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Abstract

The interplay between E2 and E3 enzymes regulates the polyubiquitination of substrates in 

eukaryotes. Among the several RING-domain E3 ligases in humans, many utilize two distinct E2s 

for polyubiquitination. For example, the cell cycle regulatory E3, human Anaphase-Promoting 

Complex/Cyclosome (APC/C), relies on UBE2C to prime substrates with ubiquitin (Ub) and 

UBE2S to extend polyubiquitin chains. However, the potential coordination between these steps in 
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ubiquitin chain formation remains undefined. While numerous studies have unveiled how RING 

E3s stimulate individual E2s for Ub transfer, here we change perspective to describe a case where 

the chain-elongating E2 UBE2S feeds back and directly stimulates the E3 APC/C to promote 

substrate priming and subsequent multiubiquitination by UBE2C. Our work reveals an unexpected 

paradigm for the mechanisms of RING E3-dependent ubiquitination and for the diverse and 

complex interrelationship between components of the ubiquitination cascade.

INTRODUCTION

The conjugation of ubiquitin (Ub) onto proteins is a key cellular process that mediates 

eukaryotic protein regulation. Polyubiquitination of targeted substrates (the linkage of 

several ubiquitins onto a single target) can induce changes to subcellular localization, alter 

protein function, or lead to proteasomal degradation, an important aspect of cell cycle 

control. In humans, E1, >30 E2s, and >600 E3 enzymes coordinate to polyubiquitinate 

proteins. The E1 mediates the transfer of Ub to the catalytic cysteine of an E2 to form an 

E2~Ub intermediate (~denotes covalent); an E3 mediates the transfer of Ub from the E2~Ub 

intermediate to a substrate. There are three major classes of E3s (RBRs, HECTs, and 

RINGs). The largest family of E3s contain a RING domain and serve as a scaffold to recruit 

both the E2~Ub and the substrate while simultaneously facilitating the transfer of Ub to 

substrate lysines (reviewed in1,2). As severe consequences result from the dysregulation of 

polyubiquitination, i.e. several cancers and developmental disorders, this process must be 

tightly controlled3.

RING E3 ligases switch between active and inactive states through precise regulatory 

control that ensures specificity and timing of polyubiquitination events4. Activators, 

inhibitors, and post-translational modifications of RING E3s coordinate to control accurate 

cell cycle timing. Polyubiquitination leading to proteasomal degradation drives the cell cycle 

and is primarily mediated by the Cullin-RING ligase superfamily, which includes SKP1-

CUL1-F-box proteins (SCFs) and the Anaphase-Promoting Complex/Cyclosome (APC/

C)5,6. Both E3 subfamilies use multiple E2s for polyubiquitination. Through multiple rounds 

of E2 binding in a multi-step process and with cooperation between different E2s, these E3s 

facilitate the formation of Ub chains with multiple linkage types7–9. Yet, the details of how 

several E2s coordinate with a single E3 scaffold for polyubiquitination remain unclear. In 

our effort to dissect this process, we discovered the activating role of an E2 in E3 function in 

the context of the APC/C and its cognate E2s, UBE2C(UBCH10) and UBE2S.

The APC/C is a 1.2 MDa multi-subunit complex that polyubiquitinates key cell cycle 

regulators (e.g. cyclins and securin) to direct chromosomal segregation, cytokinesis, G1 

maintenance, and multiple aspects of neurobiology (reviewed in10–12). The APC/C can be 

divided into two sub-complexes termed the “Arc lamp” and “Platform”. The Arc lamp 

provides structural reinforcement while the Platform contains the catalytic module where the 

cullin-like subunit APC2 and the RING domain subunit APC11 facilitate Ub transfer13,14. 

APC/C activity is regulated through coactivators, CDH1 and CDC20, and inhibitors, EMI1 

and Mitotic Checkpoint Complex (MCC)15–18. The APC/C remains in an inactive 

conformation until a coactivator binds19. Coactivator binding plays two important roles. 
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First, coactivators recruit substrates to the APC/C. Second, they reposition the APC2–

APC11 catalytic module from an inactive to an active state19–23. This mobilizes the catalytic 

module to expose the UBE2C-binding site and facilitates UBE2C activation for 

ubiquitination19,24,25. The WD40 domain of the scaffolding subunit APC1 (APC1WD40) is 

critical for mediating this conformational change; deletion of APC1WD40 has been shown to 

lock the catalytic module in the downward position, blocking the binding site of UBE2C 

while leaving UBE2S binding unaffected26.

Recent structural studies have shown that the APC/C uses distinct architectures to perform 

specific polyubiquitination steps with UBE2C and UBE2S (Fig. 1a, Extended Data Fig. 

1)24,25,27. Upon coactivator binding, UBE2C~Ub is recruited and activated by APC2WHB–

APC11RING to prime the substrate with its first Ub19,24,25,28,29. APC/C next catalyzes two 

types of reactions: multiubiquitination via UBE2C, with Ub transferred to additional 

substrate lysines or to the initial Ub, resulting in short chains; or alternatively, chain 

elongation via UBE2S, which forms K11-linked Ub chains (Fig 1a, bottom, Extended Data 

Fig. 1)27,30–33. During processive multiubiquitination, UBE2C~Ub is clamped by the 

APC2WHB–APC11RING in the vicinity of the RING surface (hereafter referred to as 

“exosite”) which binds a substrate-linked Ub to facilitate processive affinity amplification 

(PAA)27,34. For Ub chain elongation, the RING exosite positions the substrate-linked 

acceptor Ub to receive a Ub from UBE2S, extending the chain27,32,33,35–37. UBE2S~Ub 

binds to a distinct surface on APC2 via its ubiquitin-conjugating (UBC) domain and is 

uniquely tethered by its positively-charged C-terminal peptide to a groove formed by the 

APC2–APC4 interface24,27,37,38. Critically, the elongation step carried out by UBE2S 

requires a substrate that has already been primed with Ub by the UBE2C27,31–33. These 

enzymatic modalities allow for diverse Ub-topologies that subsequently tune substrate 

degradation efficiency, with branched chains increasing the protein degradation rate39.

How are the regulatory states of E3s and the multiple E3–E2 architectures coordinated to 

ensure efficient substrate polyubiquitination? Here, we use biochemical and biophysical 

approaches coupled with mutagenesis and structural analysis to define a new mechanism for 

APC/C activation. We show that the binding of the “secondary” E2, UBE2S, to the APC2–

APC4 groove accelerates the rate-limiting first ubiquitination step by APC/C-UBE2C. 

UBE2S utilizes a binding site distinct from the coactivators to stimulate the E3 APC/C to 

recruit and activate its counterpart E2 UBE2C. Our results demonstrate a new role for E2s in 

effecting E3 conformation and activity, thereby controlling E2-E3 cascades and substrate 

polyubiquitination. Finally, our work shows that a thorough understanding of the 

interrelationship between E3s and their corresponding E2s remains to be developed.

RESULTS

UBE2S Elongates Ub Chains on APC/C Substrates and Increases the Rate of Substrate 
Ubiquitination

The APC/C must alternate between different architectures for substrate polyubiquitination 

by its two E2s27. To investigate the interplay between UBE2S, the secondary E2 that 

elongates Ub chains, and UBE2C, the E2 that initiates polyubiquitination, we used our 

recombinant APC/CCDH1 system. We recapitulated ubiquitination reactions with APC/
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CCDH1 and UBE2C, titrated UBE2S, and collected reactions at time points indicated 

(schematic in Fig. 1b). Modification of canonical APC/C substrates, the N-terminal fragment 

of cyclin B (CycBNTD*) and Securin*, were monitored and quantified. As expected, the 

addition of UBE2S to APC/CCDH1-UBE2C-mediated polyubiquitination reactions induced 

the formation of longer Ub chains on the substrates (Fig. 1b, Extended Data Fig. 2). 

Surprisingly, quantification of the fraction of remaining substrate over time revealed that 

UBE2S increased the substrate modification rate by 2-fold in comparison to UBE2C alone 

reactions (Fig. 1c, Extended Data Fig. 2, compare conditions 0 μM UBE2S with 5 μM 

UBE2S). As UBE2S cannot directly ubiquitinate substrates as an initiating E2, this suggests 

that the Ub chain elongating E2 UBE2S functions in undefined ways to influence the 

dynamics of substrate priming and/or multiubiquitination by APC/CCDH1-UBE2C.

UBE2S C-terminal Peptide (CTP) Enhances Substrate Priming and Multiubiquitination by 
APC/C-UBE2C

Dynamic Ub chain elongation is facilitated by the multivalent binding of UBE2S to the 

APC/C27,35,37. To understand how UBE2S increases the rate of depletion of unmodified 

substrate by APC/C-UBE2C, we sought to determine if the catalytic activity of UBE2S or 

the binding of a UBE2S domain to APC/C is responsible for this effect. UBE2S contains a 

UBC domain (residues 1-156) that includes the catalytic cysteine, a linker (residues 

157-203), and a C-terminal peptide (CTP, residues 204-222) that is crucial for UBE2S 

recruitment to the APC/C (Fig. 2a). Variants of UBE2S were added to APC/CCDH1-UBE2C-

dependent polyubiquitination reactions and the levels of unmodified CycBNTD* were 

quantified. While we observe an increase in substrate depletion when an active UBE2S UBC 

domain is added, this variant is deficient for Ub chain elongation in an APC/C-dependent 

manner (Extended Data Fig. 3a–c), suggesting that its effects are APC/C independent. 

Surprisingly, the addition of a catalytically inactive (C95K) UBE2S accelerated substrate 

depletion, indicating that UBE2S binding to the APC/C influences APC/CCDH1-UBE2C 

activity (Extended Data Fig. 3a–b). Since the UBE2S UBC domain and the CTP are known 

to bind to distinct surfaces on the APC/C, we tested whether the catalytically dead (C95K) 

UBC domain or the UBE2SCTP alone could accelerate substrate depletion. We unexpectedly 

found that the non-enzymatic fragment UBE2SCTP is sufficient for increasing the rate of 

substrate depletion similar to full-length UBE2S (Fig. 2b, Extended Data Fig. 3d).

To characterize whether the effects of the UBE2SCTP are specific to APC/C-UBE2C-

dependent priming or multiubiquitination, we undertook a comparison of two types of 

substrate: the unmodified substrates CycB* and Securin* which go through priming and 

multiubiquitination, and the Ub-linked substrates Ub-CycB* and Ub-Securin* which have a 

genetically-fused Ub on the N-terminus to bypass the initial priming steps. In every instance, 

the addition of the UBE2SCTP enhanced the rate of substrate depletion regardless of the 

initial substrate state (Fig. 2c, Extended Data Fig. 4a).

These results suggest that the UBE2SCTP potentially influences both the APC/C-UBE2C-

dependent substrate priming and multiubiquitination. To characterize the first Ub transfer 

step by APC/C-UBE2C (substrate priming), we blocked multiubiquitination or Ub chain 

elongation by UBE2C using a single lysine substrate (cycBNTD*(1K)) and methylated 
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ubiquitin (meUb) in a single encounter assay. This experiment allows us to observe the 

transfer of Ub during a single APC/CCDH1-cycBNTD*(1K) binding event. First, APC/CCDH1 

and cycBNTD*(1K) are preincubated in the absence or presence of UBE2SCTP. Next, 

UBE2C~Ub and an excess of unlabeled substrate (600-fold Hsl1) are added simultaneously. 

Therefore, only cycBNTD*(1K) that is pre-bound to APC/CCDH1 is modified, and only the 

initial substrate binding and priming event is observed. Quantification showed that the 

amount of the monoubiquitinated cycBNTD*(1K) formed by APC/CCDH1-UBE2C was 

indeed at least 3.5-fold higher when the UBE2SCTP was present (Fig. 2d, Extended Data 

Fig. 4b). In an orthogonal assay that allowed for multiple APC/CCDH1-cycBNTD*(1K) 

binding events, we also showed that modification with the first Ub was more abundant in 

APC/CCDH1-UBE2C-dependent reactions complemented with UBE2SCTP (Extended Data 

Fig. 4c). These results point to an unknown mechanism of APC/C-UBE2C activation 

enhancement that is UBE2SCTP-dependent.

UBE2S is a regulator of mitosis. During mitosis, the APC/C is phosphorylated to utilize a 

different coactivator, CDC20. We examined the effect of the UBE2SCTP on ubiquitination 

reactions using either a phospho-mimic version of APC/C (APC/C-pE), which can function 

with CDC20 or CDH1, or a non-phosphorylatable version of the APC/C (APC/C-pA), 

which can only function with CDH140. The UBE2SCTP enhanced substrate 

polyubiquitination by every APC/C version tested with both coactivators. (Fig. 2e–f, 

Extended Data Fig. 4d–e). Therefore, the UBE2SCTP effect is not dependent on a specific 

state of the APC/C, suggesting that the UBE2SCTP influences polyubiquitination and 

substrate priming by directly affecting APC/C activation or UBE2C activity.

UBE2SCTP stimulation of APC/C is coactivator independent and harnesses the APC2–
APC11 catalytic core for the recruitment and activation of UBE2C~Ub.

Since the enhancement of substrate modification by the UBE2SCTP was observed across 

multiple substrate, coactivator, and APC/C combinations we can assume that UBE2SCTP 

either 1) behaves in a manner similar to a canonical coactivator by stimulating APC/C 

activity or 2) directly stimulates UBE2C~Ub. APC/C coactivators are recruited to the 

APC/C through an Isoleucine-Arginine (IR) tail at their C-terminus that binds to APC3 and 

a C-box motif at their N-terminus that binds to APC824. To understand if the UBE2SCTP 

influences the conformation of the APC2–APC11 catalytic core or if it binds directly to 

UBE2C, we devised a set of assays to monitor APC/C activation that bypass the need for a 

coactivator to recruit substrate.

First, to circumvent coactivator-mediated substrate recruitment, we genetically fused the 

cyclin-BNTD (residues 1-95) to the substrate co-receptor subunit, APC10 (Fig. 3a). 

Ubiquitination reactions were performed with an APC/C variant that lacks APC10 

(APCΔAPC10) and without a coactivator41. Ubiquitination of the CycBNTD-APC10 fusion 

was monitored using separate antibodies against APC10 and Ub (Fig. 3b). Reactions which 

contain UBE2SCTP show a ~3-fold increase in CycBNTD-APC10 ubiquitination compared to 

reactions that lack the UBE2SCTP (Fig. 3c). We hypothesize that the UBE2SCTP triggers 

ubiquitination in a coactivator-independent manner suggesting a new mechanism of APC/C 

activation that differs from existing paradigms.
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To directly compare coactivator-mediated activation relative to UBE2SCTP-mediated 

activation, we used an assay that monitors the intrinsic ability of the APC/CCDH1 to position 

and catalyze the discharge of Ub from UBE2C~Ub. Briefly, the catalytic Cys of UBE2C is 

substituted for Ser to form an oxyester-bonded UBE2C~Ub. Previously, we showed that the 

hydrolysis of the UBE2C~Ub linkage requires CDH1 to activate the APC/C and the 

APC2WHB and APC11RING domains to clasp UBE2C~Ub25. Similarly, we added wild-type 

APC/C or an APC/C variant lacking the APC2WHB and APC11RING (APC/CΔRΔW) to the 

UBE2C~Ub oxyester and followed UBE2C~Ub hydrolysis over time. Remarkably, the 

APC/C was able to hydrolyze UBE2C~Ub upon the addition of the UBE2SCTP in the 

absence of CDH1 in a manner still dependent on the APC2WHB and APC11RING. Therefore, 

the UBE2SCTP facilitates the recruitment of UBE2C~Ub to the APC/C rather than acting on 

UBE2C directly (Fig. 3d, Extended Data Fig. 5a). Taken together, the APC/C activation 

mechanism by the UBE2SCTP is coactivator-independent but APC/C-dependent.

To observe the influence of UBE2S-dependent activation of APC/C in cells, we examined 

the effect of siRNA-mediated knockdown of UBE2S and CDC20 on the mitotic transition 

(Fig. 3e, Extended Data Fig. 5b–c). By using HeLa cells that stably express H2B-GFP, we 

identified mitotic cells and measured the mitotic duration using time-lapse microscopy. 

Unperturbed HeLa cells require a median time of 26 minutes to complete mitosis, measured 

from the time of nuclear envelope breakdown to anaphase onset. The individual depletion of 

either UBE2S or CDC20 increased the mitotic duration to 36 minutes and 48 minutes, 

respectively. Co-depletion of UBE2S and CDC20 caused a significant mitotic delay, with 

cells requiring a median time of 75 minutes to complete mitosis. U2OS cells that stably 

express H2B-mCherry showed a similar trend (Extended Data Fig. 5c).

Furthermore, we used a HeLa cell extract system that allows for the measurement of 

substrate degradation as a readout for APC/C-UBE2C activity. In a UBE2S-depleted cell 

extract, the substrate degradation rate for Securin and Cyclin B was reduced (Fig. 3f). 

Addition of a catalytically inactive UBE2SC95K increased the degradation rate of Securin 

(Fig. 3g, Extended Data Fig. 5d), closely resembling our biochemical data. This suggests 

that multiple pathways induce the conformational changes for UBE2C~Ub recruitment to 

the APC/C for substrate polyubiquitination.

The UBE2SCTP rescues an APC/C variant defective in coactivator-dependent activation

Based on our results, UBE2SCTP activation occurs directly on the APC/C. One possible 

explanation for this result is that UBE2SCTP-dependent activation mimics coactivator-

induced activation where a conformational change in the catalytic core allows for UBE2C 

recruitment. Previous studies revealed that the N-terminal WD40 domain of APC1 is 

necessary for this coactivator-dependent conformational change26. These studies show that 

deletion of the WD40 domain (APC/CΔAPC1-WD40) locks the APC2–APC11 catalytic core 

in a “downward” conformation similar to the apo state rendering the UBE2C-binding site 

inaccessible in the presence of coactivator (Fig. 4a). For UBE2S-mediated ubiquitination, 

the APC1WD40 domain was shown to be dispensable. We confirmed these findings and 

showed that the addition of the APC1WD40 domain in trans restores APC/CΔAPC1-WD40 

activation and UBE2C-dependent activity (Extended Data Fig. 6a). Therefore, APC/
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CΔAPC1-WD40 activation for UBE2C-dependent ubiquitination can serve as a readout to 

distinguish between the active and inactive states of APC/C.

To compare the activity of wild-type APC/C to APC/CΔAPC1-WD40 in the presence of either 

UBE2C, UBE2S, or both E2s, we performed ubiquitination assays using an array of 

substrates (Fig. 4b–e, Extended Data Fig. 6b–d). For both E2s, addition of UBE2SCTP 

increased substrate turnover and enriched for low molecular weight products (Fig. 4b, 

Extended Data Fig. 6b, compare lanes 3 and 4). This suggests that the UBE2SCTP rescues 

UBE2C-dependent Ub ligation but competes with UBE2S to block UBE2S-dependent chain 

elongation (Fig. 4c, Extended Data Fig. 6c, compare lanes 3 and 4). Strikingly, when 

UBE2C alone is present, the addition of UBE2SCTP radically increases UBE2C-dependent 

ubiquitination (Fig. 4d–e, Extended Data Fig. 6d, compare lanes 3 and 4). These effects are 

conserved amongst several substrates and ablated when the last four residues of UBE2SCTP 

are changed to alanine (UBE2SCTP−4A) (Fig. 4d–e, Extended Data Fig. 6b–d).

To determine the full extent of UBE2SCTP -mediated activation of substrate ubiquitination, 

we measured the kinetic parameters of ubiquitination by APC/CΔAPC1-WD40 relative to wild-

type APC/C in the presence or absence of the UBE2SCTP. UBE2C was titrated into 

ubiquitination reactions containing Ub-CycBNTD*. Product formation (i.e. ubiquitinated 

forms of Ub-CycBNTD*) was quantified and normalized relative to wild-type APC/CCDH1 

reactions. APC/CΔAPC1-WD40 activity was reduced by ~70% in its apparent maximum 

velocity (Vmax
app) compared to wild-type APC/C. When UBE2SCTP was added, the 

defective Vmax
app was completely restored back to wild-type levels (Fig. 4f, Extended Data 

Fig. 6e).

A possible explanation for the increase in Ub-CycBNTD* ubiquitination by APC/

CΔAPC1-WD40 in the presence of UBE2SCTP is that UBE2SCTP binding alters rather than 

simply facilitates UBE2C binding to APC/C for Ub transfer to substrates. To survey the 

chain types formed by both WT APC/C and the APC/CΔAPC1-WD40 supplemented with the 

UBE2CCTP, we used label-free mass spectrometry of side-by-side polyubiquitination 

reactions using CDH1 and Securin. After isolation of the Ubn~Securin product, subsequent 

proteolysis, and semi-quantitative mass spectrometry analysis of the resultant peptides, we 

found that the lysines targeted for Ub ligation are similar in all conditions and that K11-, 

K48-, and K63-linked ubiquitin chains were formed (Extended Data Fig. 6f). Reactions 

containing APC/CΔAPC1-WD40 showed decreased levels of total ubiquitination but returned 

to near wild-type levels with the addition of UBE2SCTP (Fig. 4g).

To dissect the UBE2SCTP-mediated activation of APC/CΔAPC1WD40, we used the hydrolysis 

of oxyester-linked UBE2C~Ub to monitor APC/C activation. CDH1 was insufficient for 

facilitating the hydrolysis of UBE2C~Ub by APC/CΔAPC1-WD40 because of its inability to 

mobilize the APC2–APC11 catalytic core (Fig. 4h, Extended Data Fig. 6g). In contrast, 

UBE2SCTP alone was sufficient to activate APC/CΔAPC1-WD40 and induce the hydrolysis of 

Ub from UBE2C (Fig. 4h). This indicates that the UBE2SCTP-dependent conformational 

change of the APC/C catalytic core occurs through a WD40-independent mechanism that is 

truly distinct from coactivator-mediated stimulation.
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The UBE2S CTP binding to the APC2–APC4 groove activates the APC/C to function with 
UBE2C

Several APC/C subunits bind peptide motifs. Cryo-EM structures of APC/C bound to 

UBE2S or EMI1 demonstrate that they are both recruited to a groove composed of APC2 

and APC424,27,37,38. UBE2SCTP or related CTPs (EMI1CTP or EMI2CTP) have been shown 

to be responsible for binding to coactivators and other APC/C subunits33,35,42. The N-

terminus of the coactivators, where the C box is located, binds to APC8 when activating the 

APC/C (Fig. 5a)19,24,43. Therefore, we sought to understand if UBE2SCTP induces activation 

of the APC/C by binding to the C-box binding groove on APC8 or the APC2–APC4 groove.

We took multiple approaches to pinpoint the binding surface for UBE2SCTP responsible for 

APC/C activation. First, we estimated the binding affinity of UBE2SCTP to APC/C by 

monitoring Securin* ubiquitination using APC/CΔAPC1-WD40-CDH1, UBE2C, and a 

UBE2SCTP titration. Modified substrate served as a readout for APC/C activation. We 

determined the concentration required for half-maximal activation to be 0.87 μM (Fig. 5b, 

Extended Data Fig. 7a). This value corresponds well with the binding affinity (KD) of 1.1 

μM measured by fluorescent polarization using a fluorescein-labeled UBE2SCTP and the 

APC/C Platform (composed of APC1, APC2, APC4, APC5, APC11) (Fig. 5c). These results 

suggest the UBE2SCTP binds to the APC/C Platform.

To differentiate between the activation mechanisms of UBE2SCTP and CDH1, we used 

APC/C variants with substitutions that block peptide binding to APC8 or the APC2–APC4 

groove based on previous studies24,27. First, we looked at whether UBE2SCTP can activate 

APC/C variants harboring mutations on APC8. In the presence of UBE2SCTP, APC/C 

variants with mutations that result in defective coactivator binding, APC8 N339A:E374R 

(APC/CCBM1) and APC8 N339A:E410R (APC/CCBM2), showed similar levels of 

UBE2C~Ub hydrolysis compared to WT APC/C (Fig. 5d, lanes 6-11). Additionally, 

UBE2SCTP increases substrate ubiquitination by APC/CAPC8-N339A-UBE2C (Fig. 5e, 

Extended Data Fig. 7b, compare lanes 4-5), suggesting that the UBE2SCTP-dependent 

activation is independent of the APC8 C-box binding groove.

APC4 (APC/CAPC4-D33K) blocks UBE2S-dependent chain elongation by preventing UBE2S 

recruitment to the APC/C27. We found that APC/C containing APC4-D33K disrupted 

UBE2SCTP-dependent UBE2C~Ub hydrolysis (Fig. 5d, lanes 4-5). To further confirm this 

interaction, we examined the combined effects of the APC1-WD40 deletion and APC4-

D33K mutation (APC/CΔAPC1-WD40,APC4-D33K) on APC/C activation by UBE2SCTP 

(Extended Data Fig. 7c–d). Unlike APC/CΔAPC1-WD40, APC/CΔAPC1-WD40,APC4-D33K is not 

activated by UBE2SCTP (Fig. 5f). Altogether, UBE2SCTP binding is specific to the APC2-

APC4 groove, increasing the rate of UBE2C-dependent ubiquitination.

DISCUSSION

APC/C-mediated Substrate Priming is Enhanced by the Elongating E2 UBE2S

The APC/C is under dynamic yet precise conformational control. Cryo-EM structures have 

unveiled an array of APC/C conformations in complex with various coactivators, inhibitors, 

substrates or E2s. These have revealed an ensemble of catalytic states of the APC/C, 
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reflecting its re-organization throughout the cell cycle. Given the critical role of APC/C and 

other E3s in numerous biological processes, there remains significant interest in 

understanding the regulation of transitions between conformational states and how these 

states drive the formation of diverse ubiquitin chain topologies (reviewed in 4,9,11,13,14).

APC/C adopts specialized architectures for the direct ligation of Ub to substrate using 

UBE2C, and for K11-linked ubiquitin chain elongation using UBE2S24,25,27,35,37. 

Formation of multiple, poly- and/or branched ubiquitin chains requires the APC/C to 

interconvert between diverse architectures. Current models show the APC2-APC11 subunits 

in different positions depending on whether UBE2C or UBE2S is actively used, preventing 

use of the other27. This reveals a critical shortcoming in our current understanding of the 

APC/C: how are these architectures coordinated to enable substrate polyubiquitination if 

both E2s cannot actively transfer Ub at the same time? We address this question through a 

refined set of enzymatic assays that distinguish between binding and activation events. 

Remarkably, this analysis reveals that UBE2S, which elongates Ub chains on previously 

primed substrates, enhances the ability of APC/C to stimulate UBE2C~Ub, the priming E2. 

This type of reciprocal relationship between the two E2s implies a positive feedback 

mechanism that ensures efficient substrate ubiquitination by the APC/C (Fig. 6).

In the Apo state, the APC/C is inactive, with the catalytic core (APC2-APC11) positioned 

down and away from the substrate and unable to bind UBE2C~Ub. Upon activation, 

triggered by coactivator and substrate binding, the catalytic core moves up and towards the 

substrate. This exposes the UBE2C binding and activation sites (APC2WHB and 

APC11RING)19,24,25. The long-range conformational changes in APC2–APC11 are mediated 

by APC1WD40 and are critical for UBE2C function42. We suggest that UBE2SCTP binds 

directly to the ‘bottom’ of APC2 in the APC2–APC4 groove. This results in increased 

UBE2C activity (substrate priming and multiubiquitination) in a manner that is functionally 

similar to what is achieved by coactivators. However, the peptide binding event is 

mechanistically distinct from coactivator binding: UBE2SCTP-dependent activation bypasses 

the need for the APC1WD40 domain. We therefore propose a new model for APC/C 

activation where UBE2S stabilizes the active conformation of the APC/C by binding to the 

APC2-APC4 groove, thereby promoting polyubiquitination efficiency.

APC/C uses Multiple Positive Feedback Mechanisms to Increase Substrate 
Polyubiquitination

UBE2S can only act on substrates previously modified by UBE2C with single Ub or short 

chains28–33. By stimulating APC/C-UBE2C activity, UBE2S accelerates the formation of its 

own substrate. Previously, CDC20 was shown to assist in the recruitment of UBE2S to the 

APC/C44. This suggests that the close relationship between the coactivator and UBE2S 

facilitates substrate priming by UBE2C. A second mechanism, PAA, involves substrate-

linked Ub binding directly to the APC/C to enhance processive polyubiquitination27,34. 

Together, these mechanisms work in sync to increase substrate polyubiquitination while 

allowing for the APC/C to flexibly adopt distinct ubiquitination architectures.

It is interesting to speculate that these mechanisms are critical during the rapid transitions in 

the cell cycle where APC/C-dependent substrate polyubiquitination may need a boost. For 
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example, the Mitotic Checkpoint Complex (MCC) restrains APC/C activity in mitosis until 

the spindle checkpoint is satisfied17. Yet the UBE2SCTP-binding groove is still accessible 

and UBE2S can bind to APC/C-MCC. This potentially keeps the APC/C poised to swiftly 

transition the cell out of mitosis upon checkpoint silencing45,46. In support of this prediction, 

the depletion of UBE2S prolonged mitosis in HeLa, U2OS and RPE cells31,35. The 

UBE2SCTP-binding groove therefore serves as another regulatory aspect of the cell cycle 

that could be an amenable target for therapeutics47. More broadly, understanding the 

regulatory mechanisms that amplify E3 activity will assist in the investigation of compounds 

that target protein destruction48.

Broad Implications for RING E3-E2-E2 Mechanisms

A recurring theme in the regulation of ubiquitin ligases is rearrangement of the active site 

from an inactive or autoinhibited state to an active state through post-translational 

modifications or protein-protein interactions to prevent off-target ubiquitination4. APC/C is 

inactive until it binds a coactivator19,24,25. In mitosis, phosphorylation of an autoinhibitory 

loop on APC1 allows CDC20 to bind40,49,50. For cullin-RING ligases (CRLs), ligase activity 

requires the reversible conjugation of the Ub-like protein NEDD8 to the cullin which 

catapults the RING domain towards the substrate to allow E2~Ub activation and 

recruitment51. Several RBRs have also been shown to be autoinhibited and freed for activity 

via post-translational modifications and protein binding4. For example, the E3 RBR ARIH1 

works with Nedd8-conjugated CRLs in a tag team to generate a nonlinear Ub cascade52,53. 

Also, cIAP1(BIRC2), a RING E3 that regulates programmed cell death, relies on the second 

mitochondrial activator of caspase (SMAC) peptide to induce a conformational 

rearrangement that stimulates E3 function54,55. For the APC/C, E3 activation comes from 

the UBE2SCTP. As ~40% of E2s have N- or C-terminal extensions and several E3s use 

multiple E2s, understanding how these E2s ensure precise tuning of the ubiquitination signal 

and their biological consequences will require a thorough examination of all of the enzymes 

involved56.

For several E3s that work with multiple E2s, a hand-off or sequential transfer mechanism 

has been proposed. Direct ligation to the substrate, or priming, is carried out by the first E2 

while Ub chain elongation occurs using a second E27,9,57. Therefore, it is possible that these 

chain-elongating E2s feedback into the initial steps. For example, SCFs work with UBE2R1 

(CDC34) for Ub chain elongation8,53. Like UBE2S, UBE2R1 has a highly charged tail that 

binds to the cullin surface58. Future studies are needed to uncover how the high-affinity, 

dynamic E2 extension-E3 interactions regulate E3 function, influence the initial activation 

and priming ubiquitination steps, and alter the ubiquitination signal. Inversely, could the 

binding of the priming enzymes also activate chain elongation through conformational 

rearrangement? Evidence of this may already exist from a seminal study of the yeast Ub-

fusion degradation (UFD) pathway where the presence of the initiating enzyme (UFD4) was 

also required for the chain elongation by UFD259.

In summary, the traditional view of a ubiquitin cascade involves the linear transfer of Ub 

from the E1 to the E2 to the E3-substrate, with the E2s viewed as inert Ub carriers activated 

by or handing off their Ub to the E3. However, the E2 UBE2S continues to demonstrate that 
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such models can be misleading and are insufficient. UBE2S does not use the RING domain 

in a traditional sense and it activates the E3 APC/C to accelerate the formation of its own 

substrate, that is, substrate-linked Ub. This establishes an interdependence between the 

substrate priming and Ub-chain elongation steps which were previously described as 

independent and unconnected events. We have shown that the Ub cascade leads to a more 

complex and intertwined mechanism than anticipated. Further study will provide a thorough 

understanding of how the myriad of enzymes involved in the Ub cascade are successfully 

integrated in the regulation of cellular processes.

MATERIAL AND METHODS

Protein purification

Wild-type and mutant versions of the components necessary for APC/C-dependent 

ubiquitination and binding assays (Human APC/C, CDH1, CDC20, UBA1, UBE2C, 

UBE2S, and substrates) were expressed and purified largely as previously 

described25,27,37,45,60. Recombinant APC/C (wild-type and mutants), its Platform 

(containing subunits APC1, APC2, APC4, APC5, APC11) subcomplex, UBA1, CDH1, and 

CDC20 were expressed using a baculovirus expression system. All other proteins were 

expressed in BL21-Codon Plus (DE3)-RIL cells.

APC/C complexes were expressed with a twin-Strep tag at the C-terminus of APC4 and 

purified by affinity chromatography with Strep-Tactin Sepharose and elution with 

desthiobiotin, anion exchange and size exclusion chromatography (SEC)37,60. Unless 

otherwise specified, all SEC was performed in a final buffer of 20 mM Hepes pH 8, 200 mM 

NaCl, and 1 mM DTT.

CDH1 was expressed with an N-terminal 3xMyc-His6 tag and purified using nickel affinity 

chromatography37,40,60. Following HRV 3C protease treatment, CDH1 was further purified 

by cation exchange chromatography and SEC 20 mM HEPES pH 7, 300mM AmSO4, and 

1mM DTT. CDC20 was purified by anti-Flag-affinity gel and subsequent elution by the 

addition of FLAG peptide40,45. The N-terminal 3xFlag-tag was removed by HRV 3C 

protease-mediated cleavage and purified by cation exchange chromatography and SEC.

Wild-type UBE2S and mutants (except for the UBE2SCTP) were expressed with an N-

terminal multipurpose composite tag from a customized pRSF duet vector37. This tag 

consists of an His6 tag, TEV protease site, FLAG tag, and HRV 3C protease site. Tagged 

UBE2S and variants were purified by nickel affinity chromatography, followed by HRV 3C 

protease-mediated cleavage, ion exchange, and SEC.

UBE2C, wild-type and C114S, were purified by nickel affinity chromatography and 

SEC25,37. For substrate-independent assays, the C114S-substituted UBE2C was charged by 

adding UBA1, Ub, and MgATP. After overnight incubation at 30oC, the oxyester-linked 

UBE2C~Ub was purified from the other reaction components by SEC.

The substrates in ubiquitination assays - CycBNTD* (residues 1-95), Ub-CycBNTD*, 

Securin*, Ub-Securin* - were expressed as N-terminal GST-TEV and C-terminal Cys-His6 
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fusions (* denotes fluorescently labeled)37,60,61. The substrates were purified by glutathione-

affinity chromatography, treated with TEV protease to cleave off the GST tag, and further 

purified by nickel-affinity chromatography. Substrates were then labeled with fluorescein-5-

maleimide on its single cysteine. The reaction was quenched with DTT, buffer exchanged by 

Nap5 columns, and further purified by SEC. CyclinA and the CycBNTD-1K mutant, a 

construct that contains residues 1-88 and a single lysine (Lys64) – all other lysine residues 

were substituted to arginine except for Lys64- were expressed as a N-terminal GST fusion, 

purified by glutathione-affinity chromatography, treated with TEV and further purified by 

SEC27,45. Both the Cyclin A and CycBNTD-1K mutant substrates contain an additional 

Strep-tag after the TEV cleavage site. Cyclin A and the CycBNTD-1K mutant were 

fluorescein-labeled with sortase. After TEV cleavage, 10 μM of CycBNTD-1K and Cyclin A 

were subjected to 150 nM Sortase and 1 mM LPETGG peptide in 10 mM HEPES pH 8, 50 

mM NaCl, and 10 mM CaCl2. After 30 min incubation at room temperature the reactions 

were quenched with 50 mM EDTA and then purified by Strep-Tactin Sepharose, eluted with 

desthiobiotin, and further purified by SEC. The CyclinB1−95-APC10 fusion was purified by 

glutathione-affinity chromatography using a N-terminal GST tag. The protein was further 

purified by cation-exchange chromatography and SEC.

E1 (UBA1) was expressed with an N-terminal GST tag. After purification by glutathione-

affinity chromatography, UBA1 was treated with Thrombin protease and 10mM CaCl2. 

UBA1 then underwent anion exchange chromatography and SEC.

Ub used in substrate ubiquitination assays was purified as previously described62. When 

indicated, Ub was reductively methylated as previously described and purified by SEC63.

Peptide Synthesis

Ac-KKLAAKKKTDKKRALRRL-NH2 and Ac-KKLAAKKKTDKKRAAAAA-NH2 were 

synthesized using Fmoc chemistry SPPS on PTI Symphony peptide synthesizer. The 

peptides were synthesized at 25 µmol scale on ChemMatrix Rink amide resin, using 2 × 20 

min couplings with 5 eq of amino acids, HATU coupling reagent and 15 equivalents of N-

methylmorpholine in DMF. For Fmoc deprotection resin treated twice with 20% piperidine 

in DMF (3 min and 17 min). N-terminal amino acids were acetylated by 30 min treatment 

with 10 eq acetic anhydride and N-methylmorpholine in DMF. After synthesis resins were 

vacuum dried overnight. The peptides were cleaved from the resins by 2h treatment with 2 

ml of 2.5% water, 2.5% TIS in TFA, precipitated from cold diethyl ether, separated by 

centrifugation and washed 3 times with cold ether. The peptides were air dried for a few 

minutes, dissolved in 50% acetonitrile and lyophilized. Crude peptides were purified by RP 

HPLC on Waters 1525 pep. HPLC system using SymmetryShield RP-18 column and 

analyzed by MALDI-TOF MS and analytical HPLC.

Enzyme Assays

Briefly, all ubiquitination assay reactions were prepared by mixing ubiquitination 

components in assay buffer (20 mM Hepes pH 8, 200 mM NaCl) on ice, warming them up 

to room temperature and initiating them by the addition of ubiquitin. Next, reactions were 

quenched with SDS loading buffer at designated time points and separated by SDS-PAGE. 
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To visualize unmodified substrates and products formed, gels were scanned for fluorescence 

by using the Amersham Typhoon 5. Substrates and products formed were measured and 

quantified with ImageQuant software and analyzed with GraphPad Prism. Negative control 

reactions in enzyme assays consisted of all reaction components involved minus the addition 

of APC/C.

Ubiquitination assays monitoring the rate of substrate depletion in the presence of UBE2C 

and a titration of UBE2S (Fig. 1b–c, Extended Data Fig. 2) were performed with 100 nM 

APC/C, 5 μM UBE2C, 1 μM E1, 250 μM Ub, 6 μM CycBNTD*, and 0-10 μM gradient of 

UBE2S (0, 0.1, 0.5, 1, 5, and 10 μM). Similarly, ubiquitination assays monitoring substrate 

depletion in the presence of UBE2C and UBE2S variants were performed with 100 nM 

APC/C, 5 μM UBE2C, 1 μM E1, 250 μM Ub, 6 μM CycBNTD*, and 5 μM of UBE2S 

variants (Figure 2b–c, Extended Data Fig. 3a,d). Bands corresponding to unmodified 

substrate in these assays were quantitated and normalized to reaction at time zero. 

Ubiquitination reactions assessing UBE2SCTP-dependent activation as an effect amongst 

various APC/C substrates and APC/C variants were performed as above with the exception 

that 10 μM UBE2SCTP was used (Figure 2c, Figure 2e–f, Extended Data Fig. 3, Extended 

Data Fig. 4).

Ubiquitination assays using meUb and fluorescently labeled substrate with a single lysine 

were performed to assess the role of UBE2SCTP in UBE2C-dependent substrate priming 

(Figure 2d, Extended Data Fig. 4b). Single encounter experiments (Figure 2d) were used to 

examine ubiquitination of substrate occurring during a single substrate binding event on 

APC/C27. This was monitored by using a fluorescein-labeled substrate (cycB-NTD*) and 

excess unlabeled Hsl1, such that APC/CCDH1 dissociated from labeled substrate is rapidly 

sequestered with unlabeled substrate. Briefly, reactions components were prepared in two 

independent mixes. The first mix, APC-substrate, consisted of APC/C, CDH1, cycB-

NTD*(1K), UBE2SCTP or UBE2SCTP−4A. This was incubated on ice for 30 min. The second 

mix, E2-Ub, consisted of E1, E2, MgCl2, ATP, and 600-fold excess of unlabeled Hsl1. 

Methylated-Ub was added to the second mix 5 min before completion of the 30 min 

incubation of APC-substrate mixture. Both mixes were allowed to reach room temperature 

for 5 min. Immediately, both reactions were comixed and quenched at 3 min. Final 

concentration of all components after initiating reactions were: 100 nM E1, 200 nM APC/C, 

0.5 μM CDH1, 80 nM cycB-NTD*(1K), 48 μM Hsl1, 10 μM UBE2SCTP or UBE2SCTP−4A, 

320 μM meUb. A control reaction identified as ‘no encounter’ was done similarly by 

swapping the addition of cycB-NTD*(1K) to E2~Ub mix and Hsl1 to APC/C-substrate mix 

(Extended Data Fig. 4b). Multiple turnover reactions were performed at 100 nM APC/C, 1 

μM CDH1, 200 nM UBE2C, 1 μM E1, 125 μM UB, 200 nM cycB-NTD*(1K), and 10 μM 

UBE2SCTP (Extended Data Fig. 4c). Bands corresponding to primed substrate and 

unmodified substrate were quantitated. Values were plot as a fraction of primed substrate to 

unmodified substrate over time.

A dual color assay was used to monitor the role of UBE2SCTP in substrate ubiquitination 

independently of coactivator (Figure 3b-c)41. Briefly, a GST-APC10-CycB-NTD fusion was 

generated to link residues 1-95 of CyclinB to the C-terminus of GST-fused APC10. This 

GST-APC10-CycB fusion was added at 1µM to 20 nM APC that lacks the APC10 subunit 
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along with either reaction buffer or 10 µM UBE2SCTP to a prepared mixture containing 1 

µM E1, 5 mM ATP-MgCl2, and 200 nM UBE2C. The mixture was allowed to equilibrate to 

room temperature and ubiquitin was added at 125 µM to start the reaction. Samples were 

taken throughout a time course and then analyzed via western blot using either α-Ub 

(sc-20989, rabbit) or α-APC10 (sc-8017, mouse) antibodies. Secondary antibodies from 

Invitrogen (goat anti-rabbit 488 35552 and goat anti-mouse 633 A21052) were used to 

develop protein bands (Figure 3b). Bands were quantified from the α-Ub blot to determine 

the extent of ubiquitination (Figure 3c).

Qualitative assays probing for the role of UBE2SCTP on APC/CCDH1 and UBE2C-dependent 

activity were performed with 200 nM APC/C or APC/CΔAPC1WD40, 1 μM E1, 1 μM CDH1, 

0.2 μM substrate, 0.2 μM UBE2C, 10 μM UBE2SCTP, and 125 μM Ub. Substrates consisted 

of CycBNTD*, Ub-CycBNTD*, Securin*, Ub-Securin* and *CycA. Reactions were quenched 

at 10 min (Figure 4b–e, Extended Data Fig. 6b–d).

Experiments measuring the extent of APC/CΔAPC1-WD40 activation in the presence of 

UBE2SCTP were carried out using 20 nM APC/C, with 1 µM E1, 1 µM CDH1, 0.2 µM 

substrate, 10 µM UBE2SCTP, 125 µM Ub, and a range of 0.05 to 5 µM UBE2C (Figure 4f, 

Extended Data Fig. 6e). Reaction kinetics were plotted and fit using Michaelis-Menton 

Kinetics and GraphPad Prism.

Reactions that were analyzed by mass spectrometry analysis were performed at 100 nM 

APC/C WT or APC/CAPC1ΔWD40, 1 μM UBE2C, 1 μM E1, 5 μM His6-tagged Securin*, 150 

μM Ub, and 50 μM UBE2SCTP (Figure 4g). These reactions were quenched at indicated time 

points with a final concentration of 4M Urea. Unmodified and modified His6-tagged Securin 

was isolated by a nickel pulldown and eluted with PBS containing 250 mM imidazole.

Assay to measure the activation kinetics of UBE2SCTP with APC/C, substrate ubiquitination 

reactions were performed with APC/CΔAPC1-WD40 at 20 nM with 1 µM E1, 1 µM CDH1, 0.2 

µM Securin*, 0.2 µM UBE2C, and 0.3 nM to 10 µM UBE2SCTP (Figure 5b, Extended Data 

Fig. 7a).

To assess the effect of APC8 mutations, known to block CDH1 binding, on UBE2SCTP-

dependent activation of APC/C-UBE2C, ubiquitination reactions were performed with 20 

nM APC/C or APCAPC8-N339A, 0.5 µM E1, 1 µM CDH1, 0.2 µM Ub-CycBNTD*, 0.2 µM 

UBE2C, 10 µM UBE2SCTP, and 125 µM Ub (Figure 5e, Extended Data Fig. 7b). To assess 

the effect of APC4-D33K mutation in the rescue of APC/CΔAPC1-WD40, ubiquitination 

assays were performed with 1 µM E1, 0.2 µM UBE2C, 0.4 µM Securin* or CycBNTD*, 1 

µM CDH1, 100 nM APC/Cs, 10 µM UBE2SCTP or indicated concentrations of UBE2S, and 

125 µM Ub (Figure 5f, Extended Data Fig. 7c).

Fluorescence polarization assay

To measure the binding affinity of UBE2SCTP to APC/C Platform, 125 nM fluorescein-

labeled UBE2SCTP (*UBE2SCTP) was mixed with a titration of APC/C Platform ranging 

from 0 to 10 µM (Figure 5c). At 5 min of incubation, fluorescence polarization was 
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measured using a fluorescence polarimeter with a 505-nm filter in place. Values were fitted 

in GraphPad Prism.

Substrate independent assay for APC/C activation of UBE2C, monitoring hydrolysis of 
oxyester-linked analog of UBE2C~Ub

To study the role of UBE2SCTP in its ability to induce an activating conformation of the 

APC/C, we monitor the ability of APC/C to hydrolyze Ub from UBE2C~Ub in discharge 

assays (Figure 3d, Extended Data Fig. 5a, Figure 4h, Extended Data Fig. 6g, Figure 5d). 

Briefly, Ub oxyester-linked UBE2C(C114S) was mixed with either APC/C WT or APC/C 

variants in the presence or absence of CDH1, and in the presence or absence of UBE2SCTP. 

Reactions were carried out at 30°C. Reaction mixtures consisted of 1 μM APC/C, 5 μM 

UBE2C~UB and 1 μM CDH1 or 10 μM UBE2SCTP. After quenching, reactions were 

separated by SDS-PAGE and products were visualized by Sypro or Coomassie staining. 

Percent of remaining E2~Ub was calculated, graphed and analyzed with GraphPad Prism. 

For statistical analysis one-way ANOVA test was applied (DF: 5, F: 108.9, p<0.0001) 

followed by Tukey’s multiple comparison test.

Live cell imaging

To study the influence of UBE2S in APC/C-UBE2C activation in cells we monitored cell 

mitosis transition in HeLa cells stably expressing histone H2B-GFP (a gift from Edward 

Salmon) and U2OS cells expressing H2B-mCherry and PCNA-mTurquoise2 (PCNA not 

imaged) (Figure 3e, Extended Data Fig. 5b–c). All cells were negative for mycoplasma and 

were authenticated. Cells were grown in DMEM (Sigma-Aldrich), supplemented with 10% 

fetal bovine serum (FBS) (Sigma) and penicillin/streptomycin 1× (Gibco) at 37°C with 5% 

CO2. Cells were seeded at 40-30k per well in 12 well glass bottom culture dishes (#1.5, 

Cellvis). Twenty-four hours prior to microscopy experiments cells were transfected with 

siRNA by using RNAiMAX Transfection reagent (Life Technologies) according to 

manufacturer protocol: 0.5nM anti-Cdc20 (Thermofisher D-003225-10, D-003225-12, 

D-003225-13, and D-003225-27), 9.5nM anti-Ube2s (3’UTR Dharmacon; ORF Qiagen) and 

anti-Luciferase (Life Technologies). Before the experiment the growing media was replaced 

with imaging media, FluoroBrite DMEM (Gibco), supplemented with 10% FBS, 4mM L 

glutamine (Corning), and penicillin/streptomycin. Live cells were observed for 24 h (24-48 h 

post transfection).

Fluorescence widefield imaging was performed using a Nikon Ti Eclipse inverted 

microscope with a Plan-Apochromat dry objective lens 20× (NA 0.75) and fluorescence 

filters (Chroma) - GFP - 470/40 nm; 495 nm; 525/50 nm and mCherry - 545/25nm; 565 nm; 

605/70 nm. Images were captured using Andor Zyla 4.2 sCMOS detector (12 bit) and NIS-

Elements AR software. Image and data analysis were performed with Python 3.7.1, Numpy, 

Pandas, Scipy libraries and GraphPad Prism v8. Analyzed data come from three (HeLa) or 

two (U2OS) independent sets of transfections. Mitotic cells were identified and the time 

from metaphase to anaphase transition was defined manually. For statistical analysis a non-

parametric ANOVA test was applied (Kruskal-Wallis Test) followed by Dunn’s multiple 

comparison test.
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APC/C-substrate degradation assay in G1 HeLaS3 extracts.

Confluent HeLaS3 were seeded in 15 cm plates at 3 million cells per plate. Next morning, 

cells were transfected with 20 nM of two different UBE2S siRNAs using Lipofectamine 

RNAiMAX reagent (Life Technologies) following the manufacturer’s instructions33. After 8 

h, 2 mM thymidine was added to the medium for 24 h, after which cells were washed with 

warm PBS once, twice with DMEM and released for 4 h before being treated with 100 

ng/ml of nocodazole in DMEM for 11 h. In order to obtain a G1 population, cells were 

washed as described previously and released for 2 h before harvest. Extract preparation was 

performed essentially as described64,65. The resulting G1 extracts were supplemented with 

energy mix, ubiquitin, and the indicated amounts of recombinant UBE2S. Reactions were 

incubated at 30°C, stopped with sample buffer, boiled and analyzed by SDS-PAGE and 

western blot.

Proteomics – Label-free analysis of his6-tagged-Securin affinity-purification

For mass spectrometry (Figure 4g), samples were subjected to reduction (5 mM tris (2-

carboxyethyl)phosphine (TCEP) for 10 min at room temperature) and alkylation (25 mM 

chloroacetamide for 20 min at room temperature) followed by single-pot solid-phase-

enhanced sample preparation (SP3) protein clean-up66. Samples were briefly dried and 

resuspended in 30 µl digestion buffer (100 mM triethyl ammonium bicarbonate pH 8.5, 

0.1% RapiGest) and digested for 2 h at 37°C with Lys-C (0.25 µg) and then a further 6-8 h 

with trypsin (0.5 µg) at 37°C. The sample were acidified with equal volume of 1% formic 

acid (FA) to a pH ~ 2, incubated for 15 min, vacuum centrifuged to near dryness and 

subjected to C18 StageTip desalting.

Label-free analysis was performed in triplicate and analyzed sequentially by LC/MS2 on a Q 

Exactive mass spectrometer (Thermo Fisher Scientific) coupled with a Famos Autosampler 

(LC Packings) and an Accela600 LC pump (Thermo Fisher Scientific). Peptides were 

separated on a 100-μm i.d. microcapillary column packed with ∼0.5 cm of Magic C4 resin 

(5 μm, 100 Å; Michrom Bioresources) followed by ∼20 cm of Accucore C18 resin (2.6 μm, 

150 Å; Thermo Fisher Scientific). Peptides were separated using a 75-min gradient of 5-28% 

acetonitrile in 0.125% FA with a flow rate of ∼150 nL.min−1.

The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 70,000 at 400 

Th; mass range 350−1400 m/z; automatic gain control (AGC) target 3×106; maximum 

injection time 240 ms). Precursors for MS2 analysis were selected using a Top10 method. 

MS2 analysis consisted of Higher-energy C-trap dissociation (AGC 1.0×105; isolation 

window 1.2 Th; normalized collision energy (NCE) 27; maximum injection time 118 ms). 

Precursors with charge state unassigned or different than 2, 3, 4 or 5 were excluded, peptide 

match option was set to preferred, isotopes were excluded, and previously interrogated 

precursors were excluded using a dynamic window (set to automatic), minimum AGC target 

2×103.

Mass spectra were processed using Protein Discoverer version 2.2 (Thermo Fisher 

Scientific) using the Minora algorithm (set to default parameters). The identification of 

proteins was performed using the SEQUEST-HT engine against the UniProt Human 
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Reference Proteome (2017), supplemented with the recombinant Securin sequence and in-

house curated sequences of common contaminant proteins. The following parameters were 

used: a tolerance level of 20 ppm for MS1 and 0.03 Da for MS2 and false discovery rate of 

the Percolator decoy database search was set to 1%. Trypsin was used as the digestion 

enzyme, three missed cleavages were allowed, and the minimal peptide length was set to 6 

amino acids. The carbamidomethylation (+57.021 Da) of cysteine was set as a fixed 

modification, and the oxidation (+15.995 Da) of methionine, GlyGLy (+114.043 Da) 

modification of Lysine were allowed as a variable modification as well as protein N-

terminus Acetylation (+42.011 Da). Scoring and localization of GlyGly site was done using 

the ptmRS node (default settings). Protein and peptide were quantified based on the 

precursor abundance area and only peptides quantified in all three replicates were considered 

for further analysis. Protein or peptide quantification values were exported for further 

analysis in Microsoft Excel and GraphPad Prism (v8).

Extended Data
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Extended Data Fig. 1. Current model of structural architectures of APC/CCDH1–UBE2C and 
APC/CCDH1–UBE2S.
Schematic depicting the interplay of substrate ubiquitination mechanisms, including 

substrate priming, multiubiquitination, and Ub chain elongation, by APC/CCDH1, UBE2C, 

and UBE2S. Upon APC/C activation by CDH1 binding, catalytic core APC2WHB–

APC11RING is mobile and exposed for UBE2C recruitment (1). APC/CCDH1–UBE2C 

structural architecture for substrate priming and multiubiquitination (2 and 3). APC/CCDH1–

UBE2S structural architecture where APC11RING is repurposed and binds acceptor ubiquitin 

for K11-linked Ub chain elongation (4).
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Extended Data Fig. 2. Substrate polyubiquitination assays by APC/CCDH1, UBE2C, and UBE2S.
UBE2S extends Ub chains on substrates, CycBNTD* and Securin*, and increases the rate of 

substrate modification in a dose-dependent manner. Fluorescence scan of full SDS-PAGE 

gels used in (1b). * Represents contaminant present in substrate stock. Uncropped images 

are available as source data.
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Extended Data Fig. 3. UBE2SCTP increases substrate modification by APC/CCDH1–UBE2C.
a, Catalytically inactive UBE2SC95K enhances rapid turnover of CycBNTD* by the APC/

CCDH1 and UBE2C. b, Quantification depicts relative fraction of remaining unmodified 

CycBNTD* shown in Extended Data Figure Fig. 3a. Average of n=3 independent 

experiments ± s.e.m. c, UBE2S UBC domain (UBE2S core) is defective for Ub chain 

elongation in an APC/C-dependent manner. d, UBE2SCTP enhances the rapid turnover of 

CycBNTD* by the APC/CCDH1 and UBE2C. Fluorescence scan of full SDS-PAGE gels used 

in (2b). Uncropped images for panels (a,c-d) and data for the graph in (b) are available as 

source data.
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Extended Data Fig. 4. UBE2SCTP accelerates substrate modification in every UBE2C-dependent 
ubiquitination reaction condition using multiple substrates, APC/C variants, and different 
coactivators.
a, Fluorescence scan of full SDS-PAGE gels used in (2c) showing the effect of the 

UBE2SCTP on the polyubiquitination of multiple substrates, CycBNTD*, Ub-CycBNTD*, 

Securin*, Ub-Securin*, by APC/C and UBE2C. b, “No encounter” control assay done as in 

(2d) with the exception of swapping fluorescent substrate and cold substrate in the mixtures 

to prevent a reaction to occur. c, Ubiquitination reaction monitoring role of UBE2SCTP on 

UBE2C-dependent APC/C substrate priming using a single lysine substrate, CycBNTD*(1K), 
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and methylated Ub (meUb). The unmodified substrate and monoubiquitinated product are 

followed over time in the absence or presence of UBE2SCTP. Quantitation shows effect of 

UBE2SCTP on substrate priming by APC/CCDH1-UBE2C, graphs depicts fraction of 

unmodified substrate and meUb~CycBNTD*(1K) over time. Average of n=3 independent 

experiments ± s.e.m. d, UBE2C-dependent substrate turnover is accelerated by UBE2SCTP 

when non-phosphorylated, APC/C-pA, or phopho-mimetic APC/C, APC/C-pE, is used. 

Fluorescence scan of full SDS-PAGE gels used in (2e). e, Substrate turnover by 

phosphomimetic APC/C, APC/C-pE, and CDC20 is enhanced by the addition of UBE2SCTP 

in UBE2C-dependent reactions. Fluorescence scan of full SDS-PAGE gels used in (2f). 
Uncropped images for panels (a-e) and data for the graph in (c) are available as source data.
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Extended Data Fig. 5. UBE2SCTP stimulates the APC/C to activate UBE2C~Ub hydrolysis.
a, UBE2SCTP promotes a substrate-independent APC/C activation of UBE2C, monitored by 

the hydrolysis of UBE2S~Ub over time into UBE2C and Ub. Detected using Coomassie-

stained gels, full gel from (3d). b, Western blot of (3e) showing successful knockdown of 

UBE2S and CDC20 in HeLa H2B-GFP. c, Time necessary for the metaphase to anaphase 

transition for different U2OS cells. Data were collected in 2 independent experiments, total 

number of analyzed cells n = 67 (control), n = 76 (UBE2S knockdown), n = 67 (CDC20 

knockdown) and n = 62 (UBE2S and CDC20 knockdown). Median, 25% and 75% 
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percentiles are shown. ** indicates p<0.001, **** indicates p<0.0001 as calculated with 

Kruskal Wallis test followed by Dunn’s multiple comparison test. Right panel, western blot 

showing successful knockdown of UBE2S and CDC20 in U2OS H2B-mCherry. d, Western 

blot in (3g) with the addition of levels of endogenous or recombinant variants of UBE2S. 

Uncropped images for panels (a,d) and data for the graph in (c) are available as source data.
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Extended Data Fig. 6. UBE2SCTP activates an otherwise inactive APC/C variant (APC/
CΔAPC1-WD40).
a, As previously reported, APC/CΔAPC1-WD40 is defective for UBE2C-dependent 

polyubiquitination, but rescued by the addition of the purified APC1-WD40 domain added 

in trans, monitored by SDS-PAGE and fluorescent scanning12. b, Assays as in (4b), showing 

the effects of the UBE2SCTP on the polyubiquitination of Securin* by APC/CCDH1 (wild-

type and indicated variant), UBE2C, and UBE2S. c, Assays as in (4c), showing the effects of 

the UBE2SCTP on Ub chain elongation of Ub-Securin by APC/CCDH1 (wild-type and 
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indicated variant) and UBE2S. d, Assays as in (4d-e), showing the effects of the UBE2SCTP 

on the polyubiquitination of multiple substrate by APC/CCDH1 (wild-type and indicated 

variant) and UBE2C. e, Representative fluorescent scans of full SDS-PAGE gels in (4f) for 

data used to determine kinetic parameters upon titrating UBE2C in assays measuring 

UBE2C-dependent ubiquitination for Ub-CycBNTD* with APC/CCDH1 (wild-type and 

indicated variant). f, Heat map of Ub-linkages from reactions in (4g) analyzed by label free 

mass spectrometry. Average of n=3 independent experiments. g, APC/C activation by 

UBE2SCTP bypasses the requirement for the APC1-WD40 domain. Representative full gel 

of hydrolysis of UBE2C~Ub monitored by Sypro-stained SDS-PAGE gels (4h). Uncropped 

image for panel (g) and data for the graph in (f) are available as source data.
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Extended Data Fig. 7. APC/C activation is mediated by UBE2SCTP binding to the APC2–APC4 
groove.
a, Representative SDS-PAGE gels in (5b) for data used to determine kinetic parameters in 

titrating the UBE2SCTP in assays measuring Securin* polyubiquitination by APC/

CΔAPC1-WD40, CDH1, and UBE2C. b, As in assays in (5e), UBE2SCTP restores UBE2C-

dependent substrate polyubiquitination in APC/C variant defective in CDH1-dependent 

activation. c, Mutation of the APC2–APC4 groove prevents Ub chain elongation of Ub-

CycBNTD* by APC/C (wild-type and indicated variants) and UBE2S. d, Coomassie-stained 

SDS-PAGE gel of purified wild-type and mutant recombinant APC/Cs. Uncropped image 

for panel (b) is available as source data.
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Figure 1. UBE2S increases the rate of substrate modification by APC/CCDH1-UBE2C.
a, Outline of APC/C-mediated substrate priming by UBE2C, multiubiquitination by 

UBE2C, and K11-linked Ub chain elongation by UBE2S. b, Addition of UBE2S to APC/

CCDH1-dependent substrate (CycBNTD*, Top, and Securin*, Bottom) polyubiquitination 

reactions containing UBE2C accelerates substrate consumption. Substrates are fluorescently 

labeled and modifications are resolved by SDS-PAGE and fluorescence scanning. 

Representative fluorescent scans of APC/C-dependent ubiquitination reactions. Negative 

control reactions do not contain APC/C. c, Quantitation of ubiquitination reactions shown in 
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(b) depicted as fraction of substrate remaining over time. UBE2S increases the fraction of 

substrate modified over time in a dose-dependent manner as shown for CycBNTD* (Top) and 

Securin (Bottom). Average of n=3 independent experiments ± s.e.m. Uncropped images for 

panel (b) and data for graphs in (c) are available as source data.
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Figure 2. UBE2SCTP is responsible for rate enhancement of substrate priming and 
multiubiquitination by APC/C-UBE2C.
a, Schematic diagram of the domain architecture of UBE2S. The catalytic core is conserved 

among E2s (UBC core, residues 1-156), the C-terminal extension includes a linker (residues 

157-203) from which the C-terminal peptide extends (CTP, residues 204-222). b, Similar to 

1b, time courses of APC/CCDH1-UBE2C-dependent reactions in the presence or absence of 

full-length UBE2S or UBE2S domains (Left) show that UBE2SCTP increases the rate of 

CycBNTD* depletion similar to full-length UBE2S, quantification depicts relative fraction of 
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remaining unmodified CycBNTD*. Average of n=3 independent experiments ± s.e.m. 

(Right). c, Ubiquitination assays similar to (b) showing unmodified substrate levels over 

time and comparing the effect of UBE2SCTP on multiple substrates. UBE2SCTP accelerates 

APC/CCDH1-UBE2C-dependent modification for all substrates tested. d, Schematic of 

experimental setup of single encounter assay (Left). In brief, APC/CCDH1, fluorescent 

substrate, and UBE2SCTP are pre-incubated in one reaction mix; E1, UBE2C, methylated 

ubiquitin (meUb), ATP, and an excess of unlabeled substrate are combined in a second mix. 

Combining the mixtures initiates substrate ubiquitination during a single substrate-binding 

event (Middle). Quantification and normalization of primed CycBNTD*(1K) represented as 

fold change relative to reactions without the UBE2SCTP (Right). A variant peptide where 

residues 219-222 where substituted to alanine (UBE2SCTP-4A) was used as a negative 

control. Average of n=3 independent experiments ± s.e.m. (Right). e-f, Assays as in (c) 
testing versions of the APC/C that mimic its different states during the cell cycle. 

UBE2SCTP is supplemented in UBE2C-dependent reactions. Levels of unmodified 

CycBNTD* are followed over time using different APC/C variants, APC/C-pA and APC/C-

pE (e) and coactivators, CDH1 and CDC20 (e-f). Uncropped images for panels (b-f) and 

data for graphs in (b,d) are available as source data.
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Figure 3. UBE2SCTP stimulates APC/C in a coactivator independent manner.
a, Schematic showing UBE2C-dependent ubiquitination reaction bypasses coactivator-

dependent substrate recruitment by adding a substrate (CycBNTD)-fused APC10 to APC/C 

lacking APC10 (APC/CΔAPC10). b, Effect of UBE2SCTP on APC/C activation in a 

coactivator-independent manner probed by monitoring APC10-CycB and Ub via western 

blot using antibodies against APC10 (blue) and Ub (red). c, Bar graph quantifying 

ubiquitination levels in assays shown in (b), showing increased levels of ubiquitination upon 

the addition of UBE2SCTP. Fold change is relative to 0 min. Average of n=3 independent 
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experiments ± s.e.m. d, CDH1 and UBE2SCTP stimulate the APC/C to promote UBE2C~Ub 

activation in an APC11RING(R)- and APC2WHB(W)-dependent manner. Coomassie-stained 

SDS-PAGE gel images depict the hydrolysis of UBE2C~Ub. e, Time necessary for the 

metaphase to anaphase transition. Data were collected in 3 independent experiments, total 

number of analyzed cells n=126 (control), n=125 (knockdown of UBE2S), n=118 

(knockdown of CDC20) and n=128 (knockdown of UBE2S and CDC20). A total of n=4 

(control) and n=20 (UBE2S and CDC20 knockdown) cells did not successfully segregate 

chromosomes and were not included in defining the boxplots. Median, 25% and 75% 

percentiles are shown. **** indicates p<0.0001 as calculated with Kruskal Wallis test 

followed by Dunn’s multiple comparison test. f, G1 extracts were prepared from HeLa S3 

cells transfected with either control or UBE2S siRNA. Cyclin B and Securin degradation, 

monitored by immunoblot, is significantly impaired in UBE2S-depleted extracts. g, UBE2S-

depleted G1 extracts, as in (f), were supplemented with increasing concentrations of 

recombinant UBE2SC95K (1.25 μM, 2.5 μM, 5 μM,10 μM) or 1 μM recombinant UBE2S 

WT. Reactions were collected at indicated time points and Securin degradation was analyzed 

by immunoblot. Uncropped images for panels (b, d, f-g) and data for graphs in (c, e) are 

available as source data.
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Figure 4. UBE2SCTP restores the activity of an APC/C variant defective in coactivator-
dependent activation.
a, Cartoon representing APC/CΔAPC1-WD40 showing the catalytic core locked in a downward 

position and inaccessible for UBE2C recruitment, based on previous studies26. b, Substrate 

ubiquitination reactions comparing the effects of UBE2SCTP and UBESCTP−4A (residues 

219-222 of UBE2SCTP substituted for alanine) on CycBNTD* priming, multiubiquitination, 

and Ub chain elongation by APC/CΔAPC1-WD40, UBE2C, and UBE2S. c, Testing the effects 

of UBE2SCTP on Ub chain elongation by APC/CΔAPC1-WD40 and UBE2S. d, Testing the 
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effects of UBE2SCTP on priming and multiubiquitination by APC/CΔAPC1-WD40 and 

UBE2C. e, Testing the effects of UBE2SCTP on UBE2C-dependent multiubiquitination by 

APC/CΔAPC1-WD40 and UBE2C. f, Titration of UBE2C in ubiquitination reactions using 

APC/C and APC/CΔAPC1-WD40. Addition of UBE2SCTP rescues defective APC/

CΔAPC1-WD40-dependent ubiquitination. Kinetic parameters measured by quantifying levels 

of modified substrate and plotted using the Michaelis-Menton equation to show that the 

addition of UBE2SCTP restores APC/CΔAPC1-WD40 to WT levels. Average of n=6 

independent experiments ± s.e.m. g, UBE2SCTP increases levels of ubiquitination of 

Securin* by APC/CΔAPC1-WD40 and UBE2C. Representative fluorescent scans of time 

courses following Securin* polyubiquitination by APC/CCDH1 wild-type and APC/

CΔAPC1-WD40 with UBE2C in the presence and absence of UBE2SCTP. Bar graphs of semi-

quantitative mass spectrometry analysis: Fold change in ubiquitination in WT and APC/

CΔAPC1-WD40 at 5 min and 120 min, respectively. Average of n=3 independent experiments 

± s.e.m. h, Similar to (3d), UBE2C~Ub hydrolysis assays showing that APC/C activation by 

UBE2SCTP bypasses the requirement for the APC1-WD40 domain. Sypro-stained SDS-

PAGE gel images depict depletion of unhydrolyzed UBE2C~Ub in an APC/C-dependent 

manner. Average of n=3 independent experiments ± s.e.m. **** indicates p<0.0001 as 

calculated with ANOVA followed by Tukey’s multiple comparison test, ns, not significant. 

Uncropped images for panels (b-e, g-h) and data for graphs in (f-h) are available as source 

data.
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Figure 5. UBE2S CTP binding to APC2–APC4 groove is responsible for APC/C activation.
a, Schematic of APC/C-peptide interactions, APC3 and APC8 bound to the IR and C box of 

the coactivators, respectively, and the UBE2SCTP bound to the APC2–APC4 groove. b, 

Kinetic parameters of activation of APC/CΔAPC1WD40 determined by titration of UBE2SCTP 

and monitoring of UBE2C-dependent formation of Ubn~Securin*. Average of n=4 

independent experiments ± s.e.m. c, UBE2SCTP interacts with the APC/C Platform as shown 

by changes in fluorescence polarization of fluorescein labeled UBE2SCTP (indicated by *) 

upon binding to increasing concentrations of the APC/C Platform. Average of n=6 
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independent experiments ± s.e.m. d, UBE2C~Ub hydrolysis reactions using APC/C carrying 

specific mutations on APC8 (CBM1: N339A:E374R, CBM2: N339A:E410R) or APC2–

APC4 (APC4 D33K) to map the binding site of the UBE2SCTP. e, APCCDH1-UBE2C-

dependent substrate ubiquitination reactions showing that UBE2SCTP can restore 

ubiquitination activity in an APC/C mutant defective for coactivator-dependent activation. f, 
Similar to (e), charge-swap mutation at the APC2–APC4 groove prevents the restoration of 

UBE2C-dependent polyubiquitination of Securin by APC/CΔAPC1WD40. Uncropped images 

for panels (d-f) and data for graphs in (b-c) are available as source data.
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Figure 6. Ub Chain Elongating E2 UBE2S activates the E3 APC/C to function with its priming 
E2 UBE2C.
Previous models of APC/C activation have ascribed activation solely to canonical 

coactivators13,14. In contrast, our model suggests that the binding of both the APC/C 

coactivator and the Ub chain elongating E2 UBE2S activate the APC/C (mobilization of the 

catalytic core) through different allosteric mechanisms. This positive feedback permits 

UBE2C~Ub recruitment to APC2W and APC11RING to effectively prime substrates with the 

initial Ub. The substrate-linked Ub is then bound to the repurposed APC11RING domain for 

Ub chain elongation by UBE2S. UBE2S bound to APC/C facilitates UBE2C~Ub 

recruitment for further substrate modification, multiubiquitination. Therefore, UBE2S 
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enhances substrate modification and elongates Ub chains, promoting protein degradation by 

the APC/C.
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