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Abstract 

Mechanisms Regulating Ubiquitin Chain Formation during Mitosis 
by 

Aileen Marie Kelly 
Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 
Professor Michael Rape, Chair 

 
The small protein ubiquitin is a post-translational modification that is essential for regulating 
many cellular processes in eukaryotes.  In a series of enzymatic steps, ubiquitin is activated by 
the ubiquitin-activating enzyme E1 and then transferred to the active site of an E2 ubiquitin-
conjugating enzyme. An E3 ubiquitin ligase interacts with the ubiquitin-charged E2 and the 
substrate protein to facilitate transfer of ubiquitin to a substrate residue, typically lysine.  
Ubiquitin modifications can affect substrate protein interactions, localization, or stability.  With 
such versatile outcomes, ubiquitylation regulates countless cellular processes, including immune 
signaling, transcriptional regulation, DNA damage response, and the cell cycle.  The Anaphase-
Promoting Complex (APC/C) is a RING domain-containing E3 ligase that regulates mitotic 
progression by building ubiquitin chains on its cell cycle regulator substrates, targeting them for 
proteasomal degradation.  APC/C works with two E2 enzymes to first initiate substrate 
ubiquitylation using Ube2C and then to build ubiquitin chains with Ube2S.  How APC/C 
coordinates the activity of these E2 enzymes to processively build chains on substrates is not 
well understood.  Additionally, it not known how these E2s contribute to mitotic progression: 
while APC/C is essential for mitotic exit, depletion of its cognate E2 enzymes does not have 
dramatic effects.  In this dissertation, I present work determining how APC/C works with its E2s 
to build ubiquitin chains and how this is important for regulating cell cycle progression. 

APC/C ubiquitylates numerous cell cycle regulators at particular times in mitosis to control 
spindle assembly, inactivation of the Spindle Assembly Checkpoint, and mitotic exit.  While 
APC/C interacts with both substrates and with E2 enzymes at defined interfaces, it is unclear 
how chain formation occurs.  In order to add a new ubiquitin molecule to the growing chain, 
ubiquitin-charged Ube2S must be in close proximity to the distal end of the chain.  In Chapter 2, 
we report that APC/C stimulates chain formation by increasing the affinity between Ube2S and 
an acceptor ubiquitin at the end of the substrate-conjugated chain. Our finding support a model in 
which APC/C tethers the end of the growing chain close to the E2 active site to promote efficient 
chain formation without adjusting interactions with substrate or E2.  

To further understand how APC/C-specific E2 enzymes regulate mitosis, we investigated the 
role of Ube2S in governing APC/C activity at the significant transition from early mitosis with 
active Spindle Assembly Checkpoint signaling to late mitosis and mitotic exit.  In Chapter 3, we 
found that Ube2S affects dynamics of the spindle checkpoint and is found in mitotic checkpoint 
complexes with the phosphatase PP2AB56, which has a well-described role in stabilizing 
kinetochore-microtubule attachments and turning off the checkpoint.  We report that PP2AB56 
promotes ubiquitin chain formation by APC/C, suggesting that there is collaboration between 
phosphatase and ubiquitylation activities to couple spindle checkpoint inaction with APC/C 
activation.
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Introduction 
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Ubiquitin System 
 

Ubiquitylation is an essential protein modification in eukaryotes that regulates numerous 
cellular processes, including cell cycle progression, differentiation, signaling, response to DNA 
damage, and gene expression.  The covalent attachment of the small protein ubiquitin to a 
substrate protein affects its cellular fate, which is determined by the specific type of ubiquitin 
modification.  Monoubiquitylation – the addition of a single ubiquitin to a substrate – has been 
shown to affect protein-protein interactions or protein localization (Hicke, 2001).  
Polyubiquitylation is modification of substrates with a chain of ubiquitin molecules, covalently 
linked through one of seven lysines or the N-terminus of ubiquitin.  The linkage of the ubiquitin 
chain dictates the structure of the chain and thus its binding partners and biological outcome 
(Rahighi et al., 2012).  For example, proteins decorated with ubiquitin chains linked through 
Lys48 or Lys11 are targeted to the proteasome for degradation, whereas Lys63-linked chains 
influence the interactions of modified substrate proteins.  Determining how ubiquitin chains are 
built and how this process is regulated is important for understanding the multitude of biological 
processes that involve ubiquitylation.  
 
Enzymatic Cascade 
 

Ubiquitylation is accomplished through an enzymatic cascade involving three classes of 
enzymes: the ubiquitin-activating enzyme E1, a ubiquitin conjugating enzyme E2, and an E3 
ubiquitin ligase.  In an ATP-dependent process, ubiquitin is activated and its C-terminus is 
covalently linked to the active site cysteine of the E1 enzyme.  Ubiquitin is then transferred to 
the active site cysteine of an E2 enzyme.  The E3 ubiquitin ligase interacts with both the 
ubiquitin-charged E2 enzyme and the substrate protein and catalyzes the transfer of ubiquitin to 
the substrate. While there are only two E1 enzymes in humans, there are dozens of E2 enzymes 
and hundreds of E3 ligases, allowing for substrate specificity and precise regulation of 
ubiquitylation events.  E3 enzymes are thought to function with specific E2 enzyme(s) and to 
provide selectivity by recruiting the substrate protein to the ubiquitylation machinery.  The 
largest class of E3 ligases contains a RING (really interesting new gene) domain, which interacts 
with an E2 enzyme and catalyzes discharge of ubiquitin from the E2 active site (Pruneda et al., 
2012, Plechanovova et al., 2012, Dou et al., 2012).  This ensures that E2 activation occurs in the 
context of the proper substrate as mediated by the E3.  Due to their roles in determining 
specificity of substrate and ubiquitin modification type, E2 and E3 enzymes are excellent targets 
for cellular regulation.   
 
Ubiquitin Chain Formation 
 

Ubiquitin chains are built by linking the C-terminus of ubiquitin to an amino group in 
another ubiquitin molecule via an isopeptide bond.  Amino groups are present in the seven lysine 
residues found in ubiquitin, as well as at its N-terminus, allowing for eight potential types of 
ubiquitin chain.  In the context of RING E3 ligases, building a ubiquitin chain involves the 
transfer a ubiquitin molecule from the E2 active site (which is known as the donor ubiquitin) to a 
lysine residue in another ubiquitin molecule (known as the acceptor ubiquitin) that is already 
conjugated to the substrate.  De-ubiquitylating enzymes (DUBs) can dissemble chains and 
remove ubiquitin modifications from substrates, counteracting the activity of the E2/E3 enzymes.  
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Therefore, efficient substrate modification and processive chain formation are required of 
physiological E2/E3 enzyme pairs in order to generate a robust ubiquitin signal on a substrate 
and guarantee its cellular fate.   

In several ways, E2 enzymes play a central role in chain formation: in addition to 
dictating linkage specificity, E2s can affect the distinct processes of chain initiation and chain 
elongation, as well as the processivity of ubiquitylation (Ye and Rape, 2009).  Recent 
mechanistic studies explain how various E2s determine linkage specificity of ubiquitin chains, 
often through specific non-covalent interactions with the acceptor ubiquitin (Eddins et al., 2006, 
Petroski and Deshaies, 2005, Rodrigo-Brenni et al., 2010, Wickliffe et al., 2011).  It is less clear 
mechanistically how E2 and RING E3 enzymes collaborate to build ubiquitin chains. During 
chain formation, the substrate of the ubiquitylation reaction is the acceptor ubiquitin at the end of 
the growing chain.  Because both the substrate protein and the E2 are bound at defined sites on 
the E3, it is not clear how the ubiquitin-charged E2 active site achieves the necessary proximity 
to the acceptor ubiquitin for catalysis to occur.   Work presented in Chapter 2 describes how this 
problem is address by a physiological E2/E3 pair. 
 
Ubiquitin-Mediated Regulation of the Cell Cycle 
 

Precise regulation of the cell cycle is crucial for proper growth and division.  Cell cycle 
checkpoints govern the passage from one cell cycle stage to the next and prevent premature 
progression in the presence of errors, which could have disastrous effects.  Multiple stages of the 
eukaryotic cell cycle use the ubiquitin system to establish checkpoints due to its rapid, specific, 
and sensitive nature.  Two RING E3 ligases have well-characterized roles in cell cycle control: 
SCF (Skp-Cullin-F-box) and APC/C (Anaphase-Promoting Complex/Cyclosome).  Important for 
progression through interphase, SCF adds Lys48-linked chains to its substrates, which include 
cyclin-dependent kinase inhibitors (CKIs), phosphatase, and other cell cycle regulators (Cardozo 
and Pagano, 2004).  The timely degradation of these substrates by the proteasome allows 
transitions through G1/S and G2/M.  APC/C governs progression through mitosis and mitotic 
exit by modifying numerous mitotic regulators with Lys11-linked chains and targeting them for 
proteasomal degradation.  The activity of these ligases is under tight control from many inputs in 
order to achieve accurate cell cycle progression.   
 
Activity of APC/C and Ube2S 
 

APC/C is an essential E3 ligase in all eukaryotes that targets cell cycle regulators for 
degradation, allowing mitotic progression and exit.  It is a large multi-subunit complex 
comprised of at least 14 different core subunits, several in multiple copies, and two cell-cycle 
regulated co-activator subunits.  APC/C is known to work with two E2 enzymes in cells.  Ube2C 
(also known as UbcH10) interacts with the RING domain subunit of the APC/C (Apc11) and 
initiates substrate ubiquitylation by adding short chains on APC/C substrate lysines (Jin et al., 
2008).  Ube2S is a dedicated chain-formation E2 that does not modify substrate lysines but rather 
Lys11 of ubiquitin, specifically generating Lys11-linked chains (Williamson et al., 2009, 
Wickliffe et al., 2011).  Ube2S is unique in that it engages with this RING-E3 in a manner 
distinct from the canonical E2-RING interaction (Williamson et al., 2009).  Furthermore, Ube2S 
together with Ube2C can decorate APC/C substrates with branched ubiquitin chains to enhance 
proteasomal recognition and degradation of substrates (Meyer and Rape, 2014).  The ability of 
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APC/C and Ube2S to efficiently and processively build chains affects timely and ordered 
substrate degradation, which is crucial for mitotic progression (Rape et al., 2006).  In Chapter 2, 
we report that Ube2S and APC/C build ubiquitin chains on substrates by tracking the distal end 
of the growing chain. 
 
Cell Cycle Regulation of APC/C Activity 
 

Due to the prominent role of APC/C in mediating accurate cell division, regulation of its 
activity is tightly controlled by numerous cellular inputs throughout the cell cycle.  To prevent 
premature entry into mitosis, APC/C is kept inactive through interphase.  APC/C has selective 
activity during early mitosis and is fully activated after satisfaction of the Spindle Assembly 
Checkpoint at metaphase.  These interconnected regulatory events involve post-translational 
modification, co-activator binding, and interactions with inhibitors. 

During G1 and S phases, the early mitotic inhibitor Emi1 prevents APC/C interaction 
with substrates and with Ube2S (Frye et al., 2013, Wang and Kirschner, 2013).  This APC/C 
inhibition allows for the accumulation of some substrates including geminin and mitotic cyclins, 
which is necessary for preventing rereplication and coordinating DNA synthesis with mitosis 
(Machida and Dutta, 2007).  After phosphorylation in early mitosis, Emi1 is ubiquitiylated by the 
E3 ligase SCF and degraded, allowing for APC/C activation (Hansen et al., 2004). 

Throughout the cell cycle, the activity of cyclin-dependent kinases (Cdk) oscillates, 
driving transitions from one cell cycle stage to the next.    Entry into mitosis is associated with 
high Cdk1-cyclin B activity, which directs dramatic cellular changes including nuclear envelope 
breakdown, assembly of the mitotic spindle, and chromosome condensation.  Conversely, 
inactivation of Cdk1 during mitotic exit results in disassembly of the mitotic spindle, 
chromosome decondensation, cytokinesis, and reformation of the nuclear envelope.  
Unsurprisingly, regulation of Cdk1 and APC/C are closely interconnected (Yang et al., 2013).  
APC/C ubiquitylates mitotic cyclins that are required for Cdk1 activity, targeting them for 
proteasomeal degradation.  Conversely, phosphorylation by Cdk1 regulates APC/C binding to its 
co-activator subunits.  Additionally, numerous other interconnected kinases are active during 
mitosis including BUB1, MAPK, Aurora B, Msp1, all of which have roles in regulating mitotic 
progression.  Phosphorylation of ACP/C occurs on several core subunits as well as on the co-
activator subunits (Kraft et al., 2003).  While the effects of specific modification are not known, 
phosphorylation of APC/C subunits could affect APC/C architecture and interactions with 
activators, inhibitors and substrates. 

The co-activator subunits Cdc20 and Cdh1 serve as APC/C substrate receptors in 
conjunction with the core subunit Apc10 (da Fonseca et al., 2011, Buschhorn et al., 2011).  
Additionally Cdc20 and Cdh1 stimulate APC/C activity through an incompletely understood 
mechanism (Kimata et al., 2008).  Cdc20 associates with APC/C during mitosis through an 
interaction that is promoted by phosphorylation of Cdc20 and core APC/C subunits by mitotic 
kinases (Kraft et al., 2003).  Cdh1 association with APC/C is phospho-regulated in a converse 
manner, resulting in the unphosphorylated form of Cdh1 binding to APC/C in late mitosis and 
G1 (Kramer et al., 2000).  Cdc20 is itself ubiquitylated by APC/CCdh1 and degraded during late 
mitosis, promoting unidirectional mitotic progression.  In another step of negative feedback, 
Cdh1 is ubiquitylated during G1 by SCF and degraded, contributing to APC/C inactivation 
during interphase (Fukushima et al., 2013). 
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 In addition to its co-activator function, Cdc20 plays a key role in regulating APC/C 
activity as part of the Mitotic Checkpoint Complex (MCC), the molecular effector of the Spindle 
Assembly Checkpoint.  This checkpoint monitors bipolar attachment of microtubules to 
kinetochores to ensure error-free separation of sister chromatids at anaphase.  Numerous 
checkpoint-effector proteins are localized at kinetochores in early mitosis and help establish 
MCC, which is comprised of Cdc20 Mad2, BubR1, and Bub3 in humans (reviewed in 
Musacchio and Salmon, 2007).  Mad1-Mad2 heterodimers at the kinetochore trigger a 
conformational change in second Mad2 molecule, which promotes its interaction with Cdc20 (de 
Antoni et al., 2005).  This Mad2-Cdc20 complex associates with BubR1 and Bub3 to become a 
potent APC/C inhibitor (Fang et al., 2002, Kulukain et al., 2009).  Structural studies revealed that 
MCC association with APC/C prevents substrate binding by occluding the substrate binding 
regions of Cdc20 and by rearranging the conformation of APC/C to disrupt the bipartite substrate 
recognition module formed by Apc10 and Cdc20 (Herzog et al., 2009, Chao et al., 2012).  Once 
all kinetochores achieve microtubule attachment and the checkpoint is satisfied, new Mitotic 
Checkpoint Complexes are not generated, existing complexes are disassembled (discussed 
below), and APC/C is activated after binding free Cdc20. 

While APC/C is predominantly inactive when bound to MCC, it does retain ligase 
activity towards a specific subset of substrate proteins that are ubiquitylated and degraded during 
early mitosis (reviewed in van Zon and Wolthuis, 2010).  With the canonical substrate-binding 
motifs on Cdc20 inaccessible, these prometaphase substrates interact with the APC/C through 
unique interfaces, i.e. through a binding partner or through a C-terminal –IR, -LR, or –MR motif 
(Wolthuis et al., 2008, Sedgwick et al., 2013).  As part of the Mitotic Checkpoint Complex, 
Cdc20 is one of the prometaphase substrates of APC/C.  Ubiquitylation of Cdc20 drives 
disassembly of MCC, leaving APC/C able to bind a newly generated Mitotic Checkpoint 
Complex if the checkpoint is still active or to bind free Cdc20 (Reddy et al., 2007).  In this way, 
MCC is continuously generated and turned over during early mitosis, producing a system that 
can rapidly respond once the checkpoint is silenced with full activation of APC/C that is 
necessary for anaphase and mitotic exit.   

Though there are numerous unanswered questions surrounding the regulation of the 
Mitotic Checkpoint Complex and APC/C, I have specifically investigated the interconnected 
activities of Ube2S and APC/C during mitosis.  My dissertation focuses on understanding the 
mechanisms that regulate APC/C activity during mitosis, including its role in activating its E2 
Ube2S in order to efficiently build ubiquitin chains (Chapter 2) and its interaction with cell cycle 
regulators that tightly couple mitotic checkpoint signaling to its ubiquitylation activity (Chapter 
3). 
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Summary 

Protein modification with ubiquitin chains is an essential signaling event catalyzed by E3 
ubiquitin ligases. Most human E3s contain a signature RING-domain that recruits a ubiquitin-
charged E2 and a separate domain for substrate-recognition. How RING-E3s can build 
polymeric ubiquitin chains while binding substrates and E2s at defined interfaces remains poorly 
understood. Here, we show that the RING-E3 APC/C catalyzes chain elongation by strongly 
increasing the affinity of its E2 for the distal acceptor ubiquitin in a growing conjugate. This 
function of the APC/C requires both its co-activator as well as conserved residues of the E2 and 
ubiquitin. APC/C’s ability to track the tip of an emerging conjugate is required for APC/C-
substrate degradation and accurate cell division. Our results suggest that RING-E3s tether the 
distal ubiquitin of a growing chain in proximity to their E2s’ active site, allowing them to 
assemble polymeric conjugates without altering their binding to substrate or E2.    

 

Introduction 

The attachment of a ubiquitin chain is an essential signaling event that can profoundly 
affect the fate of a eukaryotic protein. When connected through Lys11 or Lys48, ubiquitin chains 
direct substrates for degradation by the 26S proteasome, the major cytoplasmic protease (Chau et 
al., 1989; Meyer and Rape, 2014). In contrast, when linked through Met1 or Lys63, these 
conjugates promote the reversible assembly of oligomeric complexes, which is at the heart of 
NFkB transcription factor activation, DNA repair, or spliceosome maturation (Komander and 
Rape, 2012). Elucidating mechanisms of ubiquitin chain formation is, therefore, critical to our 
understanding of basic principles of cellular regulation. 

Mammalian proteins are decorated with ubiquitin chains by one of ~600 E3 ubiquitin 
ligases. The majority of these E3s contain a RING-domain for catalysis and a separate domain or 
subunit for the recognition of substrate degron motifs (Deshaies and Joazeiro, 2009). The RING-
domain recruits an E2 conjugating enzyme charged with a thioester-linked ubiquitin and then 
promotes the transfer of this ubiquitin to a substrate lysine by aligning the catalytic players for 
nucleophilic attack (Dou et al., 2012; Plechanovova et al., 2012; Pruneda et al., 2012; Reverter 
and Lima, 2005; Scott et al., 2014). Whether RING-domains play additional roles in transferring 
ubiquitin molecules onto a growing chain is not known. 

As RING-E3s do not form a thioester intermediate, the linkage specificity of ubiquitin 
chain formation is likely conferred by the E2 (Ye and Rape, 2009), and indeed, the topology of 
ubiquitin chains assembled by a RING-E3 can change with the nature of its collaborating E2s 
(Christensen et al., 2007; Meyer and Rape, 2014). Illustrating how E2s determine linkage 
specificity, the heterodimeric Ube2N/Uev1A engages the acceptor ubiquitin through a non-
covalent binding site in Uev1A, which orients Lys63 towards the active site of Ube2N (Eddins et 
al., 2006). Ube2R1 and Ube2G2 utilize an acidic loop in their UBC-domains to position Lys48 
of a substrate-bound acceptor ubiquitin towards their active site (Liu et al., 2014; Petroski and 
Deshaies, 2005). Conversely, the cell cycle E2 Ube2S acts through a mechanism of substrate-
assisted catalysis, during which an acidic residue of the acceptor ubiquitin activates the target 
Lys11 (Wickliffe et al., 2011). Thus, all of these E2s depend on specific interactions with the 
acceptor ubiquitin to determine linkage specificity. However, they bind the acceptor with such 
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low affinity, often in the millimolar range (Pierce et al., 2009; Wickliffe et al., 2011), that it has 
remained unclear how these enzymes are able to produce long ubiquitin conjugates.   

During chain formation, E3 enzymes also face an intriguing steric problem: as the 
conjugate becomes longer, the distance between the E3-bound substrate and the distal acceptor 
lysine increases. In contrast to DNA polymerases, which have solved a similar issue by sliding 
their active site on the substrate, RING-E3s remain associated with both target protein and E2 at 
defined surfaces. To overcome this topological constraint, ubiquitin chains could be assembled 
on the active site of an E2 before being transferred en bloc to the substrate (Li et al., 2007; Ravid 
and Hochstrasser, 2007). However, kinetic analyses suggested that essential ubiquitylation 
enzymes, including the E3 anaphase-promoting complex (APC/C) and its E2 Ube2S, synthesize 
ubiquitin chains directly on their target (Pierce et al., 2009; Rape et al., 2006; Wickliffe et al., 
2011). Because the APC/C and Ube2S also produce ubiquitin chains that are connected through 
a single linkage (Wickliffe et al., 2011), they must repeatedly modify a specific lysine residue in 
the distal ubiquitin of a growing chain. It is unclear how the APC/C, or any ubiquitin ligase, is 
able to recognize the tip of the emerging conjugate, and mechanisms of ubiquitin chain 
elongation remain poorly understood. 

Here, we show that the RING-E3 APC/C promotes ubiquitin chain elongation by strongly 
increasing the affinity of its E2 Ube2S for the distal acceptor molecule in a growing conjugate. 
The ability of mitotic APC/C to hold on to an emerging chain requires its co-activator Cdc20, a 
conserved E2-surface, and specific residues of the acceptor ubiquitin. Interfering with this 
function of the APC/C disrupts chain formation in cells, stabilizes APC/C-substrates and 
interferes with mitotic progression. Our work, therefore, suggests that RING-E3s tether the distal 
ubiquitin of a growing chain in proximity to the E2, a catalytic feature that allows them to build 
polymeric conjugates without altering the positions of the substrate or the E2. 

 

Results 

The active site of Ube2S is in proximity to Apc2, Apc11, and Cdc20 

As Ube2S only modifies ubiquitin, but not substrate lysine residues (Wickliffe et al., 
2011), it can serve as a powerful model to reveal catalytic features that are specific to ubiquitin 
chain elongation. Ube2S binds to its E3, the APC/C, through a C-terminal peptide (CTP), which 
is connected to its catalytic UBC domain by a long Gly-rich linker (Meyer and Rape, 2014). Due 
to the linker’s structural flexibility, it has remained unclear where the active site of Ube2S is 
located in relation to the APC/C. To address this issue, we developed a crosslinking strategy 
using a variant of Ube2S (Ube2SC118A) that contains a single cysteine at its active site and binds 
the APC/C with similar affinity as the wild-type E2 (Wickliffe et al., 2011). We labeled Cys95 in 
the active site of Ube2SC118A with 1,4-bismaleimidobutane (BMB), a divalent cysteine-reactive 
crosslinker, and incubated it with APC/C that was affinity-purified from mitotic cells 
synchronized by three independent methods. These experiments revealed specific crosslinks 
between the catalytic center of Ube2S and the cullin scaffold Apc2, the RING-domain subunit 
Apc11, and APC/C’s mitotic co-activator Cdc20, all of which were dependent on the presence of 
BMB and the active site Cys residue in Ube2S (Figure 1A; Figure S1A). We did not detect 
Ube2S-dependent crosslinks for other APC/C-subunits. 
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Several observations indicate that these experiments reported on a specific environment 
of the active site of Ube2S on the APC/C. The addition of Emi1 or deletion of Ube2S’s C-
terminal residues, both procedures that are known to impede binding of Ube2S to the APC/C 
(Frye et al., 2013; Wang and Kirschner, 2013; Williamson et al., 2009), also obliterated all 
crosslinks between Ube2S and Cdc20, Apc2, or Apc11 (Figure 1B, C). The C-terminus of Ube2S 
is enriched in positive charges, and it is thought that Ube2S engages the APC/C through 
electrostatic interactions (Wang and Kirschner, 2013). Consistent with this notion, we found that 
the crosslinks were sensitive to increased salt concentrations in the buffer (Figure S1B). In 
contrast to these inhibitory treatments, the addition of a ubiquitylation substrate did not impair 
the crosslinking between Ube2S and APC/C-subunits (Figure S1C).  

To further evaluate the specificity of our observations, we purified mitotic APC/C from 
cells that were depleted of Cdc20, Apc2, or Apc11 by verified siRNAs. Importantly, the siRNA-
treatment removed the unmodified APC/C-subunit as well as the Ube2S-dependent crosslinked 
species (Figure 1D, E; Figure S1D). Previous analyses had found that the RING-subunit Apc11 
is recruited to the APC/C via Apc2 (Thornton et al., 2006), and indeed, depletion of Apc2 also 
eliminated crosslinks between Apc11 and Ube2S (Figure 1E). By contrast, the loss of Apc2 did 
not affect crosslinks between Ube2S and Cdc20, and a corresponding reduction in Cdc20 levels 
had no consequence for the crosslinking efficiency between Ube2S and Apc2 or Apc11 (Figure 
1D, E; Figure S1D). Together, these experiments therefore show that the CTP-dependent 
interaction between Ube2S and the APC/C places the active site of Ube2S in proximity to the 
APC/C-subunits Apc2, Apc11, and Cdc20 (Figure 1F). 

 

Cdc20 stabilizes Ube2S-binding to the APC/C 

Cdc20 and its homolog Cdh1 are mostly known for their ability to recruit substrates to 
the APC/C (Peters, 2006). However, they were initially described as “co-activators” that might 
regulate the catalytic activity of the APC/C (Schwab et al., 1997; Visintin et al., 1997), a 
hypothesis that is consistent with our crosslinking data: the proximity between Cdc20 and the 
active site of Ube2S implied that co-activators could impact ubiquitin chain elongation by the 
APC/C.  

We therefore decided to investigate the interplay between Ube2S and Cdc20 in more 
detail and tested whether both proteins could directly bind to each other. Indicative of such an 
association, Ube2S effectively retained purified Cdc20 in pulldown experiments (Figure 2A). In 
cells, an interaction between Cdc20 and Ube2S could be bridged by the APC/C (Meyer and 
Rape, 2014). Thus, to determine whether Ube2S and Cdc20 engage each other in vivo, we 
screened for Cdc20 variants that were defective in APC/C-binding and asked whether they 
retained their capacity to interact with Ube2S (Table S1). We found that mutation of Asp464, a 
residue that is in proximity to the D-box binding site (Figure S2A), strongly reduced the 
association of Cdc20 to the APC/C, as seen in CompPASS mass spectrometry or Western blot 
analysis of affinity-purified Cdc20 (Figure 2B, C), or by testing the stability of Cdc20 towards 
APC/C-dependent degradation (Figure S2B, C). Despite its failure to bind mitotic APC/C, 
Cdc20D464R associated with Ube2S with the same efficiency as wild-type Cdc20 in vitro (Figure 
2A), and in cells, Cdc20D464R interacted with Ube2S even more strongly than wt-Cdc20 (Figure 
2C). Similar results were obtained for the isolated WD40-domain of Cdc20 that was unable to 
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bind the APC/C, yet efficiently associated with Ube2S in cells (Figure 2C). These findings 
indicate that Cdc20 and Ube2S directly bind to each other. Moreover, our results suggest that the 
APC/C turns over the interaction between Cdc20 and Ube2S, consistent with a role of Cdc20 in 
delivering Ube2S to a binding site on the APC/C. 

Based on these observations, we asked whether Cdc20 could target endogenous Ube2S to 
the APC/C. Similar to the depletion of the known Ube2S-interactor Apc2 (Wang and Kirschner, 
2013), a reduction in Cdc20-levels strongly diminished the steady-state association of Ube2S 
with the APC/C, without impacting the composition of core APC/C (Figure 2D). This was a 
specific consequence of Cdc20-depletion, as the interaction between Ube2S and the APC/C was 
rescued by lentiviral expression of siRNA-resistant wild-type Cdc20, but not mutant Cdc20D464R 
(Figure 2E). To support these observations, we immunodepleted ~60% of Cdc20, which did not 
affect the concentration, composition, or cell-cycle stage of mitotic APC/C, yet also resulted in 
Ube2S dissociation from the APC/C (Figure 2F). Finally, we built on the observation that Ube2S 
does not efficiently interact with APC/C in asynchronous cell populations (Williamson et al., 
2009) and tested whether an increase in Cdc20 levels could overcome this limitation. Indeed, 
expression of Cdc20, but not mutant Cdc20D464R, was sufficient to induce the association of 
endogenous Ube2S with the APC/C in asynchronous cells (Figure 2G). Thus, Cdc20 is close to 
the active site of Ube2S, binds directly to the E2, and stabilizes its association with the mitotic 
APC/C.  

 

Cdc20 is required for activation of Ube2S by the APC/C 

As these observations suggested that Cdc20 could affect ubiquitin chain elongation by 
Ube2S, we monitored the formation of K11-linked di-ubiquitin either in the presence or absence 
of the APC/C. We found that Cdc20-bound APC/C strongly improved the ability of Ube2S to 
produce di-ubiquitin conjugates as well as short ubiquitin chains (Figure 3A). A similar 
APC/CCdc20-dependent activation was observed in single turnover assays, in which we charged 
Ube2S with ubiquitin-K11R (ubiK11R), stopped charging by addition of EDTA and apyrase, and 
then added the acceptor ubiquitin-DGG75/76 (ubiΔGG) (Figure 3B). Attesting to the specificity of 
these reactions, the APC/C-dependent activation of Ube2S was abolished upon deletion of the 
CTP of Ube2S or addition of Emi1 (Figure S3A-C). As an independent approach, we tested 
whether the APC/C improved the modification of the model substrate Ub-Nek2A, which requires 
Cdc20 for catalysis but not for APC/C-binding (Hayes et al., 2006). Consistent with our di-
ubiquitin assays, APC/CCdc20 strongly enhanced the synthesis of ubiquitin chains on Ub-Nek2A 
by Ube2S (Figure 3C).   

Notably, if APC/C was purified from mitotic cells that were depleted of Cdc20, it was 
unable to increase the efficiency of di-ubiquitin formation by Ube2S (Figure 3D). Similar 
observations were made after immunodepletion of Cdc20 from extracts of mitotic cells: a 
reduction in Cdc20 levels quantitatively correlated with a strongly diminished ability of the 
APC/C to promote Ube2S-dependent ubiquitin dimer formation or ubiquitin chain formation on 
Ub-Nek2A (Figure 3E, F).  

To further evaluate the importance of Cdc20 for Ube2S activation, we analyzed the cell 
cycle regulation of di-ubiquitin formation. We synchronized HeLa cells in prometaphase, 
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released them into a new cell cycle, and purified the APC/C at short intervals until cells had 
reached late G1. Strikingly, Ube2S was most potently activated by prometaphase APC/C, i.e. the 
form of the APC/C that was most stably charged with Cdc20 (Figure 3G). Degradation of Cdc20 
at later stages of mitosis correlated with a reduced propensity of the APC/C to promote di-
ubiquitin formation by Ube2S. The ability of prometaphase APC/C to activate Ube2S was not 
affected by effector proteins of the spindle checkpoint, as even a large excess of active Mad2 and 
BubR1 did not inhibit the APC/CCdc20-dependent increase in di-ubiquitin formation by Ube2S 
(Figure 3H; Figure S3D). Thus, our depletion and cell cycle studies suggest that Cdc20 is 
required for the APC/C-dependent activation of di-ubiquitin formation by Ube2S. 

 

APC/CCdc20 promotes acceptor ubiquitin recognition by Ube2S 

As a step towards understanding the molecular basis for Ube2S activation, we measured 
the kinetics of di-ubiquitin formation in the presence or absence of APC/CCdc20. For each 
concentration of acceptor ubiquitin (ubiΔGG), we monitored the initial rate of di-ubiquitin 
formation with a constant concentration of donor ubiquitin (ubiK11R). Our results showed that 
mitotic APC/C strongly improved the affinity of Ube2S to the acceptor ubiquitin, as indicated by 
a 60 to 125-fold decrease in the apparent KM (Figure 4A). Consistent with substrate-assisted 
catalysis, the increased affinity for its substrate coincided with a higher rate of di-ubiquitin 
formation by Ube2S, yet effects on vmax were less pronounced than those on KM. Together, the 
mitotic APC/C improved the catalytic efficiency of Ube2S, as expressed in the ratio of vmax/KM, 
by up to 360-fold. It should be noted that in the absence of the APC/C, the low activity of Ube2S 
towards ubiΔGG complicated the determination of an apparent KM, and the kinetic analysis likely 
underestimated the extent of APC/C-dependent Ube2S-activation. When these experiments were 
performed with mitotic extracts that were depleted of ~50% of Cdc20, the ability of the APC/C 
to improve acceptor recognition and catalysis was strongly reduced (Figure 4A). In a similar 
manner, degradation of Cdc20 during late mitosis reduced the efficiency of the APC/C to 
promote acceptor ubiquitin recognition by Ube2S, with Cdc20-depletion and –degradation 
having almost identical effects (Figure 4B). These findings underscore the notion that Cdc20 is 
required for the APC/C-dependent activation of Ube2S. They further suggest that APC/CCdc20 
promotes chain elongation by increasing the affinity of its E2 Ube2S for an acceptor ubiquitin. 

To ascertain APC/C’s role in promoting ubiquitin recognition by an E2, a novel function 
for a RING-E3, we searched for residues of the acceptor ubiquitin that might be specifically 
required for E3-dependent chain elongation (Figure 4C). We mutated ~80% of all surface 
exposed residues of ubiquitin (Table S1) and subjected the recombinant proteins to an assay that 
monitored the Ube2S-dependent formation of di-ubiquitin in the absence of the APC/C. 
Ubiquitin variants that allowed di-ubiquitin formation, and hence did not impair the core 
catalytic function of Ube2S, were then tested for their ability to support ubiquitin chain 
elongation in the presence of the APC/C. Mutants that were inactive in the second assay should 
be specifically impaired in APC/C-dependent chain elongation.  

This biochemical screen revealed that mutation of Ala46 of ubiquitin to Glu, Lys, or Ile 
(ubiA46E; ubiA46K; ubiA46I) allowed di-ubiquitin formation by Ube2S, but interfered with the 
APC/C-dependent production of ubiquitin chains (Figure 4D, E; Figure S4A, B). In agreement 
with these results, ubiA46E did not show any increase in Ube2S-dependent di-ubiquitin formation 
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that was induced by the APC/C (Figure 4F), an observation that was also made in single 
discharge experiments (Figure 4G). In cells, mutation of Ala46 strongly interfered with APC/C-
substrate modification during mitosis (Figure 4H), demonstrating that this residue is important in 
physiological settings. By contrast, Ala46 was neither required for Ube2S-charging (Figure S4C) 
nor did it play a crucial role in the formation of ubiquitin chains by the initiating E2, Ube2C 
(Figure S4D). 

As seen in di-ubiquitin assays containing the APC/C, Ala46 was only required on the 
acceptor, but not the donor ubiquitin (Figure 4I; Figure S4E). In agreement with these 
observations, mutation of Ala46 disrupted the stimulatory effects of APC/C on acceptor 
ubiquitin recognition in kinetic analyses that monitored the rate of di-ubiquitin formation as a 
function of increasing acceptor concentrations (Figure S4F). By introducing mutations into 
defined acceptor ubiquitin molecules, we found that Ile44, Lys48, and Arg54, all of which are 
utilized for donor ubiquitin recognition, were also required on the acceptor ubiquitin for the 
APC/C-dependent stimulation of Ube2S activity (Figure S4G). Our kinetic and mutational 
analyses thus indicate that Cdc20-bound APC/C promotes chain elongation by increasing the 
affinity of its E2 Ube2S for a specific surface on the acceptor ubiquitin.  

 

APC/CCdc20 tracks the distal ubiquitin of a growing chain 

Is the APC/CCdc20-dependent increase in acceptor ubiquitin recognition important, if a 
substrate is already bound through its degron motifs? To address this issue, we introduced the 
A46E mutation into the ubiquitin moiety of a covalent fusion between ubiquitin and cyclin A 
(UbA46E-cyclin A), a protein that stably associates with the APC/C through a D-box as well as an 
accessory factor, Cks1. We incubated Ub-cyclin A or UbA46E-cyclin A with APC/C, Ube2S, and 
the donor ubiK11R, which supports transfer of a single ubiquitin and allowed us to specifically 
monitor the formation of the second linkage in a growing chain. Notably, whereas Ub-cyclin A 
was efficiently modified by Ube2S and the APC/C, addition of another ubiquitin molecule to 
UbA46E-cyclin A was strongly impaired (Figure 5A, lower panel). Similar observations were 
made if the formation of a second linkage was detected in the context of a branched chain 
(Figure 5B). As expected from our earlier observations, the effects of mutating Ala46 were 
specific for the APC/C-dependent recognition of an acceptor ubiquitin: without the APC/C, 
Ube2S modified Ub-cyclin A and UbA46E-cyclin A with equal efficiency (Figure 5A; upper 
panel), and mutating Ala46 in the donor ubiquitin did not impair APC/C-substrate modification 
(Figure S5). 

As more ubiquitin molecules are added to a growing conjugate, each chain entity could 
provide a surface for ubiquitin recognition by the APC/C. To determine whether Ala46 was 
required on a particular molecule, we introduced the A46E mutation into each of the ubiquitin 
entities of Ub-UbK11R-cyclin A, a substrate that allowed us to monitor formation of the third 
linkage in a growing conjugate. We found that Ala46 was required on the distal, but not the 
proximal, ubiquitin molecule (Figure 5C). We made similar observations when we analyzed the 
requirements for longer ubiquitin chains: In these experiments, we utilized Ub-UbK11R-cyclin A 
and incubated it with the APC/C, Ube2S, and wt-ubiquitin or ubiA46E to generate either Ub-Ub-
UbK11R-cyclin A or UbA46E-Ub-UbK11R-cyclin A. At the next step, i.e. the attachment of the 
fourth ubiquitin, Ube2S will be presented with a substrate that has either wt-ubiquitin or ubiA46E 
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as its distal chain entity. Also in this case, mutation of Ala46 in the distal acceptor molecule 
strongly impaired further chain elongation, even though Ala46 was available in the two proximal 
ubiquitin molecules of UbA46E-Ub-UbK11R-cyclin A (Figure 5D). Thus, as a chain is being 
assembled, Ala46 is recognized on the distal ubiquitin of the emerging conjugate, and residues 
on a neighboring ubiquitin are unable to compensate for the loss of Ala46 on the actual acceptor 
molecule. Together with our kinetic studies, these results suggest that the APC/C tethers the 
distal molecule of an emerging conjugate close to the active site of Ube2S. 

 

Helix D of Ube2S is required for activation by APC/CCdc20 

We next asked whether the APC/C promotes acceptor ubiquitin recognition in cells. 
Although depletion of Cdc20 would interfere with this reaction, it would also impair substrate 
delivery to the APC/C, and we were concerned that mutations could disrupt the folding of 
Cdc20’s WD40-domain. In a similar manner, expression of mutant ubiquitin would affect 
numerous processes, complicating the interpretation of experiments based on Ala46-mutants. To 
provide an alternative strategy, we hypothesized that APC/CCdc20 might require specific residues 
in Ube2S to promote chain elongation, and mutation of such E2 residues could block APC/C-
dependent chain formation without altering ubiquitin, impairing Cdc20-folding, affecting 
APC/C-composition, or interfering with the intrinsic catalytic activity of Ube2S.  

We therefore adopted our ubiquitin mutant screen to Ube2S and interrogated a library of 
recombinant Ube2S variants for E2s that catalyzed ubiquitin dimer formation in the absence of 
the APC/C, but were unable to produce long chains in its presence (Figure 6A; Table S1). These 
experiments revealed a cluster of residues close to the C-terminus of the catalytic domain of 
Ube2S that were specifically required for APC/C-dependent chain formation (Figure 6B; Figure 
S6A). Among these residues, mutation of Ile154 in helix D of the UBC-domain of Ube2S had a 
particularly strong effect on APC/C-dependent chain formation, comparable to characterized 
mutants that block the core catalytic function of Ube2S (Figure 6C). As expected from these 
endpoint assays, mutation of Ile154 did not affect the time course of di-ubiquitin formation by 
Ube2S alone, but dramatically delayed the APC/CCdc20-dependent formation of di-ubiquitin or 
substrate-attached ubiquitin chains (Figure 6D, E). A similar lack of APC/C-activation was 
observed in single-turnover assays that compared the activity of wt-Ube2S and Ube2SI154A 
(Figure 6F). Ile154 of Ube2S was also important in the context of longer substrates (Figure 
S6B), and for a complete ubiquitylation reaction that was carried out in the presence of the 
initiating E2 Ube2C (Figure S6C). By contrast, mutation of Ile154 or other residues of helix D 
had no effects on charging of Ube2S (Figure S6D) or on the CTP-dependent interaction of 
Ube2S with the APC/C in vitro, as seen in pulldown or crosslink experiments (Figure S6E, F).  

Further observations supported the notion that mutation of Ile154 disrupted the effects of 
the APC/CCdc20 on Ube2S activation. Similar to depleting Apc2 or Cdc20, mutation of Ile154 
reduced the steady state association of Ube2S with APC/C in vivo, as seen in prometaphase cells 
that expressed mutant Ube2SI154A as the sole source of this E2 (Figure 6G). Accordingly, kinetic 
analyses revealed that mutating Ile154 of Ube2S abrogated the APC/C-dependent improvement 
of acceptor ubiquitin recognition by Ube2S (Figure 6H), an effect that was highly similar to the 
absence of the APC/C, depletion of Cdc20, or mutation of Ala46 in ubiquitin. Moreover, we 
found that Ube2SI154A was unable to promote ubiquitin chain elongation on Ub-Nek2A, a 
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substrate that selectively requires the co-activator, but not the substrate recruitment, function of 
Cdc20 (Figure 3D). Together, these findings indicate that APC/CCdc20 promotes ubiquitin chain 
elongation via Ile154 of helix D of Ube2S. Consistent with this important function, Ile154 is 
conserved among all species known to contain Ube2S (Figure S6G).  

 

Improved acceptor ubiquitin recognition is a critical function of the APC/C in cells 

The discovery of Ube2SI154A allowed us to interfere with APC/C-dependent chain 
elongation without alterations to Cdc20, the core APC/C, or ubiquitin. Following an established 
approach (Wickliffe et al., 2011), we depleted endogenous Ube2S using siRNAs against the 
3’UTR of its mRNA and stably expressed siRNA-resistant wt-Ube2S or Ube2SI154A. This 
strategy resulted in cells that selectively expressed either wt-Ube2S or mutant Ube2SI154A. We 
synchronized these cell lines in prometaphase and then released them into a new cell cycle, a 
procedure that leads to full activation of the APC/C and a concomitant massive increase in the 
formation of K11-linked chains (Matsumoto et al., 2010; Wickliffe et al., 2011). The depletion of 
Ube2S abrogated the production of K11-linked chains upon APC/C-activation, and this 
phenotype was rescued upon expression of siRNA-resistant wt-Ube2S (Figure 7A). By contrast, 
the expression of Ube2SI154A did not support K11-linked chain formation after endogenous 
Ube2S had been depleted, showing that the APC/C-dependent increase in acceptor ubiquitin 
recognition is essential for substrate modification in vivo. 

To determine whether APC/C’s effects on chain elongation are required for substrate 
degradation, we analyzed the stability of Nek2A during prometaphase, the time when Cdc20 
binds to the APC/C most stably and Ube2S is activated most efficiently. Previous work had 
shown that the degradation of Nek2A requires the activator function of Cdc20 (Kimata et al., 
2008) as well as branched ubiquitin chains assembled by Ube2S (Meyer and Rape, 2014). 
Moreover, as depletion of Ube2S neither affects mRNA levels of Nek2A nor synchronization in 
prometaphase (Meyer and Rape, 2014), a potential stabilization of Nek2A would not be caused 
by differences in transcription or cell cycle stage. As seen in cycloheximide chase experiments, 
we found that Ube2SI154A was strongly impaired in driving the degradation of Nek2A (Figure 
7B).  

To test whether APC/C’s role in improving acceptor ubiquitin recognition is important 
for cell division, we asked whether Ube2SI154A could support spindle checkpoint disassembly, an 
APC/C-dependent reaction that contributes to the proper onset of sister chromatid separation. 
Cells expressing only Ube2SI154A were strongly impaired in their capacity to induce the 
dissociation of spindle checkpoint effectors from the APC/C, as documented by the increased 
binding of BubR1 to the APC/C during synchronization and the persistent interaction of Mad2 
with the APC/C in cells released from the checkpoint arrest (Figure 7C). As a consequence, cells 
expressing Ube2SI154A were delayed in anaphase initiation following a spindle checkpoint-
dependent mitotic arrest (Figure 7D). Even cells that had never been exposed to microtubule 
toxins and had not experienced chronic activation of the spindle checkpoint showed a significant 
delay in the initiation of sister chromatid separation, if the elongation-deficient Ube2SI154A was 
the only source of Ube2S (Figure 7E). We conclude that the capacity of the APC/C to improve 
acceptor ubiquitin recognition by Ube2S is required for the degradation of APC/C-substrates, 
and consequently, for the accurate execution of the cell division program.  
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Discussion 

How E3 ligases assemble polymeric ubiquitin chains despite binding their substrates and 
E2s at invariant surfaces had been poorly understood. Here, we show that the essential E3 
APC/C promotes chain elongation by increasing the affinity of its E2 Ube2S to the distal 
ubiquitin of a growing conjugate. The capacity of the APC/C to hold on to an emerging chain 
requires its co-activator, a conserved surface of Ube2S, and specific residues of the acceptor 
ubiquitin. Impeding this function of the APC/C ablates chain formation in cells and interferes 
with substrate degradation and mitotic regulation. Our findings, therefore, demonstrate that the 
APC/C recognizes its substrates at the degron interface as well as at the distal ubiquitin of the 
growing chain, a capacity that allows this E3 to build polymeric conjugates without altering its 
binding to the substrate or E2 (Figure 7F). 

 

How does the APC/C promote ubiquitin chain elongation? 

In line with the original description of Cdc20 and Cdh1 as “co-activators” (Schwab et al., 
1997; Visintin et al., 1997), we found that the APC/C requires Cdc20 for a specific step in 
ubiquitin chain formation: Cdc20-bound APC/C, but not free APC/C, increased the catalytic 
activity of Ube2S by more than 200 fold. Our in vitro systems did not allow us to investigate a 
role of Cdh1: in contrast to Cdc20, whose binding to the APC/C is stabilized by the spindle 
checkpoint, Cdh1 dissociates from the APC/C more rapidly and is lost to a significant extent 
during the affinity purification of the APC/C. However, as Cdh1 binds to Ube2S (Williamson et 
al., 2009), we anticipate that it serves a similar role as Cdc20 in activating Ube2S. Cdc20 and 
Cdh1 are also required for the recognition of substrate degron motifs known as D- or KEN-boxes 
(Peters, 2006), suggesting that the APC/C coordinates substrate engagement with ubiquitin chain 
elongation. 

Cdc20 and Cdh1 have been reported to interact with ubiquitin (Pashkova et al., 2010), so 
they could be involved in stabilizing an acceptor ubiquitin on the APC/C. However, the proposed 
site for ubiquitin binding on Cdc20 overlaps with residues involved in the recruitment of 
substrates or spindle checkpoint effectors (Chao et al., 2012; Tian et al., 2012), and our 
experiments showed that neither APC/C-substrates nor checkpoint effectors impeded the ability 
of APC/CCdc20 to activate Ube2S. Previous studies had suggested that co-activators alter the 
conformation of the APC/C, which promotes APC/C’s association with certain E2 enzymes 
(Chang et al., 2014; da Fonseca et al., 2011; Van Voorhis and Morgan, 2014). Yet, the APC/C 
stimulates chain elongation whether or not it is bound to checkpoint proteins, even though 
checkpoint-bound and free APC/C adopt strikingly different conformations (Herzog et al., 2009).  

We therefore suggest that Cdc20 initially engages the CTP of Ube2S and delivers the E2 
to the APC/C. After the CTP has been handed over to a core APC/C-subunit (see accompanying 
paper by Schulman and colleagues), Cdc20 might continue to stabilize the interaction between 
the UBC domain of Ube2S and the APC/C. This hypothesis is based on the observation that 
immunodepletion of Cdc20 dissociated Ube2S from the APC/C, and that depletion of Apc2 and 
Cdc20 or mutation of helix D in the UBC domain destabilized the binding of Ube2S to APC/C 
independently of the CTP. We anticipate that delivery by Cdc20 positions the catalytic domain 
of Ube2S in proximity to a ubiquitin-binding site on the core APC/C, which based on our 
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crosslinking studies and experiments by Schulman and colleagues likely includes the RING-
domain of Apc11. In our model, the APC/C has therefore two sites for recognizing its substrates 
(Figure 7F): the first site is formed by Cdc20/Cdh1 and Apc10 and engages the substrates’ 
degron motifs. The second site, described here, associates with the distal acceptor ubiquitin and 
allows the APC/C to track the tip of the emerging chain. By recognizing both substrate and 
growing ubiquitin chain, the APC/C solves the topological problem of assembling conjugates of 
increasing length, despite binding substrate and E2 at invariant positions. 

 

Consequences of tracking the growing ubiquitin chain 

Tethering the distal ubiquitin in proximity to the active site of Ube2S requires that the 
conjugate is able to fold back onto the APC/C (Figure 7F). Previous work had suggested that the 
conformational flexibility of the C-terminal glycine residues of ubiquitin allows such dramatic 
conformational changes to occur (Ye et al., 2012). However, as the chain length grows, the 
sample volume for the distal ubiquitin will also increase and further elongation events will 
become less likely. Tracking the end of a growing chain is thus predicted to limit the length of a 
ubiquitin chain, and indeed, the APC/C shows a strong propensity to assemble conjugates 
containing ~6 ubiquitin molecules in a single substrate-binding event (Meyer and Rape, 2014; 
Wickliffe et al., 2011). 

Intriguingly, the ubiquitin surface recognized by the APC/C overlaps with the 
hydrophobic patch, which includes Ile44 and mediates donor ubiquitin binding by Ube2S and 
many other E2s (Dou et al., 2012; Plechanovova et al., 2012; Saha et al., 2011; Wickliffe et al., 
2011). Hence, a single ubiquitin molecule can either be an acceptor or donor for APC/C-
dependent chain formation, but modification of a thioester-linked ubiquitin to build chains on the 
active site of Ube2S is impossible. Our observations therefore lend support to the hypothesis that 
the APC/C synthesizes ubiquitin chains by a sequential mechanism, as previously suggested for 
the APC/C and other E3s on the basis of kinetic arguments (Pierce et al., 2009; Rape et al., 
2006). 

In recent years several studies have noted yet undetermined roles for ubiquitin 
recognition by chain elongating enzymes. The U-box containing Ufd2, for example, was purified 
based on its capacity to adhere to a ubiquitin matrix (Koegl et al., 1999). Adaptors of cullin-
RING ligases have been found to bind ubiquitin, which might help these enzymes to drive chain 
elongation (Pashkova et al., 2010). Finally, the elongating E2s Ube2K or Ube2N/Uev1A can 
engage ubiquitin using surfaces that are different from their donor ubiquitin-binding motif 
(Eddins et al., 2007; Merkley and Shaw, 2004). Although further studies are required, these 
observations suggest that ubiquitylation enzymes might frequently promote ubiquitin chain 
formation by improving the affinity of their catalytic centers to the distal ubiquitin of a growing 
conjugate. 

 

Implications for cell cycle control 

In addition to providing insight into the mechanism of ubiquitin chain formation, our 
work has implications for cell cycle control. During prometaphase, the spindle checkpoint 
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inhibits substrate recognition by the APC/C, thereby preventing premature entry into anaphase. 
While the inhibitory function of the checkpoint towards the APC/C has been established, recent 
studies suggested that the APC/C can inactivate the checkpoint by promoting the disassembly of 
checkpoint complexes in a ubiquitylation-dependent manner (Reddy et al., 2007; Uzunova et al., 
2012; Varetti et al., 2011). However, alternative roles for the APC/C in either protecting the 
checkpoint or promoting its inactivation independently of ubiquitylation had also been put 
forward (Mansfeld et al., 2011; Nilsson et al., 2008). 

The identification of a Ube2S mutant that disabled a specific catalytic function of the 
APC/C, i.e. improved recognition of the acceptor ubiquitin, allowed us to distinguish between 
the aforementioned models without mutating Cdc20, ubiquitin, or the core APC/C. We found 
that cells expressing Ube2SI154A as the sole source of this E2 were impaired in their capacity to 
support prometaphase APC/C activity and to disassemble spindle checkpoint complexes. 
Consequently, these cells were delayed in their entry into anaphase. Our results therefore 
indicate that ubiquitylation-dependent spindle checkpoint disassembly is an important function 
of the APC/C in cells. 

Intriguingly, it is the checkpoint-inhibited APC/C that is most potent in activating Ube2S, 
most likely because prometaphase APC/C is most stably bound to Cdc20. Thus, the spindle 
checkpoint could play a dual role in regulating the APC/C: by altering the position of Cdc20 on 
the APC/C and by blocking the KEN-box binding motif on Cdc20, it interferes with the 
recognition of canonical APC/C-substrates (Chao et al., 2012; Herzog et al., 2009; Tian et al., 
2012). At the same time, by stabilizing the binding of Cdc20 to the APC/C, it increases the 
capacity of the APC/C to produce ubiquitin chains on Cdc20, the very signal that triggers the 
disassembly of spindle checkpoint complexes (Reddy et al., 2007). The regulation of the APC/C 
by the spindle checkpoint is, therefore, reminiscent to incoherent feedforward regulation, a 
network motif frequently used by cellular checkpoints to monitor the persistence of the initial 
insult that triggered the checkpoint activation.  

Given that the turnover of checkpoint proteins on the APC/C should accelerate once all 
kinetochores have accomplished bipolar spindle attachment, it is likely that APC/C-dependent 
chain formation is regulated beyond what has been discovered in this work. Indeed, whereas 
APC/C purified from mitotic cells required Cdc20 for stable Ube2S-binding, recombinant 
APC/C, i.e. a form that lacks physiological modifications or binding partners, could associate 
with Ube2S in the absence of co-activators (Brown, 2014). Both dedicated checkpoint-silencing 
factors, such as p31comet, or posttranslational modifications of the APC/C, such as 
phosphorylation, might play roles in this regulation. As activation of the spindle checkpoint has 
been an established chemotherapeutic strategy, it will be an exciting avenue for future research 
to test whether ubiquitin chain elongation, and consequently the dynamic interplay between the 
APC/C and the Spindle Assembly Checkpoint, could be modulated by small molecules for the 
more efficient treatment of diseases caused by aberrantly dividing cells.   
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Methods 

Plasmids 

Coding sequences for human Ube2S6xHis, Ube2C6xHis, 6xHisMad2, HisEmi1299-447, 6xHisUb-Nek2A, 
6xHisCdk2, 6xHisubiquitin were cloned into pET28, and untagged ubiquitin was cloned into pET30 
for purification from E. coli.  BubR114-237 was cloned into pGEX, and Ube2S6xHis was also 
cloned into pMAL.  Ub-cyclin AHA-His and Ub-Ub-cyclin AHA-His were cloned as described 
(Meyer and Rape, 2014). Mutations were introduced into these vectors by site-directed 
mutagenesis and digestion of parental DNA with DpnI.  Mutated versions of Ub-Ub-cyclin AHA-

His were constructed by fusion PCR using ubiquitin1-74 and Ub-cyclin A as templates. Human E1 
was cloned into pFastBac for expression in Sf9 cells.  

For expression in human cells or for in vitro transcription/translation (IVT/T), UbK29R/K48R-cyclin 
A, HAUbe2S, HACdc20 6xHisUbiquitin were cloned into pCS2 vectors.  FlagCdc20 was cloned into 
pCDNA5/TO for expression in human cells.  For the generation of stable cell lines, Ube2S was 
cloned into pCDNA3.1, and FlagCdc20 was cloned into pENTR1A and recombined into pLenti-
PGK-Hygro.  Mutations in these vectors were introduced as described above.  

Antibodies 

The following antibodies were from Santa Cruz: Cdc27 (AF3.1 mouse monoclonal), Cdc27 (H-
300, rabbit polyclonal), Cdc20/p55 CDC (E-7, mouse monoclonal), Cdc20/p55 CDC (H-175, 
rabbit polyclonal), Cdc20/p55 CDC (C-19, goat polyclonal), APC7 (H-300, rabbit polyclonal), 
APC6/Cdc16 (H-300, rabbit polyclonal), APC5 (H-300, rabbit polyclonal), APC4 (H-298, rabbit 
polyclonal), APC8 (H-300, rabbit polyclonal), APC10 (FL-185, rabbit polyclonal), Cyclin B 
(GNS1, mouse monoclonal), Cyclin B (H-20, rabbit polyclonal), Geminin (FL-209, rabbit 
polyclonal), Securin/PTTG (H-160, rabbit polyclonal), Securin (DCS-280, mouse monoclonal), 
Normal IgG (mouse monoclonal). The following antibodies were also used: Plk1 (06-813, rabbit 
polyclonal; Millipore), Nek2 (mouse monoclonal; BD Transduction Laboratories) Mad2 (mouse 
monoclonal; BD Biosciences), BubR1 (mouse monoclonal; Abcam), HA (C29F4, rabbit 
monoclonal; Cell Signaling), APC2 (rabbit polyclonal; Cell Signaling), Ube2S (rabbit 
polyclonal; Novus), APC11 (rabbit polyclonal; Novus), UbcH10/Ube2C (rabbit polyclonal; 
Boston Biochem), Flag (F7425, rabbit polyclonal; Sigma), Cdh1 (mouse monoclonal; Sigma), 
and Actin (clone 4, mouse monoclonal; MP Biomedicals).  Ubiquitin (cell culture supernatant 
from clone P4D1) was a gift from Richard Gardener at University of Washington.  K11-linkage 
specific ubiquitin antibody was previously described (Matsumoto et al., 2010) 

siRNAs 

SiRNA oligos were from Dharmacon.  The sequences are as follows: Scrambled control 
(UAGCGACUAAACACAUCAAUU), Ube2S 3’-UTR (GGCACUGGGACCUGGAUUU), 
Cdc20 3’-UTR  (CCAUCACCUCAGUUGUUUU), Cdc20 SMARTpool 
(CGGAAGACCUGCCGUUACA, GGGCCGAACUCCUGGCAAA, 
GAUCAAAGAGGGCAACUAC, CAGAACAGACUGAAAGUAC), Apc2 
(GAGAUGAUCCAGCGUCUGU), APC2 (GAUUAAAGCAAGUCAGAUC),  

APC11 SMARTpool (GGCCAACGAUGAGAACUGU, AAGAUUAAGUGCUGGAACG, 
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UCUGCAGGAUGGCAUUUAA, GUCAAACCCUGAGUCAUGA) 

Protein Purification 

All proteins except E1 were expressed and purified from BL21/DE3 (RIL) cells. Cells were 
grown in LB medium to OD600nm 0.5 before protein production was induced overnight at 0.5 mM 
IPTG (Lab Scientific, Inc.).  6xHisE1, Ube2S6xHis, MBPUbe2S6xHis, Ube2C6xHis, 6xHisubiquitin, 
untagged ubiquitin, Ub-cyclin AHA-6xHis, Ub-Ub-cyclin AHA-6xHis, 6xHisUb-Nek2A272-445, 
6xHisMad2, 6xHisCdk2 and His-Emi1299-447 were purified as previously described (Wickliffe et al., 
2011; Meyer and Rape, 2014; Song et al., 2014).  Ube2S6xHis constructs used in crosslinking 
assays (C118A and C95A/C118A) were purified as previously described (Wickliffe et al., 2011) 
but were dialyzed into buffer containing 50 mM Tris (pH 7.2), 100 mM NaCl.  GSTBubR114-237 
was purified with Glutathione Sepharose 4B (GE Healthcare) in PBS, 2 mM DTT. GST-tagged 
protein was eluted with 20 mM glutathione and dialyzed overnight into PBS.  Ubiquitin was 
purchased from UBP Bio. 

Large-scale Purification of K11-linked Ubiquitin Dimers 

K11-linked ubiquitin dimers were formed by incubating 20 uM Ube2S UBC domain, 2 uM E1, 
0.75-1 mM untagged ubiquitin (WT or A46E), 0.75-1 mM HisubiquitinΔ

GG (WT or A46E), 4 mM 
ATP, 30 mM creatine phosphate, 25 ug/ml creatine phosphokinase, 50 mM Tris (pH 7.5), 10 
mM MgCl2, and 0.6 mM DTT at 37°C overnight. These reactions produced two ubiquitin dimer 
species: untagged ubiquitin homodimers and ubiquitin heterodimers composed of one untagged 
ubiquitin moiety and one HisubiquitinΔ

GG moiety. Reactions were stopped by addition of 50 mM 
DTT and diluted ~25-fold with 50 mM ammonium acetate (pH 6.1). To separate the different 
species of ubiquitin dimers, reactions were loaded onto a HiTrap SP HP cation exchange column 
(GE Lifescience) equilibrated in 50 mM ammonium acetate (pH 6.1) and eluted with 1 M NaCl. 
Fractions containing ubiquitin heterodimers dimers (ubi- HisubiΔGG) were pooled, concentrated, 
and further purified by size-exclusion chromatography (S75 column, GE Lifescience) in PBS.  

APC purification and Crosslinking 

Human APC/C was purified from extracts of synchronized HeLa S3 cells (Rape et al., 2006; 
Williamson et al., 2009) using Protein G agarose resin (Roche) and αCdc27 monoclonal 
antibodies in the presence of 500 mM NaCl and 0.1% Tween to remove endogenous Ube2S 
(Wickliffe et al., 2011). For control reactions, extracts were incubated with Protein G beads and 
Mouse IgG (Santa Cruz). Beads were washed and divided between reactions (1 ml of 
concentrated extract was used for 12 reactions). As alternatives to nocodazole (Sigma), 5 µM S-
Trityl-L-cysteine (STLC, Sigma) or 100 nM Taxol (Sigma) were used to synchronize cells in 
prometaphase after release from thymidine (Sigma). 

Immunopurified APC/C was incubated with 2 µM Ube2SC118A or Ube2SC95A/C118A and 10 µM 
BMB crosslinker (1,4-Bismaleimidobutane, Pierce) for 30 min at 22°C, 1200 rpm.  Bound 
proteins were eluted with SDS sample buffer, separated by SDS-PAGE, and analyzed by 
Western blotting.  Recombinant Ub-CycAHA-His (4 µM) or HisEmi1299-447 (20 µM) was added to 
reactions when indicated.  Various concentrations of NaCl were included in the buffer used 
during the crosslinking reaction when indicated. 
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To deplete specific APC/C subunits, HeLa cells were transfected with 10-25 nM siRNA with 
Lipofectamine RNAiMAX, followed by synchronization with thymidine/nocodazole, 
thymidine/STLC (5 µM), or thymidine/taxol (100 nM). 

Ubiquitin Dimer Formation 

Ubiquitin dimers were formed by incubating 100 uM ubiquitin, 1-5 uM Ube2S, and 200 nM E1 
with 3 mM ATP and 22.5 mM creatine phosphate in 25 mM Tris/HCl (pH 7.5), 50 mM NaCl, 10 
mM MgCl2 at 30°C for the indicated times. In experiments mixing donor and acceptor ubiquitin 
species, each was used at 50 uM. Reactions were stopped by the addition of SDS sample buffer, 
separated by SDS-PAGE, and analyzed by Coomassie staining or Western blot.  
Immunoprecipiated APC/C, control IgG beads, recombinant 6xHisMad2 or GSTBubR114-237 were 
added when indicated. 

Ube2S Kinetics Assays 

Time courses of Ubi2 formation were performed as described with 200 nM E1, 5 µM Ube2S, 75 
µM ubiquitinK11R and various concentrations of ubiquitinΔGG (Wickliffe et al., 2011). For Ube2S 
kinetics with APC/C, APC/C was immunoprecipitated from extracts of HeLa S3 cells 
synchronized at different cell cycle stages (mitotic, G1-3h, and S) as described above 
(Williamson et al., 2009). APC/CΔCdc20 was purified from mitotic extract with two rounds 
αCdc20 antibody depletion as described (Song et al., 2014).  Ubi2 formation was detected by 
colloidal Coomassie, quantified by ImageJ and compared to a standard curve of purified Ubi2. 
Initial velocity and kinetic constants were calculated with GraphPad Prism and Michaelis-
Menten equations. 

Single Discharge Assays 

For charging reactions, Ube2S (6 uM) was incubated with K11R (50 uM) for 15 min at RT in the 
presence of 200 nM E1 and 3 mM ATP. Reactions were stopped by a 10 min incubation with 35 
U/ml apyrase (Sigma) followed by addition of 65 mM EDTA for 10 min. Discharge of 
Ube2S~ubi was initiated by the addition of 120 uM acceptor ubiquitinΔ

GG. Reactions proceeded 
at 30°C and were stopped at indicated time points with SDS sample buffer. Discharge of 
ubiquitin from the E2 active site to the acceptor ubiquitin was monitored by the formation of 
ubiquitin dimers using a K11 linkage-specific ubiquitin antibody (Matsumoto 2010).  

APC/C Substrate Ubiquitylation Assays 

To track the addition of a single ubiquitin molecule to APC/C substrates 500 nM recombinant 
Ub-cyclin AHA-6xHis or Ub-Ub-cyclin AHA-6x His were mixed with 25 uM ubiquitin (K11R), 5 uM 
Ube2S, and 200 nM E1 with 3 mM ATP and 22.5 mM creatine phosphate in 25 mM Tris/HCl 
(pH 7.5), 50 mM NaCl, 10 mM MgCl2 at 30°C for the indicated times. Reactions were stopped 
by the addition of SDS sample buffer, separated by SDS-PAGE, and analyzed by αHA Western 
blot.  

To monitor modification of APC/C substrates, recombinant HisUb-Nek2A272-445 (3 µM) or Ub-
UbK11R-cycAHA-His (100 nM) was incubated with 1 µM E1, 1 µM Ube2S, 100 µM ubiquitin, 10 
mM DTT in the same buffer condition described above with APC/C purified from mitotic HeLa 
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S3 extract with endogenous Ube2S washed off. Reactions were performed at 25°C for 30 min, 
resolved by SDS-PAGE and detected by Western blot with substrate-specific antibodies. 

Alternatively, S35-labeled UbK29/K48R-CycA was synthesized by IVT/T for 2hr at 30°C. K29 and 
K48 were mutated in the fused ubiquitin to inhibit the ubiquitylation of the substrate by the UFD 
pathway in the reticulocyte lysate. To purify the radiolabeled substrate from the reticulocyte 
lysate, IVT/T reactions were incubated with HisCdk2 on NiNTA resin as described previously 
(Wickliffe et al., 2011). Cdk2/CycA complexes were eluted from beads with imidazole (Acros), 
concentrated, and added to reactions containing 5 uM Ube2S, 100 uM ubiquitin, 200 nM E1, and 
100 nM Ube2C. Reactions were conducted at 30°C (reactions containing only Ube2S) or 25°C 
(reactions containing Ube2C and Ube2S) and stopped with SDS sample buffer. Products were 
visualized by SDS-PAGE and autoradiography. 

Analysis of APC/C, Cdc20, Ube2S Interactions 

HeLa or 293T cells were grown either without synchronization or were synchronized in mitosis 
by thymidine/nocodazole treatment previously described (Williamson et al., 2009).  When 
indicated, after 12 hour nocodazole treatment, cells were incubated with 20 µM MG-132 (UBP 
Bio) for 2 hours.  Cells were lysed in 50 mM HEPES (pH 7.5), 1.5 mM MgCl2, 5m M KCl by 
freeze/thaw in liquid nitrogen and multiple passages through a 25G5/8 needle.  Cell debris was 
pelleted by centrifugation, and the remaining lysates were normalized to their absorption at 280 
nm.  Lysates were incubated with mouse IgG or αCdc27 antibody coupled to protein G agarose 
in a buffer containing 150 mM NaCl and 0.05% Tween for 4h at 4°C.  Beads were washed and 
eluted in SDS buffer.  Samples were analyzed by Western blotting using specific antibodies.  In 
experiments with transient overexpression, HeLa cells were transfected with Lipofectamine 2000 
(Invitrogen) according to manufacturer’s protocol, or 293T cells were transfected using calcium 
phosphate.  For Flag pulldowns, lysates were incubated with Flag-M2-affinity resin (Sigma) for 
4h at 4°C.   

Binding of Cdc20 to Ube2S was assessed using an in vitro binding assay.  After calcium 
phosphate transfection, 293T cells over-expressing FlagCdc20 were harvested and lysed. 
FlagCdc20 was purified using Flag M2 affinity resin and eluted with Flag peptide (500 µg/ml in 
PBS with 0.1% Triton) in three 15 min incubations at 30°C, 800rpm.  Eluted protein was then 
incubated with MBPUbe2S coupled to amylose resin (New England Biolabs, Thermo Fisher) for 4 
hours at 4°C.   After washing, bound proteins were eluted with SDS sample buffer, separated by 
SDS-PAGE, and analyzed by Western blotting and Coomassie staining.   

For mass spectrometry experiments, 293T cells were transfected with FlagCdc20 or 
FlagCdc20D464R.  Forty-eight hours after transfection, cell lysates were prepared as described 
above.  After Flag pulldown in lysis buffer containing 150 mM NaCl and 0.1% Triton, Flag-
tagged protein complexes were eluted with Flag peptide (500 µg/ml in PBS with 0.1% Triton) in 
three 15 min incubations at 30°C, 800rpm.  After overnight precipitation with 20% 
Trichloroacetic acid (TCA, Fisher), proteins were resolubilized and denatured in  8M Urea 
(Fisher), 100mM Tris (pH 8.5), followed by reduction with 5 mM TCEP (Sigma), alkylation 
with 10 mM iodoacetamide (Sigma), and overnight digestion with trypsin (0.5 mg/ml, Fisher).  
Samples were analyzed by the Vincent J. Coates Proteomics/Mass Spectrometry Laboratory at 
UC Berkeley. 
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Degradation Assays 

For in vitro degradation assays, cleared mitotic extract from HeLa S3 cells or from HeLa cells 
transfected with HACdc20 or HACdc20D464R was incubated with 50 µM ubiquitin, p31comet, 9 µM 
wt Ube2C or Ube2CC114S, 1 mM ATP, 8 mM creatine phosphate, 100 µM EGTA and 1 mM 
MgCl2 at room temperature for indicated time points. Reactions were stopped in SDS-buffer and 
analyzed by Western blot.  When indicated, recombinant HisMad2 (5 µM) or GSTBubR11-433(3 
µM) was included in the reactions. 

For in vivo degradation assays, HeLa cells overexpressing HACdc20 or HACdc20D464R were 
synchronized in prometaphase.  Cells were released in to fresh media with cycloheximide (400 
µg/ml, Sigma) and harvested at indicated time points.  Protein levels were determined by 
Western blot. 

Generation of Stable Cell Lines 

Ube2S stable cell lines were generated a described previously (Wickliffe et al., 2011). Briefly, 
HeLa cells were transfected with Ube2S in pcDNA3.1 and selected with hygromycin 
(Invitrogen). Individual, hygromycin-resistant clones were selected by cloning discs and tested 
for Ube2S expression by Western blot. 
FlagCdc20 stable cell lines were generated using a lentiviral system as previously described (Song 
et al., 2014).  Briefly, Flag-tagged Cdc20 and Cdc20D464R were cloned into pENTR1A and 
recombined into pLenti-PGK-Hygro by LR recombination to generate lentiviral expression 
constructs.  Lentiviruses were produced in 293T cells by cotransfection of lentiviral constructs 
with packaging plasmids (Addgene) for 48–72 hr. Transduction was carried out by infecting 
∼50% confluent HeLa cells with lentiviruses in the presence of 6 µg/ml Polybrene (Sigma).  
Individual, hygromycin-resistant clones were selected by cloning discs and tested for FlagCdc20 
expression by Western blot. 

Analysis of Cell Cycle Progression in Ube2S Stable Cell Lines 

The cycloheximide chase experiment was performed as described (Meyer and Rape, 2014).  
APC/C substrate degradation, K11-ubiquitin chain formation were determined in Ube2S stable 
cell lines after siRNA knockdown of endogenous Ube2S with 50 nM siRNA against 3’-UTR of 
Ube2S, followed by thymidine/nocodazole synchronization.  Prometaphase cells were released 
from nocodazole-induced arrest into drug-free media.  At the indicated times, cells were 
harvested, extract was prepared and normalized as described above.  Samples were analyzed by 
Western blotting with specific antibodies.  For K11 Western blots, samples were lysed directly in 
SDS-sample buffer.  To assess dissociation of Mitotic Checkpoint Complex (MCC) from APC/C 
in these cells, after siRNA treatment, synchronization and release, αCdc27 immunoprecipitation 
was performed in the presence of 150 mM NaCl and 0.05% Triton, and the dissociation of MCC 
complex was detected by specific antibodies against Mad2, BubR1 and Cdc20. 

Live cell imaging of Ube2S stable cell lines was performed by lentivirally introducing an H2B-
mCherry reporter. Twenty-four hours post transduction, cells were treated with 50 nM siRNA 
against 3’-UTR of Ube2S to deplete the endogenous Ube2S for 24 hours before filming. Cell 
cycle progression was monitored as described (Song et al., 2014). Mitotic events were 
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determined by chromosome morphology. Cumulative percentages of mitotic cells were 
calculated and plotted using Prism GraphPad.  
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Figure Legends 

Figure 1. The active site of Ube2S is in proximity to Apc2, Apc11, and Cdc20. A. Ube2S 
forms 1,4-bismaleimidobutane (BMB)-dependent crosslinks with Cdc20, Apc2 and Apc11, as 
detected by Western. Green asterisks indicate Ube2S-specific crosslinked species; the black 
asterisk denotes a gel impurity in the Apc11 Western. B. Emi1 blocks Ube2S-specific crosslinks 
with mitotic APC/C, as determined by Western. Green asterisks indicate Ube2S-specific 
crosslinks; the black asterisk shows a crosslink between Emi1299-447 and Cdc20. C. The C-
terminus of Ube2S is required for its crosslinks with APC/C subunits. Ube2S or Ube2SΔCTP were 
used for crosslinking experiments; reactions were analyzed as described. D. Depletion of Cdc20 
from prometaphase HeLa cells prior to APC/C purification removes Cdc20-specific crosslinks of 
Ube2S but has no consequences on crosslinks with Apc2 or Apc11. Green asterisks indicate 
Ube2S-specific crosslinks. E. Apc2 is required for Ube2S-specific crosslinks with Apc2 and 
Apc11, but not for Ube2S-Cdc20 crosslinks. Apc2 was depleted from HeLa cells by siRNA prior 
to APC/C purification. Green asterisks indicate Ube2S-specific crosslinks. F. Schematic 
overview of the APC/C, depicting in green the APC/C-subunits that engaged in BMB-dependent 
crosslinks with Ube2S. See also Figure S1. 

 

Figure 2. Cdc20 stabilizes Ube2S binding to the APC/C. A. FlagCdc20 bound to immobilized 
MBPUbe2S in vitro, as detected by Western. B. Interaction networks of FlagCdc20 or 
FlagCdc20D464R, as determined by CompPASS mass spectrometry. C. Cdc20 directly binds Ube2S 
in cells. FLAGCdc20 mutants were purified from prometaphase HeLa cells, and interactors were 
detected by Western. ∆CB: deletion of C-box; ∆IR: loss of C-terminal IR-residues of Cdc20. D. 
Cdc20 and Apc2 are required for the association of Ube2S with prometaphase APC/C, as 
detected by immunoprecipitation and Western. E. APC/C was purified from prometaphase HeLa 
cells stably expressing siRNA-resistant FlagCdc20 or FlagCdc20D464R and depleted of endogenous 
Cdc20, and bound proteins were detected by Western. F. Cdc20 was immunodepleted from 
prometaphase HeLa extracts or siRNA-depleted from prometaphase HeLa cells. APC/C was 
immunopurified, and bound proteins were detected by Western. G. Cdc20 targets Ube2S to the 
APC/C. APC/C was purified from 293T cells expressing HACdc20 or HACdc20D464R, and bound 
proteins were determined by Western. See also Figure S2, Table S1. 

 

Figure 3. Cdc20 is required for the activation of Ube2S by the APC/C. A. Di-ubiquitin 
formation by Ube2S is increased by mitotic APC/C. Reaction products were visualized by 
Coomassie or Western. B. APC/C promotes discharge of ubiquitin from Ube2S, as seen in single 
turnover assays. Discharge of ubiK11R (red) from Ube2S was initiated with ubiΔGG (orange) in the 
presence or absence of APC/C. K11-linked di-ubiquitin was visualized by Western. C. Ub-
Nek2A was incubated with Ube2S and prometaphase APC/C, and substrate ubiquitylation was 
visualized by aNek2 Western. D. APC/C was purified from prometaphase HeLa cells depleted of 
Cdc20, and di-ubiquitin formation was visualized by Coomassie. E. APC/C was purified from 
mitotic HeLa S3 extract immunodepleted of Cdc20, and di-ubiquitin formation was visualized by 
Coomassie. F. Ubiquitylation of Ub-Nek2A was performed using APC/C purified from control 
or Cdc20-depleted mitotic extracts. G. APC/C was purified from HeLa cells at the indicated 
times after release from a prometaphase arrest, and its effects on di-ubiquitin formation by 
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Ube2S were monitored by Coomassie. H. Mitotic APC/C activates Ube2S in the presence of the 
mitotic checkpoint complex. Ube2S was incubated with APC/C and increasing concentrations of 
Mad2, BubR1, or Mad2/BubR1 complexes. Ubiquitin dimers were visualized by Coomassie. See 
also Figure S3. 

 

Figure 4. Cdc20-bound APC/C promotes acceptor ubiquitin recognition by Ube2S. A. Rates 
of di-ubiquitin formation by Ube2S at different concentrations of ubiΔGG were determined in the 
presence or absence of prometaphase APC/C; where indicated Cdc20 had been immunodepleted 
prior to APC/C-purification. Apparent kinetic constants were obtained by fitting initial rate 
constants to a Michaelis-Menten equation. B. Di-ubiquitin formation at different concentrations 
of ubiΔGG was monitored with APC/C purified from extracts of HeLa S3 at different cell cycle 
stages (prometaphase, late mitosis/early G1, and S). C. Outline of a biochemical screen to 
identify ubiquitin residues specifically required for APC/C-dependent chain elongation by 
Ube2S. D. Ala46 of ubiquitin is not required for di-ubiquitin formation by Ube2S in the absence 
of the APC/C. Reaction products were visualized with Coomassie. E. Ala46 of ubiquitin is 
required for ubiquitin chain elongation on 35S-labeled Ub-cyclin A by Ube2S and the APC/C, as 
detected by autoradiography. F. Ala46 of ubiquitin is required for increased di-ubiquitin 
formation by Ube2S in the presence of the APC/C, as visualized by Coomassie. G. Upper panel: 
APC/C-independent formation of K11-linked di-ubiquitin by Ube2S in a single discharge 
experiment. Lower panel: Formation of di-ubiquitin by the APC/C and Ube2S in a single 
discharge experiment, as detected by Western using a K11-specific antibody. H. Ala46 of 
ubiquitin is required for APC/C-substrate ubiquitylation in mitotic cells, as seen by denaturing 
purification of ubiquitin conjugates from prometaphase HeLa cells. The loss of 
monoubiquitylated geminin in cells expressing ubiA46E is due to high activity of deubiquitylases 
(Meyer and Rape, 2014). I. Ala46 is required on acceptor (ubiΔGG, orange), but not donor 
ubiquitin (ubiK11R, red), as visualized by Coomassie. See also Figure S4, Table S1. 

 

Figure 5. APC/CCdc20 tracks the distal ubiquitin of a growing chain. A. Modification of Ub-
cyclin A (wt-ubiquitin or ubiA46E fused to cyclin AHA-His) with ubiK11R by Ube2S and APC/ was 
detected by Western. B. Modification of UbK11R-Ub-cyclin AHA with ubiK11R by Ube2S and 
APC/C was detected by Western. C. Ub-UbK11R-cyclin AHA was incubated with Ube2S, E1, 
ubiquitinK11R, and ATP in the presence of APC/C. Reaction products were analyzed by Western. 
D. Ub-UbK11R-cyclin AHA was incubated with APC/C, Ube2S, E1, ATP, and either wt-ubiquitin 
or ubiA46E to first generate Ub-Ub-UbK11R-cyclin A or UbA46E-Ub-UbK11R-cyclin A. Mutation of 
Ala46 strongly impedes the next step, i.e. formation of the forth linkage (or any linkage beyond). 
Reaction products were detected by Western. See also Figure S5. 

 

Figure 6. Helix D of Ube2S is required for activation by Cdc20-bound APC/C. A. Outline of 
a biochemical screen to identify Ube2S residues required for APC/C-dependent chain elongation, 
but not for the core catalytic activity of Ube2S. B. Upper panel: 35S-labeled Ub-cyclin A was 
incubated with Ube2S mutants, ubiquitin, E1, and APC/C. Reaction products were analyzed by 
autoradiography. Lower panel: the same Ube2S-mutants were tested for APC/C-independent 
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formation of K11-linked di-ubiquitin, as detected by Coomassie. C. 35S-Ub-cyclin A was 
incubated with Ube2S mutants, ubiquitin, E1, and the APC/C. Reaction products were analyzed 
by autoradiography. D. Upper panel: 35S-labeled Ub-cyclin A was incubated with Ube2S (wt or 
I154A), ubiquitin, E1, and the APC/C. Reactions were analyzed by autoradiography.  Lower 
panel: Ube2S was incubated with ubiquitin, E1, and ATP. Di-ubiquitin formation was analyzed 
by Coomassie. E. Di-ubiquitin formation by Ube2S (wt or I154A) was monitored in the presence 
or absence of the APC/C by Coomassie. F. Helix D of Ube2S is required for APC/C-dependent 
activation, as seen in single discharge experiments. Formation of ubiquitin dimers was monitored 
by Western using a K11-linkage specific antibody. G. HeLa cells stably expressing either wt-
Ube2S or Ube2SI154A were transfected with siRNAs against endogenous Ube2S, as well as the 
indicated siRNAs against APC/C subunits. Prometaphase APC/C was immunoprecipiated and 
co-purifying proteins were detected by Western. H. Initial rates of ubiquitin dimer formation at 
different concentrations of acceptor ubiΔGG were determined for wt-Ube2S or Ube2SI154A with or 
without of mitotic APC/C and fitted to a Michaelis-Menten equation. See also Figure S6, Table 
S1. 

 

Figure 7. Improved acceptor ubiquitin recognition is a critical function of the APC/C. A. 
HeLa cell lines stably expressing either wt-Ube2S or Ube2SI154A were treated with control 
siRNA or siRNA targeting the 3′ UTR of Ube2S. Cells were released from prometaphase arrest, 
and formation of K11-linked ubiquitin chains was detected by Western. B. Parental HeLa cells or 
stable cell lines expressing wt-Ube2S or Ube2SI154A were transfected with Ube2S siRNA, 
synchronized in prometaphase, and treated with cycloheximide. Protein abundance was analyzed 
by Western. C. Wt-Ube2S or Ube2SI154A stable cell lines were transfected with Ube2S siRNA, 
and released from a prometaphase arrest. APC/C was immunoprecipitated from cells at indicated 
time points after the release, and APC/C-bound mitotic checkpoint components (Cdc20, BubR1, 
Mad2) were analyzed by Western. D. HeLa stable cell lines expressing either wt-Ube2S or 
Ube2SI154A were treated with siRNA against the 3’-UTR of the Ube2S mRNA to deplete 
endogenous Ube2S. Prometaphase cells were released into drug-free media and lysates were 
analyzed by Western. E. Hygromycin-resistant HeLa cells and wt-Ube2S or Ube2SI154A stable 
cell lines were infected with lentiviruses that express H2B-mCherry, transfected with siRNAs, 
and monitored by live-cell imaging. The time from nuclear envelope breakdown to initiation of 
sister chromatid separation was determined for 50~100 cells per condition. The cumulative 
percentage of cells that have reached anaphase is shown. F. Model of APC/C-dependent 
ubiquitin chain elongation. Growing ubiquitin chains on substrates loop out to position the distal 
acceptor ubiquitin near the catalytic site of Ube2S. The RING-domain of Apc11 is a candidate 
core subunit that forms part of the acceptor ubiquitin binding site. 

 

Supplementary Figure 1. The active site of Ube2S is in proximity to Apc2, Apc11, and 
Cdc20 (related to Figure 1). A. APC/C was affinity-purified from prometaphase HeLa cells that 
were either synchronized with STLC or with taxol and subjected to crosslinking experiments 
with Ube2SC118A (has Cys95 in its active site as the only cysteine residue) and BMB. APC/C 
obtained from HeLa cells synchronized in this manner exhibited the same Ube2S-specific 
crosslinks that were also present with nocodazole-synchronized APC/C, as detected by Western 
blot with APC/C subunit- specific antibodies. B. Ube2S-specific crosslinks with APC/C subunits 
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are sensitive to increasing salt concentrations in the reaction buffer, as determined by Western 
blot. C. APC/C- and Ube2S-substrates do not affect Ube2S crosslinks with APC/C. An excess of 
recombinant Ub-cyclin A (a substrate that can be ubiquitylated by Ube2S without need for prior 
chain initiation) was added to crosslinking reactions, and Ube2S-specific crosslinks to APC/C 
subunits were monitored by Western blots with specific antibodies. D. Depletion of Apc11 
eliminated Ube2S-specific crosslinks with Apc11, reduced crosslinks with Apc2, but had no 
effect on Ube2S-Cdc20 crosslinks, as analyzed by Western blot. Apc11 was depleted from HeLa 
cells by siRNA prior to APC/C purification and crosslinking reactions.  

Supplementary Figure 2. Mutant Cdc20D464R does not interact with the APC/C (related to 
Figure 2). A. Schematic of Cdc20’s WD40 domain (adapted from (Tian et al., 2012)). Asp464 is 
indicated in yellow; BubR1 peptide in red indicates a BubR1-Cdc20 interaction interface. B. 
HACdc20D464R is stable in activated prometaphase extract. Extract was made from HeLa cells 
overexpressing HACdc20 and HACdc20D464R, and APC/C was activated by addition of Ube2C and 
p31comet. Protein levels were determined by Western blot. C. HACdc20D464R is stable in cells 
released from prometaphase arrest. After synchronization in prometaphase, HeLa cells 
overexpressing ACdc20 and HACdc20D464R were released, and protein levels after release were 
monitored by Western blot.  

Supplementary Figure 3. The APC/C activates ubiquitin dimer formation by Ube2S 
(related to Figure 3). A. Emi1 inhibits the activation of Ube2S by the APC/C. Ube2S was 
incubated with ubiquitin, E1, ATP, and APC/C in the presence of increasing concentration of 
recombinant Emi1299-447. Reaction products were visualized by Coomassie staining. B. Emi1 
specifically inhibits the APC/C-dependent activity of Ube2S. Emi1 and Ube2S share an identical 
C-terminus. Emi1 C-terminal truncations (2µM) were incubated with Ube2S, ubiquitin, ATP, 
and APC/C. Ubiquitin dimers were visualized by Coomassie staining. C. The C-terminus of 
Ube2S is required for APC/C- dependent activation. Ube2S (full length or UBC domain1-156) was 
incubated with ubiquitin, E1, and ATP in the presence or absence of APC/C. Ubiquitin dimers 
were visualized by Coomassie staining. D. Spindle checkpoint proteins inhibit APC/C- substrate 
degradation. Recombinant Mad2 and BubR1 were added either alone or together to 
prometaphase HeLa S3 extract. APC/C in extracts was then activated by addition of Ube2C and 
the remaining levels of cyclin B1, an endogenous APC/C- substrate, were monitored by Western 
blotting.  

Supplementary Figure 4. A specific surface on the acceptor ubiquitin is required for 
APC/C-dependent chain elongation (related to Figure 4). A. Mutation of Ala46 of ubiquitin 
interferes with ubiquitin chain formation by the APC/C and Ube2S. The indicated ubiquitin 
mutants were incubated with 35S-labeled and purified Ub-cyclin A, Ube2S, E1, APC/C, and ATP 
for 30 min at 30°C. Reaction products were separated by SDS-PAGE and analyzed by 
autoradiography. B. Ala46 of ubiquitin is required for APC/C-substrate modification by the 
combination of initiating and elongating E2s, Ube2C and Ube2S. Ubiquitin (wt or A46E) was 
incubated with 35S-labeled cyclin A, Ube2S, Ube2C, E1, APC/C, and ATP for 20 min at 25°C. 
Reaction products were separated by SDS-PAGE and analyzed by autoradiography. C. Ala46 is 
not required for charging of Ube2S by E1. Ube2S was incubated with E1, wt-ubiquitin or 
ubiquitinA46E, and ATP at 25°C. Reactions were stopped in sample loading buffer without 
reducing agents, and the Ube2S~ubi thioester linkage was detected by αUbe2S Western. D. 
Ala46 is not required for activity with Ube2C. Recombinant Ub-cyclin A was incubated with 
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2µM Ube2C, ubiquitin, E1, APC/C and ATP at 30°C. Ubiquitylated cyclin A was detected by 
Western. E. Ala46 is needed on the acceptor ubiquitin in the context of a K11 dimer. K11-linked 
ubiquitin heterodimers (ubi-ubiΔGG) were synthesized with an A46E mutation introduced into the 
proximal (ΔGG) or distal (acceptor with K11) ubiquitin moiety. The dimers were mixed with 
ubiquitinK11R (donor only), Ube2S, E1, and ATP in the absence (upper panel) or presence (lower 
panel) of APC/C at 30°C. K11 trimers were detected by Western using a K11-specific ubiquitin 
antibody. F. Ala46 on the acceptor ubiquitin is required for APC/C-dependent stimulation of 
Ube2S activity. The rates of ubiquitin dimer formation at different concentrations of ubiquitinΔGG 

or ubiquitinA46E/ΔGG were determined with or without of mitotic APC/C and fitted to a Michaelis-
Menten equation. The low efficiency of ubiquitin dimer formation with A46E- mutants 
interfered with a reliable determination of KM or vmax. G. Residues surrounding Ala46 are 
required on the acceptor ubiquitin for APC/C-dependent activation. Ubiquitin mutations were 
introduced selectively into donor or acceptor ubiquitin species. Ube2S was incubated with 
ubiquitinΔGG (acceptor only), ubiquitinK11R (donor only), E1, and ATP in the presence or absence 
of APC/C beads for 60 min. Reaction products were visualized by Coomassie staining.  

Supplementary Figure 5. Ala46 is not required on the donor ubiquitin (related to Figure 5). 
Recombinant Ub-cyclin AHA was incubated with ubiquitinK11R or ubiquitinK11R/A46E, which can 
only act as a donor ubiquitin. Ube2S, E1, and ATP were added and reactions were performed at 
30°C. Reaction products were visualized by αHA Western.  

Supplementary Figure 6. Helix D in the UBC domain of Ube2S is required for APC/C-
dependent ubiquitin chain elongation (related to Figure 6). A. APC/C- dependent activation 
of Ube2S requires helix D residues. The indicated Ube2S helix D mutants were incubated with 
ubiquitin, E1, and ATP in the presence or absence of APC/C for 60 min. Ubiquitin dimers were 
visualized by Coomassie staining. B. Helix D of Ube2S is required for ubiquitin chain elongation 
by Ube2S and the APC/C. K11-linked ubiquitin heterodimers (ubi-ubiΔGG) were incubated with 
Ube2S (wt or I154A), ubiquitinK11R, E1, and ATP in the presence or absence of APC/C. 
Ubiquitin trimers were detected by K11 Western. C. Ube2S helix D is required for ubiquitylation 
of an APC/C substrate in the presence of both initiating and elongating E2s. 35S-cyclin A was 
incubated with Ube2C, Ube2S mutants, ubiquitin, APC/C, E1, and ATP at 25°C for 20 min. 
Reactions were analyzed by autoradiography. D. Ube2S helix D is not required for charging by 
E1. Ube2S mutants were incubated with ubiquitin, E1, and ATP at 25°C. Reactions were stopped 
by the addition of SDS sample buffer without reducing agent to preserve the Ube2S~ubi 
thioester. Where indicated, β-mercaptoethanol was added to the sample buffer to reduce thioester 
linkages. Products were detected by αUbe2S Western (Ube2S~Ub: thioester linked ubiquitin; 
Ube2S-Ub: isopeptide-linked ubiquitin). E. Ube2S helix D is not required for binding to APC/C 
subunits. Apc8 or Cdh1 were synthesized by IVT/T and incubated with MBPUbe2S coupled to 
amylose resin. MBP was used as a control. After extensive washing, binding reactions were 
analyzed by SDS- PAGE and Coomassie staining (for inputs; lower panel) or autoradiography 
(for binding; upper panel). F. Mutations in helix D do not affect Ube2S-specific crosslinks with 
APC/C subunits. Ube2S was incubated with BMB crosslinker and APC/C immunopurified from 
HeLa S3 cells or IgG control beads. Ube2S-dependent crosslinks were detected by Western blot 
with APC/C subunit specific antibodies. Asterisks indicate Ube2S-specific crosslinked species. 
G. Ile154 in helix D of Ube2S is conserved among all species known to contain Ube2S.  

Supplementary Table 1: Biochemical screens to isolate Cdc20, Ube2S, and ubiquitin 
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mutants (related to Figures 2, 4, 6). The mutants listed in this table were purified as 
recombinant proteins or expressed in cells and tested for their ability to support APC/C-
dependent di-ubiquitin or ubiquitin chain formation (Ube2S, ubiquitin) or Ube2S- and APC/C-
binding (Cdc20).  
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Table S1 
 
Note: these represent all mutants tested in the course of this study; variants that matched our 
screening criteria were analyzed further, as indicated in the text. 
	  
Ubiquitin mutants Ube2S mutants Cdc20 mutants 
ubiquitin-K0 (all K mutated to R) Ube2S aa 1-196 Cdc20-D177A 
ubiquitin-Q2A Ube2S UBC domain (1-156) Cdc20-D177R 
ubiquitin-F4A Ube2S aa 1-156 K100A Cdc20-D203A 
ubiquitin-K6A Ube2S-D29K Cdc20-D203R 
ubiquitin-K6C Ube2S-G30K Cdc20-Q221A 
ubiquitin-K6E Ube2S-E51A Cdc20-Q221R 
ubiquitin-K6R Ube2S-E51K Cdc20-E223A 
ubiquitin-L8A Ube2S-D69A Cdc20-E223R 
ubiquitin-T9A Ube2S-K76A Cdc20-I384S 
ubiquitin-T9E Ube2S-K76E Cdc20-Q301S 
ubiquitin-T9K Ube2S-Y78A Cdc20-T443A 
ubiquitin-K11A Ube2S-K82A Cdc20-T443R 
ubiquitin-K11R Ube2S-F84A Cdc20-D464A 
ubiquitin-T12A Ube2S-N87A Cdc20-D464R 
ubiquitin-T12E Ube2S-N91A Cdc20-D465A 
ubiquitin-T12I Ube2S-N91E Cdc20-D465R 
ubiquitin-T12G Ube2S-N91K Cdc20-W470N 
ubiquitin-T14A Ube2S-E93A Cdc20-F93S/I384S 
ubiquitin-T14E Ube2S-E93K Cdc20-F93S/D330S 
ubiquitin-E16K Ube2S-C95A Cdc20-F93S/Q401S 
ubiquitin-N25A Ube2S-C95S Cdc20-F93S/W470N 
ubiquitin-D32K Ube2S-N97A Cdc20-D330S/I384S 
ubiquitin-K33A Ube2S-K100E Cdc20-D330S/Q401S 
ubiquitin-K33E Ube2S-R101A Cdc20-I384S/Q401S 
ubiquitin-E34A Ube2S-D102A Cdc20-I384S/W470N 
ubiquitin-E34D Ube2S-C118A Cdc20-Q401S/W470N 
ubiquitin-E34Q Ube2S-C118S Cdc20-D464R/R174A 
ubiquitin-E34K Ube2S-C118V Cdc20-D464R/L176A 
ubiquitin-D39A Ube2S-L114E Cdc20-D464R/D184A 
ubiquitin-I44A Ube2S-I121A Cdc20-D464R/Y185A 
ubiquitin-F45A Ube2S-H122A Cdc20-D464R/Y186A 
ubiquitin-A46E Ube2S-E126A Cdc20-D464R/L202A 
ubiquitin-K48E Ube2S-S127A Cdc20-D464R/Y207A 
ubiquitin-E51A Ube2S-S127D Cdc20-D464R/E223R 
ubiquitin-E51Q Ube2S-L129A Cdc20-D464R/I235S 
ubiquitin-Y59A Ube2S-L129E Cdc20-D464R/E249A 
ubiquitin-N60A Ube2S-E131A Cdc20-D464R/L252A 
ubiquitin-Q62A Ube2S-E131C Cdc20-D464R/Q257A 
ubiquitin-K63E Ube2S-E131K Cdc20-D464R/N263A 
ubiquitin-E54A Ube2S-E132A Cdc20-D464R/S268A 
ubiquitin-E64K Ube2S-E132C Cdc20-D464R/W276A 
ubiquitin-T66E Ube2S-R135E Cdc20-D464R/V295A 
ubiquitin-H68A Ube2S-E139A Cdc20-D464R/V297A 
ubiquitin-V70A Ube2S-E139K Cdc20-D464R/N329A 
ubiquitin-L71A Ube2S-Y141A Cdc20-D464R/N331A 
ubiquitin-K63 only Ube2S-E153A Cdc20-D464R/W345R 
ubiquitin-K63 only/E64A Ube2S-R147A Cdc20-D464R/V346R 
ubiquitin-K63 only/E64K Ube2S-L151A Cdc20-D464R/L348R 
ubiquitin-K63 only/Q62A Ube2S-H155A Cdc20-D464R/Q349R 
ubiquitin-K63 only/Q62E Ube2S-C95A/C118A Cdc20-D464R/F351R 
ubiquitin-K27 only/D39A Ube2S-C95S/C118A Cdc20-D464R/T352R 
ubiquitin-D39A/E34A Ube2S-C95A/C118S Cdc20-D464R/Q353R 
ubiquitin-K11R/E344Q Ube2S-C95S/R147A Cdc20-D464R/H354E 
ubiquitin-K11R/I44A Ube2S-D29K/E51K Cdc20-D464R/Q355R 
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ubiquitin-K11R/V70A Ube2S-E131A/E132A Cdc20-∆77-81/∆498-499 
ubiquitin-K11A/I44A/V70A Ube2S-D29K/E131A/E132A Cdc20-∆77-81/∆498-499-D464R 
ubiquitin-L8A/K48R Ube2S-E51K/E131K/E132K Cdc20-residues 169-470 
ubiquitin-V70A/K48R Ube2S-E131K/E132A Cdc20-residues 169-470-D464R 
ubiquitin-I44A/V70A Ube2S-E51K/E131K  Ubiquitin mutants Ube2S mutants  ubiquitin-K0(all K->R)/D39A Ube2S-D29K/E51K/E131A/E132A  ubiquitin-K0(all K->R)/V70A   Ube2S-D29K/E51K/E131K/E132K  
ubiquitin I36A Ube2S-E51K/E131A/E132A  ubiquitin A46K Ube2S-E131A/E132C  ubiquitin A46I Ube2S-E131C/E132A  ubiquitin Q40A Ube2S-K76E/E93K  ubiquitin R42E Ube2S-K76A/E93K  ubiquitin R42A Ube2S-K76A/E93A  ubiquitin K48A Ube2S-K76E/E93A  ubiquitin Q49K Ube2S E6K  ubiquitin Q49A Ube2S T21A  ubiquitin E51K Ube2S T21E  ubiquitin D52K Ube2S R14E  ubiquitin D58K Ube2S Y17E  ubiquitin R54E Ube2S Y17A  ubiquitin K11R/A46E Ube2S K18A  ubiquitin K11R/K48E Ube2S R61E  ubiquitin K11R/R54E Ube2S T41E  ubiquitin ∆GG K48E Ube2S L59A  ubiquitin ∆GG A46E Ube2S K68E  ubiquitin ∆GG R54E Ube2S Y78E  ubiquitin ∆GG I44A Ube2S L80E  ubiquitin ∆GG K11R/A46E Ube2S K82E  ubiquitin ∆GG K11R/K48E Ube2S A90E  ubiquitin ∆GG K11R/R54E Ube2S E106K  
 Ube2S E126K  
 Ube2S D42K  
 Ube2S E153K  
 Ube2S I154A  
 Ube2S I154E  
 Ube2S C95A, I154A  Cdc20 mutants 

 Ube2S C118A, I154A  
 Ube2S C95S/I154A  
 Ube2S E132K  
 Ube2S C95S/R147A  
 Ube2S E143K  
 Ube2S A146E  
 Ube2S R149A  
 Ube2S L150A  
 Ube2S N87A/C95A  
 Ube2S N87A/C95S  
 Ube2S UBC R147A  
 Ube2S C95A/L151A  
 Ube2S C95A/R147A  
 Ube2S UBC L129E  
 Ube2S UBC C118A  
 Ube2S UBC C95A  
 Ube2S C95K  
 Ube2S R14E/T21E/C118A  
 Ube2S R14E/T12E  
 Ube2S R14E/Y17E  
 Ube2S R14E/Y17E/C118A  
 Ube2S R14E/Y17E/T21E  
 Ube2S R14E/Y17E/T21E/C118A  
 Ube2S UBC R14E/Y17E/T21E/C118A -His  
 Ube2S UBC R14E/Y17E/T21E  
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 Ube2S L150E/I154E  
 Ube2S L150/I154E/C118A  
 Ube2S UBC L150E/I154E/C118A  
 Ube2S R147E/I154E  
 Ube2S R147E/I154E/C118A  

 
Ube2S mutants 
Ube2S UBC R147E/I154E/C118A  

 Ube2S UBC R147E/I154E  
 Ube2S UBC I154E  
 Ube2S UBC R147E  
 Ube2S-R14/Y17/T21/L150/I154E -His  
 Ube2S R14/Y17/T21/L150/I154E/C118A-His  
 Ube2S R14/Y17/T21/R147/I154E-His  
 Ube2S R14/Y17/T21/R147/I154E/C118A-His  
 Ube2S R147E/I154E  
 Ube2S UBC R14/Y17/T21/R147E-His  
 Ube2S UBC 14/17/21/147/154E C118A-His  
 Ube2S I83A  
 Ube2S F84L  
 Ube2S H85A  
 Ube2S V88A  
 Ube2S L136A  
 Ube2S A133L  
 Ube2S F84A/A133L  
 Ube2S E37/38K  
 Ube2S K61/R63E  
 Ube2S N87/I154A  
 Ube2S E37/38K/I154A  
 Ube2S I83A/C95S  
 Ube2S F84L/C95S  
 Ube2S V88A/C95S  
 Ube2S UBC I154A  
 Ube2S UBC C95K  
 Ube2S UBC C95S  
 Ube2S UBC N87A/C95S  
 Ube2S A25E  
 Ube2S N36A  
 Ube2S E37K  
 Ube2S E38K  
 Ube2S D39A  
 Ube2S D39K  
 Ube2S Q44E  
 Ube2S D69K      
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Summary 

Most metazoan E3 ubiquitin ligases contain a signature RING-domain that promotes the 
transfer of ubiquitin from the active site of E2 conjugating enzymes to lysine residues in 
substrates. As illustrated by the essential anaphase-promoting complex (APC/C) and its inhibitor, 
the mitotic checkpoint complex, the ability of RING-E3s to bind substrates is often under tight 
control. By contrast, whether RING-E3s also engage their cognate E2 enzymes in a regulated 
manner is less well understood. Here, we have built on a genetic interaction screen to discover a 
mechanism that controls mitotic activation of the APC/C-specific E2 Ube2S and ensures robust 
cell division. We found that Ube2S is recruited to the APC/C together with PP2AB56, a 
phosphatase that in turn strengthens the interaction between Ube2S and the APC/C and licenses 
the APC/C to catalyze ubiquitin chain elongation. Intriguingly, PP2AB56 also stabilizes 
kinetochore-microtubule attachments to turn off the spindle checkpoint signal, indicating that 
catalytic activation of the APC/C is coordinated with spindle checkpoint silencing. 

 

Introduction 

The E3 ubiquitin ligase anaphase-promoting complex (APC/C) is an essential regulator 
of cell division, and its activation initiates sister chromatid separation and mitotic exit (Chang 
and Barford, 2014; Jia et al., 2013; Primorac and Musacchio, 2013; Sivakumar and Gorbsky, 
2015). Ubiquitylation by the APC/C promotes the degradation of several critical cell cycle 
proteins, including kinases and microtubule-binding factors that are required for spindle 
formation. Misregulation of the APC/C has, accordingly, dramatic consequences on cell cycle 
control: while APC/C inhibition results in mitotic arrest and cell death, its untimely activation 
causes inaccurate sister chromatid separation, aneuploidy, and tumorigenesis. 

 In human cells, the APC/C triggers the degradation of its substrates by producing 
ubiquitin chains that are connected by atypical K11-linkages (Jin et al., 2008; Matsumoto et al., 
2010). The levels of K11-linked chains are low during interphase, yet activation of the APC/C at 
the metaphase-anaphase transition massively increases their abundance (Matsumoto et al., 2010). 
The spike in the mitotic levels of K11-linkages is caused by the ability of the APC/C to decorate 
substrates with branched conjugates that contain multiple blocks of K11-linked chains (Meyer 
and Rape, 2014; Wickliffe et al., 2011). These branched ubiquitin chains strongly increase the 
affinity of modified proteins for the proteasome and allow the APC/C to direct the turnover of 
cell cycle regulators engaged in stable protein interactions.  

 As a RING-dependent E3, the APC/C stimulates the transfer of ubiquitin from the 
catalytic cysteine of an E2 conjugating enzyme to lysine residues in bound substrates. In most 
cases, the APC/C initiates chain formation with Ube2C, an E2 that is only known to interact with 
the APC/C (Kirkpatrick et al., 2006; Lu et al., 2015; Williamson et al., 2011; Yu et al., 1996). 
Once ubiquitin molecules have been attached to a substrate, another APC/C-specific E2, Ube2S, 
can branch off and extend K11-linked chains (Garnett et al., 2009; Meyer and Rape, 2014; 
Wickliffe et al., 2011; Williamson et al., 2009; Wu et al., 2010). The selectivity of Ube2C and 
Ube2S for the APC/C originates from interactions between these E2s and multiple subunits of 
the APC/C: Ube2C depends on recognition by the RING-domain of Apc11 and the WHB-
domain of Apc2 for catalysis (Brown et al., 2015; Brown et al., 2014), and its N-terminal 
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extension regulates its APC/C-dependent turnover (Rape and Kirschner, 2004; Williamson et al., 
2011). Ube2S recognizes a non-canonical surface on the RING domain of Apc11, and its C-
terminal peptide associates with a surface of Apc2 in proximity to Apc4 (Brown et al., 2014; 
Wang and Kirschner, 2013). Overexpressed Ube2C and Ube2S trigger premature sister 
chromatid separation, which can result in tumorigenesis (Jung et al., 2006; van Ree et al., 2010). 
However, depletion of either E2 from human cells caused surprisingly subtle mitotic defects 
(Rape and Kirschner, 2004; Williamson et al., 2009), leaving the role of Ube2C and Ube2S in 
cell cycle control poorly understood. 

 Prior to anaphase, the ability of the APC/C to ubiquitylate substrates is restricted by the 
spindle checkpoint, a signaling cascade activated by kinetochores that have not yet achieved 
bipolar attachment to the spindle (Kim and Yu, 2011; London and Biggins, 2014; Primorac and 
Musacchio, 2013). An active spindle checkpoint promotes formation of the mitotic checkpoint 
complex (MCC) that is composed of Mad2, BubR1, Bub3, and Cdc20. The MCC interferes with 
substrate binding by the APC/C: it competes for recognition of substrate KEN-box motifs by 
Cdc20, and it places Cdc20 in a position where it is unable to engage another degron, the D-box 
(Chao et al., 2012; Herzog et al., 2009; Tian et al., 2012). By contrast, the MCC does not occupy 
the APC/C-binding sites for Ube2C or Ube2S, nor does it impede the ability of the APC/C to 
stimulate ubiquitin-transfer by Ube2S (Kelly et al., 2014). Thus, whether the catalytic activity of 
the APC/C towards its cognate E2 enzymes is restricted during early mitosis remains to be fully 
elucidated. 

 In this study, we have performed a genetic interaction screen focused on Ube2S to 
provide insight into the function and regulation of APC/C-specific E2 enzymes. Our results 
indicate that Ube2S participates in the regulation or surveillance of kinetochore-microtubule 
attachments, the events monitored by the spindle checkpoint. Consistent with this notion, Ube2S 
is recruited to the APC/C in parallel with PP2AB56, a phosphatase that stabilizes kinetochore-
microtubule attachments to turn off the spindle checkpoint signal. Intriguingly, PP2AB56 also 
licenses the APC/C to catalyze Ube2S-dependent ubiquitin chain elongation, indicating that 
catalytic activation of the APC/C is coordinated with spindle checkpoint silencing.  

 

Results 

A genetic interaction screen identifies a role for Ube2S at kinetochores 

Despite the specificity of Ube2C and Ube2S for the APC/C and the conservation of both 
E2s across metazoans, their depletion caused only subtle mitotic defects (Garnett et al., 2009; 
Rape and Kirschner, 2004; Williamson et al., 2009; Wu et al., 2010). Thus, Ube2C and Ube2S 
either modify APC/C-substrates that are not required for mitotic progression or parallel pathways 
are able to compensate for their partial loss as achieved by siRNAs. To distinguish between these 
possibilities, we performed a genetic interaction screen that combined a characterized siRNA 
against Ube2S with a focused siRNA library targeting regulators of distinct mitotic pathways. 
We hypothesized that disturbing mitotic control networks could sensitize cells to reveal 
physiological roles of APC/C-specific E2s that are otherwise obscured by compensatory 
regulatory events. 
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 Using chromatin staining and automated image acquisition and analysis, we determined 
the mitotic index of cells that were either depleted of Ube2S, a mitotic regulator, or both. As seen 
before (Williamson et al., 2009), depletion of Ube2S did not strongly affect cell cycle 
progression. By contrast, reducing the levels of Ube2S led to a profound increase in the mitotic 
index if cells also lacked cell cycle regulators, such as Kif18A, Sgo1, Ndc80, Knl1, chTOG, 
RanGAP1, Nup107, Nuf2 (Figure 1A). Notably, these genetic interactors of Ube2S have all been 
implicated in regulating the stability or dynamics of kinetochore-microtubule attachments.  

 To assess the specificity of these results, we focused on Kif18A as one of our top screen 
hits. Whereas depletion of Kif18A under screening conditions resulted in mitotic indexes of 
~20%, its co-depletion with Ube2S caused mitotic cells to accumulate to up to 80%. We 
observed this synergistic effect on cell division for multiple siRNAs against Kif18A or Ube2S 
(Figure S1A, B), with different experimental strategies, such as fluorescence-activated cell 
sorting or expression analysis of cell cycle markers (Figure 1B, C), and in several backgrounds, 
including diploid RPE cells (Figure S1C). Moreover, the synergistic effect of depleting Ube2S 
and Kif18A could be rescued by expression of siRNA-resistant Ube2S (Figure 1D), indicating 
that the genetic interaction between these proteins was due to on-target effects of the employed 
siRNAs. 

As an independent validation, we performed reverse siRNA screens in which we depleted 
Kif18A along with ~1000 ubiquitylation enzymes or several mitotic regulators including APC/C-
specific E2s and APC/C-subunits. Strikingly, Ube2S emerged as the strongest genetic interactor 
of Kif18A in this screen (Figure 1E; Figure S1D, E). By contrast, indirect activation of Ube2S 
reduced the mitotic index of Kif18A-depleted cells, as seen by depletion of Emi1 (which blocks 
the Ube2S binding site on the APC/C), Otud7 (which dismantles K11-linked chains, as 
assembled by Ube2S), or Mad2, BubR1, Bub1, and Usp39 (which sustain spindle checkpoint 
function).  

Thus, although depletion of Ube2S by itself had subtle consequences on cell division, its 
loss produced a robust mitotic arrest if cells also lacked regulators of kinetochore-microtubule 
interactions. These results suggest that Ube2S plays a role in the regulation or surveillance of 
kinetochore-microtubule attachments.  

 

Ube2S is critical before anaphase  

Kinetochore-microtubule attachments are initially formed during prometaphase, and they 
are resolved after cell division has been completed (Foley and Kapoor, 2013; Godek et al., 
2015). To determine the mitotic stage affected by the loss of Ube2S, we filmed the division of 
cells that expressed mCherry-tagged histone H2B and were depleted of Ube2S, Kif18A, or both. 
As seen before (Garnett et al., 2009; Kelly et al., 2014; Williamson et al., 2009), cells lacking 
Ube2S progressed through mitosis with only a slight delay, whereas the depletion of Kif18A had 
a more noticeable effect on anaphase initiation (Figure 2A). Most Kif18A-depleted cells, 
however, initiated sister chromatid segregation. By contrast, the large majority of cells lacking 
both Ube2S and Kif18A did not enter anaphase during the duration of the experiment (Figure 
2B). Co-depleted cells condensed their chromosomes and attempted to align them at the center of 
the cell, but rapidly succumbed to chromosome scattering, spindle rotation, and cell death.  
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 To further characterize the mitotic stage affected by Ube2S/Kif18A co-depletion, we 
used immunofluorescence microscopy against mitotic marker proteins. We found that mitotic 
cells depleted of Ube2S and Kif18A retained high levels of cyclin B1, a protein that is degraded 
independently of Ube2S at the metaphase-anaphase transition (Figure 2C). Moreover, as seen 
with proteins located at kinetochores and kinetochore-fibers, co-depleted cells showed aberrant 
spindle structures and had not initiated sister chromatid separation (Figure 2D). Thus, combined 
loss of Ube2S and Kif18A arrested cells prior to anaphase.  

 

Synergistic mitotic arrest requires the spindle assembly checkpoint 

Based on the chromosome alignment and spindle defects seen in cells lacking Ube2S and 
Kif18A, we asked whether the mitotic arrest was caused by activation of the spindle checkpoint. 
Indeed, all mitotic cells co-depleted of Ube2S and Kif18A contained at least one Mad1-positive 
kinetochore, indicative of kinetochores that produce a spindle checkpoint signal (Figure 3A). 
Moreover, purification of the APC/C from these cells revealed that it was associated with Mad2 
and BubR1, the effector proteins of the spindle checkpoint (Figure 3B). These findings showed 
that the spindle checkpoint was active in cells lacking Ube2S and Kif18A. 

 To determine whether the spindle checkpoint was required for the mitotic arrest, we 
reduced the levels of Ube2S and Kif18A along with Mad2, BubR1, or the checkpoint kinase 
Mps1. As documented by chromatin staining and automated image acquisition, loss of Mad2, 
BubR1, or Mps1 reverted the mitotic index of Ube2S/Kif18A-depleted cells to that of control 
cells (Figure 3C). Similar results were obtained by live cell imaging: the mitotic delay of cells 
lacking Ube2S and Kif18A was almost abrogated by addition of the small molecule checkpoint 
inhibitor reversine or co-depletion of Mad2 (Figure 3D; Figure S2A), and the ability of cells to 
enter anaphase was restored (Figure 3E; Figure S2B). The co-depletion of Ube2S and Kif18A 
therefore arrested cells due to persistent spindle checkpoint activation. 

 

Ube2S regulates microtubule dynamics and the spindle checkpoint  

The lack of Ube2S could escalate spindle checkpoint activation in Kif18A-depleted cells 
by further disrupting spindle formation or by preventing MCC disassembly and APC/C 
activation. As Ube2S ubiquitylates spindle assembly factors (Song et al., 2014; Song and Rape, 
2010), we considered the possibility that losing Ube2S might impose spindle damage on dividing 
cells. By video microscopy of cell lines that stably expressed GFP-tubulin and mCherry-histone 
H2B, we did not notice obvious effects of Ube2S-depletion on spindle structure or chromosome 
alignment (Figure S3A). However, a more detailed analysis revealed that the absence of Ube2S 
reduced microtubule flux, a phenotype that is indicative of altered kinetochore fiber stability 
(Figure 4A, B; Figure S3B). This was accompanied by a subtle increase in spindle length (Figure 
S3C). Whereas similar observations were made upon depletion of Cdc20, the loss of Kif18A did 
not affect microtubule flux in control nor in Ube2S-depleted cells. Thus, consistent with its role 
in degrading spindle assembly factors, Ube2S impacts microtubule dynamics, and it is possible 
that this contributes to the phenotypes of its depletion in cells with compromised kinetochore-
microtubule attachments.  
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 To test whether Ube2S also regulates the spindle checkpoint, we compared its depletion 
to that of p31comet, a protein known to promote spindle checkpoint silencing and APC/C-
activation (Jia et al., 2011; Reddy et al., 2007; Teichner et al., 2011; Varetti et al., 2011; Yang et 
al., 2007). Similar to Ube2S, p31comet displayed genetic interactions with Kif18A or Sgo1 (Figure 
4C). To determine the relationship between p31comet and Ube2S, we tested how their 
simultaneous loss affected the mitotic index of Kif18A- or Sgo1-depleted cells. Synergistic 
effects of co-depletion would indicate that p31comet and Ube2S act in redundant pathways; 
additive effects imply that they act in unrelated pathways; and less than additive effects, referred 
to as buffering genetic interactions, indicate that Ube2S and p31comet act in a shared pathway 
(Bassik et al., 2013). p31comet and Ube2S revealed buffering genetic interactions in cells lacking 
Kif18A and even more so in cells depleted of Sgo1  (Figure 4C). Given the role of p31comet in 
checkpoint silencing, these results implied that loss of Ube2S also stabilized the spindle 
checkpoint response. 

 

Ube2S is co-regulated with the kinetochore-bound phosphatase PP2AB56 

Our previous work had shown that binding of Ube2S to the APC/C required Cdc20 
(Kelly et al., 2014), and accordingly, Cdc20 showed similar genetic interactions with Kif18A as 
Ube2S (Figure S4A). Moreover, our studies had shown that proteasomal inhibition stabilized the 
mitotic checkpoint complex (MCC) and increased the binding of Ube2S to Cdc20 (Kelly et al., 
2014). As stabilization of MCC is reminiscent of the effects of co-depleting Ube2S and Kif18A, 
we began to investigate the molecular framework for the role of Ube2S in mitosis by identifying 
Cdc20 interactors whose binding is increased upon proteasome inhibition. To this end, we 
synchronized cells in prometaphase using STLC, which allows kinetochore-microtubule 
attachments to form but interferes with assembly of a bipolar spindle (Lampson et al., 2004). We 
then purified FLAGCdc20 and determined its interactions by CompPASS mass spectrometry 
(Behrends et al., 2010; Bennett et al., 2010; Sowa et al., 2009). Finally, we repeated these 
experiments in cells that were treated with the proteasome inhibitor MG132. 

 In control prometaphase cells, Cdc20 interacted with BubR1, Bub1, Bub3, Mad2, and 
Knl1, which was expected based on the aberrant spindle formation brought about by STLC 
(Figure 5A). In agreement with previous findings, Cdc20 also bound the APC/C, cyclin A-
Cdk1/2, and the CCT chaperone. Proteasome inhibition stabilized Cdc20, as documented by 
higher total spectral counts in four independent experiments (Figure 5B), and we observed the 
expected increase in the levels of Cdc20-complexes containing Ube2S, APC/C and spindle 
checkpoint proteins (BubR1, Bub1, Bub3). In addition, proteasome inhibition stabilized Cdc20 
binding to cyclin A-Cdk1/2 and Plk1, two kinases that control kinetochore microtubule 
attachments; Knl1, which provides microtubule-binding sites at kinetochores; and PP1 and 
PP2AB56 phosphatases, which stabilize the kinetochore-microtubule interface (Figure 5B).  

 To corroborate these observations on the endogenous level, we affinity-purified Cdc20 
from prometaphase cells and tested for binding partners by Western blotting. Supporting our 
proteomic results, proteasome inhibition increased the abundance of Cdc20 complexes 
containing BubR1, cyclin A, Ube2S and, notably, PP2AB56, whereas we could not detect PP1 
phosphatase (Figure 5C). These findings were supported by an enzymatic approach that revealed 
a strong increase in Cdc20-associated phosphatase activity upon proteasome inhibition (Figure 
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5D). The proteasome-sensitive phosphatase activity co-purifying with Cdc20 was sensitive to 
okadaic acid at an IC50 of ~5nM (Figure S4B), indicative of a major contribution of PP2A. 
Furthermore, affinity purification of the B56α substrate-targeting factor of PP2AB56 showed that 
proteasome inhibition allowed Ube2S and PP2AB56 to exist in overlapping complexes (Figure 
5E). These results therefore identify PP2AB56 as a protein that is co-regulated with Ube2S. 

 PP2AB56 is recruited to kinetochores by BubR1, a MCC-component that stabilizes Ube2S 
binding to the APC/C (Kelly et al., 2014; Suijkerbuijk et al., 2012). Similar to Cdc20, 
proteasome inhibition strengthened the association of FLAGBubR1 with Ube2S and PP2AB56 
(Figure 5F). By contrast, Cdc20D464R, which is unable to engage BubR1 (Kelly et al., 2014), 
failed to interact with PP2AB56 even upon proteasome inhibition (Figure S4C). Together with 
previous work (Kelly et al., 2014; Suijkerbuijk et al., 2012), these findings indicate that both 
Ube2S and PP2AB56 associate with the MCC in a proteasome-sensitive manner. 

 

Kinetochore function regulates interactions between Cdc20 and PP2AB56 

As the MCC is formed in response to unattached kinetochores, we asked whether the 
regulated interactions between Ube2S, PP2AB56, and Cdc20 were linked to kinetochore function. 
This issue was particular interesting, because PP2AB56 stabilizes kinetochore-microtubule 
attachments, thereby silencing the spindle checkpoint signal (Espert et al., 2014; Nijenhuis et al., 
2014; Suijkerbuijk et al., 2012). To test for a role of kinetochores in mediating interactions 
between Ube2S, PP2AB56, and MCC, we depleted Knl1, a KMN network component that is 
known to recruit MCC and PP2AB56 to kinetochores (Krenn et al., 2014; Vleugel et al., 2013). 
Indeed, loss of Knl1 removed Cdc20 from prometaphase kinetochores (Figure 6A). We then 
synchronized Knl1-depleted cells in prometaphase, purified Cdc20 and tested for binding to 
Ube2S, MCC, and PP2AB56. Notably, the lack of Knl1 reduced the association of Cdc20 with 
BubR1, and it almost abolished binding of Cdc20 to Ube2S and PP2AB56, even upon proteasome 
inhibition (Figure 6B). Similar observations were made upon depletion of Ndc80 (Figure 6C), 
another genetic interactor of Ube2S and component of the KMN network. In agreement with 
these findings, co-depletion of Knl1 and Ube2S resulted in a synergistic increase in mitotic index 
that was caused by a failure of cells to enter anaphase (Figure 6D; Figure 1A). Thus, the binding 
of Ube2S and PP2AB56 to Cdc20 requires kinetochore proteins, further linking Ube2S to PP2AB56 
and the sites of chromosome attachment to the spindle.  

 

PP2AB56 licenses APC/C to promote Ube2S-dependent ubiquitin chain elongation 

Its association with Cdc20 delivers Ube2S to the APC/C and allows it to engage Apc11 
for catalysis of ubiquitin chain elongation (Brown et al., 2014; Kelly et al., 2014). To determine 
whether Cdc20 also recruits PP2AB56 to the APC/C, we affinity-purified APC/C from 
prometaphase cells lacking Cdc20 and tested for co-precipitating PP2AB56. As seen before (Kelly 
et al., 2014), Cdc20 was required for the binding of Ube2S and spindle checkpoint effectors to 
the APC/C (Figure 7A). In addition, depletion of Cdc20 prevented PP2AB56 from binding the 
APC/C. Thus, Cdc20 recruits both Ube2S and PP2AB56 to the APC/C, raising the possibility that 
PP2AB56 might regulate the APC/C or Ube2S. 
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 To test this hypothesis, we analyzed how phosphorylation impacts interactions of Cdc20 
during prometaphase, the cell cycle time when it most prominently binds Ube2S (Kelly et al., 
2014; Meyer and Rape, 2014). To exclude effects of ubiquitin-dependent complex disassembly, 
we purified FLAGCdc20 from lysates of prometaphase cells treated with okadaic acid and MG132, 
and determined its binding partners by CompPASS mass spectrometry. Indicative of phosphatase 
inhibition, we observed an okadaic acid- dependent increase in Cdc20 phosphorylation, 
particularly at S92 in its N-terminus (Figure S5A). At the same time, the loss of phosphatase 
activity reduced the binding of Cdc20 to BubR1, APC/C, Ube2S, and PP2AB56, whereas it 
stabilized the association of Cdc20 with Plk1 and cyclin A/Cdk1 (Figure S5B). The decrease in 
binding of Cdc20 to BubR1, Ube2S, and PP2A brought about by phosphatase inhibition was also 
observed upon precipitation of endogenous Cdc20 (Figure 7B), and we obtained consistent 
results by purifying FLAGBubR1: okadaic acid strongly impaired the interaction of BubR1 with 
Ube2S and PP2AB56 (Figure 5F). These findings highlight the co-regulation between Ube2S and 
PP2AB56, and they suggest that a phosphatase stabilizes the association of Cdc20 with the APC/C 
and, in particular, Ube2S. 

  To provide us with a tool for the mechanistic analysis of Ube2S regulation by 
phosphorylation, we inhibited phosphatases in extracts prepared from mitotic cells by treating 
them with okadaic acid. We next supplemented these extracts with Ube2C or its inactive variant 
Ube2CC114S, conditions that promote disassembly of MCC or stabilize MCC, respectively 
(Reddy et al., 2007). Finally, we purified Cdc20 and tested for its association with the APC/C or 
spindle checkpoint proteins; the addition of recombinant Ube2C to these extracts prevented us 
from analyzing binding to Ube2S. Confirming our observations in cells, phosphatase inhibition 
in mitotic extracts strongly destabilized the interaction of Cdc20 with its mitotic binding partners 
and caused dissociation of the APC/C, BubR1, or Mad2 even in the presence of Ube2CC114S 
(Figure 7C). As expected from these results, phosphatase inhibition prevented the APC/C from 
catalyzing the ubiquitylation of Cdc20 or geminin in extracts (Figure S5C, D), ultimately 
interfering with the degradation of APC/CCdc20 substrates (Figure S5E).  

  The ubiquitylation of the APC/C-substrate geminin in extracts, a reaction that was 
blocked by phosphatase inhibition, was dependent upon K11 of ubiquitin (Figure S5D). Thus, 
modification of geminin was likely carried out by Ube2S, which in turn implied that PP2AB56 
might regulate the association of Ube2S with the APC/C. To test whether this was the case, we 
probed the environment of Ube2S on phosphorylated APC/C by using an established 
crosslinking strategy (Brown et al., 2014; Kelly et al., 2014). In the absence of phosphatase 
inhibition, Ube2S was efficiently crosslinked to Cdc20, Apc2, and Apc11 (Figure 7D), which is 
in agreement with previous studies (Kelly et al., 2014). By contrast, if phosphatase activity had 
been blocked, we observed a striking decrease in crosslinks between Ube2S and Cdc20 and 
Apc11. Addition of purified PP2AB56α did not rescue crosslinks between Ube2S and Cdc20, 
indicating that a distinct phosphatase, such as PP1, or a different substrate-targeting factor of 
PP2A, such as B56β-ε, might regulate this binding event (Figure 7E). Alternatively, it is possible 
that during purification of phosphorylated APC/C, a protein required for maintaining Ube2S in 
proximity to Cdc20 was lost. Importantly, however, PP2AB56α restored crosslinks between 
Ube2S and Apc11 (Figure 7E). Thus, phosphorylation indeed alters the interactions of Ube2S 
with the APC/C, which, at least in part, can be overcome by PP2AB56.  
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 As Ube2S depends on Apc11 for catalysis (Brown et al., 2014), our crosslinking results 
suggested that phosphorylation might inhibit APC/C’s ability to stimulate Ube2S; conversely, 
PP2AB56 might activate APC/C by restoring the interaction between Ube2S and Apc11. To test 
these assumptions, we monitored the activity of APC/C and Ube2S towards an in-frame fusion 
of ubiquitin to cyclin A (Ub-cyclin A). We used Ub-cyclin A as our substrate, as the covalent 
fusion to ubiquitin obviates the need for an initiating E2; cyclin A also binds strongly to the 
APC/C, allowing it to be ubiquitylated and degraded in the presence of MCC (Di Fiore et al., 
2015; Geley et al., 2001). As seen before (Kelly et al., 2014; Wickliffe et al., 2011), 
prometaphase APC/C and Ube2S readily ubiquitylated Ub-cyclin A, yet this activity was lost if 
APC/C was purified under conditions of continuous phosphatase inhibition (Figure 7F). 
Importantly, if we added purified PP2AB56α to inhibited APC/C, we restored Ub-cyclin A 
modification by Ube2S. Thus PP2AB56 is not only able to regulate the interactions of Ube2S on 
the APC/C, but it also licenses phospho-inhibited APC/C to promote Ube2S-dependent chain 
elongation.  

 

PP2AB56 and Ube2S both promote APC/C-activation 

We finally wished to determine whether Ube2S and PP2AB56 cooperate in vivo, and thus, 
we filmed cell division upon depletion of Ube2S and all substrate-targeting subunits of PP2AB56 
(Foley et al., 2011; Meyer and Rape, 2014). To accommodate for co-depletion of six proteins, 
siRNAs were used at lower concentrations than in other studies and by themselves had little 
effects on mitotic progression. Akin to two temperature-sensitive mutants in yeast, cooperation 
between Ube2S and PP2AB56 would therefore be expected to reveal itself by synergistic effects 
of their co-depletion. Indeed, when we co-depleted Ube2S and all B56 subunits, a substantial 
fraction of cells was delayed in anaphase initiation or experienced a persistent arrest (Figure 8A-
C). Arrested cells lacking Ube2S and B56α-ε succumbed to chromosome scattering and spindle 
rotation, phenotypes that were reminiscent of our observations in the genetic interaction screen 
focused on Ube2S. As expected, cells depleted of either Ube2S or B56α-ε could trigger 
degradation of the canonical APC/C-substrate geminin, but many co-depleted cells failed to 
initate this degradation event (Figure 8D). These results, therefore, suggest that crosstalk 
between Ube2S and PP2AB56 also promotes timely APC/C-activation in cells. 

 

Discussion 

During mitosis, cells ensure the faithful distribution of the genetic material by delaying 
APC/C activation until all kinetochores have been attached to the spindle. Once this has been 
accomplished, the APC/C needs to be turned on rapidly and completely to guarantee 
synchronous sister chromatid separation. If the APC/C is activated too early, slowly or 
incompletely, sister chromatid separation occurs erroneously and aneuploidy arises.  

 The results of this study suggest that accurate APC/C activation depends upon an 
interplay between PP2AB56 and the APC/C-specific E2 Ube2S. Although depletion of Ube2S did 
not block an unchallenged cell division, its loss stalled mitotic progression in cells lacking 
regulators of kinetochore-microtubule interactions. This arrest required the spindle checkpoint, 
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implying that Ube2S acts in regulating or surveying chromosome attachments to the spindle. 
Consistent with this notion, Ube2S is recruited to the APC/C together with PP2AB56, a 
phosphatase that stabilizes the kinetochore-microtubule interface to turn off the spindle 
checkpoint signal. Intriguingly, PP2AB56 also licenses the APC/C to promote ubiquitin chain 
elongation by Ube2S, suggesting that spindle checkpoint silencing and APC/C activation are 
coordinated events. 

 

What are the critical substrates of Ube2S? 

Almost all genetic interactors of Ube2S identified in this study have previously been 
implicated in regulating the stability or dynamics of kinetochore-microtubule attachments: 
Ndc80, Nuf2, and Knl1 are members of the KMN network that endows kinetochores with 
microtubule-binding sites and provides a platform for spindle checkpoint signaling (Foley and 
Kapoor, 2013); Kif18A and chTOG localize to plus-ends of kinetochore fibers and regulate 
microtubule dynamics (Gandhi et al., 2011; Hafner et al., 2014; Stumpff et al., 2011; Stumpff et 
al., 2012); Sgo1 maintains the kinetochore-localization of Aurora B, a key modulator of 
kinetochore-microtubule attachments (Peplowska et al., 2014); and Nup107 recruits RanGAP1 to 
kinetochores, where both proteins regulate kinetochore-microtubule attachments (Joseph et al., 
2004; Zuccolo et al., 2007).  

 In agreement with these findings, Ube2S was found to regulate microtubule flux, an 
observation that is indicative of a function of Ube2S in controlling kinetochore fiber stability. As 
the APC/C ubiquitylates a large number of mitotic proteins (Peters, 2006; Primorac and 
Musacchio, 2013), stabilization of a single substrate is unlikely to account for the effects of 
depleting Ube2S: among the likely candidates are several regulators of kinetochore-microtubule 
attachment that Ube2S also genetically interacts with, such as the APC/C substrates Sgo1, 
Kif18A, and Ndc80 (Li et al., 2011; Salic et al., 2004; Sedgwick et al., 2013). In addition, Ube2S 
ubiquitylates the spindle assembly factors HURP, NuSAP, and Tpx2, which stabilize kinetochore 
fibers and might be involved in regulating microtubule flux (Song et al., 2014; Song and Rape, 
2010). The function of several of these APC/C- and Ube2S-substrates is not only restricted by 
turnover, but also by an inhibitor, importin-β (Song and Rape, 2010). This redundancy in 
regulation might, in part, explain the weak effects of Ube2S-depletion on spindle formation.  

 Consistent with previous work (Garnett et al., 2009; Jia et al., 2011; Meyer and Rape, 
2014; Uzunova et al., 2012; Varetti et al., 2011; Williamson et al., 2009; Zeng et al., 2010), we 
also provide evidence for a role of Ube2S in spindle checkpoint regulation: Ube2S shares genetic 
interactions and acts in an overlapping pathway with p31comet, an established regulator of 
checkpoint silencing, and Ube2S is delivered to the APC/C together with the mitotic checkpoint 
complex (MCC). Moreover, the loading of Ube2S onto MCC required Knl1, a protein that 
endows kinetochores with a platform for spindle checkpoint proteins. A likely substrate for 
Ube2S in regulating the spindle checkpoint is Cdc20, a key component of the MCC and direct 
binding partner of Ube2S. Indeed, we show that phosphatase inhibition prevented Ube2S from 
engaging Cdc20 on the APC/C, which in turn blocked the ubiquitylation of Cdc20. Thus, it 
appears that Cdc20 is both a substrate and regulator of Ube2S during early mitosis, and the 
genetic interactions of Ube2S therefore likely originate from combined effects of impaired 
ubiquitylation of spindle assembly factors as well as Cdc20.  
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Crosstalk between ubiquitylation and reversible phosphorylation 

In addition to their role in regulating kinetochore-microtubule attachments, many genetic 
interactors of Ube2S have ties to phosphatases that impact spindle checkpoint signaling: Knl1 
and Kif18A directly bind to PP1, wheras Sgo1 provides a binding site for PP2AB56 at 
centromeres (Hafner et al., 2014; Riedel et al., 2006; Rosenberg et al., 2011; Tang et al., 2006). 
Reminiscent of the known phosphorylation-dependent control of APC/CCdc20 (Kraft et al., 2003; 
Steen et al., 2008), these findings indicated that the activity of Ube2S might be coupled to 
phosphorylation, a hypothesis that was supported by mechanistic studies of Ube2S regulation 
during mitosis. 

 In searching for proteins that could provide insight into the regulation of Ube2S, we 
found that Ube2S activation is coupled to the PP2B56 phosphatase. Both Ube2S and PP2AB56 
bind Cdc20 and MCC in a proteasome-sensitive manner, and these interactions were dependent 
upon the presence of the kinetochore proteins Knl1 and Ndc80. By contrast, phosphatase 
inhibition destabilized the association of Ube2S and PP2AB56 with Cdc20 and MCC. Cdc20 and 
MCC accordingly deliver both Ube2S and PP2AB56 to the APC/C, which allows PP2AB56 to 
activate Ube2S: if we purified APC/C under conditions of continuous phosphatase inhibition, it 
was unable to promote ubiquitin chain elongation by Ube2S, and Ube2S failed to engage its 
essential partner, the RING-subunit Apc11. However, if we added PP2AB56 to this inhibited 
APC/C, crosslinks of Ube2S with Apc11 and the activity of Ube2S towards an APC/C-substrate 
were restored. We conclude that PP2AB56 licenses mitotic APC/C to stimulate ubiquitin chain 
elongation by Ube2S. This activity of PP2AB56 might provide a mechanistic basis for the recent 
observation that hypophosphorylated APC/C displays higher catalytic activity against canonical 
substrates compared to the heavily phosphorylated APC/C present in early mitotic cells 
(Sivakumar et al., 2014). 

 During mitosis, the phosphorylated APC/C accumulates on centromeres and unattached 
kinetochores (Acquaviva et al., 2004; Kraft et al., 2003). By contrast, PP2AB56 is delivered to 
kinetochores upon successful capture by microtubules, where it counteracts Plk1 to stabilize 
kinetochore microtubule attachments (Suijkerbuijk et al., 2012). Our experiments showed that 
Ube2S and PP2AB56 are loaded onto MCC in a reaction that required the presence of Knl1 and 
Ndc80, two components of the KMN network with microtubule binding activity. This implies 
that the delivery of PP2AB56 to the APC/C is coupled to kinetochore-microtubule attachments, a 
scenario in which silencing of the spindle checkpoint by PP2AB56 and activation of the APC/C 
would be coordinated events. 

 

The role of Cdc20 as an activator of the APC/C 

Cdc20 has now a well-established role in recruiting substrates to the APC/C, based on its 
ability to engage degrons such as the D-box, the KEN-box, or the recently described ABBA-
motif (Buschhorn et al., 2011; Chang et al., 2014; da Fonseca et al., 2011; Kraft et al., 2005). In 
addition, Cdc20 has long been appreciated to increase the catalytic activity of the APC/C, yet 
how this is brought about has been less well understood. Structural studies suggested that Cdc20-
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binding to the APC/C changes the overall conformation of the APC/C, which in turn might 
increase the ability of Apc11 to stimulate ubiquitin release from the initiating E2 Ube2C (Chang 
and Barford, 2014; Chang et al., 2014). In addition, as shown here and in our previous work 
(Kelly et al., 2014), Cdc20 actively controls the APC/C-specific elongating E2 Ube2S. First, 
Cdc20 delivers Ube2S to the APC/C, allowing it to engage in a stable interaction that promotes 
processive ubiquitin chain elongation. This function of Cdc20 can, apparently, not be substituted 
by its homolog Cdh1, which functions in later mitosis or G1 and which in single molecule 
studies was unable to support processive ubiquitin chain elongation by Ube2S (Lu et al., 2015). 
Second, Cdc20 coordinates the recruitment of Ube2S with that of PP2AB56, which increases the 
activity of phosphorylated APC/C towards Ube2S. Thus, we propose that the activator function 
of Cdc20 originates from a combination of structural effects on APC/C conformation and its role 
in recruiting APC/C E2s and regulators, such as PP2AB56.  
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Methods 

Antibodies and siRNA oligos 

Antibodies 

The antibodies used in this chapter are as follows: α-tubulin (mouse monoclonal, Calbiochem, 
DM1A), cleaved caspase-3 (Asp175) (rabbit polyclonal, Cell Signaling Technology, 9661S), 
APC2, Cyclin B1 (rabbit polyclonal;Cell Signaling Technologies, 12301, 4138) BubR1, Hec1, 
CENP-E (mouse monoclonal, Abcam, 54894, 3613, 5093), HURP, Kif18A, PPP1CC (rabbit 
polyclonal; Bethyl Laboratories; A300-853A, A301-080A, A300-906A), Kif2C (mouse 
monoclonal, Santa Cruz, 81305), Mad2, PP2A catalytic α subunit (mouse monoclonal, BD 
Transduction Laboratories, 610679, 610555), Ube2S, Ppp25A, APC11 (rabbit polyclonal, Novus 
Biologicals, 22570002, 100-41412, NBP1-78050), β-actin (mouse monoclonal, MP Biomedicals 
LLC, 08691001), Mad1 (gift from A. Musacchio), APC4, APC7, APC5, CDC27, cyclin B1, 
Cdc20, geminin, PP2A-B55(h300) (rabbit polyclonal, Santa Cruz, 20985, 20987, 20986, 5618, 
594, H-175/8358, FL209, 33191). For immunoprecipitation, the following antibodies were used: 
Cdc27 and Cdc20 (mouse monoclonal; Santa Cruz; 9972, 13162), α-FLAG (rabbit polyclonal, 
Sigma-Aldrich, F7425), normal rabbit IgG (Santa Cruz, 2027), and normal mouse IgG (Santa 
Cruz, 2025).  

siRNA 

ON-TARGETplus siRNA-SMARTpools were ordered through Dharmacon and contain four 
distinct oligos for each target. The following sequences were used: Ube2S (3’UTR: 
GGCACUGGGACCUGGAUUUUU, Dharmacon; ORF: CCCGATGGCATCAAGGTCTTT, 
Qiagen flexitube #5), Kif18A (ORF: Qiagen flexitubes #1,3,5; ON-TARGETplus siRNA-
SMARTpool; 3’UTR: two distinct oligos designed using Dharmacon tools), Mad2 (ORF: 
CUAUUGAAUCAGUUUCCAA, Dharmacon), Mps1 (ORF: Qiagen flexitube #6), BubR1 
(ORF: Qiagen flexitubes 5 and 6), All Stars negative control 
(CAGGGTATCGACGATTACAAA, Qiagen), Cdc20 (ORF: ON-TARGETplus siRNA-
SMARTpool), p31comet (ON-TARGETplus siRNA-SMARTpool), KNL1/CASC5 (ON-
TARGETplus siRNA-SMARTpool), Hec1/Knct2 (ORF: Qiagen flexitube #6). Pooled PP2A 
B’56 oligos were used as previously described (Foley et al., 2011). 

Cell culture and synchronizations 

Cells were maintained at 37°C and 5% CO2 in DMEM media containing 10% FBS.  HeLa cells 
that stably express mCherry-histone H2B and GFP-tubulin (gift from R. Heald) were maintained 
in DMEM media with 10% FBS, 1µg/ml puromycin (Sigma), and 350µg/ml hygromycin B 
(Invitrogen). The HeLa cell line expressing siRNA-resistant Ube2S was prepared as described 
(Meyer and Rape, 2014; Wickliffe, et al., 2011). Cells were passaged every two to three days 
after reaching 80-90% confluence. For mitotic synchronization, cells at 75-90% confluency were 
treated with 2mM thymidine (Sigma Aldrich) for 20-24 hours, incubated in fresh media with no 
drug for 3 hours, and arrested in early mitosis with 100ng/ml nocodazole (Sigma) or 5µg/ml 
STLC (Sigma Aldrich) for 12 hours. MG132 (UBPBio) and reversine (Cayman Chemical Co) 
were used at 20µM and 0.5-1µM, respectively, for the time periods indicated. Paclitaxel (Sigma-
Aldrich) was added to cells at the concentrations indicated ranging from 0-75nM. 
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Genetic interaction screens 

Cell cycle flexiplate library screens 

Cell cycle flexiplate siRNA libraries were designed and subsequently ordered through Qiagen. 
Each well of a 96well plate of the library contained two distinct siRNA oligos for a given gene. 
Flexiplate libraries were obtained in lyophilized form, re-suspended in 1x siRNA buffer 
(Invitrogen) to 20µM final concentration, aliquotted into sterile 96well plates, and frozen at -
80°C until use. Flexiplate library aliquots were thawed no more than three times prior to 
discarding. Screening was performed in sterile, black-bottomed 96well plates (Corning). HeLa 
cells were reverse-transfected with siRNA as follows. Query oligo was spotted in combination 
with the flexiplate library oligo at eqimolar concentrations (100nM-200nM) using 
Oligofectamine (Life Technologies) with standard procedures. HeLa cells were plated in DMEM 
(no FBS) at ~60% density. After four hours, FBS was added to 10%, and cells were incubated at 
37°C with 5% CO2 for 45-48hr. Cells were stained with Hoescht (VWR International) and fixed 
with 5% formaldehyde. Imaging occurred within one week of fixation. 

Ubiquitin Family siRNA library screen 

The ubiquitin flexiplate library was designed by members of the Rape Lab and ordered through 
Dharmacon (with special thanks to Adam Williamson). Each well of the library plate contained 
four unique siRNA oligos targeting the same gene. The flexiplate library was obtained in 
lyophilized form, and was re-suspended in 1x siRNA buffer (Invitrogen) using a Bravo 
Automated Liquid Handler robot (Agilent). 20µM aliquots were prepared in sterile 384well 
plates and frozen at       -80°C until use. Flexiplate library aliquots were thawed no more than 
three times prior to discarding. HeLa cells were reverse-transfected with siRNA as follows. 
Query oligo was spotted in combination with the flexiplate library oligo at eqimolar 
concentrations (20nM final) using Lipofectamine RNAiMAX (Life Technologies) following 
standard procedures. HeLa cells were systematically plated in DMEM with 10% FBS using a 
CombiDrop (Thermo Scientific) to ~60% density. 45-48hrs post siRNA treatment, cells were 
stained with Hoescht and fixed with 5% formaldehyde. Imaging occurred within one week of 
fixation. 

Imaging and Data Analysis 

Genetic interaction screening plates were imaged at room temperature with a 10x objective on an 
Image Xpress Micro (Molecular Devices) using MetaExpress software. Nine non-overlapping 
images were taken per co-depletion condition. Images were segmented using Cell Profiler and 
imported into Cell Profiler Analyst, where software was trained in an unbiased fashion to 
distinguish interphase, mitotic or dead, and unfocused cells. An individual training set was 
prepared for each screen to account for cell density and background. Using the non-biased 
training set, the numbers of interphase, mitotic or dead, and unfocused cells were prepared for 
each image taken. A Python script was written to filter out images that had 40% or greater 
unfocused cells, to compile all of the images taken of a given co-depletion experiment, and to 
calculate the mitotic index per co-depletion. Further calculations were performed using 
Microsoft Excel. 

siRNA depletion experiments 
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siRNA transfection experiments that were not used for screening or video microscopy purposes 
(see respective sections) were performed by forward transfection. Cells were plated at ~50% cell 
density, and incubated until ~70% confluency was reached, or approximately 18 hours. 
Transfections were performed using the standard protocol for Lipofectamine RNAiMAX (Life 
Technologies) reagent, with each oligo added at 4-20nM final concentration. For double or triple 
depletion experiments, oligos were combined at equimolar concentrations and the final oligo 
concentration per treatment was always constant within an experiment.  

FACS analysis 

FACS analysis performed as described (Meyer and Rape, 2014). Briefly, HeLa cells were 
transfected with siRNA at 10nM siRNA and harvested 48 hours later. Cells were washed, 
resuspended in PBS with 2% FBS, fixed with 75% cold ethanol, and stained with 50µg/ml 
propidium iodide (Sigma-Aldrich) in 3.8mM sodium citrate containing RNAse A. Stained cells 
were filtered prior to FACS analysis. A Beckman-Coulter EPICS XL Flow Cytometer (575nm 
band pass filter) was used to determine the cell cycle profile. The Berkeley Flow Cytometry 
facility instrumentation was used. 

Production of Lentiviruses and Transduction 

mCherry-tagged-histone H2B was cloned into pEF-1alpha/pENTR vector and recombined into 
pLenti XI DEST by LR recombination. Viruses were produced by 293T cells that had been 
transfected with packaging plasmids (Addgene) and the lentiviral constructs for 48-72 hours as 
described (Song et al., 2014). Viral supernatant was collected, filtered through a 0.2µM pore and 
frozen at -80°C until use. Aliquots were thawed only once. 

Immunofluorescence 

Cells were plated in 6-well or 12-well dishes upon coverslips at ~40-60% density. Transfection 
or infection was performed as described. 48 hours after transfection or infection, cells were fixed 
for immunofluorescence imaging with at room temperature with one of the following methods: 
cold Methanol for 4-7min, PTEMF buffer (20mM PIPES, pH6.8; 10mM EGTA; 1mM MgCl2; 
0.2% Triton X-100; 4% formaldehyde) for 10min, TBS with 4% formaldehyde and 0.1% Triton 
X-100, or PBS with 4% formaldehyde and 0.1% Triton X-100. Fixed cells were rinsed with wash 
buffer (0.1% Triton X-100 in TBS or PBS). Methanol- and formaldehyde-fixed cells were 
permeabilized in TBS with 0.4% Triton X-100.  Cells were blocked in Abdil buffer (2% Bovine 
serum albumin, 0.1% Triton X-100 in TBS) or 5% Normal Donkey Serum in PBS and stained 
with primary antibodies diluted in Abdil buffer or 5% Normal Donkey Serum in PBS overnight 
at 4°C. The following day, cells were moved to room temperature, washed 5x, and stained with 
secondary antibodies coupled to Alexa488 and/or Alexa561 (Molecular Probes) and Hoescht in 
Abdil buffer or 5% Normal Donkey Serum in PBS for 45min in the dark. After washing, 
coverslips were mounted with ProLong Gold Antifade reagent (Invitrogen) and dried at room 
temperature overnight in the dark. Cells were visualized at 60x or 100x using MetaMorph 
software on an Olympus IX81 epifluorescence microscope or an Olympus Revolution XD 
spinning disc confocal microscope equipped with a charged-couple device camera (Andor 
Technology) and a Yokogawa spinning disk. 

Immunoprecipitations 
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When indicated, HeLa cells were treated with siRNA and grown asynchronously, or 
synchronously with thymidine/nocodazole or STLC protocol enacted four to six hours after 
transfection as described. Cells were resuspended in 50mM HEPES (pH 7.5), 1.5mM MgCl2, and 
5mM KCl, and further lysed by freeze/thaw cycles in liquid nitrogen and multiple passages 
through a 25G5/8 needle. Cell debris was pelleted by centrifugation, and the remaining lysates 
were normalized by their absorption at 280nm. When indicated, normalized cell lysates were 
incubated with 9 µM okadaic acid for 30 minutes at 30°C, 400rpm.  Normalized lysates were 
incubated with mouse IgG, αCdc20-antibody, or αCdc27-antibody coupled to protein G agarose 
with 150mM NaCl and 0.05% Tween at 4°C for 3-5hours, rotating continuously. Beads were 
then carefully washed and bound proteins were eluted by addition of SDS buffer and 10min 
incubation at 95°C. Analysis was performed by Western blotting using specific antibodies. See 
section on mass spectrometry for flag immunoprecipitation protocol.   

Video microscopy 

HeLa cells that stably express mCherry-histone H2B and GFP-tubulin were reverse-transfected 
with eqimolar oligo concentrations (8-12nM final concentration) with Lipofectamine RNAiMAX 
using standard procedures. HeLa cells were transfected following the same procedure, and were 
additionally infected with mCherry-histone H2B and/or mAG1 (monomeric Azami-Green1)-
geminin1-110 in the presence of 6µg/ml Polybrene four hours after transfection. 20-24 hours post 
transfection, media on cells was changed to fresh DMEM –phenol red with 10% FBS. For 
chemical inhibition of the SAC, reversine was added prior to imaging. Cell lines were imaged at 
a single focal plane every three minutes for the indicated time periods beginning 20-24 hours 
post transfection with siRNA and continuing for 18-24hr, at 37°C with 5% CO2. Images were 
taken with a 0.95 NA 40x objective on an Olympus Revolution XD spinning disc confocal 
microscope equipped with a charged-couple device camera (Andor Technology) and a 
Yokogawa spinning disk. Movies were assembled using Metamorph and further analyzed with 
Photoshop.  

Purification of ubiquitin conjugates from cells 

Protocol was modified from previous work (Meyer and Rape, 2014). HeLa S3 cell extract was 
prepared from cells treated with thymidine/nocodazole. Extract was pre-incubated with or 
without okadaic acid [9-10µM] for 30min at 30°C, shaking at 400 rpm. Extract was stimulated 
for APC/C activity by addition of energy mix, Ube2C, and his-ubiquitin or his-ubiquitin (K11R), 
as an APC/C amplification control (Meyer and Rape, 2014; Wickliffe et al., 2011) for ten 
minutes at 37°C. Zero time points were immediately placed on ice after APC/C stimulation. 
Reactions were denatured by 8M Urea and ubiquitin conjugates were purified via NiNTA 
agarose (Qiagen). Ubiquitylated APC/C endogenous geminin was identified via Western blot 
using the geminin antibody. 

HeLa Cell Extract Degradation Assays 

HeLa cell extract in vivo degradation assays were performed as described (Song et al., 2014; 
Song and Rape, 2010). When okadaic acid was present in the reactions, the extract was brought 
to room temperature before drug was added and was pre-incubated for 5min at 30°C before 
activating the APC/C with Ube2C, ubiquitin, and energy mix. Degradation reactions were 
performed at 30°C or 37°C and were stopped with gel loading buffer. 
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Phosphatase assay  

Endogenous CDC20 immunoprecipitation of HeLa cells arrested in mitosis was performed as 
described above. pThr peptide (K-R-pT-I-R-R) was added to the washed Cdc20-bound fraction, 
and dephosphorylation was allowed to proceed via phophatases bound to CDC20. The 
dephosphorylated samples were incubated with phosphate detection dye, and read at A630nM 
using a fluorescence plate reader. The protocol for detection and dephosphorylation were 
obtained from the PP2A immunoprecipitation phosphatase assay kit (EMD Millipore). Buffers 
were routinely tested for the presence of contaminating phosphates, and a positive control in the 
form of a PP2A IP was performed as validation of the kit. When indicated, okadaic acid was 
added at the indicated concentrations prior to the addition of the pThr peptide. 

Microtubule Flux and Kinetochore Oscillation assays 

Microtubule flux calculations were performed by Sarah Young and Julie Welburn of the 
Welburn Lab at the Wellcome Trust Centre in Edinburgh, Scotland. Kinetochore oscillation 
calculations were performed as previously described (Jaqaman et al., 2010).  

Mass Spectrometry Sample Preparation 

Samples for mass spectrometry analysis were prepared from 25-35 15cm tissue culture dishes 
(Corning) of transfected HeLa cells per condition. Transfections of maxi-prepped (Qiagen) 
plasmid DNA: cDNA5/TO-FLAG-CDC20 with or without pcs2-Ube2C(C114S; dominant 
negative) were performed using calcium phosphate (HBS: HEPES, NaCl, Dextrose, KCl, 
Na2HPO4(7H2O) with CaCl2) at 60-80% cell density. The morning after transfection, fresh media 
was added to stimulate uptake of the transfected DNA. Approximately eight hours later, 
thymidine was added to 2mM. 20-24hrs after thymidine addition, cells were washed in fresh 
media, incubated for 3hrs, and S-T-L-C was added to 5µM for 12 hours. When indicated, 
MG132 (20µM; UBPBio) or DMSO was added for an additional three hours. Cells were 
harvested by scraping, washed with PBS, and resuspended on ice in swelling buffer (50mM 
HEPES (pH 7.5), 1.5mM MgCl2, 5mM KCl, 0.1% TritonX-100 (Thermo Fisher), and protease 
inhibitor cocktail tablet (Roche)) for 30min. Cells were further lysed by freeze/thaw cycles in 
liquid nitrogen and multiple passages through a 25G5/8 needle. Cell debris was pelleted by 
centrifugation, and NaCl was added to 150mM. Extract was pre-cleared with protein G agarose 
for 30min 4°C, rotating continuously. Cleared cell lysate was incubated with washed flag M2 
agarose resin (Sigma-Aldrich) and incubated for 3-5hours at 4°C, rotating continuously. Flag 
resin was washed in swelling buffer with 150mM NaCl and 0.1% TritonX-100, and further with 
swelling buffer with 150mM NaCl only. Proteins bound to flag resin were eluted with flag 
peptide (500µg/ml in PBS + 0.1% TritonX-100; Sigma Aldrich) in three steps. Eluates were 
pooled, and TCA (Thermo Fisher) was added to 20% for overnight precipitation at 4°C. Pellets 
were washed with ice cold 0.01M HCl/90% acetone solution three times, centrifuged, and 
allowed to air dry. The pellet was resuspended directly in 100mM Tris (pH 8.5) with 8M Urea 
for trypsin digestion. Samples were reduced by 100mM TCEP (Sigma-Aldrich), alkylated by 
iodoacetamide (Sigma-Aldrich), and trypsin-digested in the presence of 100mM CaCl2. Samples 
were trypsinized (Fisher Scientific) overnight at 37°C, shaking continuously, in the dark. 
Tryspinization was completed by addition of formic acid (Fisher Scientific) to 5%. Mass 
spectrometry and data collection were performed at the Proteomics/Mass Spectrometry 
Laboratory at UC Berkeley. 
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Mass Spectrometry parsing and data analysis 

Raw mass spectrometry interaction data were filtered through a statistical software program, 
referred to as CompPASS (Sowa et al., 2009), in which a given interaction set was assigned a 
variety of confidence values based upon a database of previous data.  

APC/C purification and in vitro assays 

Human APC/C was purified from extracts of synchronized HeLa S3 cells (Rape et al., 2006; 
Williamson et al., 2009) using Protein G agarose resin (Roche) and αCdc27 monoclonal 
antibodies in the presence of 500mM NaCl and 0.1% Tween to remove endogenous Ube2S 
(Wickliffe et al., 2011). For control reactions, extracts were incubated with Protein G beads and 
Mouse IgG (Santa Cruz). Beads were washed and divided between reactions (1 ml of 
concentrated extract was used for 12 reactions). 

For cross-linking experiments, immunopurified APC/C was incubated with 2µM Ube2SC118A or 
Ube2SC95A/C118A and 10µM BMB crosslinker (1,4-Bismaleimidobutane, Pierce) for 30 min at 
22°C, 1200 rpm.  Bound proteins were eluted with SDS sample buffer, separated by SDS-PAGE, 
and analyzed by Western blotting.  Where indicated, okadaic acid was added to extracts prior to 
pull-down as described above.   

For in vitro ubiquitylation assays, immunopurified APC/C was incubated with 1µM recombinant 
substrate, 1 µM ubiquitin E1, 1 µM Ube2S, 100 µM ubiquitin, 10 mM DTT, 3 mM ATP and 22.5 
mM creatine phosphate in 25 mM Tris/HCl (pH 7.5), 50mM NaCl, 10mM MgCl2 at 30°C for 
indicated times.  Samples were resolved by SDS-PAGE, and substrate ubiquitylation was 
detected by Western blot with substrate-specific antibodies. 

Mitotic Checkpoint Complex Dissociation Assay 

HeLa cell extract were cleared and treated with ubiquitin, Ube2C, and energy mix as described 
above for degradation assays, in the presence of okadaic acid where indicated.  Extracts were 
incubated at 37°C for indicated times.  Cdc20 conjugates were immunopurified as described 
above, and components of Mitotic Checkpoint Complex and APC/C were detected by Western 
blot with specific antibodies. 

Protein Purification 

All proteins except ubiquitin E1 were expressed and purified from BL21/DE3 (RIL) cells. Cells 
were grown in LB medium to OD600nm 0.5 before protein production was induced overnight at 
0.5mM IPTG (Lab Scientific, Inc.).  6xHisE1 was expressed from pFASTBac in Sf9 cells and was 
purified using NiNTA (QIAGEN).  Ube2S6xHis, Ube2C6xHis, 6xHisubiquitin, and Ub-cyclin AHA-

6xHis were purified as previously described (Wickliffe et al., 2011; Meyer and Rape, 2014; Song 
et al., 2014).  Ube2S6xHis constructs used in crosslinking assays (C118A and C95A/C118A) were 
purified as previously described (Wickliffe et al., 2011) but were dialyzed into buffer containing 
50 mM Tris (pH 7.2) and 100 mM NaCl.  Ubiquitin was purchased from UBP Bio and Boston 
Biochem.  To purify PP2AB56 complexes, catalytic subunit alpha (PPP2CA), regulatory subunit 
PR65 beta (PPP2R1B), and Flag-tagged regulatory subunit B56 alpha (PPP2R5A) were 
expressed in 293T cells, purified on Flag-M2-affinity resin (Sigma) and eluted with Flag peptide 
(500 µg/ml in PBS). 
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Figure Legneds 
  
Figure 1: Ube2S genetically interacts with regulators of kinetochore microtubule 
attachment. A. A genetic interaction screen identified strong synergistic effects of depleting 
Ube2S together with regulators of kinetochore microtubule attachment, as measured by 
chromatin staining and automated image acquisition and analysis. Depletion of Ube2S did not 
affect the mitotic index. We show the difference of mitotic index observed in experiments 
depleting a candidate mitotic regulator and Ube2S (MIsiMR/Ube2S) with that of experiments 
depletion the mitotic regulator alone (MIsiMR). B. Confirmation of the genetic interaction 
between Ube2S and Kif18A, as revealed by FACS analysis. C. Confirmation of the genetic 
interaction between Ube2S and Kif18A, as revealed by protein expression analysis of cell cycle 
and cell death markers. Asychronous cells were depled of Ube2S, Kif18A, or both, and subjected 
to Western blot analysis using specific antibodies. D. Rescue of effects of Ube2S depletion by 
stable expression of siRNA resistant Ube2S. E. A reverse genetic interaction screen using 
Kif18A as query against a ubiquitin-focused siRNA libary (E3) identified Ube2S as the top 
genetic interactor of Kif18A. Moreover, Ube2C (the initiating E2 of the APC/C) and APC/C-
subunits emerged as most potent genetic interactors (shown in red and orange, respectively), 
whereas activation of the APC/C by depletion of Otud7, Usp39, or Emi1 (shown in green) 
reduced the mitotic index of Kif18A depleted cells.  

 

Figure 2: Co-depletion of Ube2S and Kif18A arrests cells prior to anaphase. A. Live cell 
imaging of HeLa cells stably expressing mCherry-tagged histone H2B and depleted of either 
Ube2S, Kif18A, or both. B. Quantification of Ube2S-, Kif18A-, or Ube2S/Kif18A- depleted 
cells that failed to enter anaphase in live cell imaging experiments. C. Ube2S/Kif18A-depleted 
cells arrest in mitosis with high levels of cyclin B1, as shown by immunofluorescence 
microscopy staining for endogenous cyclin B1 (green) and DNA (DAPI; blue). D. 
Ube2S/Kif18A-depleted cells arrest in mitosis with aberrant spindle structures, as revealed by 
immunofluorescence microscopy staining for the kinetochore marker NDC80 (red), the 
kinetochore fiber marker HURP (green), and DNA (blue). 

 

Figure 3: The mitotic arrest of Ube2S- and Kif18A-depleted cells requires the spindle 
assembly checkpoint. A. All Ube2S/Kif18A-depleted cells arrested in mitosis contained at least 
one Mad1-positive kinetochore, as revealed by immunofluorescence microscopy staining for 
Mad1 (red), HURP (green), and DNA (blue). The asterisk indicates that co-depleted cells rarely 
reached a true metaphase plate and typically lost chromosome alignment. B. APC/C purified 
from asynchronously grown Ube2S/Kif18A-depleted cells was engaged to spindle checkpoint 
effector proteins, as shown by Western blotting using specific antibodies. C. Inhibition of spindle 
checkpoint signaling by depletion of Mad2, BubR1, or Mps1 abrogates the increase in mitotic 
index brought about by Ube2S- and Kif18A-codepletion, as revealed by automated image 
aquisition and analysis of Hoechst stained HeLa cells. D. Spindle checkpoint inactivation by 
treatment of cells with the Mps1-inhibitor reversine abolished the delay in mitotic progression 
brought about by Ube2S/Kif18A co-depletion, as observed by live cell imaging of mCherry-
histone H2B expressing HeLa cells. (Permanently arrested cells were not taken into 
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consideration). E. Spindle checkpoint inhibition rescues the ability of Ube2S/Kif18A-depleted 
cells to enter anaphase, as seen by live cell imaging of mCherry-histone H2B expressing HeLa 
cells trreated with reversine, as indicated. 

 

Figure 4: Ube2S controls microtubule flux and spindle checkpoint function. A. Microtubule 
flux was measured in HeLa cells expressing photoactivatable tubulin, using live cell microscopy. 
B. Quantification of microtubule flux in HeLa cells depleted of Ube2S, Cdc20, Kif18A, or 
combinations thereof. The effects of taxol are shown as positive control. C. p31comet shows 
similar genetic interactions as Ube2S. p31comet was depleted alone or in combination with 
Kif18A or Sgo1, two genetic interactors of Ube2S. If indicated, Ube2S was depleted in addition 
to p31comet and Kif18A or Sgo1. Cells were stained for mitotic chromosomes by Hoechst, and 
analyzed for mitotic index by automated image capture and analysis. 

 

Figure 5: The phosphatase PP2AB56 is co-regulated with Ube2S. A. CompPASS mass 
spectrometry analysis of Cdc20 complexes in prometaphase. HeLa cells were transfected with 
FLAGCdc20 and synchronized in prometaphase using STLC. Following αFLAG-affinity 
purification, high-confidence Cdc20 interactors were determined by CompPASS mass 
spectrometry. Brown arrows indicate interactions detected in our experiment, dashed lines note 
previously described interactions that occur in addition to those detected here. B. Proteasome 
inhibition stabilizes binding of Cdc20 to Ube2S, APC/C, spindle checkpoint effectors, and the 
PP2AB56 phosphatase. FLAGCdc20 complexes were purified from STLC-synchronized cells 
treated with proteasome inhibitor MG132. The efficiency of binding was compared for high 
confidence interactors with experiments lacking MG132. (TSC, total spectral counts) C. 
Proteasome inhibition stabilizes binding of PP2AB56 to Cdc20. HeLa cells were synchronized in 
prometaphase in the presence or absence of MG132. Endogenous Cdc20 was affinity-purified 
using specific antibodies, and bound proteins were identified by Western blotting. D. Proteasome 
inhibition stabilizes binding of PP2AB56 to Cdc20, as shown by phosphatase activity that co-
precipitates with Cdc20 in prometaphase cells in the presence of proteasome inhibitors. E. 
Proteasome inhibition stabilizes binding of PP2AB56 to Ube2S. HeLa cells were transfected with 
FLAGB56α, synchronized in prometaphase with STLC, and analyzed for specific binding partners 
by αFLAG-affinity-purifcation and Western blotting. F. Proteasome inhibition stabilizes binding 
of BubR1 to Ube2S and PP2AB56. HeLa cells were transfected with FLAGBubR1, synchronized in 
prometaphase with STLC, and analyzed for specific binding partners by αFLAG-affinity-
purifcation and Western blotting.  

 

Figure 6: Proteasome-sensitive interactions between Cdc20, Ube2S, and PP2AB56 require 
kinetochore proteins. A. Depletion of Knl1 from HeLa cells displaces Cdc20 from 
kinetochores. HeLa cells were transfected with siRNA against Knl1, and localization of Cdc20 
was determined in prometaphase cells by immunofluorescence microscopy against Cdc20 
(green), Ndc80 (red), and DNA (DAPI; blue). B. Depletion of Knl1 interferes with Cdc20 
binding to BubR1, PP2AB56, and Ube2S. HeLa cells were depleted of Knl1, synchronized in 
prometaphase with STLC, and treated with MG132 as indicated. Endogenous Cdc20 was 
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affinity-purified using specific antibodies and analyzed for binding partners by Western blotting. 
C. Depletion of Ndc80 impairs binding of Cdc20 to PP2AB56 and Ube2S. HeLa cells were 
depleted of Ndc80, synchronized in prometaphase with STLC and subjected to Cdc20 affinity-
purification and Western blot analysis. D. Co-depletion of Ube2S and Knl1 prevents anaphase 
entry. Quantification of live cell imaging experiments similar to those described in Figure 2 is 
shown. 

 

Figure 7: PP2AB56 regulates binding and function of Ube2S on APC/CCdc20. A. Cdc20 
delivers Ube2S and PP2AB56 to the APC/C. HeLa cells were transfected with siRNAs targeting 
Cdc20, synchronized in prometaphase using STLC and and subjected to αAPC3-affinity 
purification. Proteins bound to APC/C were identified by Western blotting using specific 
antibodies. B. Phosphatase inhibition destabilizes binding of Ube2S to Cdc20. HeLa cells 
synchronized in prometaphase with STLC were treated with MG132 and okadaic acid, as 
indicated. Cdc20 was purified using monoclonal antibodies, and bound proteins were determined 
by Western blotting. C. Phosphatase inhibition destabilizes Cdc20-binding to Ube2S and APC/C 
in extracts. Extracts of prometaphase cells were treated with okadaic acid and Ube2C or 
dominant-negative Ube2CC114S. Ube2C addition triggers ubiquitin-dependent MCC disassembly 
and APC/C-activation. Cdc20 was affinity-purified from extracts at the indicated time after 
Ube2C/Ube2CC114S addition, and bound proteins were identified by Western blotting. D. 
Phosphatase inhibition alters interactions of Ube2S on the APC/C. APC/C purified from okadaic 
acid-treated extracts, as indicated, was incubated with Ube2SC118A, a mutant that contains its 
active site Cys95 as the only cysteine residue. Reactions were supplemented with the 
bifunctional cysteine reactive crosslinker 1,4-bismaleimidobutane (BMB) and analyzed for 
crosslinks by Western blotting against Cdc20, Apc2, and Apc11. E. PP2AB56 restores 
crosslinking of Apc11 to Ube2S on phosphatase-inhibited APC/C, purified and treated with 
BMB as described above. F. PP2AB56 restores activity of phosphatase-inhibited APC/C towards 
Ube2S. APC/C was purified from mitotic extracts treated with okadaic acid, where indicated, 
and its activity to promote Ube2S-dependent ubiquitin chain elongation on Ub-cyclin A was 
measured by Western blotting. Where indicated, purified PP2AB56α was added to the reactions. 

 

Figure 8: Ube2S and PP2AB56 cooperate in vivo. A. Co-depletion of Ube2S and all substrate-
targeting factors of PP2AB56 (B56α-ε) either delays cells in mitosis or leads to a permanent 
arrest, as seen by live cell imaging of cells expressing mCherry-tagged histone H2B and GFP-
tubulin. Shown is an exampled of a co-depleted cell that experienced a delay, not an arrest. B. 
Co-depletion of Ube2S and B56α-ε results in a mitotic arrest characterized by chromosome 
scattering and spindle rotation. All cells entering mitosis in the time course of filming were used 
for quantification, and indicated phenotypes were counted for each depletion condition. C. Co-
depletion of Ube2S and B56α-ε delays mitotic progression, as shown by cumulative percentage 
of depleted cells that entered anaphase. Only cells that initiated sister chromatid separation 
during the time course of filming were used for quantification. D. Co-depletion of Ube2S and 
B56α-ε stabilizes the APC/C-substrate geminin, as seen by live cell imaging of cells expressing 
GFP-tagged geminin and mCherry-tagged histone H2B. The last frame shown marks the time no 
geminin could be detected in cells anymore. 
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Supplementary Figure 1: Ube2S shows genetic interactions with Kif18A. A. Depletion of 
Ube2S shows genetic interactions with several siRNAs against Kif18A. Kif18A was depleted 
with four distinct siRNAs against its open reading frame and two siRNAs targeting its 3’-UTR. 
Mitotic cells were identified by Hoechst staining and automated image acquisition and analysis. 
B. Multiple siRNAs against Ube2S reveal genetic interactions with Kif18A. Two distinct 
siRNAs against Ube2S were combined with three different siRNAs against Kif18A, and the 
percentage of mitotic cells in the population was determined as described above. C. The genetic 
interactions between Ube2S and Kif18A can be observed in multiple cellular backgrounds. Co-
depletion of Ube2S and Kif18A produced synergistic increases in the abundance of mitotic cells 
(as indicated by white arrows) in U2OS (p53-positive cell line) and RPE1 cells (diploid, p53 
positive cell lines). The original screen was performed in HeLa cells (p53 negative, aneuploid 
cell line). D. A reverse genetic interaction screen confirms the interplay between Ube2S and 
Kif18A. HeLa cells were co-depleted of Kif18A and a custom-made library of known mitotic 
regulators (MR), including Ube2S. Mitotic cells were identified by Hoechst staining and 
automated image acquisition and analysis, as described before. Ube2S was the most prominent 
genetic interactor of Kif18A in this screen. E. Different representation of screen data described 
in Figure S1D, showing that Ube2S and the chromosomal passenger complex (CPC) are genetic 
interactors of Kif18A.  

 

Supplementary Figure 2: Co-depletion of Ube2S and Kif18A arrests cells in mitosis due to 
persistent spindle checkpoint activation. A. Depletion of Mad2 overrides the mitotic arrest 
caused by Ube2S/Kif18A co-depletion. HeLa cells expressing GFP-tubulin and mCherry-histone 
H2B were transfected with the indicated siRNAs, and their cell division was monitored by live 
cell imaging. A representative cell is shown for each condition. B. Quantification of the live cell 
imaging experiment described above, including ~50 cells per condition. It should be noted that 
only those Ube2S/Kif18A-depleted cells that entered mitosis during imaging were counted (most 
cells were already arrested, explaining the apparently less dramatic effect of the siRNAs in this 
analysis). 

 

Supplementary Figure 3: Ube2S regulates microtubule dynamics. A. Depletion of Ube2S 
does not cause overt spindle defects. HeLa cells stably expressing GFP-tubulin and mCherry-
histone H2B were transfected with control siRNAs or siRNAs targeting Ube2S and monitored by 
live cell imaging. A representative cell is shown for each condition. B. Quantification of 
microtubule flux data depicted in Figure 4A. Note the different scale of the y-axes. C. Depletion 
of Ube2S causes a subtle increase in spindle length, as expected from altered microtubule flux 
and kinetochore fiber stability. 

 

Supplementary Figure 4: Ube2S is co-regulated with PP2AB56. A. Cdc20 shows genetic 
interactions with Kif18A. Cdc20, Kif18A, or both were depleted from HeLa cells, and the 
mitotic index was determined by Hoechst staining coupled to automated image acquisition and 
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analysis. The experiment was performed in triplicate. B. Phosphatase activity purifying with 
Cdc20 is likely PP2A. Cdc20 was affinity-purified from prometaphase cells treated with 
proteasome inhibitors and subjected to an in vitro phosphatase assay. Increasing concentrations 
of the phosphatase inhibitor okadaic acid were added as indicated. C. Cdc20D464R does not 
interact with PP2AB56. HeLa cells were transfected with FLAGCdc20 or FLAGCdc20D464R, followed 
by αFLAG affinity purification. Co-precipitating proteins were analyzed by Western blotting. 
Proteasome inhibitor MG132 was added as indicated. 

 

Supplementary Figure 5: Regulation of APC/CCdc20 activity by phosphorylation. A. 
Identification of okadaic acid responsive phosphorylation sites on Cdc20. FLAGCdc20 was 
affinity-purified from prometaphase HeLa cells and subjected to mass spectrometry. The 
abundance of phosphorylation sites in the presence of okadaic acid is shown; no phosphorylation 
events were detected in the absence of okadaic acid. B. Analysis of Cdc20-binding partners in 
the presence of okadaic acid. Prometaphase HeLa cells expressing FLAGCdc20 were treated with 
MG132 or MG132 and okadaic acid (OA), and binding partners were identified by CompPASS 
mass spectrometry. The change in abundance for binding partners of Cdc20 is depicted. C. 
Okadaic acid inhibits Cdc20 ubiquitylation. Prometaphase HeLa extracts were treated with 
DMSO or okadaic acid. Next, Hisubiquitin and Ube2C were added, and ubiquitylated proteins 
were purified after indicated times by denaturing NiNTA-purification. Cdc20 was detected by 
Western blotting. D. Okadaic acid prevents APC/C substrate ubiquitylation. APC/C substrates 
were ubiquitylated in extracts as described above and analyzed for geminin by Western blotting. 
Where indicated, extracts were supplemented with HisubiquitinK11R, rather than Hisubiquitin. E. 
Okadaic acid prevents APC/C substrate degradation. Prometaphase HeLa extracts were treated 
with okadaic acid and Ube2C, and the stability of endogenous proteins was analyzed by Western 
blotting. 
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Chapter 4 

Conclusions and Outlook 
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In the chapters above, I have presented work showing how the ubiquitin ligase activity of 
APC/C is regulated at the crucial metaphase-anaphase transition during mitosis.  In a process that 
requires the co-activator subunit Cdc20, Ube2S and APC/C build ubiquitin chains on substrates 
by tracking the distal end of the growing chain (Chapter 2).  This process ensures processive 
ubiquitylation of APC/C substrates that are key cell cycle regulators.  Furthermore, Ube2S and 
APC/C activity during early stages of mitosis when the Spindle Assembly Checkpoint is active 
allows for continuous disassembly of MCC and surveillance of checkpoint signaling.  We found 
that APC/C activity during prometaphase is affected by its phosphorylation state and that the 
phosphatase PP2AB56 stimulates APC/C and Ube2S activity and contributes to checkpoint 
silencing (Chapter 3).  Together this work sheds light on the mechanisms precisely regulating 
APC/C activity during mitosis and informs how E2 and E3 enzymes efficiently cooperate to 
build ubiquitin chains. 

 

Mechanisms of Chain Formation 

 Processive ubiquitylation is necessary to generate a robust signal; in the case of APC/C 
and its substrates, Lys11-linked chains target mitotic regulators for degradation at precise times 
during the cell cycle in order to ensure synchronous chromosomal separation and mitotic exit.  
The mechanism behind processive ubiquitin chain formation was unclear: due to the fact that the 
substrate protein and the E2 bind the E3 at distinct surfaces, it is not known how the E2 active 
site remains in close proximity to its substrate, the ubiquitin at the end of a growing chain.  Our 
work shows how a physiological E2-E3 pair, Ube2S and APC/C, function to efficiently build 
ubiquitin chains by tracking the distal end of the ubiquitin chain (Chapter 2).  APC/C and its co-
activator subunit Cdc20 function by increasing the affinity of Ube2S for its substrate, the 
acceptor ubiquitin at the end of the growing chain.  In line with our conclusions, Brown et al. 
(2014) describe a previously uncharacterized surface of the Apc11 RING domain that interacts 
with the acceptor ubiquitin in the substrate-bound ubiquitin chain.  Previous work suggests that 
Ube2S does not participate in a canonical E2-RING domain interaction (Williamson et al., 
2009), though we find that Ube2S is in close proximity to Apc11 based on crosslinking data.  
Taken together, these results suggest that Ube2S and APC/C use a unique surface of the RING 
domain to tether the acceptor ubiquitin in close proximity to the donor ubiquitin at the Ube2S 
active site.  This mechanism helps explain the processivity observed with Ube2S and APC/C 
(Meyer and Rape, 2014, Wickliffe et al., 2011).  Other ligases could similarly use a ubiquitin-
interaction interface to improve the affinity between their catalytic center and the end of a 
growing ubiquitin chain and thus foster chain formation. 

 

Role of Cdc20 as APC/C Activator  

The APC/C co-activator subunits Cdc20 and Cdh1 serve to stimulate APC/C’s ligase 
activity, in addition to their roles as substrate adapters (Kimata et al., 2008).  Our results suggest 
that Cdc20 activates by recruiting the ubiquitin-charged E2 Ube2S to APC/C (Chapter 2).  
Ube2S also interacts with APC/C core subunits Apc2 and Apc4 through Helix D of its catalytic 
domain, a surface that is crucial for Ube2S activity (Brown et al., 2014).  These data together 
support a model in which Cdc20 recruits Ube2S to APC/C and promotes its interactions with 
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core subunits, helping to position the Ube2S active site for optimal catalytic activity in the 
context of the whole APC/C.  This role of Cdc20 in targeting Ube2S to APC/C helps clarify how 
APC/C retains some ubiquitylation activity even when bound to MCC during early mitosis. 

 

Regulation of Mitotic Checkpoint Complex and Checkpoint Silencing 

 The Mitotic Checkpoint Complex is an essential effector of the Spindle Assembly 
Checkpoint that ensures proper chromosomal segregation, and thus its activity and regulation are 
subjects of great interest.  Recent studies have described how MCC functions to block APC/C 
engagement with canonical substrates and their subsequent ubiquitylation and degradation prior 
to anaphase onset (Herzog et al., 2009, Chao et al., 2012).  However, certain APC/C substrates 
are modified by checkpoint-inhibited APC/C during early mitosis, and how this is accomplished 
is unclear.  Our work shows that MCC does not prevent the catalytic activity of APC/C and 
Ube2S (Chapter 2).  In effect, MCC-binding stabilizes the APC/C interaction with Cdc20, which 
is essential for Ube2S binding and activation by APC/C.  Because Ube2S associates with and is 
activated by checkpoint-inhibited APC/C during early mitosis, these enzymes can stimulate the 
continuous ubiquitylation of Cdc20 and subsequent disassembly of MCC, thus demonstrating 
how APC/C and Ube2S help inactivate the checkpoint. 

 Understanding how the checkpoint is silenced is an area of intense interest and active 
investigation.  While much is known of the important signaling components, their activity, 
regulation, and localization, many unanswered questions remain (Sivakumar and Gorbsky, 
2015).  For instance, it is not fully clear how kinetochore-localized proteins sense tension and 
microtubule attachment when biorientation of chromosomes is achieved and then transmit this 
signal to turn off the checkpoint and allow for mitotic exit.  One aspect of inhibiting checkpoint 
signaling is through the physical disassembly of MCC, the mechanisms of which are 
incompletely understood.  The APC/C subunit Apc15 is involved in Cdc20 ubiquitylation that is 
required for MCC release (Mansfeld et al., 2011, Foster and Morgan, 2012, Uzunova et al., 
2012). Additionally, the Mad2-interacting protein p31comet and an interacting ATPase TRIP13 
also have been implicated in the energy-requiring step of MCC dissociation (Eytan et al., 2014, 
Ye et al., 2015).  Further investigation is necessary for a coherent picture of how MCC is 
disassembled to allow full APC/C activation upon satisfaction of the checkpoint. 

 Another open area of research is the role of phosphorylation in regulating checkpoint 
signaling.  Kinases and phosphatases have numerous well-described roles in establishing the 
mitotic checkpoint both spatially and temporally; how specific phosphorylation events affect 
APC/C activity throughout mitosis is less understood.  The phosphatase PP2AB56 stabilizes 
kinetochore-microtubule attachments and is involved in silencing checkpoint signaling at the 
kinetochore (Foley et al., 2011, Nijenhuis et al., 2014, Espert et al., 2014).  Our work reveals 
another role for PP2AB56 in regulating checkpoint signaling.  We found that PP2AB56 associates 
with APC/C via its interactions with MCC (Chapter 3).  The phosphatase activity of PP2AB56 
stabilizes Cdc20 interactions with APC/C and Ube2S and thus promotes ubiquitylation activity.  
In this way, PP2AB56 could couple checkpoint signaling from the kinetochore directly with 
APC/C activity, which contributes to disassembly of MCC.  Furthermore, hypophosphorylation 
of APC/C has been reported to correlate with APC/C activity (Sivakumar et al., 2014).  
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Discovering the precise role of phosphorylation in checkpoint silencing is important for 
understanding how this critical cell cycle transition in controlled. 

 

APC/CCdc20 and E2 enzymes as potential targets for cancer therapeutics 

Accurate mitosis is required for faithful separation of chromosomes, and defects in this 
process result in chromosomal instability or aneuploidy and are associated with tumorigenesis.  
The ubiquitin-proteasome system (UPS) is involved in regulating multiple cell cycle transitions 
and thus presents possible targets for therapeutic strategies.  In fact, the proteasome inhibitors 
bortezomib (Valcade) and carfizomib have been approved for treating cancers.  However, bulk 
proteasomal inhibition has adverse off-target side effects, suggesting that a more directed 
strategy targeting specific pathways of the UPS might be required.  In its role as central regulator 
of mitotic progression, APC/C is a viable therapeutic target for diseases caused by aberrantly 
dividing cells.  Prolonged inhibition of APC/C mediated by the Spindle Assembly Checkpoint 
can result in permanent cell cycle arrest and apoptosis. Furthermore, Cdc20 is not only a critical 
regulator of APC/C activity and an important effector of MCC but is also a reported oncogene 
(Wang et al., 2015).  Cdc20 expression is elevated in numerous cancers, and APC/CCdc20 is 
reported to target the pro-apoptotic protein Bim for ubiquitylation and degradation (Wan et al., 
2014).  Therefore, the recent discovery of small molecule inhibitors of APC/C are exciting new 
avenues for treatment strategies.  TAME (tosyl-L-arginine methyl ester) and its cell permeable 
derivative pro-TAME mimic the C-terminal –IR tail of the co-activator subunits, blocking their 
binding to APC/C and inhibiting its activity (Zeng et al., 2010).  Apcin specifically inhibits 
APC/CCdc20 by binding the D-box binding pocket of Cdc20 and preventing substrate engagement 
(Sackton et al., 2014).  Both inhibitors have demonstrated APC/C inhibition in cancer cells, and 
their activities can synergize to block mitotic exit more effectively (Sackton et al., 2014).  
Additionally, over-expression of APC/C-specific E2 enzymes Ube2C and Ube2S has been 
associated with aberrant cell division, aneuploidy and tumorigenesis (Tedesco et al., 2007, Fujita 
et al., 2009, van Ree et al., 2010, Pallante et al., 2013).  Taken together, APC/C and its cognate 
E2s are promising targets for future approaches for the treatment of numerous cancers.  Work 
presented in the preceding chapters helps elucidate the mechanisms regulating activity of 
APC/CCdc20 and its E2 enzymes and can inform development of new therapeutic tools. 
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