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The Role of Activator in Substrate Ubiquitination by the Anaphase-

Promoting Complex 

Vanessa A. Van Voorhis 

 

Abstract 

The anaphase-promoting complex/cyclosome (APC/C) is a protein-ubiquitin ligase (E3) that 

initiates chromosome segregation. Like other RING E3s, the APC/C catalyzes ubiquitin transfer 

from an E2-ubiquitin (E2-Ub) conjugate to a specific protein substrate. APC/C activity requires 

association with an activator subunit that recruits substrate and might also enhance catalysis, but 

the biochemical function of the activator is unclear. We dissected activator function using an 

artificial fusion substrate that binds tightly to the APC/C and is ubiquitinated at a low rate in the 

absence of activator. Ubiquitination of this substrate was stimulated by activator, due primarily 

to a dramatic stimulation of E2 sensitivity (Km) and catalytic rate (kcat), which together resulted 

in a 650-fold stimulation of kcat/Km. Thus, activator is not simply a substrate adaptor but also 

enhanced catalysis by promoting a more efficient interaction with the E2-Ub. Interestingly, 

APC/C stimulation by activator required activator interaction with degron sequence motifs on the 

substrate. We conclude that formation of a complete APC/C-activator-substrate complex leads to 

a major enhancement of E2 efficiency, providing an unusual substrate-assisted catalytic 

mechanism that limits efficient ubiquitin transfer to specific substrates.    
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Chapter 1 

 

Introduction 
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The Cell Cycle 

Cell reproduction is fundamental to all life. All living organisms, from the single-celled 

bacterium to the multicellular mammal, result from divisions of existing cells. A cell reproduces 

by performing a tightly regulated sequence of events in which it must accurately duplicate vast 

amounts of DNA and then segregate the copies into two genetically identical daughter cells.  

 

A critical point in this cell cycle is the physical segregation of duplicated chromatids, 

which happens during anaphase of mitosis. Mitosis is a complex and highly regulated process 

that relies on the rapid degradation of mitotic proteins to provide an irreversible and directional 

switch to complete mitosis and reset the cell cycle after division [1]. Chromosome segregation 

and exit from mitosis depend on degradation of mitotic cyclins and securin [2], which is 

executed by the anaphase-promoting complex or cyclosome (APC/C), an E3 ubiquitin-protein 

ligase that targets its substrates for destruction by the proteasome through the addition of 

polyubiquitin chains [3].  

 

Protein Ubiquitination 

 Ubiquitination is the covalent attachment of ubiquitin, a 76 amino acid protein, to 

substrate lysine residues [4]. Repeated cycles of this reaction can lead to the attachment of 

ubiquitins to several lysines on the substrate and to specific lysines on ubiquitin itself, resulting 

in polyubiquitin chains. Protein ubiquitination is a versatile mechanism for controlling protein 

behavior. Protein ubiquitination can result in the formation of various distinct cellular marks, 

which are recognized by a diverse array of ubiquitin binding domains, ultimately triggering 

diverse downstream events. Generally, a chain of four or more ubiquitins provides an important 
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recognition signal for destruction by the proteasome. Ubiquitin-mediated protein degradation by 

the proteasome has a central role in cell cycle progression.  

 

   This process is catalyzed by an enzymatic cascade involving attachment of ubiquitin to a 

ubiquitin-activating enzyme (E1), transfer to a ubiquitin-conjugating enzyme (E2), and finally 

ubiquitin transfer to a protein substrate in a reaction mediated by a ubiquitin-protein ligase (E3) 

[5] (Figure 1A). Like other members of the RING family of ubiquitin-protein ligases, the APC/C 

serves as a platform for positioning a specific protein substrate next to an E2-ubiquitin conjugate, 

thereby allowing ubiquitin transfer from the E2 to lysine side chains on the substrate or on 

ubiquitin attached to the substrate [6] (Figure 1B). The APC/C is therefore effectively a two-

substrate enzyme with binding sites for both the E2-ubiquitin conjugate and the target protein.  

 

APC/C Structure 

The APC/C is a large (1.2-1.5 MDa) complex composed of 13-14 subunits, several of 

which are present in two copies. These core subunits form a stable complex throughout the cell 

cycle. Structural analysis by electron microscopy has provided a good overview of the general 

features of APC/C structure and the positioning of its major subunits [7] (Figures 2 & 3). The 

APC/C can be structurally and functionally subdivided into three main subdomains. The scaffold 

platform consists of three large structural subunits, Apc4, Apc5, and Apc1. The conserved cullin-

RING subunits (Apc2-Apc11) bind the scaffolding platform via Apc1. The C-terminal domain of 

the large cullin subunit Apc2 is thought to interact with the small RING subunit Apc11, which 

interacts with a single E2-Ub as in other cullin-RING enzymes [5] and is likely to orient the E2-

Ub for efficient catalysis [8-10]. Apc10 also interacts with Apc2 and Cdc27 to form a substrate 

co-receptor with the activator proteins.  
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The “arc lamp” is composed of proteins (Cdc27, Cdc16, Cdc23) containing 

tetratricopeptide repeats (TPRs), which serve to binding to a substrate recognition protein known 

as the activator. All three of the TPR-containing proteins form symmetric homodimers through 

their N-terminal regions and are therefore present in two copies in the APC/C [11] (Table 1). 

Additional accessory arc lamp proteins include Cdc26, which interacts with Cdc16, Apc9, which 

interacts with Cdc27, and Mnd2, which interacts with Cdc23 and the scaffold platform [12, 13].  

 

Activator Proteins 

The APC/C core is active only when bound to one of its activator proteins. In S. 

cerevisiae there are three activators. The mitotic activators are Cdc20 and Cdh1, whereas a third 

activator, Ama1, is only present during the meiotic cycle [14, 15] (Table 1). In contrast, humans 

have two activators: Cdc20 and Cdh1. Activator association with the APC/C is cell cycle 

dependent. Cdc20 associates with the APC/C in early mitosis, resulting in the degradation of 

securin and other targets that control the onset of anaphase. Cdc20 binding to the APC/C is 

promoted by phosphorylation of multiple APC/C subunits [16]. Cdc20 is replaced by Cdh1 in 

late mitosis and G1, resulting in destruction of mitotic cyclins, Cdc20, and additional substrates 

that promote the completion of mitosis and entry into a stable G1. The association of Cdh1 with 

the APC/C depends on Cdh1 dephosphorylation [17]. Activator binding is essential for APC/C 

substrate recruitment and APC/C activation. The chaperonin CCT helps facilitate Cdc20 and 

Cdh1 association with the APC/C in vivo [18]. Cdh1 is not essential[19]; however, Cdc20 is 

essential for cell viability [20]. Ama1 is required specifically for progression through meiosis I, 

but can be deleted from mitotic cells [15]. 
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Cdc20, Cdh1, and Ama1 are structurally related and contain a long disordered N-terminal 

region followed by a C-terminal WD40 domain that forms a seven-bladed β-propeller. Multiple 

sequence motifs mediate binding of the activator to the APC/C core. Cdc20 and Cdh1 appear to 

dock to an overlapping binding site via EM analysis [21-23] which is consistent with in vitro 

binding experiments [24].  

 

At least three activator sequence motifs contribute to APC/C binding (Figure 4). The C-

terminus of the activator ends in an IR motif, which interacts with Cdc27[24, 25]. Mutation of 

conserved residues in the TPR grooves revealed that the IR motif specifically interacts with 

Cdc27. In addition, mutations in Cdc23 also reduced activator binding, but the activator site of 

binding remains unknown. It’s been hypothesized to bind the KILR motif [26], which also maps 

to the N-terminus of activator.  

 

Activator binding to the APC/C also requires the disordered N-terminal region of the 

activator. This region contains an 8-residue sequence motif called the C box, which is required 

for APC/C binding [14]. The APC/C subunits involved in binding the N-terminal activator 

region are not identified but are likely to include Apc2 and other subunits that lie between the 

activator WD40 domain and the E2-binding site [12, 23].  

 

APC/C Substrates 

 While the APC/C is a two-substrate enzyme with binding sites for both the E2-ubiqutin 

conjugate and the target protein, for clarity the term “substrate” is used to refer to the 

ubiquitinated target. The APC/C has an array of protein substrates, but securin and the mitotic 
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cyclins are the only two essential substrates [2]. Securin degradation triggers sister-chromatid 

separation, and mitotic cyclin degradation is required for the completion of mitosis.  

 

Activators serve as adaptors that recruit specific substrates to the APC/C for 

ubiquitination. Activator-substrate interactions are mediated by multiple interaction surfaces on 

the activator WD40 domain and specific sequence motifs in substrates (degrons) [27, 28](Figure 

4). These degrons include the KEN box (KEN) [29], which interacts with residues in the center 

of the face of the WD40 domain (Figures 4, 5C, & 6A). The other major destruction motif, the 

nine-residue D box (RxxLxxΦ), binds a conserved channel at the interface of blades 1 and 7 

along the side of the WD40 domain [28, 30] (Figures 4, 5B, & 6B).  The C-terminus of the D 

box also interacts with the APC/C subunit Apc10, and structural studies suggest that the D box is 

sandwiched between Apc10 and the activator WD40 domain [23] [31]. These studies are 

consistent with in vitro observations that Apc10 increases substrate residence time and the 

processivity of ubiquitination [32] in a D box dependent manner [33].  

 

The third and most recently identified substrate degron was originally called the A motif 

[34, 35] but has been renamed the ABBA motif to reflect its conserved presence in Acm1, Bub1, 

BubR1, and cyclin A (Di Fiore et al., manuscript under review, Lu et al., manuscript under 

review). The ABBA motif engages the lower surface of the WD40 repeat, lying in a mainly 

nonpolar channel between blades 2 and 3 (Figure 5A) [28]. The ABBA motif in fungi is defined 

as [KR]xx[ILV][FHY]x[DE] for Cdc20 substrates (i.e. Clb5, Mad3, and Bub1) and 

Fx[ILV][FHY]x[DE] for Cdh1 substrates (i.e. Acm1). Substrate ubiquitination depends on the 

6



cooperative assembly of a tripartite complex containing the APC/C, activator, and the substrate 

[24]. 

 

In most substrates, degron motifs reside in long (~100-residue) regions that are likely to 

be unstructured, providing the flexibility that is presumably required to allow several lysines in 

the substrate to efficiently attack the E2-Ub during a single substrate-binding event. Although D- 

and KEN box sequences are required for the ubiquitination of many substrates, they are often not 

sufficient, suggesting that substrates may contain additional unidentified degradation sequences 

[29, 36]. It is likely that most, if not all, APC/C substrates contain multiple degradation 

sequences allowing them to form multivalent interactions with the APC/C-activator complex 

[24]. 

 

E2 Proteins 

 E2 proteins share a conserved core domain including the central cysteine residue at which 

ubiquitin is attached. Some E2s also contain N- or C-terminal extensions that provide functional 

specificity. Because E2s use the same binding interface to interact with both the E1 and E3, E2s 

must dissociate from the E3 to be recharged with ubiquitin by the E1 [37]. Therefore, processive 

modification of a single APC/C substrate requires a fast cycling of E2s relative to the APC/C-

substrate affinity.   

 

Attachment of K48-linked polyubiquitin chains by the APC/C in S. cerevisiae requires 

the sequential action of two E2s: Ubc4 and Ubc1 [38].  Ubc4 predominantly catalyzes ubiquitin 

transfer to different APC/C substrate lysines (multiple monoubiquitination). Ubc1 prefers 
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preubiquitinated substrates, leading to rapid K48 linked chain extension of previous attached 

ubiquitins (polyubiquitination). Ubc4 therefore acts as the “priming” E2 for Ubc1 and allows the 

collaboration of the two in vivo [38].   

 

Processive Ubiquitination of APC/C Substrates  

The mechanism of ubiquitination catalyzed by the APC/C is complex. The APC/C must 

coordinate substrate binding via interactions with activator and APC/C core subunits; and the 

cycling of distinct E2s for chain initiation and elongation. The ubiquitination processivity refers 

to the number of ubiquitin molecules that are attached to a substrate during a single APC/C 

binding event [32]. Accordingly, the affinity of substrate binding to the APC/C co-activator 

complex is a critical factor for the ubiquitination processivity. Processivity is influenced by both 

substrate-APC/C affinity and ubiquitin charged-E2 on and off rates. Substrate dissociation rate, 

and thus the degree of processivity, is affected by the activator subunit and substrates degrons 

[24]. Processivity is therefore a reflection of substrate affinity for the activator bound APC/C. 

Substrates with a higher affinity can acquire polyubiquitin chains in a single binding event, while 

multiple E2s cycle on and off.  

 

Activators as Catalytic Activators 

Although necessary for APC/C activity, activators have long been thought of as 

“substrate adaptors” because of their ability to bind APC/C substrates. In addition to simply 

recruiting substrates, activator subunits might also stimulate the ubiquitin ligase activity of the 

APC/C. Evidence for this possibility comes from studies of Nek2A, a vertebrate substrate that 

binds the APC/C core via its MR tail in the absence of activator but is only ubiquitinated and 
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degraded in the presence of Cdc20 [39]. Nek2A ubiquitination can be stimulated by an N-

terminal fragment of Cdc20 lacking the WD40 domain, and this activation requires the activator 

C box [40], suggesting that the two activator domains may have distinct functions: N-terminus 

for activation and WD40 for substrate recruitment. Furthermore, a fusion of the activator N-

terminus to Mes1, an APC/C substrate that requires activator for APC/C recruitment, was 

ubiquitinated in the absence of additional activator, suggesting that the WD40 function of 

substrate recruitment can be bypassed [40]. These results led to the proposal that C-box binding 

promotes an activating change in the APC/C independent of substrate recruitment, but the 

underlying mechanisms remain unknown. A complete understanding of APC/C enzymology 

depends upon discerning the specific functions of its activators. 

 

Regulation of Cdc20 Protein Levels 

Cdc20 is an unstable protein throughout the cell cycle and its levels decrease rapidly in 

late mitosis during a normal cell cycle [41, 42]. The APC/C is likely entirely responsible for 

Cdc20 turnover via two distinct mechanisms that vary between interphase and mitosis. First, 

Cdc20 turnover in late mitosis and G1 is mediated in part by the activator Cdh1, which interacts 

with a D-box at the N-terminus of Cdc20 and thereby targets Cdc20 for ubiquitination [41]. 

However, Cdc20 levels decrease in late mitosis even when the Cdc20 D-box is mutated or when 

Cdh1 is deleted. This degradation is a result of Cdc20 autoubiquitination [42, 43]. Cdc20 

autoubiquitination is also an important mechanism for promoting rapid Cdc20 turnover during a 

spindle assembly checkpoint arrest [44-46]. 
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The Spindle Assembly Checkpoint 

The spindle assembly checkpoint (SAC) ensures accurate chromosome segregation by 

preventing premature chromatid segregation at the onset of M-phase [47]. The SAC restricts 

APC/CCdc20 activity with the help of the mitotic checkpoint complex (MCC). MCC binding to 

Cdc20 prevents ubiquitination of securin, and cyclin B in humans, until all chromosomes are 

aligned and bioriented on the metaphase plate and sister chromatid kinetochores are attached to 

the microtubules of opposite spindle poles.  

 

The key components of the S. cerevisiae SAC include Mad1, Mad2, Mad3 (BubR1 in 

humans), and Bub3 [47]. The SAC signal is initiated by the formation of a stable Mad1-Mad2 

complex at unattached kinetochores, which catalyzes the binding of Mad2 to Cdc20 [48, 49]. 

Cdc20 also interacts with Mad3 in complex with its binding partner Bub3 [50]. The complex 

composed of Cdc20, Mad2, Mad3, and Bub3 forms the MCC and is the checkpoint effector [51].  

 

Both Mad2 and Mad3 bind directly to distinct regions of Cdc20 and are sufficient to 

inhibit APC/CCdc20 in vitro [52]. Mad2 binds to a short linear motif (SLiM) in the N-terminus of 

Cdc20 that includes the KILR box and named the Mad2 interaction motif (MIM) [53, 54]. Mad3 

contains an N-terminal KEN box motif that is essential for SAC function. This motif occupies 

the KEN box-binding pocket of Cdc20, resulting in a pseudosubstrate inhibition mechanism that 

directly competes with Cdc20 substrates [30, 55]. This is a mechanism used by other APC/C 

inhibitors including Acm1, Mes1, and Emi1, which also inhibit Cdh1 or Cdc20 as 

pseudosubstrates [35, 56, 57]. 
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Cdc20 Autoubiquitination and Checkpoint Silencing 

Proteolysis of Cdc20 counteracts the inhibition of the APC/C by the MCC, thus allowing 

for SAC silencing and mitotic exit. One mechanism of achieving Cdc20 destruction is through its 

autoubiquitination by the APC/C. Mad2 and Mad3-Bub3 synergize in vitro to effectively inhibit 

securin ubiquitination while at the same time promoting Cdc20 autoubiquitination [44]. 

Inhibition of this pathway leads to an increase in the levels of MCC bound to the APC/C and a 

delay in mitotic exit. The autoubiquitination activity of Cdc20 in the MCC requires the APC/C 

subunit Mnd2. Deletion of Mnd2 specifically blocked the ability of Mad3-Bub3 to stimulate 

Cdc20 autoubiquitination in the presence of Mad2, but activity toward securin was unaffected in 

the absence of checkpoint proteins [44]. However, deletion of Mnd2 did not prevent the 

stimulation of Cdc20 binding to the APC/C by Mad3-Bub3. Additionally, Mnd2 is not required 

for Cdc20 turnover in interphase, pointing to an important mechanistic difference between 

mitotic and interphase instability of Cdc20 [44].  

 
The mechanism through which Mnd2 promotes SAC- and APC/C-dependent Cdc20 

autoubiquitination is currently unclear. One hypothesis is that Mnd2 is required for the MCC to 

shift the position of Cdc20 to specifically promote autoubiquitination. Mnd2 occupies a position 

near the C-terminal region of Cdc23, at the interface with Apc4, Apc5, and Apc1 [13, 58], and is 

therefore in close proximity of the MCC [22, 30]. Cdc23 is also important in Cdc20 binding to 

the APC/C in the checkpoint [59].  

 
 
APC/CAma1 Inhibition by Mnd2 
 

APC/C regulation in meiosis differs from that in mitosis. The trigger for the metaphase-

to-anaphase transition is the same as that in mitosis: cleavage of cohesin by separase. However, 
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in meiosis, a single round of cohesion establishment during pre-meiotic S phase mediates two 

rounds of chromosome segregation. This depends on the unique behavior of chromosomes in the 

first meiotic division (meiosis I) where homologous chromosomes but not sister chromatids 

segregate. This is achieved by protection of some cohesin at centromeres at metaphase I, which 

serves again in chromosome alignment in metaphase II. Meiosis I and II are triggered by two 

rounds of securin degradation, both of which require accumulation of Cdc20 [60]. In addition, 

meiosis requires a long meiotic prophase in which homologous chromosomes undergo 

recombination.  

 

Meiosis-specific APC/C activators have been identified in both Drosophila and yeast [15, 

61-63]. Spore formation, the yeast equivalent of gametogenesis, requires the activator Ama1 in S. 

cerevisiae. Transcription of AMA1 and the splicing of its mRNA are both restricted to meiosis 

[15]. Like, Cdc20 and Cdh1, Ama1 is a WD40 domain protein and also has a C-terminal IR 

motif and a conserved C-box in its unstructured N-terminus. Because Ama1 is active in prophase 

I, its regulation differs in several aspects from that of the mitotic activators. Ama1-dependent 

ubiquitination during prophase I must spare securin, which is essential to protect sister chromatid 

cohesion from premature cleavage by separase [64].  

 
The APC/C subunit Mnd2 is an inhibitor of Ama1-dependent ubiquitination of securin 

during prophase I [64, 65]. Mnd2 is a non-essential subunit of the mitotic APC/C core, but is 

required for meiotic cell division to inhibit premature chromosome segregation. In vitro, Mnd2 

inhibits ubiquitination of securin by Ama1 but not by Cdc20 or Cdh1. Proper chromosome 

segregation in meiosis therefore depends on the selective inhibition of APC/CAma1. Mnd2 is not 

only required for the protection of securin but for the normal accumulation of a specific set of 
12



APC/C substrates. However, APC/CAma1 must still be active during prophase I to degrade mitotic 

cell-cycle controls and suppress spurious entry into mitosis [66]. This is essential for an extended 

prophase I and for proper homolog segregation during the first meiotic division. Thus, proper 

chromosome segregation at meiosis I depends on the simultaneous activation and inhibition of 

APC/CAma1 toward different substrates, which is realized by the remarkable, yet unexplained, 

specificity of Mnd2. 
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Figure 1. Ubiquitination Occurs by a Three-Enzyme Cascade 

(A) The E1 (purple) uses the energy of ATP hydrolysis to catalyze the formation of a thioester 

bond between the C-terminus of ubiquitin and the E1. The E1-ubiquitin conjugate binds to an E2 

(blue), transferring the ubiquitin to the E2. An E3 (green) then promotes transfer of the ubiquitin 

from the E2-ubiquitin conjugate to a lysine side chain on the substrate protein (magenta) or on 

ubiquitin attached to the substrate. 

(B) RING-domain E3s, like the APC/C, facilitate ubiquitin transfer by positioning the E2-

ubiquitin conjugate and substrate. The ε-amino group on a lysine side chain in the substrate 

attacks the E2-ubiquitin thioester linkage, resulting in the formation of an isopeptide bond 

between the C-terminus of ubiquitin and the target lysine. 
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Figure 2
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Figure 2. Subunit Organization of the APC/C 

Model of S. cerevisiae APC/C subunit interactions (kindly provided by A. Schrieber). No subunit 

stoichiometry is considered. Apc1, Apc4, Apc5, and Cdc23 bind to each other in an 

interdependent manner. Color code is consistent with observed subcomplexes in vitro. 
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Figure 3
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Figure 3. Pseudo-Atomic Model of the APC/C 

11 Å cryo-EM map of the APC/C bound to Cdh1 and a D box peptide (represented in grey mesh) 

as determined and published by Schrieber et al., 2011. Atomic coordinates of Cdc16-Cdc26, 

Cdc23, Cdc27, Apc2, Apc10 and Cdh1 were docked in. The N-terminal β-strand of Apc11 is 

only tentatively located, the density of the RING domain could not be identified. Local two-fold 

symmetry axes of Cdc27 and Cdc23 are indicated by diamonds. Red spheres indicate the C-

termini of Cdc16 and Cdc23, red and blue spheres in Cdc27 denote the N- and C-termini of the 

inter-TPR insert. 
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Figure 4. General features of APC/C subunits involved in substrate binding and 

modification 

The left panel shows the APC/C, together with an activator subunit (labeled ‘A’), in the absence 

of protein substrate. The C-terminal domain of the large cullin subunit Apc2 is thought to 

interact with the small RING subunit Apc11, which interacts with a single E2-Ub as in other 

cullin-RING enzymes and is likely to orient the E2-Ub for efficient catalysis. The activator 

subunit contains a disordered N-terminal region followed by a C-terminal WD40 domain that 

forms a seven-bladed β-propeller. The C-terminus of the activator ends in an IR motif, which 

interacts with Cdc27. The N-terminus contains an 8-residue C box motif, which likely interacts 

with subunits that lie between the activator WD40 domain and the E2-binding site. Next to the 

WD40 domain of the activator is the APC/C core subunit Apc10/Doc1, which is anchored in part 

by a C-terminal ‘LR’ motif bound to Cdc27. In the presence of a substrate (right panel, labeled 

‘S’), the activator WD40 domain interacts with KEN and D box motifs in the substrate. Substrate 

ubiquitination therefore depends on the cooperative assembly of a tripartite APC/C-activator-

substrate complex. 
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Figure 5
A

B
C

22



Figure 5. Activator Binding to Substrate Degrons 

Crystal structure of the central inhibitory region (CIR) of Acm1 (residues 59-128) bound to the 

WD40 domain of Cdh1 determined and published by He et al., 2013 (figure kindly provided by 

N. Davey). Substrates listed have an experimentally validated APC/C substrate degron as 

indicated. 

(A) Details of the ABBA motif-Cdh1WD40 interactions at the interblade grove. Interactions 

include a salt bridge linking E65 of Amc1 with K333 of Cdh1 and hydrophobic contacts between 

F61 and Y64 or Acm1 with I311 and P374 of Cdh1. 

(B) Details of the DB3-Cdh1 interactions showing the N-terminal seven residues of the D box 

interacting at the interface of blades 1 and 7 of Cdh1WD40. L122 of the D box RxxL motif is 

anchored in the an aliphatic pocket, whereas R119 of the RxxL motif hydrogen bonds with two 

acidic residues at the top surface of the β-propeller.  

(C) Details of the KEN box interacting with the Cdh1WD40 KEN box receptor. The KEN box is 

incorporated within an underwound helix, similar to the Mad2 KEN box.  
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Figure 6
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Figure 6. APC/C Substrate Degron Consensus Sites 

(A) Peptides containing experimentally validated KEN boxes and their flanking regions were 

manually aligned by their conserved positions. The alignments were visualized using the pLogo 

motif consensus visualization tool [PMID:24097270]. The amino acid frequency at each position 

of the alignment was compared to the amino acid frequency of the Human proteome and residue 

heights represents the statistical significance of the over- or under-representation of each amino 

acid at each position. The red line represents the residue height of significantly enriched amino 

acids. The residue coloring reflects the shared physicochemical properties of certain sets of 

amino acids. 

(B) Peptides containing experimentally validated D boxes and their flanking regions were 

manually aligned by their conserved positions and analyzed as in (A). 
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Table 1. Subunit Composition, Stoichiometry, and Structural Motifs of Model Organism 

APC/C and Activators 

S. cerevisiae subunit stoichiometry determined by Passmore et al., 2005. S. pombe subunit 

stoichiometry determined by Ohi et al., 2007. H. sapiens subunit stoichiometry determined by 

Dube et al., 2005 and Zhang et al., 2013. 
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Chapter 2 

 

Activation of the APC/C Ubiquitin 

Ligase by Enhanced E2 Efficiency 
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Summary 

The anaphase-promoting complex/cyclosome (APC/C) is a protein-ubiquitin ligase (E3) 

that initiates the final events of mitosis by catalyzing the ubiquitination and proteasomal 

destruction of securin, cyclins, and other substrates [1, 2]. Like other members of the RING 

family of E3s [3, 4], the APC/C catalyzes direct ubiquitin transfer from an E2-ubiquitin 

conjugate (E2-Ub) to lysine residues on the protein substrate. The APC/C is activated at specific 

cell-cycle stages by association with an activator subunit, Cdc20 or Cdh1, which provides 

binding sites for specific substrate sequence motifs, or degrons. Activator might also stimulate 

catalytic activity [5, 6], but the underlying mechanisms are not known. Here, we dissected 

activator function using an artificial fusion substrate in which the N-terminal region of securin 

was linked to an APC/C core subunit. This fusion substrate bound tightly to the APC/C and was 

ubiquitinated at a low rate in the absence of activator. Ubiquitination of this substrate was 

stimulated by activator, due primarily to a dramatic stimulation of E2 sensitivity (Km) and 

catalytic rate (kcat), which together resulted in a 650-fold stimulation of kcat/Km. Thus, activator is 

not simply a substrate adaptor but also enhances catalysis by promoting a more efficient 

interaction with the E2-Ub. Interestingly, full E2 stimulation required activator interaction with 

degron motifs on the substrate. We conclude that formation of a complete APC/C-activator-

substrate complex leads to a major enhancement of E2 efficiency, providing an unusual 

substrate-assisted catalytic mechanism that limits efficient ubiquitin transfer to specific 

substrates.    
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Highlights 

 

• APC/C ubiquitinates an engineered fusion substrate in the absence of activator.  

• Activator stimulates fusion substrate ubiquitination.  

• Activator stimulates E2 sensitivity and catalytic rate. 

• Stimulation of E2 efficiency by activator depends on substrate degrons. 
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Results 

Activator Stimulates Ubiquitination of Securin-Apc10 Fusion Substrate  

The APC/C is a large (1.2-1.5 MDa) complex composed of 13-14 subunits, and recent 

structural studies have unveiled the positioning of many of its key subunits (Figure S1) [1, 2]. 

Conserved cullin and RING subunits (Apc2 and Apc11) provide the presumed binding site for 

the E2-Ub. Substrate binding is mediated primarily by the activator subunit, which contains a 

long, disordered N-terminal region followed by a C-terminal WD40 domain that interacts with 

substrate degron motifs, including the D box and KEN box [7-11]. The D box is thought to be 

sandwiched between the activator WD40 domain and the core APC/C subunit Apc10/Doc1 [12-

14] (Figure S1).  

 

The goal of this work was to determine whether activator is simply a substrate adaptor or 

also promotes APC/C activity through other mechanisms. We constructed protein substrates that 

are recruited to the APC/C in the absence of activator, predicting that these substrates would be 

modified efficiently if activator serves solely as a substrate adaptor. We took advantage of our 

previous findings that purified Apc10 binds with high affinity to its normal site when added to 

purified yeast APC/C lacking this subunit [14, 15]. We engineered two fusion substrates in 

which yeast Apc10 was fused to the 110-residue N-terminal region of yeast securin (Pds1) or the 

124-residue N-terminal region of the mitotic cyclin Clb2 (Figure 1A; Figure S1B). These 

unstructured substrate regions contain the D and KEN boxes that mediate APC/C recognition, as 

well as multiple lysines that are modified processively in APC/C reactions.  
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To analyze ubiquitin ligation to these fusion substrates, we immunopurified TAP-tagged 

APC/C on magnetic beads from fresh lysates of a yeast strain lacking Apc10 and the activator 

Cdh1. The APC/C-bound beads were incubated with an excess of radiolabeled fusion substrate 

produced by translation in vitro, and unbound substrate was washed away. Fusion substrate 

bound with normal high affinity to the Apc10-binding site of the APC/C (Figure S2). The 

APC/C-fusion substrate complex was incubated with a saturating amount (50 µM) of the E2, 

Ubc4, charged with methylated ubiquitin (MeUb), which blocks polyubiquitin chain assembly 

and greatly facilitates clear detection and quantification of reaction products [16]. The number of 

distinct products generated in these reactions reflects the number of lysines that have been 

modified on the substrate.  

 

The securin fusion substrate was ubiquitinated at 5-6 lysines by the APC/C in the absence 

of added activator (Figure 1B, lane 2). This activity was not due to activator protein from the 

rabbit reticulocyte lysate used to produce the radiolabeled fusion substrate (Figure S3). In 

addition, this activity was not likely to be due to Cdc20 in the purified APC/C preparation: in all 

our previous work, APC/C isolated from asynchronous cdh1∆ cells displays no detectable 

activity toward any substrate. Finally, our later studies of E2 responsiveness (below) clearly 

indicate that this activator-independent activity is distinct from that seen in the presence of 

activator. Thus, we conclude that recruitment of substrate alone is sufficient to allow some 

ubiquitination.  

 

Addition of the purified activator Cdh1 increased the rate of fusion-substrate 

ubiquitination, resulting in increased substrate turnover (i.e., total modified substrate) and 
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increased formation of larger products (Figure 1B, lane 3). Ubiquitination was greatly reduced in 

reactions with a securin fusion substrate lacking all 10 lysine residues in the N-terminal fragment 

(Figure 1B). The single modification of the lysine-free substrate in the presence of activator 

likely occurred at the N-terminus of the substrate [17], as Apc10 alone was not ubiquitinated in 

the absence or presence of activator (Figure 1B). Thus, the securin fusion substrate was 

ubiquitinated at multiple lysines in the N-terminal securin region.  

 

Both Cdc20 and Cdh1 stimulated securin fusion substrate ubiquitination (Figure 1C). We 

also observed activator-stimulated ubiquitination of a fusion protein containing the N-terminal 

region of Clb2 (Figure 1A, D). 

 

We next analyzed securin fusion mutants in which key residues of the KEN box, D box, 

or both were mutated to alanine (KEN was changed to AAA, and the D box, RxxLxxxN, was 

changed to AxxAxxxA). For each mutant, we quantified APC/C activity by measuring substrate 

turnover: i.e., the total amount of ubiquitinated protein substrate in all protein bands above the 

unmodified protein on the autoradiographs. This method simply provides the rate at which the 

unmodified substrate in the lower band is ligated to the first methyl-ubiquitin only, and this rate 

is not affected by processivity or the rates at which additional ubiquitins are added to the 

substrate or to ubiquitin itself.  

 

Mutations in the KEN and/or D box caused small but reproducible decreases in rates of 

fusion-substrate ubiquitination in the absence of activator (Figure 1E). Addition of activator 

caused a 1.5- to 2-fold increase in activity toward the wild-type substrate and all degron mutants, 
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suggesting that intact degrons are not required for activator to stimulate initial ubiquitin 

attachment in the presence of saturating E2 concentrations. However, degron mutations, 

particularly in the D box, did reduce the processivity of substrate ubiquitination, as indicated by 

a lower number of modified lysines. 

 

Similar KEN and D-box alanine mutations were made in the Clb2-Apc10 fusion substrate 

(Figure 1F). These mutations did not decrease the rate of ubiquitination of the Clb2-fusion 

substrate in the absence of activator and did not greatly affect the 1.5- to 2-fold stimulation of 

activity in the presence of activator. Mutation of the KEN box did cause a significant decrease in 

processivity. Thus, despite the fact that the fusion substrates are already linked tightly to the 

APC/C, their patterns of ubiquitination appear to be influenced by engagement of the KEN or D 

box, and the importance of each motif varies in different substrates.  

 

Stimulation of E2 Efficiency by Activator 

 We next addressed the mechanism by which activator promotes fusion substrate 

ubiquitination. One intriguing possibility was suggested by previous studies of the ubiquitin 

ligase SCF, in which neddylation activates the enzyme by enhancing E2 affinity and catalytic 

rate [18, 19]. We hypothesized that activator binding to the APC/C might serve a similar 

function. Because our fusion substrate, unlike normal APC/C substrates, is ubiquitinated in the 

absence of activator, it provided a unique reagent for comparing E2 responsiveness in the 

absence and presence of activator.   
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We measured the initial velocity of APC/C activity toward fusion substrates over a range 

of E2 concentrations. As before, we quantified APC/C activity by measuring the turnover of 

unmodified fusion substrate into the first ubiquitinated form. Reactions were performed under 

conditions of excess E1, methylated ubiquitin, and ATP, resulting in a multiple-turnover reaction 

in which E2 is replenished with ubiquitin after each ubiquitin discharge. The APC/C, like other 

RING E3s, can be viewed as a two-substrate enzyme in which the protein substrate and E2-Ub 

are the two reactants, whose binding affinities both influence the reaction rate. However, because 

we measured activity with a tightly-bound (i.e. saturated) fusion-substrate that does not 

dissociate appreciably during the reaction, our reactions were performed under pseudo-first-order 

conditions in which the half-maximal E2 concentration should be equivalent to an apparent Km 

value for the E2-Ub substrate, which reflects E2-Ub affinity for the APC/C-substrate complex, 

rather than affinity for the APC/C alone. 

 

It should also be noted that in these reactions it is the E2-Ub, and not the securin fusion 

protein, that is the ‘substrate’ whose concentration is being titrated and whose concentration 

should remain constant for accurate determination of apparent Km. Because these reactions are 

performed under conditions of considerable E2 excess over the low APC/C concentration (~1 

nM), and because E2-Ub is regenerated by E1, there is unlikely to be significant depletion of E2-

Ub during these reactions.   

 

Addition of activator resulted in a striking increase in E2 sensitivity: the apparent Km for 

Ubc4 decreased about 160-fold (Figure 2A; Table S1). As seen in our earlier experiments with 

saturating E2 concentrations (Figure 1), activator also enhanced the maximal rate of substrate 
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ubiquitination (4-fold stimulation of kcat; Table S1). The combined effect was a remarkable 650-

fold increase in kcat/Km.  

 

We also analyzed Ubc1, an APC/C E2 that is specialized for lysine 48-linked 

polyubiquitin chain assembly and has relatively low activity toward unmodified substrates [16, 

20]. The Km for Ubc1 was also reduced by activator, in this case about 40-fold, and catalytic rate 

increased 3-fold, resulting in a 129-fold increase in kcat/Km (Figure 2B; Table S1). 

 

Previous studies suggest that the N-terminal region of the activator promotes APC/C 

activity, and stimulation in those studies depended on a short linear sequence motif in this region 

called the C-box [5, 6] (Figure S1). Consistent with these results, we found that mutation of two 

key residues in the Cdh1 C-box (I57A, P58A) [21] greatly reduced the stimulatory effect of 

Cdh1 on the efficiency of Ubc4 (only a 40-fold increase in kcat/Km; Figure 2C; Table S1). 

Consistent with previous studies, we also found that the C-box mutation caused a 4-fold 

reduction in activator binding to the APC/C under these conditions (Figure S4) [22]. Thus, 

reduced stimulation by this activator mutant is due in part to a reduction in activator binding.   

 

Substrate Binding is Required for Full Stimulation of E2 Sensitivity by Activator 

 Our initial studies of the securin and Clb2 fusion substrates (Figure 1E, F) hinted that the 

stimulation of APC/C activity by activator is influenced by substrate degron motifs. We 

addressed this possibility in more detail by testing the importance of substrate binding in the 

stimulation of E2 efficiency by activator. First, we tested a securin fusion substrate from which 

both the 3-residue KEN box and nine-residue D box were deleted. Consistent with the results we 
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obtained under saturating E2 conditions (Figure 1E), we found that the degron mutations caused 

a 2-fold decrease in maximal activity (kcat) in the absence of activator (Figure 3A; Table S1). 

Also consistent with the studies in Figure 1E, degron mutations had only a mild effect on the 

stimulation of kcat by activator (3-fold stimulation, compared to a 4-fold stimulation with wild-

type substrate). Most importantly, we observed that degron mutations greatly reduced the 

stimulatory effect of activator on the Ubc4 Km (16-fold decrease in Km, compared to the 160-fold 

decrease with wild-type substrate; Figure 3A; Table S1). Thus, full activator stimulation of E2 

Km depends on substrate degron motifs. 

 

Recent structural work has pinpointed the residues on the Cdh1 WD40 domain that 

interact with the RxxL sequence of the D box, and mutation of these residues reduces substrate 

binding [8, 9]. We found that mutation of a key residue (V279M) in the leucine-binding pocket 

of Cdh1 reduced the effect of activator on E2 Km, resulting in only a 20-fold decrease (Figure 

3B; Table 1). These results are consistent with a role for D-box binding in the stimulatory effects 

of activator, although we cannot rule out the possibility that the defect in this mutant is due in 

part to decreased activator binding affinity for the APC/C. 

 

We addressed the role of the D box further by measuring E2 responsiveness in the 

absence of Apc10, which is known to contribute to D-box binding [12-14]. To test the effect of 

Apc10 deletion, we could not use the fusion substrate and instead measured activity toward a 

conventional soluble substrate: the N-terminal 110 residues of securin [23]. We compared the 

activity of APC/C-Apc10∆ in the absence and presence of excess purified Apc10. Activator was 

present in all reactions, because activity toward a soluble substrate is not detectable in the 
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absence of activator. As seen previously [15], APC/C activity in the absence of Apc10 was very 

low and non-processive (Figure 4A). Addition of Apc10 stimulated substrate ubiquitination and 

reduced the apparent Km for Ubc4 about 3-fold. We also tested APC/C activity toward the 

soluble securin fragment using the Apc10-4A mutant protein, which carries mutations in a 

cluster of four surface residues that are required for Apc10 binding to the D box [14]. In 

reactions with the Apc10-4A protein, we found that the apparent Km for Ubc4 was 3-fold higher 

than that with wild-type Apc10 (Figure 4B). We conclude that Apc10 is required for full E2 

responsiveness with the securin substrate, likely through its role in binding the substrate D box.  

 

The apparent Km for Ubc4 in reactions with soluble securin (~1 µM in the presence of 

activator and Apc10; Figure 4A, B) is similar to that seen in our previous studies with soluble 

substrates [16] but is considerably higher than the Km for Ubc4 in our reactions with fusion 

substrate plus activator (~0.06 µM; Figure 2A; Table 1). This difference presumably results from 

the fact that substrate is far below half-maximal concentrations in reactions with soluble 

substrate, in which case the apparent E2 Km reflects E2-Ub affinity for the APC/C-activator 

complex rather than the APC/C-activator-substrate complex. These data argue that E2-Ub has a 

higher affinity in the presence of substrate, consistent with our other evidence that substrate 

degrons are required for maximal E2 stimulation by activator. 
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Discussion 

 We conclude that the binding of activator to the APC/C enhances E2 efficiency by 

multiple mechanisms. These mechanisms are reminiscent of the effects of neddylation on SCF 

activity [18, 19] and might therefore reveal conserved general mechanisms in ubiquitin ligase 

regulation. The dramatic decrease in the Km for E2 upon activator binding suggests that the 

major effect of activator is to increase the affinity of the interaction between APC/C and E2-Ub. 

The relatively small increase in APC/C turnover rate at saturating E2 concentrations is less easily 

explained, but could result from changes in E2-Ub orientation or positioning near the substrate 

[3, 18, 19], or from some change in the ability of the RING domain to stimulate E2 activity [24-

26]. How might the activator elicit these effects? Previous studies in Xenopus extracts suggest 

that the N-terminal region of the activator is responsible for promoting ubiquitination of a 

substrate, Nek2A, that associates with the APC/C in the absence of activator [6]. Consistent with 

these studies, we found that the C box of the N-terminal region is required for the stimulatory 

effect of activator. Interestingly, high-resolution EM studies of human APC/C structures have 

recently revealed that the activator N-terminal region promotes a major shift in the positioning of 

the E2-binding site formed from the cullin and RING subunits (D. Barford, pers. comm.). These 

conformational changes are consistent with the shifts in E2 biochemical behavior that we 

observe in the presence of activator. 

 

We observed that mutation of substrate degrons greatly reduces the impact of activator on 

the Km for E2, suggesting that degron binding promotes an increase in E2 affinity. How might 

this occur? Perhaps substrate binding to the activator C-terminal WD40 domain influences the 

ability of the activator N-terminal region to exert its effects on the E2-binding site. Given that 
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substrate enhances activator binding to the APC/C [27], one possibility is that the fusion 

substrate locks down the WD40 domain on the APC/C, leading to higher affinity binding by the 

N-terminal region.  

 

It seems likely that substrate degron binding also influences activity through E2-

independent mechanisms. Interaction of the fusion substrate with activator should restrain the 

mobility of the large substrate N-terminal region, promoting more productive substrate 

positioning and thereby enhancing catalytic rate. In addition, substrate-activator interactions 

might affect the accessibility of certain lysines, as suggested by the changes in patterns of lysine 

modification in reactions with some degron mutants (Figure 1E, F). Interestingly, in the case of 

securin at least, the D box stimulated fusion substrate ubiquitination even in the absence of 

activator (Figure 1E; Table S1), perhaps as a result of the low affinity interaction between the D 

box and Apc10 alone [12].  

 

Our results are most readily explained by a model in which the activator, together with 

Apc10, helps position the substrate for maximal activity while also triggering changes in the E2-

binding site that promote ubiquitin transfer. Optimal E2 function and substrate ubiquitination 

depend on a cooperative network of protein contacts between all components: APC/C, activator, 

substrate, and E2-Ub. By ensuring that full E2 activity is unleashed only in the presence of the 

APC/C-activator-substrate complex, this system could provide an important mechanism for 

ensuring that only the appropriate substrate is modified––an important feature for an enzyme 

whose substrates are irreversibly destroyed.  

 

46



Experimental Procedures 

APC/C was immunopurified from lysates of TAP-CDC16 cdh1Δapc10Δ W303 strains using 

IgG-coupled Dynabeads (Invitrogen) as described [27]. Cell lysates were prepared from a ~300 

mg cell pellet. 50% of the APC/C was incubated for 20 min at room temperature in HBST buffer 

(10 mM HEPES [pH 7.4], 150 mM NaCl, 0.1% Triton X-100) plus 10 µL 35S-fusion substrates 

generated by a 90-min translation in rabbit reticulocyte lysates with the TnT T7 Quick Coupled 

Transcription/Translation System (Promega). Beads were washed three times with HBST and 

resuspended in QAH buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 10% 

glycerol, 0.1% NP40) with or without Cdh1 (generated by translation in vitro and purified). The 

final concentration of APC/C in each reaction was ~5 nM. E1, E2 (Ubc4 or Ubc1), and Cdh1 

were expressed and purified as described [16, 28]. E2 charging was performed in the presence of 

E1 (Uba1, 300 nM), E2 (Ubc4 or Ubc1, 50 µM), methyl-ubiquitin (Boston Biochem, 150 µM), 

and ATP (1 mM) at 23°C for 20 min. APC/C reactions were initiated by the addition of charged 

E2. Reactions were performed at 23°C for 30 min. Reaction products were separated by SDS-

PAGE and visualized and quantified with a Molecular Dynamics PhosphorImager and 

ImageQuant (Amersham Biosciences/GE Healthcare). 

 

For Cdc20-dependent APC/C assays, ZZ-tagged Cdc20 was generated by translation in 

vitro, purified from the reticulocyte lysate with IgG-coupled Dynabeads (Invitrogen), and 

cleaved with TEV protease. ZZ-tagged Cdh1 was generated in a similar manner.  

  

For E2 dose responses with fusion substrates, 11% of the immunopurified APC/C from 

TAP-CDC16 cdh1Δapc10Δ strains was used for each binding and subsequent activity assay. The 
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final concentration of APC/C in each reaction was ~1 nM. Purified E2 was added in increasing 

concentrations, and reactions were performed at 23°C for 20 min with Ubc4 and 30 min with 

Ubc1, except where indicated. Data points were analyzed with the program Prism and fit using 

Michaelis-Menten parameters to determine the apparent Km and kcat.  

  

For quantification of APC/C activity, we measured the total intensity of modified fusion 

substrate in all protein species above the unmodified substrate on the gel. Molar amounts of 

modified substrate were calculated based on the assumption that substrate was equimolar to the 

amount of APC/C enzyme. This approach provides the rate of attachment of the first ubiquitin to 

an unmodified substrate but does not take into account subsequent modifications at other lysines. 

Thus, these rates are underestimates of total enzyme activity but still provide a valid comparison 

of initial reaction velocities with different E2s and fusion substrates. 

  

E2 dose response experiments with soluble securin were performed with ZZ-tagged 

Securin-N fragment purified from the reticulocyte lysate with IgG-coupled Dynabeads 

(Invitrogen) and cleaved with TEV protease. We note that our previous studies did not reveal an 

effect of Apc10 deletion on the half-maximal E2 concentration [15]. Those experiments were 

performed with APC/C that had been purified by a two-step process and stored at -80°C. In 

contrast, the current experiments were carried out with APC/C that was purified rapidly by 

immunoprecipitation from fresh cell lysates and analyzed the same day. We suspect that lengthy 

APC/C purification protocols lead to changes in post-translational modifications or complex 

stability that affect E2 responsiveness. 
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Figure 1. Fusion Substrate Ubiquitination by the APC/C 

(A) Schematic diagram of the securin-N-Apc10 and Clb2-N-Apc10 fusion substrates used in this 

study. Lysine residues in substrate regions are indicated by red bars. See also Figure S1B. 

(B) APC/C (~5 nM) was immunoprecipitated from strains lacking Apc10 and Cdh1 and 

incubated with the indicated 35S-labeled substrates, translated in rabbit reticulocyte lysates. After 

washing, the APC/C-substrate complex was incubated with Cdh1 as indicated, and reactions 

were started by the addition of E1 (300 nM), E2 (50 µM Ubc4), and methyl-ubiquitin. Reaction 

products were analyzed by SDS-PAGE and autoradiography. Results are representative of two 

independent experiments. 

(C) APC/C reactions were performed as in (B) with the securin-N-Apc10 fusion substrate, using 

either Cdc20 or Cdh1 as the added activator. Results are representative of three independent 

experiments. The greater stimulation by Cdh1 was likely due to the fact that this activator is 

generally more stable in vitro than Cdc20.  

(D) APC/C reactions were performed with either the securin-N-Apc10 or Clb2-N-Apc10 fusion 

substrate, as in (B). Results are representative of three independent experiments. 

(E, F) APC/C reactions were performed as in (B) with the indicated 35S-labeled fusion substrates, 

including mutant substrates in which KEN and/or D box residues were replaced with alanines 

(K-AAA and D-AAA mutants, respectively). Activity (bottom) reflects the total amount of 

ubiquitinated substrate, quantified with ImageQuant software and normalized relative to activity 

with wild-type fusion protein in the absence of activator (lanes 2). Results are representative of 

two independent experiments. 

 

  

52



35S-Securin-N
-Apc10

A

B

[Ubc4] (+M)   0    0.017  0.05   0.15   0.45   1.34   4.0     12      36      0    0.004  0.012  0.04   0.11  0.34     1        3        9

[Ubc1] (+M)    0      0.02   0.06   0.18  0.54   1.63   4.9    14.7     44      0    0.004 0.012  0.04   0.11  0.33   0.98   2.9      8.8

35S-Securin-N
-Apc10-MeUbn

35S-Securin-N
-Apc10

35S-Securin-N
-Apc10-MeUbn

+Cdh1

[Ubc4] (+M)

[Ubc1] (+M)

k ob
s 
(m

in
-1
)

k ob
s 
(m

in
-1
)

-Cdh1

+Cdh1-Cdh1

0 10 20 30 40
0.00

0.02

0.04

0.06

0.08

0.10

+Cdh1
Km = 0.06

-Cdh1
Km = 9.76

0.0 0.5 1.0 1.5
0.00

0.02

0.04

0.06

0.08

0 10 20 30 40 50
0.000

0.005

0.010

0.015

0.020

0.025

+Cdh1
Km = 0.23

-Cdh1
Km = 9.30

0.0 0.5 1.0 1.5 2.0
0.000

0.005

0.010

0.015

0.020

+M

+M

+M

+M

Figure 2

53



[Ubc4] (+M)

k ob
s 
(m

in
-1
)

0 10 20 30 40
0.00

0.01

0.02

0.03

0.04

0.05
+Cdh1

Km = 0.52

-Cdh1
Km = 10.04

+M

+M

C
[Ubc4] (+M)   0     0.017  0.05  0.15   0.45   1.34   4.0      12     36      0    0.017  0.05   0.15   0.45   1.34   4.0      12      36

35S-Securin-N-
-Apc10-MeUbn

35S-Securin-N
-Apc10

+Cdh1 CB mut-Cdh1 CB mut

Figure 2

54



Figure 2. Activator Stimulates kcat/Km of Ubc4 and Ubc1 

(A, B) APC/C (~1 nM) reactions were performed as in Figure 1B with 35S-labeled securin-N-

Apc10 fusion substrate, in the absence (left) or presence (right) of wild-type Cdh1. Purified E2 

was titrated into the reactions at the indicated concentrations. Reactions with Ubc4 (A) were 

incubated for 20 min in the absence of Cdh1 and 10 min in the presence of Cdh1, and reactions 

with Ubc1 (B) were incubated for 30 min. The rate of substrate turnover (kobs) was determined by 

dividing the moles of total substrate modified per minute by the moles of APC/C. Values 

represent the means (+/- SEM) from three independent experiments. Data were analyzed using 

Prism and fit using Michaelis-Menten parameters to determine the apparent Km and maximal kobs 

(kcat), which are summarized in Table S1. Insets show close-ups of activity at lower E2 

concentrations.  

(C) APC/C reactions were performed at various Ubc4 concentrations as in (A), in the absence or 

presence of a mutant form of Cdh1 in which critical residues of the C-box were mutated (I57A, 

P58A). Data from three independent experiments (means +/- SEM) are presented, and the 

apparent Km and maximal kobs (kcat) are summarized in Table S1.  
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Figure 3. Stimulation of E2 Depends on Substrate Binding 

(A, B) APC/C (~1 nM) reactions were performed at various Ubc4 concentrations, as in Figure 

2A, using 35S-labeled securin-N-Apc10 fusion substrate in the absence (left) or presence (right) 

of Cdh1. The experiments in (A) were performed with a mutant fusion substrate from which both 

the 3-residue KEN box and nine-residue D box were deleted. The experiments in (B) were 

performed with a mutant form of Cdh1 in which a key residue involved in D-box binding was 

mutated (V279M). For both panels, data from three independent experiments (means +/- SEM) 

are presented, and the apparent Km and maximal kobs (kcat) are summarized in Table S1. 
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Figure 4. Activator Stimulation of Ubc4 Depends on Apc10 

(A) APC/C-Apc10∆ (~1 nM) reactions were performed as in Figure 2A with 35S-labeled securin 

N-terminal fragment (residues 1-110) translated in reticulocyte lysate and purified. Purified 

Cdh1, also produced by translation in vitro, was added to all reactions. Recombinant Apc10 was 

added to a final concentration of 20 µM to half the reactions as indicated, and purified Ubc4 was 

titrated into the reactions. Data were analyzed using Prism and fit using Michaelis-Menten 

parameters to determine the half-maximal E2 concentration, or apparent Km. Results are 

representative of two independent experiments. 

(B) APC/C reactions were performed with soluble securin fragment as in (A), using 

immunopurified wild-type APC/C (left panel) or APC/C carrying the Apc10-4A mutant subunit 

(right panel). Results are representative of two independent experiments. APC/C-Apc10-4A 

activity is more robust than the activity of APC/C lacking Apc10 (A) because deletion of Apc10 

causes a nonspecific loss of activity {Carroll, 2002 #49}.  
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Figure S1. General features of APC/C subunits involved in substrate binding and 

modification.  

(A) Structural studies of the APC/C have provided a good overview of the general features of 

APC/C structure and the positioning of its major subunits {Barford, 2011 #15}. The left panel 

shows the APC/C, together with an activator subunit (labeled ‘A’), in the absence of protein 

substrate. The C-terminal domain of the large cullin subunit Apc2 is thought to interact with the 

small RING subunit Apc11, which interacts with a single E2-Ub as in other cullin-RING 

enzymes {Deshaies, 2009 #60} and is likely to orient the E2-Ub for efficient catalysis {Dou, 

2012 #68;Plechanovova, 2012 #55;Pruneda, 2012 #56}. The activator subunit contains a 

disordered N-terminal region followed by a C-terminal WD40 domain that forms a seven-bladed 

β-propeller. Multiple sequence motifs mediate binding of the activator to the APC/C core. The 

C-terminus of the activator ends in an IR motif, which interacts with Cdc27, one of several large, 

dimeric APC/C subunits containing multiple tetratricopeptide repeats {Vodermaier, 2003 

#40;Matyskiela, 2009 #5}. Activator binding to the APC/C also depends on the N-terminal 

region of the activator. This region contains an 8-residue sequence motif called the C box, which 

is required for APC/C binding {Schwab, 2001 #41}. The APC/C subunits involved in binding 

the N-terminal activator region are likely to include subunits that lie between the activator WD40 

domain and the E2-binding site. Next to the WD40 domain of the activator is the APC/C core 

subunit Apc10/Doc1, which is anchored in part by a C-terminal ‘LR’ motif bound to Cdc27. In 

the presence of a substrate such as the cyclin Clb2 (right panel, labeled ‘S’), the activator WD40 

domain interacts with specific sequence motifs in the substrate {Kraft, 2005 #42;Chao, 2012 

#11;He, 2013 #8}. In most substrates, these motifs reside in long (~100-residue) amino-terminal 

regions that are likely to be unstructured, providing the flexibility that is presumably required to 
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allow several lysines in the substrate to efficiently attack the E2-Ub during a single substrate-

binding event. These motifs include the KEN box {Pfleger, 2000 #44}, which interacts with the 

face of the WD40 domain, and the Destruction or D box, which binds along the side of the 

domain {Glotzer, 1991 #45;Chao, 2012 #11;He, 2013 #8}. The D box also interacts with the 

core APC/C subunit Apc10, and structural studies suggest that the D box is sandwiched between 

Apc10 and the activator {da Fonseca, 2011 #14;Buschhorn, 2011 #50;Carroll, 2005 #48}. 

Substrate ubiquitination therefore depends on the cooperative assembly of a tripartite APC/C-

activator-substrate complex {Matyskiela, 2009 #5}. 

(B) This diagram illustrates how our securin-N-Apc10 fusion substrate (Figure 1A) might 

interact with the two substrate-binding sites of the activator WD40 domain; note that in securin 

the KEN and D boxes are in the opposite order of their sequence in Clb2, as shown in panel (A).  
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Figure S2. Securin-N-Apc10 fusion protein binds to the Apc10 binding site. 

APC/C was immunopurified from a TAP-CDC16 cdh1Δapc10Δ W303 strain as described in 

Experimental Procedures. Cell lysates were prepared from a ~300 mg cell pellet. Aliquots of the 

immunopurified APC/C were incubated in HBST with purified His6-Apc10 at the indicated 

concentrations, plus 10 µl 35S-Apc10 or 35S-securin-N-Apc10 generated by translation in vitro. 

Immunoprecipitates were washed three times with HBST to remove unbound proteins, and 

bound proteins were eluted with SDS sample buffer, separated by SDS-PAGE, and visualized 

and quantified with a Molecular Dynamics PhosphorImager and ImageQuant. Results are 

representative of two independent experiments. 
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Figure S3. Rabbit Reticulocyte Lysate does not activate S. cerevisiae APC/C. 

The purpose of this experiment was to test if the fusion substrate ubiquitination we observe in the 

absence of added activator is due to activator protein from the rabbit reticulocyte lysate used to 

produce the radiolabeled fusion substrate. APC/C was immunopurified from a TAP-CDC16 

cdh1Δ W303 strain as described in Experimental Procedures. Cell lysates were prepared from a 

~300 mg cell pellet. As in all of our experiments, aliquots of the immunopurified APC/C were 

incubated for 20 min at room temperature in HBST buffer plus 10 µl rabbit reticulocyte lysate 

containing 35S-securin-N-Apc10 generated by translation in vitro. Immunoprecipitates were 

washed three times with HBST to remove unbound proteins and resuspended in HBST. Aliquots 

were incubated 20 min with either 10 µl buffer, 10 µl rabbit reticulocyte lysate (empty IVT) or 

10 µl rabbit reticulocyte lysate in which Cdh1 had been produced by in-vitro translation (Cdh1 

IVT). Immunoprecipitates were again washed three times with HBST and resuspended in QAH 

buffer. APC/C reactions were initiated in half the aliquots (lanes 4-6) by the addition of E2 

(Ubc4) charged by E1 with methylated ubiquitin. Reactions were performed at 23°C for 30 min. 

Reaction products were separated by SDS-PAGE and visualized and quantified with a Molecular 

Dynamics PhosphorImager and ImageQuant. Results are representative of two independent 

experiments. Note that some activator-dependent substrate ubiquitination occurs in the absence 

of added E2 (lanes 1-3) during the lysate incubation, due to E1 and E2 proteins in the 

reticulocyte lysate. Most importantly, however, incubation of substrate-bound APC/C with 

Cdh1-free reticulocyte lysate (lane 5) does not cause any increase in the amount of activator-

independent substrate ubiquitination (compare lanes 4 and 5). Thus, the lysate does not provide 

activator protein that binds to the yeast APC/C. 
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Figure S4. Activator C-box mutant binds the APC/C with reduced affinity. 

APC/C was immunopurified from a TAP-CDC16 cdh1Δ W303 strain as described in 

Experimental Procedures. Cell lysates were prepared from a ~300 mg cell pellet. Aliquots of the 

immunopurified APC/C were incubated in HBST with 10 µL 35S-Cdh1 or 35S-Cdh1-CB mut 

(I58A P59A) generated by translation in vitro. Immunoprecipitates were washed three times with 

HBST to remove unbound proteins, and bound proteins were eluted with SDS sample buffer, 

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

PhosphorImager and ImageQuant. The percentage bound was determined by measuring the 

activator signal above the background binding to beads alone (lane 3 or 5) and dividing by the 

total input (lane 1 or 2). Results are representative of three independent experiments. 
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Table S1. Summary of activity parameters for the experiments in Figures 2 and 3. 

E2 Substrate ±Cdh1 Km 
(µM) 

Km 
SEM 

kcat 
(min-1) 

kcat 
SEM 

kcat/Km 

(µM-1 
min-1) 

Stimulation 
by Cdh1 

(fold) 

Ubc4 Securin 
N-Apc10 

-Cdh1 9.76 1.17 0.02 0.0009 0.0020  
653 

+Cdh1 0.06 0.007 0.083 0.002 1.339 

Ubc1 Securin-
N-Apc10 

-Cdh1 9.30 1.64 0.0069 0.0004 0.0007  
129 

+Cdh1 0.23 0.046 0.022 0.001 0.096 

Ubc4 Securin-
N-Apc10 

-Cdh1 10.04 1.5 0.017 0.001 0.0017  
43 

+Cdh1-
CB mut 

0.52 0.086 0.038 0.001 0.073 

Ubc4 Securin-
N-KDΔ-
Apc10 

-Cdh1 11.23 3.08 0.011 0.001 0.0010  
56 

+Cdh1 0.68 0.14 0.037 0.002 0.054 

Ubc4 Securin-
N-Apc10 

-Cdh1 12.54 2.94 0.02 0.002 0.0016  
23 

+Cdh1 
DB mut 

0.64 0.14 0.023 0.001 0.036 

Values are means of three independent experiments (SEM indicates standard error of the mean). 
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Motivation for Study 

Although Mnd2 was first identified as a constitutive and functional component of the 

core APC/C over a decade ago [1], much remains unknown about its function. The phenotype of 

mnd2Δ haploid yeast is mild, and it was therefore thought that Mnd2 might affect the stability of 

the complex to indirectly impair catalysis or some other property of the APC/C.  

 

It was recently discovered that deletion of Mnd2 had a striking and specific effect: Cdc20 

autoubiquitination and activity toward securin were largely unaffected in the absence of 

checkpoint proteins, but the loss of Mnd2 blocked the ability of the spindle assembly checkpoint 

(SAC) proteins Mad3-Bub3 to stimulate autoubiquitination in the presence of Mad2 [2]. Deletion 

of Mnd2 did not affect Cdc20 oscillations in a normal cell cycle, suggesting a specific role in 

Cdc20 turnover during the SAC. Consistent with this observation, mnd2Δ cells are less efficient 

in inactivation of the checkpoint. Interestingly, the loss of Mnd2 did not prevent the stimulation 

of Cdc20 binding to the APC/C observed in the presence of Mad3-Bub3. These results support 

the hypothesis that Mnd2 is required for the MCC to shift the position of Cdc20 for checkpoint-

induced autoubiquitination.  

 

In addition to its role in the SAC during mitosis, Mnd2 plays an essential role during 

meiosis. Mnd2 is required to prevent premature recognition of securin specifically by APC/CAma1, 

which explains why Mnd2 is essential for meiosis but not for a normal, mitotic cell cycle. Mnd2 

is not only required for the stabilization of securin but for the normal accumulation of a specific 

set of APC/C substrates [3-5].  
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Meiotic prophase I is extremely long to allow for recombination to occur between 

homologous chromosomes. Exit from prophase I is controlled by the recombination checkpoint 

(RC). However, mitotic controls are resistant to the RC and activate mitotic kinases shortly after 

S phase. In yeast, an extended prophase I requires the suppression of latent, mitotic cell-cycle 

controls by the APC/CAma1, which triggers the degradation of mitotic regulators and Ndd1, a 

subunit of a mitotic transcription factor [4]. This ensures entry into meiosis I is controlled by the 

meiotic transcription factor Ndt80, which is sensitive to the RC. In the absence of Ama1 exit 

from prophase I is hijacked by mitotic cell-cycle controls. Thus, proper chromosome segregation 

at meiosis I depends on the simultaneous activation and inhibition of APC/CAma1 toward different 

substrates, which is achieved by the remarkable, but unexplained, specificity of Mnd2.  

 

The goal of this work was to dissect the substrate-specific inhibition of the APC/CAma1 by 

Mnd2 in vitro. We hypothesized that understanding the mechanism of Mnd2-inhibition may also 

shed light on it’s mitotic role in the SAC.  

 

Results 

APC/CAma1 Ubiquitination Activity is Inhibited by Mnd2 in vitro 

 We first sought to develop an in vitro APC/CAma1 activity assay to recapitulate the Mnd2 

substrate specificity reported in vivo [3]. TAP-tagged APC/C was freshly immunopurified using 

magnetic beads from fresh mitotic lysates of a yeast strain lacking Cdh1 and Mnd2 where 

indicated. Activators and substrates were freshly in vitro transcribed and translated and purified 

from rabbit reticulocyte lysates. The APC/C, activator, and substrate were incubated with a 

saturating amount (50 µM) of the E2, Ubc4, charged with methylated ubiquitin (MeUb). MeUb 
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blocks polyubiquitin chain assembly and greatly facilitates clear detection and quantification of 

reaction products [6]. The number of distinct products generated in these reactions reflects the 

number of lysines that have been modified on the substrate.   

  

Securin was ubiquitinated at 8-9 lysines by the APC/C with both Cdh1 and Cdc20 

(Figure 1A, lanes 2 & 3). APC/C activity towards securin was greatly reduced with Ama1 

(Figure 1A, lane 4) consistent with observed Ama1-specific inhibition of meiotic APC/C in vitro 

[3, 4]. Deletion of Mnd2 did not affect APC/C activity with either Cdh1 or Cdc20 (Figure 1A, 

lanes 6 & 7). However, Mnd2 deletion restored APC/CAma1 activity towards securin (Figure 1A, 

lane 8). Interestingly, this suggests that in vitro Mnd2 inhibition of APC/CAma1 is not specific for 

meiotic APC/C. Robust securin ubiquitination by all three activators was dependent on its D box 

degron motif (Figure 1B, lanes 2-4). Mnd2 still specifically inhibited APC/CAma1 activity 

towards the securin D box mutant (Figure 1B, lanes 4 & 8). 

 

 Deletion of Mnd2 also strongly reduced the levels of the cyclin Clb5 in vivo [3], which 

was consistent with delayed Clb5 degradation during anaphase I in ama1Δ cells. We were able to 

replicate this data in vitro and saw similar specific inhibition of APC/CAma1 by Mnd2 (Figure 

1C). Interestingly, the APC/CAma1 activity towards Clb5 in the absence of Mnd2 was more robust 

than that observed with securin.  

 

 In the absence of Ama1 in prophase I, there is an accumulation of Clb4, Ndd1, Clb1, and 

Cdc5 suggesting that these proteins may be Mnd2-resistant APC/CAma1 substrates [3]. We were 

unable to observe APC/CAma1 activity towards Ndd1, Clb1, Cdc5, or fragments of either substrate 

77



(Clb1[1-110], Cdc5[1-80]) (data not shown).  Both Clb1 and Cdc5 fragments did show Cdh1 

dependent activity that was not affected by Mnd2 (data not shown).    

 
Ama1-APC/C Binding Depends on Mnd2 

 We investigated the hypothesis that Mnd2 could be inhibiting Ama1 by preventing Ama1 

from binding to the APC/C by conducting APC/C-activator binding assays. APC/C was 

immunopurified from yeast strains lacking Cdh1 and Mnd2 where indicated and then incubated 

with in vitro translated 35S-activator. The immunoprecipitates were washed and the bound 

activator was eluted. Cdh1 and Cdc20 bound the APC/C independent of Mnd2 (Figure 2A, lanes 

5-6, lanes 8-9). However, Ama1 binding to the APC/C was dependent on the presence of Mnd2 

(Figure 2A, lanes 11-12). This argues against a simple model in which binding to the APC/C of 

Ama1 and Mnd2 is mutually exclusive. This fits the observations that APC/CAma1 is still active 

towards a subset of substrates in the presence of Mnd2. One possible explanation is that Mnd2 

does not prevent binding of Ama1 alone, but prevents binding of an Ama1-substrate complex. 

Alternatively, Mnd2 might also inhibit the APC/C ligase activity. 

 

 Similar experiments conducted with meiotic APC/C produced conflicting results. In vivo, 

Mnd2 reduced Ama1’s association with the APC/C during prophase I. In vitro, however, similar 

amounts of Ama1 associated with APC/C purified from wt cells and mnd2Δ mutants [3]. The 

authors offer the explanation that Mnd2 might inhibit both the assembly of APC/C-Ama1 and its 

ligase activity, and that their in vitro assay might have reproduced only the latter mechanism. 

 

 Ama1 binding to the APC/C depends on both its IR and C box motifs (Figure 2B). 

Interestingly, the Mnd2 dependence is abolished in the IR mutant, suggesting that the Mnd2 
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inhibition mechanism requires the IR motif of Ama1. An alternative interpretation of the data is 

that the IR mutant showed such a dramatic decrease in binding (Figure 2B, lanes 5 & 8) that any 

further defects were outside the detection limits of the binding assay.  

 
  
Recombinant Mnd2 Inhibits APC/CAma1 Ubiquitination Activity 

 To further analyze Mnd2’s inhibitory function in vitro we purified bacterially expressed 

His6-Mnd2 (Figure 3A) and titrated it into the ubiquitination reaction. Recombinant His6-Mnd2 

inhibited Ama1-dependent ubiquitination of both securin (Figures 3B & 3D) and Clb5 (Figures 

3C & 3D). These data show that recombinant Mnd2 lacking yeast-specific modifications is 

sufficient to inhibit the activity of APC/CAma1 towards both securin and Clb5.  

 

Mnd2 binds APC/C Activators in vitro 

 We developed in in vitro Mnd2-activator binding assay to test the hypothesis that Mnd2 

inhibits APC/CAma1 activity by specifically binding Ama1 and disrupting either its substrate 

recruitment or APC/C activation functions. Recombinant His6-Mnd2 was immobilized using 

magnetic beads and incubated with 35S-activator generated by translation in vitro. Precipitates 

were washed and bound proteins were eluted. All three activators bound to Mnd2 with roughly 

equal affinities (Figure 4A). This argues against an inhibition mechanism in which Mnd2 

specifically binds Ama1. However, this assay was conducted with recombinant Mnd2 not in 

association with the APC/C core, which could influence its binding behavior. 

 
 We next sought to test whether the activators were binding Mnd2 through known 

interaction motifs like the IR and C box motifs, or were employing a novel binding motif. Ama1 

binding to Mnd2 was slightly dependent on its C box, showing a ~2-fold reduction in binding of 
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the C box mutant (Figure 4B). The C box mutant of Cdc20 showed a similar ~1.5-fold reduction 

in binding (Figure 4C), however its conceivable that this value is within the standard error of the 

assay (replicates were not performed). The IR mutant of both Ama1 and Cdh1 bound with near 

wild-type affinity, suggesting the motif is not necessary for activator binding to Mnd2. The IR 

mutant of Cdc20 and C box mutant of Cdh1 were not tested. 

 

Mnd2 Mutant Analyses  

 In order to elucidate the mechanism of Mnd2 inhibition, we focused efforts on identifying 

the region or motif of Mnd2 required for inhibition of APC/CAma1 activity. Mnd2/Apc15 is 

poorly conserved [7, 8]. S. cerevisiae has non-conserved extensions of both the N- and C-

terminus. We therefore started by making truncation mutants starting from both the N- and C-

terminus (Figure 5). Truncation mutants were initially screened for their ability to bind the 

APC/C (in the absence of added activator). APC/C binding was determined by incubating 35S-

labeled Mnd2 mutant, synthesized by translation in vitro, to bead-immobilized immunopurified 

APC/C. Mutants that bound the APC/C were then recombinantly expressed and purified and then 

added to APC/CAma1 in vitro ubiquitination assays to test for inhibition.  

 

The N-terminus of Mnd2 is Required for APC/C Binding 

 Any truncation made to the N-terminus of Mnd2 disrupted binding to the APC/C (Figure 

5). Deleting just the first 11 residues (Δ11) abolished binding to the APC/C (Figure 6A). Mnd2 

protein alignment of the Saccharomycetales clade revealed several conserved hydrophic residues 

(Figure 6B). The region also was predicted to have the ability to form an alpha helix, which 

would place the hydrophobic residues on the same side of the helix. We hypothesized this could 
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result in a hydrophobic helix that could potentially bury itself into the APC/C core. Mutation of 

two key residues, L10 and F11, to alanine resulted in a dramatic reduction in Mnd2 binding to 

the APC/C core (Figure 6A), indicating these residues are required for the interaction. 

   
 The Δ11 mutant was still able to inhibit APC/CAma1 activity in vitro (Figure 6C), although 

with a reduced IC50 (~30 nM) compared to the wildtype Mnd2 (~2 nM) (Figure 6D). This shift in 

IC50 is consistent with the Δ11 mutant having a reduced affinity for the APC/C core and supports 

the hypothesis that full inhibition requires binding to the APC/C. This argues against any model 

of Mnd2 acting independently in solution to inhibit Ama1 or Ama1 substrates. This is consistent 

with observed in vivo data that Mnd2 is a core component of the APC/C during mitosis and 

remains associated with the APC/C during meiosis until anaphase II [3].  

 

Residues Q177, E178, N179 of Mnd2 are Required for APC/CAma1 Inhibition in vitro 

 Truncations of the C-terminus of Mnd2 retained their ability to bind the APC/C core, 

however a fragment containing residues 1-134 was unable to inhibit APC/CAma1 in vitro (Figure 

5). A fragment containing residues 1-207 retained inhibition activity, indicating residues 135-207 

were required for inhibition of APC/CAma1 in vitro. A fragment including only residues 135-207 

was not sufficient to inhibit APC/CAma1 activity, event at high concentrations (50 µM) (Figure 5). 

This is likely because the fragment does not have sufficient affinity to bind the APC/C core due 

to deletion of the N-terminus. However, this fragment was not directly tested in an APC/C 

binding assay. 

 

Alignment of this region in the Saccharomycetales clade revealed a conserved sequence 

QEN. It also resembled the known APC/C substrate degron motif the KEN box. Mutation of the 
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QEN residues to alanine within the 1-207 fragment completely abolished the inhibition activity 

(Figures 7A-B), indicating these residues are required for Mnd2 inhibition of APC/CAma1. It is 

possible that the dependence on the QEN residues is unique to this specific C-terminal deletion 

fragment. However, because the 1-207 fragment alone could inhibit APC/CAma1 it seems 

unlikely. Constructs of the QEN-AAA mutant in the context of the full-length Mnd2 were made 

but not purified or tested in vitro.  

 

Discussion 

Several inhibitors of the APC/C have been identified including Acm1, Mes1, Emi1, and 

Mad3 which inhibit Cdh1 or Cdc20 as pseudosubstrates [9-13]. However, Mnd2 differs from 

these inhibitors in that it is a stoichiometric APC/C subunit in proliferating cells and in meiosis 

until Anaphase II [1, 3]. How Mnd2 specifically inhibits a subset of APC/CAma1 substrates 

remains unknown. Our results support a mechanism in which Mnd2 inhibits specifically inhibits 

Ama1 by binding as a pseudosubstrate dependent on its QEN motif.  

 

We have shown that Mnd2 inhibition of APC/CAma1 activity can be recapitulated in vitro 

using mitotic APC/C, suggesting that additional meiotic accessory proteins or modifications are 

not necessary (Figure 1). This also supports the notion that Mnd2 specifically inhibits Ama1 and 

not Cdc20 or Cdh1. Surprisingly, Ama1 binding to the APC/C core required Mnd2 even though 

its activity was inhibited (Figure 2). This is consistent with a mechanism in which Mnd2 locks 

Ama1 to the APC/C core in an inactive conformation and/or prevents substrate binding to Ama1.  
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Mnd2 also directly bound Ama1 in vitro. However, this interaction was not specific 

because it also bound both Cdc20 and Cdh1 with similar affinity (Figure 4).  This suggests that 

some of the specificity of the inhibition may come from the context of Mnd2 in the APC/C core. 

Residues of Mnd2 important for binding Cdh1 or Cdc20 may be buried when bound to the 

APC/C. Alternatively, the APC/C core itself or together with Mnd2 may provide interaction 

surfaces specific to Ama1. 

 

The truncation mutants pinpointed specific motifs and domains involved specifically in 

APC/C core binding and Ama1 inhibition (Figures 5-7). Mutants with reduced APC/C core 

binding were still able to inhibit APC/CAma1 activity, but at much higher concentrations. This is 

consistent with our proposed mechanism that requires Mnd2 association with the APC/C core. 

We also showed that the QEN motif is required for robust inhibition of APC/CAma1 activity. 

Based on its similarity to the KEN motif, it is likely that Mnd2 is binding Ama1 as a pseudo-

substrate inhibitor.  

 

Many outstanding questions remain. The most obvious is whether the QEN motif is 

required for APC/CAma1 inhibition in otherwise wildtype Mnd2. In addition, testing QEN mutant 

binding to the APC/C core. If the QEN motif is strictly required in vitro, next steps would also 

include making the mutations in vivo. We would expect the QEN mutant to phenocopy an Mnd2 

delete in meiosis and prematurely degrade metaphase I Ama1 substrates including securin and 

Clb5. Additionally, aside from its role in meiosis, does the QEN influence Cdc20 

autoubiquitination in the spindle assembly checkpoint? Is the inhibition mechanism of Mnd2 

conserved between mitosis and meiosis? 
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Another interesting question is how specific Mnd2 inhibition of Ama1 and not other 

activators is achieved. Testing the various Mnd2 mutants in APC/C activity assays with both 

Cdc20 and Cdh1 is an important control. Additionally, mutants can be made in Ama1’s KEN 

box binding sites based on similar mutants made in Cdc20 and Cdh1 [12, 14]. If our pseudo-

substrate hypothesis is correct, the mutant should be less responsive to Mnd2 and able to 

ubiquitinate securin. Interpretation is slightly complicated because mutations in the KEN box 

binding of Ama1 will also reduce substrate affinity, however the D-box degron of securin is 

sufficient for activity. 

 

Not only is inhibition activator specific, but is also substrate specific. The pseudo-

substrate inhibition mechanism proposed must inhibit only a subset of substrates. One possibility 

is that this subset of substrates contains an additional Ama1-specific degron. Mnd2 binding to 

Ama1 could potentially block the degron binding site and prevent productive substrate 

ubiquitination, while allowing other substrates without the degron to bind. Alternatively, the 

substrates not inhibited by Mnd2 could have some noncanonical motif to specifically interact 

with Ama1 in the presence of Mnd2. These mechanisms could potentially be teased apart with 

additional work using substrate degron mutants and Ama1 degron binding mutants. This has 

proved difficult thus far because we were unable to see APC/CAma1 activity with any substrates 

predicted to be resistant to Mnd2 inhibition. 

 

Another interesting point of regulation not mentioned in this study is phophoregulation. 

Both Ama1 and Mnd2 are phosphorylated in vivo. Although inhibited early in meiosis, 

APC/CAma1 becomes active during anaphase I despite the continued presence of Mnd2. This 
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suggests that the inhibitory function of Mnd2 is regulated post-translationally. Indeed, 

phosphorylation of Mnd2 is necessary for efficient progression through the first meiotic nuclear 

division [15]. Additionally, APC/CAma1 substrate accumulation requires Mnd2 phosphorylation 

[15]. Perhaps phosphorylation of Mnd2 is important in either its ability to specifically bind 

Ama1 or Mnd2 sensitive substrates. 

 

If Mnd2 does bind Ama1 as a pseudo-substrate, its affinity could potentially be strong 

enough to capture using structural visualization methods. Mnd2 can be recombinantly expressed 

and purified easily. It may be worth attempting co-expression methods like those employed for 

crystalizing the Cdh1WD40 domain bound to the Acm1 inhibitor region [14].  

 
 
Experimental Procedures 
 
Ubiquitination Assays 

APC/C was immunopurified from lysates of TAP-CDC16 cdh1Δ or TAP-CDC16 cdh1Δmnd2Δ 

W303 strains using IgG-coupled Dynabeads (Invitrogen) as described [16]. Cell lysates were 

prepared from a ~600 mg cell pellet. The final concentration of APC/C in each reaction was ~1 

nM. E1, E2 (Ubc4), Cdh1 and Cdc20 were expressed and purified as described [2, 16]. For 

Ama1-dependent APC/C assays, ZZ-tagged Ama1 was generated by translation in vitro, purified 

from the reticulocyte lysate with IgG-coupled Dynabeads (Invitrogen), and cleaved with TEV 

protease. ZZ-tagged Cdh1 and Cdc20 were generated in a similar manner. ZZ-tagged substrates 

were generated in vitro with TnT Quick Coupled Transcription/Translation Systems (Promega) 

in the presence of 35S-methionine. ZZ-tagged substrates were purified from the reticulocyte 

lysate using IgG-coupled Dynabeads (Invitrogen) and cleaved using TEV protease. E2 charging 
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was performed in the presence of E1 (Uba1, 300 nM), E2 (Ubc4, 50 µM), methyl-ubiquitin 

(Boston Biochem, 150 µM), and ATP (1 mM) at 23°C for 20 min. APC/C reactions were 

initiated by the addition of charged E2. Reactions were performed at 23°C for 60 min. For 

reactions containing recombinant Mnd2, Mnd2 was pre-incubated with the APC/C for ~5 min at 

the indicated final concentration of Mnd2 before the addition of other reaction components. All 

reactions were stopped by the addition of SDS sample buffer, separated by SDS-PAGE and 

visualized and quantified with a Molecular Dynamics PhosphorImager and ImageQuant 

(Amersham Biosciences/GE Healthcare). 

 

Activator-APC/C Binding Assays 

APC/C was immunopurified from a TAP-CDC16 cdh1Δ or TAP-CDC16 cdh1Δmnd2Δ W303 

strains as described for ubiquitination assays. Aliquots of the immunopurified APC/C were 

incubated in HBST with 10µL 35S-activator generated by translation in vitro. Immunoprecipitates 

were washed three times with HBST (10mM HEPES [pH7.4], 150mM NaCl, 0.1% Triton X-

100) to remove unbound proteins, and bound proteins were eluted with SDS sample buffer, 

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

PhosphorImager and ImageQuant.  

 

Expression and Purification of Mnd2 Proteins 

A plasmid containing N-terminally His6-tagged MND2 (or indicated truncation mutant) was 

transformed into Rosetta-2 cells. A single colony for each gene was incubated overnight in 

TB/Kan/Chlor media at 37°C, diluted into 3 liters of fresh media, and grown at 37°C to an OD600 

of 0.50, after which IPTG was added to 0.5mM for 4 hours at 37°C. Cells were harvested by 
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centrifugation and frozen in liquid nitrogen. Cells were lysed via sonication and purified using 

Ni-NTA agarose followed by anion exchange chromatography (MonoQ column). Fractions 

containing purified protein were pooled and dialyzed into 20mM HEPES [pH 7.4], 125mM 

NaCl, 10% glycerol, 10mM β-mercaptoethanol. 

 

Mnd2 Binding Assays 

Recombinant His6-Mnd2 was immobilized using His-Tag Isolation magnetic beads (Invitrogen) 

and incubated in HBST with 10µL 35S-activator generated by translation in vitro. Precipitates 

were washed three times with HBST to remove unbound proteins, and bound proteins were 

eluted with SDS sample buffer, separated by SDS-PAGE, and visualized and quantified with a 

Molecular Dynamics PhosphorImager and ImageQuant.  
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Figure 1. APC/CAma1 Ubiquitination Activity is Inhibited by Mnd2 

(A) APC/C (~1 nM) was immunopurified from strains lacking Cdh1 and Mnd2 where indicated, 

and used in ubiquitination assays. ZZ-tagged activator and 35S-substrate were purified from 

rabbit reticulocyte lysates. Ubiquitination reactions were started with the addition of E1 (300 

nM), E2 (50 µM Ubc4), and methyl-ubiquitin. Reaction products were analyzed by SDS-PAGE 

and autoradiography.  

(B) APC/C reactions were performed as in (A) with a 35S-D-box mutant securin substrate 

(RxxLxxxA-AxxAxxxA). 

(C) APC/C reactions were performed as in (A) with a 35S-Clb5 substrate. 
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Figure 2
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Figure 2. Ama1-APC/C Binding Depends on Mnd2 

(A) APC/C (~5nM) was immunopurified from strains lacking Cdh1 and Mnd2 where indicated. 

The immunopurified APC/C was incubated with 35S-activator generated by translation in vitro. 

Immunoprecipitates were washed and the bound activator was eluted with SDS sample buffer, 

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

PhosphorImager and ImageQuant. The percentage bound was determined by measuring the 

activator signal above the background binding to beads alone and dividing by the total input.  

(B) Ama1-APC/C binding dependence on Mnd2 requires the IR motif. APC/C (~5nM) was 

immunopurified and incubated as in (A) with 35S-Ama1, 35S-Ama1-IR (I592A, R593A), and 35S-

Ama1-CB (I32A, P33A). 
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Figure 3
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Figure 3. Recombinant Mnd2 Inhibits APC/CAma1 Ubiquitination Activity 

(A) Silver-stained gel showing a titration of pooled fractions of recombinantly purified His6-

Mnd2 from bacteria after purification using Ni-NTA resin followed by anion exchange 

chromatography. 

(B) APC/C (~1 nM) was immunopurified from strains lacking Cdh1 and Mnd2, and used in 

ubiquitination assays. ZZ-tagged Ama1 and 35S-securin were purified from rabbit reticulocyte 

lysates. Recombinantly purified His6-Mnd2 was added at indicated concentrations. 

Ubiquitination reactions were started with the addition of E1 (300 nM), E2 (50 µM Ubc4), and 

methyl-ubiquitin. Reaction products were analyzed by SDS-PAGE and autoradiography.  

(C) APC/C reactions were performed as in (B) with a 35S-Clb5 substrate. 

(D) Quantification of APC/C reaction performed in (B) and (C) and graphed in Prism. The 

percent activity was determined by setting the activity at the highest dose of Mnd2 to zero to 

eliminate negative values because Mnd2 inhibited the activity below background levels. 100% 

activity was set as the activity when no Mnd2 was added (Lane 2).  
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Figure 4
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Figure 4.  Mnd2 binds APC/C Activators in vitro 

(A) Recombinant His6-Mnd2 was immobilized using His-Tag Isolation magnetic beads 

(Invitrogen) and incubated with 35S-activator generated by translation in vitro. Precipitates were 

washed and bound proteins were eluted with SDS sample buffer, separated by SDS-PAGE, and 

visualized and quantified with a Molecular Dynamics PhosphorImager and ImageQuant. The 

percentage bound was determined by measuring the activator signal above the background 

binding to beads alone and dividing by the total input. 

(B) Binding reactions were performed as in (A) with 35S-Ama1, 35S-Ama1-IR (I592A, R593A), 

and 35S-Ama1-CB (I32A, P33A). 

(C) Binding reactions were performed as in (A) with 35S-Cdc20, 35S-Cdc20-CB (I147A, P148A), 

35S-Cdh1, and 35S-IR (I565A, R566A). 
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Figure 5
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Figure 5. Summary of Mnd2 Mutant Analyses  

This figure provides a qualitative summary of results obtained with Mnd2 deletion and point 

mutants as diagrammed in the left column; QEN residues (177-179) are indicated in red. Mutants 

were analyzed in APC/C binding and activity assays with the wild type full-length Mnd2 as a 

control. The approximate amount of activity in each assay is indicated by a + and – symbols; 

blanks indicate that the mutant was not tested in that assay. 

(A) APC/C binding was determined by incubating 35S-labeled Mnd2 mutant (synthesized by 

translation in vitro) to bead-immobilized immunopurified APC/C as described in Figure 2.  

(B) Inhibition of APC/CAma1 activity in vitro was assessed by adding the indicated mutant 

(recombinantly purified as described in Figure 3) to an APC/CAma1 assay, as described in Figure 

3.  
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Figure 6
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Figure 6. The N-terminus of Mnd2 is Required for APC/C Binding 

(A) APC/C (~5nM) was immunopurified from strains lacking Cdh1 and Mnd2. The 

immunopurified APC/C was incubated with 35S-Mnd2 generated by translation in vitro. 

Immunoprecipitates were washed and the bound Mnd2 was eluted with SDS sample buffer, 

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

PhosphorImager and ImageQuant. The percentage bound was determined by measuring the 

activator signal above the background binding to beads alone and dividing by the total input. 

(B) Protein alignment of yeast Mnd2 N-termini. 

(C) Inhibition of APC/CAma1 activity in vitro was assessed by adding the indicated mutant 

(recombinantly purified as described in Figure 3) to an APC/CAma1 assay, as described in Figure 

3. 

(D) Quantification of APC/C reaction performed in (B) and graphed in Prism. The percent 

activity was determined by setting the activity at the highest dose of Mnd2 to zero to eliminate 

negative values because Mnd2 inhibited the activity below background levels. 100% activity was 

set as the activity when no Mnd2 was added (Lane 2).  
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Figure 7
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Figure 7. Residues Q177, E178, N179 of Mnd2 are Required for APC/CAma1 Inhibition in 

vitro 

(A) Inhibition of APC/CAma1 activity in vitro was assessed by adding the indicated mutant 

(recombinantly purified as described in Figure 3) to an APC/CAma1 assay, as described in Figure 

3. 

(B) Quantification of APC/C reaction performed in (A) and graphed in Prism. The percent 

activity was determined for the wild-type Mnd2 by setting the activity at the highest dose of 

Mnd2 to zero to eliminate negative values because Mnd2 inhibited the activity below 

background levels. The percent activity was determined for the mutant Mnd2 by subtracting out 

the activity from the –Ama1 reaction (Lane 1) as background. 100% activity was set as the 

activity when no Mnd2 was added (Lane 2).  
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Conclusions 
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This research provides exciting new insights into mechanisms of protein ubiquitination 

by the APC/C, one of the most complex, important, and poorly understood members of the 

family of ubiquitin ligases or E3s. Substrate ubiquitination by the APC/C is known to require an 

activator subunit that acts as a substrate adaptor, holding the protein substrate next to the 

associated E2 enzyme, which then transfers ubiquitin onto the substrate. For many years, there 

has been a debate about whether the ‘activator’ subunit, as its name suggests, also stimulates the 

catalytic activity of the APC/C. This idea originated from experimental results that suggested a 

specific region of the activator somehow ‘turns on’ the APC/C active site. However, were no 

insights into the mechanism of the activation, and there have been no further studies of this 

problem.  

 

We have discovered important new evidence for the idea that the activator subunit is 

indeed an activator, and we reveal the underlying biochemical mechanism. Using an innovative 

fusion substrate protein that we can recruit to the APC/C in the absence of activator, we were 

able to accurately measure the effects of activator specifically on enzyme activity. The results 

were very clear: activator binding causes a dramatic increase in the apparent affinity and activity 

of the associated E2 enzyme. Remarkably, the ability of the activator to stimulate the E2 depends 

on substrate binding to the activator. This finding leads to the fascinating conclusion that the 

APC/C can only be fully activated when it has a specific substrate bound to it. By ensuring that 

full activity is unleashed only in the presence of the APC-activator-substrate complex, this 

system could provide an important mechanism for ensuring that only the appropriate substrate is 

modified––an important feature for an enzyme whose substrates are irreversibly destroyed. 
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 Structural research conducted concurrently in the laboratory of David Barford showed 

that activator binding to the APC/C core promoted a profound allosteric transition (Chang et al., 

in submission) (Figure 1). Comparison of activator-bound (ternary) and unbound (apo) APC/C 

shows that activator binding results in displacement of the cullin-RING subunits (Apc2, Apc11) 

relative to the degron recognition module of activator and Apc10 (Figure 1B). This specifically 

involves a rigid-body rotation of the platform and C-terminal TPR helix of Apc8B around a 

hinge axis that bisects the Apc1-Apc8B interface (Figure 1D). This action propagates a 

conformational change of  ~20 Å to the peripheral Apc2-Apc11 catalytic module (Figure 1E). 

The activator N-terminus drives the conformational rotation. In the unbound state, the C-terminal 

TPR helix of Apc8B is well ordered and interacts with Apc1. In the bound complex, the activator 

N-terminus disrupts this interaction by binding to a site on Apc1 that overlaps the site in contact 

with Apc8B (Figure 1C). Activator-induced displacement and flexibility of the Apc2-Apc11 

module provides a mechanistic understanding of how the activator N-terminus stimulates APC/C 

ubiquitin ligase activity. 

 
 

Surface plasmon resonance (SPR) experiments also showed that activator binding 

enhanced APC/C affinity for an E2-Ub conjugate in its catalytically-efficient closed 

conformation [1, 2]. Interestingly, the ubiquitin modification of the E2 specifically interferes 

with its binding to activator unbound APC/C. These findings are consistent with our E2 dose 

response experiments that showed activator binding results in a dramatic stimulation of E2 

sensitivity. 

 
 
 
 

107



It is likely that multiple mechanisms underlie activator-dependent stimulation of the 

APC/C.  The results of this thesis and research from the Barford Lab show enhancement of the 

affinity of the APC/C for the E2-Ub conjugate as well as promoting the closed more reactive 

conformation of the E2-donor ubiquitin conjugate to stimulate efficient ubiquitin attachment to 

the target lysine [1, 2]. Increased catalytic activity could also result from the flexibility of the 

Apc2-Apc11 module which may provide enhanced substrate, and ubiquitin polymer, access to 

the APC/C-bound E2~ubiquitin conjugate.  
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Figure 1. Conformational Change of the APC/C Induced by Activator N-terminus 

(A) Superimposition of activator-bound (ternary) and unbound (apo) APC/C as determined by 

cryo EM of human APC/C and Cdh1 (Chang et al. in submission). The ternary map is colored by 

subunit. The apo map is in grey. 

(B) Superposition of the apo and ternary coordinates. Apo coordinates are in grey except Apc2, 

Apc11 and Apc4 shown in a lighter shade relative to the ternary complex. 

(C) Views showing the displacement of Apc2-Apc11 and Apc4WD40. 

(D) View of rotation of the platform subunits upon activator binding. Subunits of apo APC/C are 

shown in a lighter shade relative to the ternary complex. 

(E) Schematic of the platform displacement by Cdh1NTD (depicted as a wedge). Insertion of the 

Cdh1NTD causes platform rotation about Apc1, which propagates a 20-Å shift of Apc2CTD-Apc11. 

The rotation axis is shown as a black circle. 
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