lysine accessibility
through competitive modification of sites can be a powerful mechanism to control substrate
degradation.

Activation state and local abundance of the APC/C

Several functionally distinct forms of inactive and active APC/C exist during the cell cycle,
often simultaneously at distinct subcellular localizations (Sivakumar and Gorbsky, 2015).
Inhibitory proteins and phosphorylation state modulate the activity of specific APC/C
isoforms and thereby govern substrate ordering. In early mitosis, activation of the SAC leads
to specific inhibition of APC/CCdc20 by the MCC, which contains multiple sequence motifs
that block the degron-binding sites on Cdc20 (Alfieri et al., 2016; Yamaguchi et al., 2016).
Some mammalian substrates, such as cyclin A, are degraded in the presence of the MCC,
suggesting that resistance to the SAC determines the ordering of these early substrates.
However, human cyclin A and securin are degraded in the correct order even in the absence
of a functional SAC (Collin et al., 2013). Similarly, in budding yeast, the timing of Clb5
degradation, which begins before the SAC has been satisfied, still occurs earlier than securin
degradation in mutants lacking the SAC (Lu et al., 2014). Other inhibitory proteins, such as
Emil in metazoans and Acml in fungi, specifically inhibit Cdh1, thereby controlling the
window of APC/CCdn1 activity (Frye et al., 2013; He et al., 2013). In budding yeast meiosis
I, a third activator subunit called Amal associates with the APC/C (Pesin and Orr-Weaver,
2008). By unknown mechanisms, a core APC/C subunit, Mnd2, specifically inhibits
ubiquitination of Pds1, CIb5 and Sgo1 by APC/CAMal while permitting the degradation of
Clb1, Clb4 and CIb5 (Oelschlaegel et al., 2005). Modification of the core APC/C also
governs activity and might control substrate specificity. Phosphorylation by mitotic kinases
is required for APC/CC4c20 activation in early mitosis (Rudner and Murray, 2000; Fujimitsu
et al., 2016; Qiao et al., 2016; Zhang et al., 2016), and the large number of phosphorylation
sites on multiple APC/C subunits raises the possibility that some modifications have an
impact on activity toward specific substrates (Kraft et al., 2003). For example,
dephosphorylation of the Cks1 binding site of the APC/C is likely to reduce the binding
strength of the cyclins (Lu et al., 2014; Di Fiore et al., 2015).

The local concentration of active APC/C, and co-localization with its substrates, might
regulate target selectivity (Arnold et al., 2015). Several studies have suggested that APC/
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CCdnl activity is spatially restricted (Jaquenoud et al., 2002; Acquaviva et al., 2004; Arnold
et al., 2015), and numerous APC/C substrates require nuclear localization for efficient
degradation (Hu et al., 2011; Arnold et al., 2015). Export of Cdhl from the nucleus might
contribute to APC/C inactivation, and Cdh1 targets can be stabilized by forcing their
cytoplasmic localization (Jaquenoud et al., 2002; Kraft et al., 2003). Different pools of a
substrate can be degraded in a localization-dependent manner; for example, the majority of
Aurora B is degraded at mitotic exit but a subpopulation at the cell cortex is still present in
G1 (Floyd et al., 2013). In both human and Drosophila, spindle-associated cyclin B1 is
destroyed while the remaining cyclin B1 is stable (Clute and Pines, 1999; Huang and Raff,
1999).

Evolution of the APC/C regulatory network

Origin and evolutionary tuning of the APC/C activators

The APC/C is present in most eukaryotic proteomes, and it has been suggested that it was
present in the last eukaryotic common ancestor (Eme et al., 2011). It is likely that early in
the evolution of the APC/C, it employed a single activator subunit, but this ancestral
activator duplicated in early eukaryotes. All currently sequenced genomes contain at least
two activators, suggesting that a strong adaptive pressure led to retention of early and late
activators, despite their similar intrinsic specificities. This is likely related to the distinct
regulatory mechanisms of the two activators: APC/CC4c20 activity is promoted by Cdk-
dependent phosphorylation in early mitosis, whereas APC/CCd1 activity is inhibited by
phosphorylation but then stimulated when Cdks are inactivated in late mitosis and G1
(Primorac and Musacchio, 2013; Sivakumar and Gorbsky, 2015). This regulatory scheme
allows APC/C activity to rise in mitosis to trigger anaphase, and then remain high, despite
the loss of Cdk1 activity, throughout G1. The human proteome contains two activators
(Cdc20 and Cdh1) and an activator homolog Cdc20B that appears to have lost the sequence
features associated with APC/C-related functionality. Several species have acquired
additional functional activators through gene duplication events. For example, Drosophila
and budding yeast both express a meiosis-specific activator protein: Cortex (Cort) and
Amal, respectively (Pesin and Orr-Weaver, 2008). Plants seem to have taken activator
duplication to an extreme: the Arabidopsis genome encodes nine activators (Capron et al.,
2003).

The order of emergence of the D box-, KEN box- and ABBA motif-binding pockets has yet
to be revealed. They appear to have evolved contemporaneously, as they are present in most
known activators. In those cases where a binding pocket is missing, it is likely that the
pocket has been lost. For example, it appears that the ABBA motif-binding site has been lost
from Cdh1 in animal cells. The ABBA motifs of cyclin A, Bub1 and BubR1 do not bind
human Cdh1, and there is no documented case of ABBA motif binding to a metazoan Cdhl
(Di Fiore et al., 2015). In agreement with this observation, several features of the ABBA-
binding pocket have diverged significantly in human Cdhl (and also in the yeast meiotic
activator Amal). A similar observation can be made for the KEN-binding pocket of C.
elegans Cdc20, which has also diverged on a sequence level from other activators.
Consistent with this divergence, the otherwise omnipresent KEN boxes of BubR1 are not
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present in C. elegans. No experimental information yet supports these observations, but they
point to an interesting rewiring of APC/C regulatory mechanisms in C. elegans.

With the notable exception of C. efegans, the D box- and KEN box-binding pockets are well
conserved throughout eukaryotic evolution and their specificity is nearly identical across all
organisms. Subtle evolutionary changes in the specificity of the ABBA motif-binding pocket
appear to be more common. For example, the specificity of Cdc20 and Cdhl for the ABBA
motif has diverged in the fungal lineage (Lu et al., 2014; Di Fiore et al., 2015). In S.
cerevisiae, Cdc20 displays a preference for ABBA motifs with a lysine at position -1,
whereas Cdhl has a preference for a hydrophobic residue at position +1 (Lu et al., 2014; Di
Fiore et al., 2015) (Figure 2C, 5). A lysine at position -1 is positioned to interact with an
acidic patch in the yeast Cdc20 ABBA-binding pocket that is not present in Cdh1. CIb5, a
Cdc20 target, has a complementary pair of basic residues at the beginning of its ABBA
motif. This basic sequence is absent in the ABBA motif of the Cdhl target Acm1,
suggesting that this difference between Cdc20 and Cdhl promotes specific Cdc20-CIb5 and
Cdhl1-Acml interactions, respectively. Indeed, replacing the acidic patch in Cdc20 with the
Cdh1 residues inhibits Clb5 binding to Cdc20 (Lu et al., 2014).

Evolution of the APC/C substrate network

The vast majority of characterized APC/C degrons appear to have evolved ex nihilo—
through addition of a functional degron to a previously non-functional region of protein
sequence. Disordered regions generally tolerate high mutation rates that allow the rapid
exploration of functional sequence space (Davey et al., 2015). The simplicity of APC/C
degron sequences allows random mutations to continually create and destroy rudimentary
degrons, resulting in selectable phenotypic diversity. Degron-containing alleles that result in
more rapid or robust cell division will have large positive effects on an organism’s fitness
and should spread through a population. Once established, functionally important degrons
are protected from loss-of-function mutations by purifying selection (Davey et al., 2015).
For example, the D boxes of cyclins are conserved across nearly all eukaryotes over a billion
years of evolution. However, many other degrons are present in only a limited evolutionary
window, as motifs are regularly gained and lost as regulatory networks are rewired (Davey et
al., 2015). The ease of ex nihilo degron acquisition is highlighted by the evolution of the six
budding yeast mitotic cyclins, known as Clbs, which evolved from a single ancestral B-type
cyclin (Gunbin et al., 2011). Through the gain and loss of APC/C and SCF degrons, the Clbs
are now degraded sequentially (Jackson et al., 2006; Lu et al., 2014) (Figure 6A).
Interestingly, independent of the fungal CIb5 ABBA motif acquisition, cyclin A in the
metazoan lineages gained an ABBA motif to promote the sequential degradation of cyclin A
and cyclin B (Figure 6B). The separate acquisition of the ABBA motif by Cyclin A and CIb5
to order mitotic cyclin degradation is a beautiful example of convergent evolution.

Conclusions and future perspectives

The past decade has seen a rapid increase in the number of characterized protein motifs
involved in cell regulation, but only recently have the general properties of the regulatory
networks they support become apparent (Van Roey et al., 2012). It is now clear that all of the
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targets of a given motif-mediated regulatory network are not equal. A hierarchy of targets is
created by intrinsic differences encoded in the sequence of the motif-containing peptide,
encoded in the motif context, or modulated by crosstalk between regulatory networks acting
at the motif. Although the vast majority of motif-centric networks remain uncharacterized
(Van Roey et al., 2014), it is likely that the mechanisms described for the APC/C will be
identified in all large regulatory networks. In recent years, the focus of APC/C studies has
shifted from the search for degrons to uncovering the layers of regulation that govern degron
recognition. Thus, the future of the APC/C field lies in teasing apart the cellular and
biochemical mechanisms that determine the timing and localization of substrate degradation.
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Figure 1. Structure and specificity of the WD40 domain of the APC/C activators
(A) Structure of the Cdh1 activator subunit WD40 domain (gray) bound to APC/C (green)

(He et al., 2013; Chang et al., 2015). The Apc10 subunit (blue), the Apc1l RING subunit
(red), and the positions of the motif-binding pockets (with degrons in orange) are also
shown. (B) The WD40 domain of Cdh1 with the three degron-binding pockets occupied by
the D box, KEN box and ABBA motif. (C) The D box-binding pocket. (D) The KEN box-

binding pocket. (E) The ABBA motif-binding pocket.
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Figure 2. Sequence preferences of the APC/C degron-binding pockets
(A) Preference of the D box-binding pocket and representative experimentally validated D

box instances. “y” signifies a leucine, isoleucine or valine residue, “x” signifies any residue
(unless certain residues are disfavored), underlined “x” signifies any residue but with strong
preferences for particular residues based on information from characterized degrons, orange
“P” signifies phosphorylation of the position, and residues in green circles are the consensus
residues of the degron (those residues that are present in the majority of instances). Blue bars
indicate preferences at a position. Red bars indicate disfavored residues at a position. (B)
Preference of the KEN box-binding pocket and representative experimentally validated KEN
box instances. (C) Preference of the ABBA motif-binding pocket, showing the divergent
consensus of the fungal Cdc20 and representative experimentally validated ABBA motif
instances (see also Figure 5 below). Few validated ABBA motifs are available, and thus the
consensus may change in the future. Strong candidate motifs in BubR1 suggest that the
canonical motif will allow a wider range of hydrophobic amino acids in place of the position
+1 phenylalanine, and position 3 will allow proline. All degron instances used for the
construction of the preferences in this figure can be found at http://slim.ucd.ie/apc/.

Mol Cell. Author manuscript; available in PMC 2017 October 06.


http://slim.ucd.ie/apc/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Davey and Morgan Page 20

Sequence encoded
Degron modlllcahon
Degron co-operativity Lysine accessibility
Bttt | | e S
! {0 % %
s . 1
] ®
KENbox FDboxn s K 3 K K
e.g.14-3-3
RxxLxxlxx e.g. Cks1
: ' RxxLxDIxx
\ i | RxPLXDIxN A
~ Degron hiding ~ "Degron affinity - “Codaciors
Cell State dependent Other
Local APC/C APC/C APC/C APC/C Substrate APC/C
abundance activity phosphostate cofactors competition catalysis rate

i e B € wr @G-

Figure 3. General mechanisms of substrate recognition by the APC/C
Intrinsic factors, encoded in the protein sequence, and extrinsic factors, encoded in the cell

state, regulate substrate stability and are likely to determine the timing of substrate
degradation.
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Figure 4. Modular architecture underlying the interaction of inhibitors and substrates with the

APC/C

(A) High-affinity pseudosubstrate inhibitors are commonly used to regulate enzymes.
Numerous APC/C pseudosubstrate inhibitors have been identified, including: the MCC
subunit Mad3/BubR1 (dashed box denotes the conserved region shared by all Mad3/BubR1-
like proteins); the budding yeast Cdh1l inhibitor Acm1; the fission yeast protein Mes1; and
the Arabidopsis proteins POLYCHOME (PYM) and GIGAS CELL1 (GIG1). The human
APC/C regulator Emil also occupies the D box-binding pocket, although the major
inhibitory mechanism is through regulation of E2 binding (Frye et al., 2013; Wang and
Kirschner, 2013). Each of these APC/C pseudosubstrate inhibitors employs multiple distinct
APC/C degrons to bind with high affinity to the APC/C activator, thereby competitively
inhibiting the binding of APC/C substrates. (B) Representative examples of the modular
architecture of likely multivalent APC/C substrates: Trigger of mitotic entry protein-1
(TOME-1), protein kinase haspin homolog Alk1, protein kinase Nek2, cyclin A and Pimples
protein (Pim/securin). Details of the degron instances used in this figure can be found at

http://slim.ucd.ie/apc/.
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Figure 5. Divergence of ABBA motif binding specificity in evolution
(A) Alignment of the ABBA motif in budding yeast CIb5 and Acm1, showing key conserved

residues (gray). (B) The sequence of the activator region containing the specificity-
determining loop in the ABBA motif-binding pocket. The loop is GAG in Cdhl and DDD in
Cdc20. (C) Modeled structure of budding yeast Cdc20 (gray) with the ABBA motif from
Acml (blue). Pocket residues on Cdc20 are colored based on conservation between budding
Cdhl and Cdc20: green indicates residues conserved between Cdhl and Cdc20, red
indicates residues that are not conserved, and purple indicates Cdc20-specific acidic
residues, including the specificity-determining acidic loop (dashed box).
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Figure 6. Evolution of the N-terminal regulatory region of the B-type cyclins
(A) Budding yeast have six B-type cyclins (CIb1-6), and their evolution can be traced

through 3 duplication events to a single ancestor (Byrne and Wolfe, 2005; Gunbin et al.,
2011). The common ancestor duplicated to produce Clb3/4 and Clb1/2/5/6, a tandem
duplication led to the creation of Clb1/2 and CIb5/6 (Clb1/2 and Clb5/6 are still found
adjacent to each other in the budding yeast genome), and finally a whole genome duplication
produced the six Clbs seen today. The last common Clb ancestor, like all B-type cyclins, had
a single D box and was likely destroyed in metaphase (Yamano et al., 1996; Gunbin et al.,
2011). The CIb3/4 lineage retained this motif conformation. After the Clb1/2/5/6
duplication, CIb1/2 gained a KEN box and Clb5/6 gained an ABBA motif. Subsequently,
after the Clb5/6 duplication, Clb6 lost both the D box and ABBA motif and gained a degron
for a different ubiquitin ligase, SCFC4c4 (Amon et al., 1994; Hendrickson et al., 2001;
Thornton and Toczyski, 2003; Jackson et al., 2006; Lu et al., 2014). Several of the Clbs also
contain uncharacterized yet conserved non-canonical KEN boxes (DEN, NEN). The distinct
motif content of the intrinsically disordered regulatory N-terminal regions of the Clb family
is the major determinant of their ordered degradation. (B) Metazoan Cyclin A has acquired
an ABBA motif independently of the fungal CIb5 ABBA motif acquisition.
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Representative set of APC/C substrates. For a complete list of APC/C substrates and degrons see http://

slim.ucd.ie/apc/.
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Activator

Degradation timing

Protein

Budding yeast (Saccharomyces cerevisiae)

Cdc20

Cdh1l

Pre-metaphase

Metaphase, Anaphase

Metaphase
Metaphase
Metaphase
Metaphase
Anaphase
Anaphase
Anaphase
Anaphase
Cytokinesis

Human (Homo sapiens)

Cdc20

Cdh1l

Prometaphase

Prometaphase

Metaphase

Metaphase
Metaphase
Metaphase
Anaphase
Anaphase
Anaphase
Anaphase
Mitotic exit/G1
Mitotic exit/G1
Gl

G1

Gl

S-phase cyclin 5 (CIb5)

M-phase cyclin 2 (Clb2)

Securin (Pds1)

Cdc7 kinase regulatory subunit Dbf4

Shugoshin (Sgol)

APC/C-Cdh1 modulator 1 (Acm1)
APC/C activator protein Cdc20

Polo-like protein kinase Cdc5

Filament protein Finl

Kinesin-like protein Kipl

Contractile ring protein Iqgl

Cyclin A2 (CCNA2)

Protein kinase Nek2 (NEK2)

Mitotic cyclin B1 (CCNB1)

Kinesin-like protein Kif22 (KIF22)

Securin (PTTG1)

Shugoshin-like 1 (SGOL1)
Mitotic cyclin B3 (CCNB3)

APC/C activator protein Cdc20
Kinesin-like protein Kifcl (KIFC1)

Protein kinase Plk1 (PLK1)

Actin-binding protein anillin (ANLN)

Aurora kinase B (AURKB)

Origin-binding protein Cdc6 (CDC6)

Geminin (GMNN)
S-phase kinase-associated protein 2 (SKP2)

Regulatory mechanism

Degron co-operativity

Phosphorylation
Phosphorylation

Degron hiding

Degron co-operativity
Degron co-operativity

Degron co-operativity

Phosphorylation

Phosphorylation

Phosphorylation

Phosphorylation

Degrons

KEN-like box, D box, ABBA

motif, Cksl co-factor

KEN-like box, D box, Cksl

co-factor

KEN box, D box
D box

D box

D box

KEN-like box, D box

KEN box, D boxes
D box

KEN-like box, D box, ABBA

motif, Cks1 co-factor

D box, KEN box, MR tail
KEN-like box, D box, Cksl

co-factor

KEN box

KEN box, D box
KEN box, D box
D box

KEN box

D box

D box

D box

D box, KEN box
KEN box, D box
D box

D box
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