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SUMMARY

Protein ubiquitination involves E1, E2, and E3 trien-
zyme cascades. E2 and RING E3 enzymes often
collaborate to first prime a substrate with a single
ubiquitin (UB) and then achieve different forms of
polyubiquitination: multiubiquitination of several
sites and elongation of linkage-specific UB chains.
Here, cryo-EM and biochemistry show that the hu-
man E3 anaphase-promoting complex/cyclosome
(APC/C) and its two partner E2s, UBE2C (aka
UBCH10) and UBE2S, adopt specialized catalytic ar-
chitectures for these two distinct forms of poly-
ubiquitination. The APC/C RING constrains UBE2C
proximal to a substrate and simultaneously binds a
substrate-linked UB to drive processive multiubiqui-
tination. Alternatively, during UB chain elongation,
the RING does not bind UBE2S but rather lures an
evolving substrate-linked UB to UBE2S positioned
through a cullin interaction to generate a Lys11-
linked chain. Our findings define mechanisms of
APC/C regulation, and establish principles by which
specialized E3–E2–substrate-UB architectures con-
trol different forms of polyubiquitination.

INTRODUCTION

Posttranslational modification by multiple ubiquitins (UBs) or

UB chains is a predominant eukaryotic mechanism regulating

protein half-life, location, interactions, or other functions. After

an E1 enzyme links UB to the catalytic Cys of an E2 enzyme
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(�30 in humans), the thioester-bonded E2�UB intermediate

is employed by an E3 enzyme (�600 in humans) (Deshaies

and Joazeiro, 2009). Most E3s display a domain that recruits

a substrate’s degron motif and a hallmark RING domain

thought to bind a cognate E2�UB intermediate that determines

acceptor Lys properties (Metzger et al., 2014; Streich and

Lima, 2014). Some E2s promiscuously modify lysines irrespec-

tive of context, while others generate linkage-specific UB

chains (Christensen et al., 2007; Mattiroli and Sixma, 2014).

Our current understanding is based on a limited number of

landmark structures showing how RING domains align

E2�UB active sites for nucleophilic attack, how a RING E3–

E2 complex can target a preferred acceptor Lys, and how

one RING forms homologous complexes with different

E2�UB intermediates (Branigan et al., 2015; Dou et al., 2012;

McGinty et al., 2014; Plechanovová et al., 2012; Pruneda

et al., 2012; Reverter and Lima, 2005; Scott et al., 2014). How-

ever, structural models for dynamic polyubiquitination of sub-

strates remain elusive.

Visualizing substrate polyubiquitination is challenging be-

cause proteins are modified on assorted sites, and UB chains

are often elongated in a linkage-specific manner where each

distal UB progressively added to a growing chain is succes-

sively presented to the catalytic center to accept another

UB. The multiple ubiquitination sites are essentially moving

targets for a catalytic RING–E2�UB assembly. Furthermore,

E3 RING and degron-binding domains are often flexibly

tethered, raising the question of how catalytic encounter

could be achieved (Berndsen and Wolberger, 2014; Streich

and Lima, 2014). Here, we addressed how mobile RING

E3–E2 assemblies and UB-linked substrates are positioned

for modification of multiple substrate lysines and evolving

UBs by the essential human E3, the 1.2 MDa multisubunit
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Figure 1. APC/C and Two E2 Partners Use Distinct Mechanisms for Polyubiquitination

(A) Distinct mechanisms of priming, multiubiquitination and UB chain elongation by APC/C, UBE2C, and UBE2S.

(B) Distinct APC11 RING surfaces involved in polyubiquitination: canonical E2 binding site - cE2; UB-binding exosite - Exo.

(C) APC11 RING mutants define distinctive priming, multiubiquitination, and UB chain elongation by APC/CCDH1 with UBE2C and/or UBE2S, using WT or methyl

UB (meUB), during a single encounter of the indicated version of CycBN (1K = K67 only; UB- = UB-fusion).
anaphase-promoting complex/cyclosome (APC/C) (King et al.,

1995; Sudakin et al., 1995).

APC/C catalyzes polyubiquitination of key cell cycle regulators

to control the metaphase-to-anaphase transition, exit from

mitosis, and maintenance of G1 (Primorac and Musacchio,

2013; Wieser and Pines, 2015). A seemingly simplistic code for

substrate binding, with degrons such as KEN- or D-boxes re-

cruited via a coactivator (CDC20or CDH1) andAPC10, is comple-

mented by assorted catalytic mechanisms to achieve the variety

and timing of polyubiquitination required to distinctly regulate

vastly diverse substrates. Polyubiquitination is catalyzed with

two E2s (Rodrigo-Brenni and Morgan, 2007), in humans UBE2C

and UBE2S, in multiple steps (Figure 1A) (Aristarkhov et al.,

1996; Garnett et al., 2009; Williamson et al., 2009; Wu et al.,

2010; Yu et al., 1996). The priming reaction, where a substrate re-

ceives a singleUB fromUBE2C,was explained by prior structures

that revealed how KEN- and D-box substrates bind APC/CCDH1

and how APC/C’s cullin–RING catalytic core recruits and posi-

tions UBE2C adjacent to the preferred target lysine in a substrate

(Brown et al., 2015; Buschhorn et al., 2011; Chao et al., 2012; da

Fonseca et al., 2011; Tian et al., 2012). Furthermore, an atomic

structure showed APC/C is blocked by the inhibitor EMI1 (Chang

et al., 2015). However, the structures did not explain APC/C-cata-

lyzed polyubiquitination.
After the priming reaction, APC/C catalyzes two forms of

substrate polyubiquitination: multiubiquitination and chain elon-

gation. During multiubiquitination, UBE2C adds more UBs

either individually or as short chains with various linkages, while

UBE2S catalyzes Lys11-linked chain elongation from a sub-

strate-linked UB (Williamson et al., 2009; Wu et al., 2010; Yu

et al., 1996). Ultimately, different forms of polyubiquitination—

i.e., multiple monoUBs, multiple Lys11-linked chains, and

branched chains—direct APC/C substrate degradation with

different efficiencies (Dimova et al., 2012; Grice et al., 2015;

Lu et al., 2015b; Meyer and Rape, 2014). Furthermore, proces-

sively polyubiquitinated substrates are degraded earlier in the

cell cycle, whereas degradation occurs later for substrates

receiving fewer UBs in a single encounter with APC/C. These

latter substrates are subject to deubiquitination and competi-

tion with other substrates delaying their acquisition of a degra-

dation signal (Kamenz et al., 2015; Lu et al., 2015a; Lu et al.,

2014; Lu et al., 2015b; Rape et al., 2006). This is controlled in

part by feed-forward processive affinity amplification (PAA),

whereby relative to unmodified substrates, UB-linked sub-

strates display higher affinity for APC/C, and are preferentially

subjected to further rapid multiubiquitination by UBE2C fol-

lowed by slower UB chain elongation by UBE2S (Lu et al.,

2015c).
Cell 165, 1440–1453, June 2, 2016 1441



How does a single E3 produce such polyubiquitination vari-

ety? Although UBE2C is activated by the canonical E2-binding

site on APC11’s RING domain (Brown et al., 2014), mechanisms

underlying PAA remain unknown (Lu et al., 2015c). And while

UBE2S requires a distinct UB-binding site on the RING, hereafter

referred to as ‘‘exosite’’ for simplicity, UBE2S lacks a standard

E2 RING-binding signature sequence and instead its residues

required for activity do not correspond to known RING E3 func-

tions (Figure 1B) (Brown et al., 2014; Kelly et al., 2014;Williamson

et al., 2009; Wu et al., 2010). Structural mechanisms explaining

APC/C’s massive enhancement of UBE2S’s efficiency for gener-

ating Lys11-linked di-UB linkages remain elusive (Brown et al.,

2014; Kelly et al., 2014).

Here, we describe structural studies that relied on protein en-

gineering and crosslinking to overcome transient interactions to

visualize APC/C complexes with their E2s representing different

forms of polyubiquitination. The data reveal how a malleable E3

synergizes with different E2s and evolving ubiquitinated sub-

strates to adopt distinct catalytic architectures that define

assorted products of polyubiquitination reactions.

RESULTS

Distinct RING Roles in Priming, Multiubiquitination, and
UB Chain Elongation
Using our recombinant APC/CCDH1 system (Weissmann et al.,

2016), we discovered mechanistic differences between priming,

multiubiquitination, and UB chain elongation in reactions with

two different RING mutants. The ‘‘RINGcE2’’ mutant impairs ca-

nonical E2�UB activation, while ‘‘RINGexo’’ bears Ala replace-

ments for residues essential for recruiting the acceptor UB for

chain elongation by UBE2S (Figure 1B) (Brown et al., 2014;

Dou et al., 2012; Plechanovová et al., 2012; Pruneda et al.,

2012). In reactions with either WT or methylated UB (meUB)

that cannot form chains, we assayed modification of three vari-

ants of the canonical APC/C substrate cyclin B N terminus

(CycBN) during a single encounter with the different versions

of APC/C (Figure 1C). Consistent with canonical RING acti-

vation of UBE2C, priming (monitored with a single Lys version

of *CycBN and meUB) and multiubiquitination (monitored with

single Lys andWT versions of *CycBN andWTUB) were impaired

by the RINGcE2 mutant. Also as expected, UBE2S-mediated UB

chain elongation on a UB-fused CycBN* substrate that bypasses

the need for priming was eliminated by the APC/C RINGexo

mutant. Unexpectedly, however, this mutant also subdued for-

mation of high molecular weight conjugates by UBE2C, thereby

uncovering that multiubiquitination by UBE2C is mechanistically

distinct.

Anchoring the RINGexo Site, UBE2C, and UBE2S for
Structural Studies of Polyubiquitination
Structural studies of E3–E2–substrate complexes have de-

pended on artificial reinforcement because the interactions

are fleeting (Brown et al., 2015; McGinty et al., 2014; Reverter

and Lima, 2005; Scott et al., 2014). To visualize APC/C–E2–

substrate architectures underlying polyubiquitination we used

protein engineering to strengthen interactions with the RING

exosite, and then crosslinking to stabilize UBE2C and UBE2S
1442 Cell 165, 1440–1453, June 2, 2016
positioned for multiubiquitination and UB chain elongation,

respectively.

First, a UB variant (UBv) with substantially increased affinity

(1.6 mM KD) for APC11’s RING was selected by phage display

(Figure 2A) (Ernst et al., 2013). After determining the crystal

structure of the APC11 RING–UBv complex, NMR and enzyme

assays demonstrated that the corresponding surfaces mediate

APC11 RING domain binding to UBv and to UB and vice-versa,

titrating free UBv impedes multiubiquitination and UB chain

elongation by WT APC/C in a manner paralleling the APC/C

RINGexo mutant, and the UBv is specific for APC/C and does

not affect activities of a related RING or an unrelated UB-bind-

ing E3 (Figures 2A–2E, S1, Table S1). Furthermore, biological

relevance was highlighted using a Xenopus egg extract system:

the RINGexo-binding UBv, but not the negative control mutant,

substantially slowed APC/C-dependent cyclin B degradation

(Figure 2F). Although we cannot be certain that APC11-UBv

and APC11-UB interactions are identical (a combination of mu-

tations collaterally displace Lys11 so the UBv structure does

not permit UBE2S-dependent chain elongation), the similarity

between UBv and UB (0.37 Å RMSD), and the numerous exper-

iments indicating that to a first approximation UBv binds the

same surface as a substrate-linked UB suggested that UBv

would be a useful tool for anchoring the dynamic APC/CCDH1

RING exosite.

As a prelude to structural studies, we performed crosslinking

based on the notion that connecting several weak interactors

would enable avidly capturing multiple sites in ubiquitina-

tion complexes. The 3-headed sulfhydryl-reactive crosslinker

TMEA simultaneously joined a C-terminal Cys on UB represent-

ing the donor, the active site Cys on either UBE2C or UBE2S,

and optimized sites to represent multiubiquitination or UB

chain elongation in surrogates for UB-linked substrates where

UBv was fused to fragments derived from the substrate Hsl1

(Figures 2G, 2H, and S2). Avid binding of the respective sub-

strate and/or E2 portions of the crosslinked products was

confirmed by the multiubiquitination trap inhibiting overall

UBE2C activity, substrate-binding, and UBE2C activation,

and the UB chain elongation trap inhibiting UBE2S activation

at substantially lower concentrations than individual compo-

nents (Figure S2).

Cryo-EM Reconstructions of APC/C–E2 Complexes
Poised for Polyubiquitination
Each trap was purified with APC/CCDH1, and cryo-EM was used

to determine 3D reconstructions of the complex representing

multiubiquitination with UBE2C at overall resolution of 6.4 Å

and that representing UB chain elongation with UBE2S to

6 Å. The catalytic core, RING-UBv and E2 portions of maps

displayed local resolutions of �6–10 Å, apparently limited by

conformational heterogeneity consistent with the dynamic

mechanisms of polyubiquitination. Initial models constructed

by docking atomic structures were improved by molecular dy-

namics flexible fitting (Figure S3, Movies S1 and S2). The donor

UB is not visible even at low contour in either complex, consis-

tent with local variability of the ‘‘closed’’ E2�UB conjugate in

solution (Pruneda et al., 2012; Wickliffe et al., 2011). Overall,

the EM data, together with structure-guided biochemical



Figure 2. Anchoring the RINGexo Site, UBE2C, and UBE2S for Structural Studies of Polyubiquitination
(A) Phage display selected UB variant (UBv) binds APC11 RING with high affinity and selectivity, measured by BLI.

(B) Crystal structure UBv (orange)–APC11 (navy) confirms binding to exosite, opposite canonical E2 site (modeled, cyan).

(C) UB and UBv bind similar APC11 RING surface and vice-versa, based on NMR chemical shift perturbations (CSPs).

(D) Similar effects on UBE2C-dependent multiubiquitination for blocking RING exosite with either UBv or APC11 mutations. Sponge = excess APC11 RING

sequestering UBv.

(E) Similar effects on UBE2S-dependent UB chain elongation for blocking RING exosite with either UBv or APC11 mutations.

(F) UBv inhibits APC/C-dependent degradation of cyclin B in mitotic X. laevis egg extracts, examined by indicated westerns.

(G) Scheme of 3-way crosslinked complex used to trap APC/CCDH1–UBE2C architecture representing multiubiquitination.

(H) Scheme of 3-way crosslinked complex used to trap APC/CCDH1–UBE2S architecture representing UB chain elongation.
analyses, reveal molecular mechanisms of multiubiquitination

and UB chain elongation.

Structural ‘‘Snapshots’’ of APC/C–E2 Architectures
Representing Steps in Polyubiquitination
To visualize steps in polyubiquitination, we compared the new

EM reconstructions with prior data to provide ‘‘snapshots’’ along

the process. EM maps were aligned representing substrate-

bound APC/CCDH1 alone (Figure 3A) (Chang et al., 2014) and

with UBE2C representing the priming reaction (Figure 3B)

(Brown et al., 2015), alongside the maps representing multiubi-

quitination (Figure 3C) and UB chain elongation (Figure 3D).

Side-by-side comparisons show the remarkable ways the dy-

namic APC2–APC11 cullin-RING catalytic core, evolving ubiqui-
tinated substrates and E2s synergize to adopt distinct catalytic

architectures specifying each reaction, illustrated beneath the

EM reconstructions in Figure 3.

Prior structural data showed how a substrate degron is

anchored on one side of APC/C, with the D-box corecruited by

CDH1 and APC10 (Figure 3A). However, without interacting

partners APC/C’s cullin-RING catalytic core is mobile and not

well resolved (Chang et al., 2014). How the mobile cullin-RING

delivers the UBE2C�intermediate to substrate was revealed

in a cryo-EM reconstruction representing ‘‘priming,’’ which

showed UBE2C’s active site juxtaposed with the preferred

target site, stabilized by crosslinking (Figure 3B) (Brown et al.,

2015). UBE2C�UB is positioned by both the APC11 RING and

APC2 WHB domains, which emanate from the intermolecular
Cell 165, 1440–1453, June 2, 2016 1443



Figure 3. ‘‘Snapshots’’ of Distinct APC/C–E2 Architectures for Polyubiquitination

(A) Prior APC/CCDH1–substrate complex (Chang et al., 2014). CDH1-purple, APC10-pink, APC2 NTD-light green, substrate-red.

(B) Prior structural data for complex representing priming (Brown et al., 2015), with UBE2C in light blue, APC2–APC11 intermolecular cullin–RING (C/R) domain

green, and APC2 WHB domain in forest.

(C) Cryo-EM reconstruction representing multiubiquitination. UBv - orange. Inset, one UB (1UBQ, yellow) is shown fitting between substrate and active site.

(D) Cryo-EM reconstruction representing UB chain elongation. UBE2S - teal. Inset, distance between substrate binding and active sites accommodates polyUB,

shown by tetraUB (2XEW, cartoon).

1444 Cell 165, 1440–1453, June 2, 2016



APC2–APC11 cullin-RING interaction domain (C/R) (Figure 3B).

UBE2C�UB is activated by binding the canonical E2 site on

the RING, although primary recruitment occurs through

APC2’s WHB domain engaging the backside of UBE2C (Brown

et al., 2015).

The cryo-EM reconstruction representing multiubiquitination

provides insights into subsequent additional ubiquitination

of a UB-linked substrate by APC/CCDH1–UBE2C (Figure 3C).

UBE2C is placed in the same manner for multiubiquitination as

for priming (Figure 3B, C). This positioning of UBE2C, through

co-binding the APC11 RING and the APC2 WHB domains, con-

denses the search radius for multiple fluctuating lysines

emanating from a tethered substrate. Reinspection of this geom-

etry to understand multiubiquitination shows the active site of

UBE2C located�20 Å from the D-box. Importantly, this distance

would allow numerous substrate lysines to access UBE2C and is

large enough to accommodate a substrate-linked UB but small

enough to constrain the catalytic geometry for generation of

short chains (Figure 3C inset). UBv as a proxy for substrate-

linked UB is bound to the RING exosite, providing a model for

how this interaction would increase affinity and enhance

processivity.

Finally, the new cryo-EM data reveal a completely different

catalytic arrangement underlying APC/C-UBE2S-mediated UB

chain elongation (Figure 3D). The ‘‘substrate’’ is recruited via a

multisite mechanism, with the D-box binding CDH1 and APC10

on one side of APC/C, and the linked UBv localized by interac-

tions with the RING exosite. This could place a homologous

UB’sK11adjacent toUBE2S’s active site. In agreementwith prior

mutational data (Brown et al., 2014; Kelly et al., 2014; Williamson

et al., 2009), UBE2S is not recruited to the RING (Figure 3D).

Furthermore, whereas RING domains typically bind the N-termi-

nal portionof anE2catalyticUBCdomain, anAPC2/APC4groove

bindsUBE2S’s uniqueC-terminalpeptide (CTP), andAPC2 inter-

acts with the C-terminal portion of UBE2S’s UBC domain (Fig-

ure 3D). The density for the N-terminal portion of the UBE2S

UBC domain disappears at higher resolution, presumably due

to the combination of a lack of direct contacts andgreater relative

motion furthest from the APC/CCDH1-binding site (Figure S3B).

Another difference from the priming andmultiubiquitination cata-

lytic architectures is that in the complex with UBE2S, APC2’s

WHB domain is not visible (Figure 3D), consistent with dispens-

ability for UB chain extension (Brown et al., 2015).

Different positions of the E2s in the complexes representing

multiubiquitination and UB chain elongation would explain differ-

ences in products of these distinct polyubiquitination reactions.

During multiubiquitination, UBE2C is placed in the central cavity,

with its active site facing inside APC/C and proximal to substrate.

This confines the space available for a modified substrate and

would account for the limited number of UBs typically linked to

substrates in reactions with UBE2C. By contrast, UBE2S is

placed at the edge of APC/C (Figure 3D). This open architecture

would allow growth of a polyUB chain either entirely outside

APC/C altogether, or inside the central cavity (Figure 3D, inset).

Further experiments examining how multiubiquitination is ampli-

fied by a substrate-linked UB binding the RING exosite and how

UB chain elongation is determined are described in separate

sections below.
RINGExosite Binding to Substrate-Linked UB Influences
Processivity of Multiubiquitination
The structure representing multiubiquitination suggested that a

substrate-linked UB binding to the RING exosite could provide

a secondary interaction (Figure 3C). This may underlie findings

from a recent single-molecule study, which showed that ubiqui-

tinated substrates have a relatively higher propensity to bind

APC/C, which drives their further multiubiquitination (Lu et al.,

2015c). We used the single molecule assay to confirm the role

for the RING exosite. Indeed, during multiubiquitination reac-

tions with UBE2C where the UB linkages to substrate are

evolving, the RING exosite mutant showed relatively decreased

binding as probed by the number of APC/CCDH1 complexes de-

tected in a field-of-view with saturating substrate (Securin) mol-

ecules, �2 3 105, on the surface of a chip (Figure 4A).

This led to several predictions regarding mechanisms of multi-

ubiquitination (Figures 4B and 4C). Enhanced lifetime of a ubiq-

uitinated substrate on APC/C would increase processivity,

thereby increasing the extent of modification while concomi-

tantly decreasing catalytic turnover of substrate. Thus, mutating

the RING exosite would be predicted to both decrease the extent

of modification, and to correspondingly increase the fraction of

substrate modified during the reaction. The notable exception

would be during a single substrate encounter with APC/CCDH1,

if a particular substrate-linked UB could not access the RING,

then blocking the exosite would not impact the extent of ubiqui-

tination. CycBN* could be a suitable substrate for these experi-

ments, because the EMdata predict that only one of its 16 poten-

tial ubiquitination sites (Lys51) could not access UBE2C, and a

short UB chain linked to all the sites could access the RING exo-

site. We confirmed the predictions for ubiquitination site usage

using a proteolytic strategy that isolates most sites and subse-

quent semiquantitative mass spectrometry analysis of the resul-

tant peptides (Figures S4A–S4C). Mutating the RING exosite

only subtly perturbed the site usage.

The predicted roles of the RING exosite on the extent of multi-

ubiquitination were tested with several assays. First, we quanti-

fied UB chain formation using UB-AQUA, which showed a �20

percent reduction in UB chains formed upon mutating the

RING exosite without apparent discrimination toward a specific

chain linkage (Figures 4D, S4B, and S3C). Second, we assayed

various forms of multiubiquitination for a suite of CycBN*mutants

with different numbers and locations of lysines. All acquired

fewer UBs with the APC/CCDH1 RINGexo mutant, except the

one mutant predicted to have limited potential for PAA due to

few target lysines: the RINGexo mutant does not substantially

affect modification of the single Lys substrate in a single

encounter with APC/C (Figures 1C, 4E, S4D–S4J).

The role of the RING exosite on the fraction of substrate

turned over was monitored during multibiquitination time-

courses. As predicted (Figure 4C), free substrate was more

rapidly depleted in reactions with the RING exosite mutant (Fig-

ures 4E–4G, S4B, S4D–S4J). Quantifying the effects showed

that a higher proportion of the CycBN* was modified by at least

one UB in reactions with the RING exosite mutant (Figures 4F

and 4G). However, a higher proportion of the ubiquitinated

CycBN* substrate received four or more UBs from UBE2C

with wild-type APC/CCDH1. The effects were magnified for the
Cell 165, 1440–1453, June 2, 2016 1445



Figure 4. Substrate-Linked UB Binding to RING Exosite Contributes to Processive Affinity Amplification for Multiubiquitination

(A) Single-molecule time traces for binding to evolving ubiquitinated immobilized Securin molecules during multiubiquitination by UBE2C and APC/CCDH1 or

indicated RING mutants.

(B) In processive multiubiquitination by APC/C and UBE2C, multiple UBs are added to substrate in a single binding event.

(C) Model if blocking substrate-linked UB binding to the RING exosite reduces processivity and shifts to distributive mode of multiubiquitination. A larger fraction

of substrate would be modified, but with fewer UBs.

(D) RING exosite contributes to quantity of UB chains formed during CycBN* multiubiquitination by APC/CCDH1 and UBE2C, measured by AQUA mass

spectrometry.

(E) Role of UB-binding RING exosite on processivity, monitored by formation of high molecular weight conjugates and fraction of substrate modified during

multiple turnover UBE2C-catalyzed multiubiquitination of CycBN* (top) or UB-CycBN* (bottom).

(F) Role of RING exosite on fraction of substrate modified over time, in assays as in (E), quantifying depletion of unmodified CycBN* (top) or UB-CycBN* (bottom).

Error bars: SEM, N = 3.

(G) Role of RING exosite on extent of substrate modification duringmultiubiquitinationwith UBE2C. Ubiquitinated products generated as in (E) were divided into 2

categories, withR 4UBs (navy) or 1-3 UBs (blue) as resolved by SDS-PAGE to examine extent of generation of highly multiubiquitinated products. Error bars: SD,

N = 3.
UB-fused CycBN* substrate, further implicating a role for sub-

strate-linked UB binding to the RING exosite (Figures 4E–4G).

Taken together, the results suggested that UB-binding to the

APC11 RING exosite supports processive affinity amplification

during multiubiquitination.

Unique UBE2S Tethering
UB chain extension is achieved by an entirely distinct mecha-

nism. Our EM data reveal how APC/C uses a unique E3 architec-

ture that (1) anchors UBE2S via a tether, (2) positions the active

site, and (3) delivers the acceptor UB to UBE2S. Although the

structural data agree with prior scanning mutagenesis data for

the acceptor UB, UBE2S, and APC11’s RING domain (Brown

et al., 2014; Kelly et al., 2014; Wickliffe et al., 2011), we per-

formed mutational studies of APC/C to both confirm the struc-

ture and define how the novel APC/C catalytic architecture es-

tablishes UB chain elongation.

We identified key APC/C residues recruiting UBE2S based on

interactions with the basic/hydrophobic tip of UBE2S’s unique,

flexible 66-residue C-terminal peptide (CTP) that is both neces-
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sary and sufficient for binding to APC/C (Williamson et al.,

2009; Wu et al., 2010). The EM reconstruction shows this nestled

in a complementary acidic and hydrophobic groove at the inter-

face between APC2’s N-terminal domain (NTD), C/R domain,

and APC4’s b-propeller (Figures 5A and 5B). Although the ho-

mologous sequence from the inhibitor EMI1 was assigned to

comparable density in a prior EM structure, individual side-

chains have yet to be resolved for this region for either UBE2S

or EMI1, and roles of the APC2/APC4 groove have not been

tested (Chang et al., 2015). Our molecular model shows the

APC2/APC4 groove including APC2’s Asp350 and Asp353,

and APC4’s Asp33 and the loop spanning from Asp747 through

Glu751, and their mutation specifically impairs APC/CCDH1-

UBE2S-catalyed UB chain elongation without affecting multiubi-

quitination with UBE2C (Figure 5B, S5A–S5E). These APC2/

APC4 groove mutations and the corresponding mutation from

UBE2S’s CTP (L222A) caused parallel defects, �10- to 30-fold

increases in apparent Km (Km
app) with little effect on apparent

Vmax (Vmax
app) in reactions monitoring polyubiquitination of a

UB-fused substrate while titrating UBE2S (Figure 5C). Thus,



Figure 5. Distinctive Multisite Interactions Establish Unique Catalytic Architecture Specifying UB Chain Elongation by APC/C and UBE2S

(A) Cryo-EM reconstruction of APC/C-CDH1 complex with UBE2S representing UB chain elongation as in Figure 3D, indicating regions with close-ups in panels

(B), (D), and (J).

(B) Model for APC2/APC4 groove interactions with UBE2S CTP, based on docking APC/C structure (Chang et al., 2015) in cryo-EM reconstruction. APC2/APC4

groove is shown as a surface colored by electrostatic potential, with selected side-chains lining the groove in spheres. EM density for UBE2S CTP - cyan.

(C) Role of APC2/APC4 groove in recruiting UBE2S CTP, as determined from kinetic parameters for the indicated mutants during polyubiquitination of a UB-

Securin substrate while titrating UBE2S. SEM, n R 3.

(D) Placement of UBE2S C- and D-helices (cyan) by APC2 Si helices modeled based on (Chang et al., 2015) (green).

(E) Role of APC2 placement of UBE2SUBC domain in substrate polyubiquitination, from kinetic parameters for mutants during polyubiquitination of a UB-Securin

substrate while titrating UBE2S. SEM, n R 3.

(F) Role of APC2 placement of UBE2S UBC domain in activating UB chain synthesis, from kinetic parameters for mutants upon titrating acceptor UB during APC/

CCDH1-UBE2S-mediated di-UB synthesis. SEM, n R 3.

(G) APC2 placement of UBE2SUBCdomain tested by charge-swap rescue assaying UBE2S E132R restoring UB chain elongation specifically to APC/CCDH1 with

APC2 K562D mutant.

(H) Importance of placing UBE2S’s UBC domain, or recruiting the CTP, determined fromminimal APC/C subcomplexes (schematics on top) required to stimulate

di-UB synthesis byWT UBE2S or isolated UBC domain lacking the CTP (bottom). Reactions with APC/CWT and subcomplexes 1–3 withWT UBE2S are controls

based on (Brown et al., 2014).

(I) Importance of placing both UBE2S’s UBC domain and CTP for APC/C activation of UB chain elongation. UBE2S deletion mutants with progressively shorter

linkers between the two domains were assayed for APC/CCDH1-dependent polyubiquitination of UB-CycBN*. Reactions withWTUBE2S and linker deletions to 26

are controls based on (Brown et al., 2014).

(J) Model for acceptor UB (orange, UBv as proxy) in active site of UBE2S (cyan).
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the interaction between UBE2S’s CTP and the APC2/APC4

groove plays the predominant role in recruiting UBE2S, but other

elements are crucial to activate UBE2S-mediated UB chain

elongation.

Unique E2 and Acceptor Placement Promote Chain
Elongation
UB chain elongation requires juxtaposition of an E2 active site

with an acceptor UB. The EM density showed an unprece-

dented cullin-RING mechanism, whereby the cullin, not the

RING, positions UBE2S. This provides a rationale for delete-

rious effects of mutating UBE2S’s ‘‘C’’ and ‘‘D’’ helices (Brown

et al., 2014; Kelly et al., 2014), which straddle a pair of APC2

C/R domain helices that we term SiA and SiB, for UBE2S-inter-

acting A and B-helices (Figure 5A and 5D, Movie S2). UBE2S

binding to APC2’s SiA and SiB-helices orients the active site to-

ward the APC/C central cavity and APC11’s tethered RING

domain, and places the machinery catalyzing UB chain elonga-

tion at the extreme edge of APC/C’s central cavity. This cullin

function of APC2 may be specialized for APC/C, as the corre-

sponding region in canonical cullins is not known to play a cat-

alytic role.

Several assays validated that APC2 placement of UBE2S’s

UBC domain is important to activate UB chain elongation. Paral-

lel effects are observed for mutations in the APC2 Si-helices and

the corresponding interacting C- and D-helices in UBE2S. Moni-

toring APC/CCDH1-dependent chain elongation on a UB-primed

substrate while titrating UBE2S showed that mutations disrupt-

ing the APC2–UBE2S UBC domain interface decreased Vmax
app,

without substantially impacting the Km
app value for UBE2S (Fig-

ures 5E and S5F). In assays monitoring fluorescent UB transfer

from UBE2S while titrating free UB as acceptor, the mutations

caused increased Km
app for the acceptor UB (3.5- to 7.5-fold)

and decreased Vmax
app (2- to 6-fold) (Figures 5F and S5G).

Some mutations almost eliminated UB chain formation. Further

support for APC2 placement of UBE2S’s catalytic UBC domain

comes from a compensatory charge-swap experiment, as

defective UB chain elongation caused by the deleterious APC2

SiB-helix K562D mutation was specifically rescued by the struc-

turally complementary E132R mutation from UBE2S’s helix C

(Figure 5G).

Subunit and domain deletion mutagenesis experiments

confirmed that an APC2–APC11 subcomplex containing the

Si helices and RING domain is minimally required to activate

di-UB chain synthesis by UBE2S’s isolated catalytic domain,

albeit at 100-fold higher E3 concentrations due to lack of

CTP-recruitment (Figures 5H and S5H). In agreement with

the structural data, robust CTP-dependent activation required

preserving the APC2/APC4 groove (Figure 5H). Importantly,

even in the minimized systems, structure-based point muta-

tions in APC2’s Si helices thwarted activation of UBE2S-medi-

ated di-UB synthesis (Figures S5I–S5K). NMR experiments

further confirmed the distinctive interaction between APC/C’s

C/R and UBE2S’s UBC domains: extreme line-broadening

for resonances corresponding to 15N-UBE2S’s folded UBC

domain occurred upon adding an APC2–APC11 subcomplex.

This depended on intact Si helices but not the RING (Figures

S6A–S6E).
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To test if UB chain elongation involves APC/CCDH1 simulta-

neously engaging UBE2S’s UBC and CTP domains as in the

structure, we assayed a series of mutants with progressively

shorter linkers connecting the domains. Indeed, only UBE2S var-

iants with linkers that could span the 30 Å distance separating

the CTP and UBC domains retained full activity (Figure 5I). Over-

all, the EM data suggest that it is essential to place UBE2S adja-

cent to the acceptor UB delivered by the RING exosite, as visu-

alized by modeling UB in place of UBv in the EM reconstruction

(Figure 5J).

UBE2S-Specific Assembly Elements Cannot Support
UBE2C
Despite differences in catalytic architecture and the specific

domains mediating interactions, there are some common princi-

ples underlyingmultiubiquitination and UB chain elongation (Fig-

ure 6A). First, APC/C recruits each E2 via auxiliary interactions:

APC2’s WHB binds UBE2C’s backside while the APC2/APC4

groove recruits UBE2S’s CTP. Second, the cullin-RING catalytic

core positions both E2s proximal to their distinctive acceptors,

albeit by APC2’s WHB and APC11’s RING domains co-posi-

tioning UBE2C and by APC2’s Si-helices guiding UBE2S. To

test if each E2 depends on its own interactions with APC/C, we

wished to assay effects of transplanting their unique elements.

Although we were unable to relocalize UBE2S to the site occu-

pied by UBE2C, we were able to test if UBE2S-specific features

could support APC/CCDH1 activity with UBE2C as follows.

First, we asked if UBE2S’s CTP could substitute for APC2’s

WHB in recruiting UBE2C. We assayed a chimeric E2 harboring

UBE2S’s CTP grafted onto UBE2C (Chang et al., 2015). Control

reactions showed that appending UBE2S’s CTP does not hinder

multiubiquitination with wild-type APC/CCDH1 (Figure 6B), and

deleting the APC2 WHB domain does not impact UBE2S-cata-

lyzed chain synthesis (Brown et al., 2015). However, >30-fold

more of the UBE2C-UBE2SCTP chimera was required to multiu-

biquitinate CycBN* with the APC/CCDH1 mutant lacking APC2’s

WHB domain (Figure 6B). Thus, UBE2C requires its distinctive

APC/C binding mechanism.

Next, we asked if specific RING positioning is important using

the elongation trap to shackle the RING away from the UBE2C-

specific architecture (Figures 2H and 3D). The elongation trap

blocked APC/CCDH1-dependent hydrolysis of an oxyester-linked

UBE2C�UB complex, which requires RING-mediated activation

independent of substrate (Figure 6C). Inhibition depended on re-

directing the RING, becausemutating the exosite to prevent UBv

tethering of the RING restored activation in the presence of the

elongation trap, and neither UBv nor substrate alone impaired

activity.

Finally, we noted that the two catalytic architectures display

different relative orientations for APC2’s NTD and C/R domains.

The helix at the hinge comprising residues 500–506 is largely

buried in the EM reconstructions with UBE2C, but is partially

exposed in complex with UBE2S. Accordingly, there is little ef-

fect of mutating hinge-helix isoleucines (501 and 502) to aspar-

tates on UBE2S-dependent polyubiquitination of a UB-fused

substrate, whereas this substantially impairs multiubiquitination

with UBE2C (Figure 6D). Thus, the distinctive cullin conformation

is required for multiubiquitination.



Figure 6. Functional Specialization of Each Polyubiquitination Architecture

(A) Distinct APC/C mechanisms recruiting, positioning, and/or activating UBE2C or UBE2S for multiubiquitination and UB chain elongation, respectively.

(B) UBE2S CTP is a poor substitute for APC2 WHB in supporting UBE2C-dependent substrate multiubiquitination, as shown from assays with WT UBE2C or a

chimera with appended UBE2S’s CTP, and WT APC/CCDH1 or a deletion mutant lacking APC2 WHB domain.

(C) Shackling the RING away from the multiubiquitination architecture by the elongation trap inhibits APC/C activation of intrinsic UBE2C activity, monitored by

inhibition of APC/CCDH1-stimulated hydrolysis of oxyester-linked UBE2C�UB.

(D) Specific APC2 cullin conformation is required for multiubiquitination. Top – schematic of distinctive APC2 NTD-C/R domain orientations showing burial or

exposure of hinge. Distinct defects with hinge mutant (APC2 I501D, I502D) for multiubiquitination or UB chain elongation of UB-CycBN*.

(E) UBE2C and UBE2S build a UB chain on *CycBN-(1K) during the substrate’s single encounter with APC/CCDH1.

(F) Competition between APC/CCDH1 activities with UBE2C and UBE2S probed simultaneously with 2 colors. MeUB can only be donor and not acceptor. Only

fluorescein-CycBN* (green) accepts meUB from UBE2C. Only Cy5-UB* (red) with blocked C terminus accepts meUB from UBE2S.

(G) Bar graphs showing reduced APC/CCDH1-UBE2S-catalyzed meUB�UB* formation in (F) and S6G in the presence of UBE2C activity. SD, n R 2.
WeakRING InteractionsMay Limit Competition between
Multiubiquitination and Chain Elongation
Previous studies raised the question if multiubiquitination and

UB chain elongation can occur simultaneously (Williamson

et al., 2009;Wu et al., 2010). Indeed, priming, multiubiquitination,

and UB chain elongation can occur independently (Figure 1C),

and both E2s can function during a substrate’s single encounter

with APC/CCDH1 (Wang and Kirschner, 2013), including on a sub-

strate with a single Lys (Figure 6E). Nonetheless, there has been

no evidence of synergy. Instead, single molecule kinetic experi-

ments indicated that UBE2S can act after UBE2C in a second

gradual phase of polyubiquitination (Lu et al., 2015c).

To further explore the extent to which UBE2C and UBE2S

could compete or catalyze their respective reactions simulta-

neously, we monitored activities of both E2s independently of

each other but in the same tube using a donor meUB that

cannot serve as acceptor, Cy5-labeled C-terminally blocked

UB that only accepts meUB from UBE2S, and fluorescein-

CycBN* or the single Lys version that only accept meUB from
UBE2C. Increasing UBE2C to concentrations �2-fold above

Km slightly but reproducibly reduced di-UB synthesis by

UBE2S (Figure 6F, 6G, S6F, and S6G), although no further inhi-

bition was observed by adding more UBE2C. Such minor inhibi-

tion could be explained by competition between a UB-modified

substrate and UBE2S acceptor UB for the RING exosite. Or

RING positions for the two reactions could be mutually exclu-

sive as observed in the EM reconstructions for the UBv-trapped

structures (Figures 3C and 3D). Alternatively, it is also possible

that WT UB binds the RING differently and could allow simulta-

neous engagement of UBE2C at the cE2 site and UBE2S’s

acceptor UB at the exosite. Irrespective of the mechanism,

competition would be limited if RING interactions with different

partners were fleeting. Indeed, UB-binding to the RING exosite

is weak (Figure 2A) (Brown et al., 2014) and NMR chemical shift

perturbation experiments did not detect interaction between

100 mM 15N-labeled APC11 RING domain and 400 mM UBE2C

or a disulfide-linked proxy for a UBE2C�UB intermediate (Fig-

ures S6H–S6J). Overall, it seems that the RING interactions
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Figure 7. Specialized APC/C–E2 Architec-

tures for Multiubiquitination and UB Chain

Elongation

(A) Processive multiubiquitination occurs by

APC/C’s APC2 cullin (green)-APC11 RING

(blue) positioning UBE2C proximal to substrate

(red), reducing the search volume for catalytic

encounter while substrate-linked UB (yellow)

binds the RING exosite to increase the evolving

ubiquitinated substrate’s lifetime on APC/C and

enhance processivity. Each UB transfer cycle

is accompanied by catalytic core dynamics

releasing the used UBE2C for replacement by a

charged UBE2C�UB to donate the next UB for

ligation.

(B) Specialized architecture for UB chain

elongation. APC2/APC4 recruits UBE2S’s CTP, APC2 (cullin) places UBE2S’s catalytic UBC domain, and APC11’s RING guides the acceptor UB’s Lys11

to the active site. Location of UBE2S at the edge of APC/C would accommodate growth of long UB chains.
visualized by trapping occur transiently in the context of multi-

site binding during APC/CCDH1-mediated polyubiquitination

(Figure 3).

DISCUSSION

A major challenge in understanding RING E3 catalyzed poly-

ubiquitination has been to explain how dynamically tethered

substrates and mobile RING-E2 assemblies collide. We were

able to address this through cryo-EM and biochemical analyses,

which revealed distinct APC/C–E2–UB-linked substrate archi-

tectures specialized for distinct geometric challenges of multiu-

biquitination and UB chain elongation.

Multiubiquitination is specified by multisite interactions be-

tween APC/C’s cullin-RING core, UBE2C, and a tethered UB-

linked substrate that (1) secure UBE2C�UB to condense the

search volume for catalytic encounter with the fluctuating sub-

strate; (2) localize the active site proximal to substrate yet in a po-

sition that also accommodates a substrate-linked UB for further

modification; and (3) additionally bind a primed substrate’s

linked UB to increase lifetime on APC/C and enhance processiv-

ity (Figure 7A). Constraining the proximity of substrate and

UBE2C may contribute to preferential addition of individual

UBs or short chains.

Topological requirements for linkage-specific UB chain elon-

gation are satisfied by specialized placement of UBE2S, which

(1) employs an extraordinary cullin-RING mechanism—where

the cullin binds E2 and RING binds the substrate-linked UB—

to juxtapose UBE2S’s active site and the acceptor UB and (2)

localizes the catalytic center at the edge of APC/C, spatially al-

lowing growth of long UB chains (Figure 7B). Because elements

of the catalytic complex are flexible relative to each other, cata-

lytic engagement of APC2–APC11, UBE2S, and the acceptor UB

may occur dynamically, as in the various orientations observed

for 3D classes in negative stain EM (Movie S2). Although future

studies will be required to determine if and how UB binding to

the RING and UBE2S binding to APC2 synergize for catalysis,

a rationale for APC/C tracking substrate-linked UBs for chain

elongation (Kelly et al., 2014) comes from the RING–UBv struc-

ture: interactions with a homologous acceptor UB would include

the b1/b2-loop harboring Lys11, which after linkage to another
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UB would disengage from the catalytic assembly, thereby pro-

moting further chain elongation.

Each architecture is optimal for its own form of poly-

ubiquitination but suboptimal for the other activity. For example,

the constrained assembly for multiubiquitination would hinder

growth of long UB chains due to limited space between a sub-

strate degron and E2 active site (Figure 7A). Meanwhile, the

placement of UBE2S would be suboptimal for priming or multiu-

biquitination because the long distance between a tethered sub-

strate’s D-box and the active site would limit opportunities for

catalytic encounter with substrate lysines (Figure 7B).

It seems that the RING acting as a hub depends on individual

interactions being weak, with multiple contacts converging to

avidly support polyubiquitination architectures. While RING-

UBE2C binding is undetectable in isolation, multisite interactions

promote catalytic encounter (Figure 3C and S6H–S6J), after

which the used UBE2C must dissociate from APC2–APC11 to

be replaced by a charged UBE2C�UB for another UB to be

ligated (Brown et al., 2015). On the opposite side of the RING,

evolving substrate-linked UBs apparently transiently sample

the exosite either to promote PAA during UBE2C-catalyzed mul-

tiubiquitination or for chain elongation by UBE2S without jam-

ming the system. Although future studies and new tools will be

required determine the precise structure of UB bound to

APC11’s RING during these reactions, UB binding may be

‘‘fuzzy’’ due to dynamic hydrophobic interactions, or may involve

specific contacts dynamically presenting UB from various for-

mats akin to UB chain binding to the proteasome. We speculate

that APC/C, like the proteasome (Shi et al., 2016), has multiple

weak UB binding site(s) awaiting discovery as either promotiong

PAA, UB chain elongation, or regulation.

APC/C’s diverse catalytic architectures could comprise a

combinatorial system for decorating substrates with various

UB conjugate topologies. Although the rules determining

whether a ubiquitinated substrate is preferentially modified by

UBE2C and/or UBE2S remain to be determined, we envision

that numerous input signals, for example D- and KEN-box affin-

ities for CDH1, relative substrate lysine positions, and propensity

for further polyubiquitination by UBE2C or UBE2S establish a

‘‘mix-and-match’’ system for differentially modifying substrates

to regulate their proteasomal degradation (Dimova et al., 2012;



Grice et al., 2015; Kirkpatrick et al., 2006; Lu et al., 2015b; Meyer

and Rape, 2014).

The different catalytic architectures are likely to be distinctly

regulated. Some APC/C inhibitors, perhaps Mitotic Checkpoint

Complex, could inhibit activity with UBE2C but still allow binding

of UBE2S (Herzog et al., 2009; Kelly et al., 2014). Also, APC/C’s

assembly with the E2s is differentially regulated, for example by

phosphorylation and protein interactions (Craney et al., 2016).

Furthermore, UBE2C and UBE2S themselves undergo APC/C-

dependent ubiquitin-mediated proteolysis through poorly char-

acterizedmechanisms (Garnett et al., 2009; Rape and Kirschner,

2004; Williamson et al., 2009; Wu et al., 2010). It is tempting to

speculate that the two architectures enable the E2s to regulate

each other. It seems likely that future studies will reveal how,

when, and where the two catalytic architectures contribute to

distinct APC/C functions and cell division.

Principles derived from the APC/C–E2 structures may apply to

polyubiquitination by many RING E3s (Figure 7). Indeed, key fea-

tures have parallels in other systems, including RING E3 collab-

oration with multiple E2s, multisite E3–E2 interactions, polyubi-

quitinating E2s forming an active conformation even without

RING-binding, and UB-binding exosites in other E3s or E2s (Fig-

ure S7) (Metzger et al., 2014; Streich and Lima, 2014). APC/C

presents fascinating re-use of a UB-binding exosite for different

functions in distinct polyubiquitination architectures (Figure 7).

The stage is now set for future studies aimed at understanding

how other multidomain RING E3s dynamically respond in their

own specialized ways to the distinctive features of multiple

assorted E2�UB and ubiquitinated substrate partners to estab-

lish the enormous conjugate variety associated with cellular

polyubiquitination.

EXPERIMENTAL PROCEDURES

Protein Purification

Proteins described are human, except sequences derived from Hsl1, the tight-

binding APC/CCDH1 substrate from S. cerevisiae. Baculoviruses expressing

APC/C and subcomplexes were generated using biGBac (Weissmann et al.,

2016). APC/C, subcomplexes, and UBA1 were expressed insect cells, and

all other proteins in bacteria, and purified as described (Brown et al., 2015;

Brown et al., 2014). The multiubiquitination and elongation traps were gener-

ated in a manner similar to that described for the priming trap (Brown et al.,

2015) but with modifications. For multiubiquitination, the ‘‘substrate’’ was a

fusion between a KEN- and D-box containing fragment of Hsl1 and C-terminal

UBv, with a single Cys in place of Hsl1 K788, and the E2 was a catalytic Cys

only version of UBE2C (C102A) that is active in multiubiquitination. For elonga-

tion, the ‘‘substrate’’ was a fusion between UBv at the N terminus and a D-box

containing fragment of Hsl1 with a single Cys in place of UBv K11, and the E2

was a catalytic Cys only version of UBE2S (C118F, linker 15, see Figures S2G–

S2L). 3-way crosslinking and trap purification were performed largely as

described (Brown et al., 2015), except using the trifunctional sulfhydryl cross-

linker TMEA (Pierce). For generation of samples for cryo-EM, APC/CCDH1 was

first affinity purified based on tags on APC/C, the traps were added, and com-

plexes were enriched by anti-Flag purification based on tags on the traps.

Structural Studies

NMR, X-ray crystallography, and cryo-EM were performed largely as

described previously (Brown et al., 2015).

Assays

Ubiquitination assays were performed largely as described (Brown et al.,

2014), with some differences. APC/C, CDH1, substrate, E1, and E2 were
mixed on ice prior to initiating reactions, which were performed at room tem-

perature in buffer used for purification (20 mM HEPES pH 8.0, 200 mM NaCl,

1mMDTT) supplemented with 5mMMgCl2, 5 mMATP, and 0.25mg/mL BSA.

For kinetic analyses, product bands were quantitated based on a fluorescein

label on *UB, UB-CycBN*, or UB-Securin* (* denotes location of fluorescein,

N- or C terminus) using a Typhoon FLA 9500 PhosphorImager. For APC/C-

dependent substrate ubiquitination reactions, APC/C-independent products

were subtracted as background. Details of assays in each figure are in Supple-

mental Experimental Procedures.
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Figure S1. UB and UBv Bind the APC11 RING Exosite, Related to Figure 1

(A) Structural view of APC11 RING cE2 and exosite surfaces and representative Coomassie-stained SDS-PAGE gel of purified recombinant APC/C complexes

harboring APC11 RING mutations. Left, from top to bottom, crystal structure of APC11 RING (blue)–UBv (orange) complex, showing UBv binds the previously

defined exosite surface (key residues previously defined by mutagenesis and NMR in (Brown et al., 2014) shown in pink). Model of an APC11 RING–E2 complex,

based on closest APC11 RING homolog (Scott et al., 2014), with canonical E2-binding site residues mutationally shown to activate UBE2C in green (Brown et al.,

2014). Right, Coomassie-stained gel of recombinant APC/C complexes. RING mutant experiments use MBP-fused APC11, which allows confirming stoichio-

metric incorporation into APC/C by SDS-PAGE. DRING is APC11 (1-17), WT is full-length APC11, Exo mut contains M57A and F82A mutations, and cE2 mut

contains an R27A mutation.

(B and C) NMR spectra used for CSP analyses in Figure 2C, which showed that UBv and UB bind similar APC11 RING surfaces and vice-versa, but that the UBv

interaction is higher affinity.

(B) Left, overlaid [15N, 1H] TROSY spectra of 15N-labeled UBv alone (100 mM, black) or with APC11 RING (1:2, red). Right, overlaid [15N, 1H] TROSY spectra of 15N-

labeled UB alone (100 mM, black) or with titration of 0.075, 0.15, 0.3, 0.6, and 1.2 mM APC11 RING in green, cyan, purple, orange, and red, respectively. The

results for titrating the APC11 RING domain into 15N-labeled UB were performed here as a control, and agree with our previously published data (Brown et al.,

2014).

(C) Left, overlaid [15N, 1H] TROSY spectra of 15N-labeled APC11 RING alone (100 mM, red) with UBv (1:2, dark blue). Right, overlaid [15N, 1H] TROSY spectra of
15N-labeled APC11 RING alone (100 mM, red) or with titration of 0.35, 1.4, 2.8 and 5.6 mM UB in shades of light to dark blue, respectively. Tighter binding of UBv

compared to UB is revealed in insets by the change in intensity or 15N chemical shift of APC11 RING residues V47 and E84 when plotted as a function of

concentration of either UBv, left, or UB, right, respectively. The results for titrating UB into 15N-labeled APC11RING domain were performed here as a control, and

agree with our previously published data (Brown et al., 2014).

(D) Neither the APC11 RINGexo mutation nor adding UBv strongly affects APC/CCDH1-activated hydrolysis of a UBE2C�UB intermediate. To consider potential

effects of the UB-binding exosite on intrinsic RING–E2 catalysis by APC/C, the RING exosite mutant or adding UBv were tested for APC/CCDH1-dependent

hydrolysis of an oxyester-linked UBE2C�UB complex, which assays for canonical RING-dependent activation in the absence of a substrate a function of time

using Coomassie-stained SDS-PAGE gels. Control experiments confirmed CDH1-dependence of APC/C’s intrinsic RING–E2 catalytic activity.

(E) Enzyme kinetic analyses titrating UBE2C in substrate ubiquitination assayswith APC/CCDH1. Kinetic parameters, left, and curve fits, right, from titrating UBE2C

to test the role of RING exosite on the catalytic efficiency in assays with fixed concentrations of APC/CCDH1 variants and UB-CycBN*. SEM, n R 3.

(F) Representative SDS-PAGE gels for data used to determine the kinetic parameters in E. Ubiquitination of fluorescent UB-CycBN* was quantified, normalized,

and fitted to the Michaelis-Menten equation.

(G) UBv–APC11 RING interaction is required for UBv to inhibit APC/CCDH1–UBE2S-mediated UB chain elongation. Adding UBv (200 mM) inhibits APC/CCDH1–

UBE2S-catalyzed UB chain elongation, whereas there is no effect of adding the hydrophobic patch (I42D F44D L68D) mutant UBv that does not bind APC11.

UBv-mediated inhibition is relieved by adding excess free APC11 RING domain (200 mM), which can act like a ‘‘sponge’’ and sequester UBv.

(H) APC11-specific UBv does not substantially impact ubiquitination by a closely related RING E3. SCF E3s contain the RING subunit RBX1, which is APC11’s

closest relative. Anti-biotin western blot shows SCFFBW7DD -dependent ubiquitination of a biotinylated phosphopeptide derived from cyclin E, using E2s UBCH5B

and CDC34 that mediate priming and UB chain elongation for this SCF.

(I) APC11-specific UBv does not substantially impact ubiquitination by the HECT E3, WWP1, which has its own specific UBv activating polyubiquitination via a

distinctive UB-binding exosite. WWP1-dependent ubiquitination of fluorescent *WBP2 was monitored by SDS-PAGE and fluorescent scanning. Whereas the

APC11-specific UBv has no effect, the WWP1-activating UBv stimulates ubiquitination (Zhang et al., 2016).
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Figure S2. Generating and Validating 3-Way Crosslinked Complexes for ‘‘Trapping’’ APC/CCDH1–E2 Architectures Representing Multi-

ubiquitination and UB Chain Elongation, Related to Figure 2

(A) Schematic of the 3-way crosslinked complex used to trap APC/CCDH1–UBE2C in architecture representing multiubiquitination. Panels investigating the

complex blocking multiubiquitination (B), substrate binding to APC/CCDH1 (C), UBE2C binding to APC/CCDH1 (B, E), and UB binding to the RING exosite (C, D) are

indicated. The priming trap contains the same elements except UBv, and was described previously (Brown et al., 2015).

(B) Multiubiquitination trap blocks APC/CCDH1–UBE2C-mediated multiubiquitination of UB-CycBN*. Representative fluorescent scan of ubiquitination assays

testing whether the multiubiquitination trap properly binds APC/CCDH1. If the multiubiquitination trap binds both the substrate binding site via Hsl1 and the APC2-

APC11 cullin-RING catalytic core via UBE2CxUB, then the cross-linked multiubiquitination trap should inhibit APC/CCDH1-UBE2C-catalyzed substrate ubiq-

uitination at a lower concentration than Hsl1 on it own, as is observed for the trap and its constituent components at a concentration of 270 nM.

(C) Multiubiquitination trap blocks APC/CCDH1-UBE2S-mediated UB chain elongation of UB-CycBN*. Representative fluorescent scan of ubiquitination assays

testing whether the multiubiquitination trap properly binds APC/CCDH1. If the multiubiquitination trap binds both the substrate binding site via Hsl1 and the APC11

RING exosite via theUBv, then the cross-linkedmultiubiquitination trap should inhibit APC/C-UBE2S-mediated UB chain elongation at a lower concentration than

Hsl1 or UBv on their own, as is observed for the trap and its constituent components at a concentration of 270 nM.

(legend continued on next page)
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(D) Multiubiquitination trap blocks APC/CCDH1-UBE2S-mediated di-UB synthesis. Effects of adding multiubiquitination trap to assays monitoring APC/CCDH1–

UBE2S-mediated di-UB synthesis using an unlabeled donor UB (UBD) with a fluorescent acceptor (UBA*, C-terminal modification prevents its use as a donor). The

inhibition of free UB chain synthesis by the multiubiquitination trap (with UBv) but not the priming trap (without UBv) suggests the UBv is bound to the native UB

binding exosite on the APC11 RING domain that is essential for APC/CCDH1–UBE2S-catalyzed formation of UB chains. The trap and its constituent components

were screened at a concentration of 270 nM.

(E) Multiubiquitination trap blocks a substrate-independent APC/CCDH1 activation of UBE2C�UB. Multiubiquitination trap prevents APC/CCDH1-mediated hy-

drolysis of UBE2C�UB (oxy) into UBE2C and UB over time, detected with Coomassie-stained SDS-PAGE gels. This result indicates that the UBE2C component

of the multiubiquitination trap properly binds to the APC2-APC11 cullin-RING catalytic core.

(F) Schematic of the elongation trap representing UBE2S (cyan) as if building a K11-linked UB chain on a substrate (Hsl1 D-box, red)-linked UBv (orange)

anchoring the RING. Panels identifying a suitable mutant version of UBE2S that allows 3-way crosslinking through mutation of non-active site Cys118 (G-I), and

reducing the flexible linker between UBE2S’s UBC domain and APC/C-binding tip of the CTP (J-L) are indicated.

(G) Model of UBE2S�UBD in activated closed conformation showing Cys118 interacting with donor UB. The model is based on the crystal structure (PDB ID

5BNB) representing a UBE2S�UB intermediate (Lorenz et al., 2016). UBE2S (cyan) C118 is predicted to bind the essential I44 in the donor UB (yellow), requiring a

suitable alternative to generate a single active site Cys only version of UBE2S.

(H) Identification of suitable residue replacement for C118 in UBE2S to generate a single-Cys (active site only) version for crosslinking. A single-cysteine version of

UBE2S was needed to ensure specific three-way crosslinking. Therefore, to generate a version of UBE2S with only a Cys at the active site, it was necessary to

replace C118 in the donor UB binding site. Multiple UBE2S variants were purified and tested for their activity in APC/CCDH1-UBE2S-mediated substrate ubiq-

uitination to determine the best alternative amino acid substitution to be used in the elongation trap. Representative fluorescent scans demonstrated that a

phenylalanine substitution at position C118 restored activity to near wild-type UBE2S-mediated ubiquitination levels. The E1-dependent variation of substrate

ubiquitination (left, 10 mM, right, 1 mM) suggests that mutating C118 resulted in an E2�UB conjugation defect.

(I) Validation of UBE2S C118F as suitable version for structural studies. Representative fluorescent scan of UB-CycBN* ubiquitination by APC/CCDH1-UBE2S. A

titration of either wild-type UBE2S or the C118F variant, at relatively high E1 concentration (10 mM), reveals that the UBE2S C118F variant maintains substrate

ubiquitination near wild-type levels.

(J) Schematic of the domain structure of wild-type and the linker15 variant of UBE2S. The UBC domain (residues 1-156) and the C-terminal peptide (residues 213-

222) are separated by 56 linker residues. In the UBE2S linker 15 variant, 41 residues (residues 161-201) were deleted from the linker.

(K) Representative fluorescent scan of APC/CCDH1-UBE2S-mediated ubiquitination of UB-CycBN* demonstrates comparable RING-dependent activities of both

wild-type and linker 15 variant of UBE2S.

(L) Avid binding of the elongation trap harboring UBv-fused substrate and a single catalytic Cys only/linker 15 UBE2S potently inhibits APC/CCDH1-UBE2S-

mediated di-UB* synthesis. Similar to (D), representative fluorescent scan of ubiquitination assays testing whether the elongation trap properly binds APC/CCDH1.

If the elongation trap binds both the substrate binding site via Hsl1 and the APC11 RING exosite via UBv, then the cross-linked elongation trap should inhibit APC/

CCDH1-UBE2S-mediated di-Ub synthesis at a lower concentration than UBv on its own, as is observed for the trap and its constituent components at a con-

centration of 100 nM.
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Figure S3. Molecular Models Based on Cryo-EM Reconstructions of APC/CCDH1 Complexes with UBE2C and UBE2S Representing Multi-

ubiquitination and UB Chain Elongation, Respectively, Related to Figure 3

(A) Cryo-EM reconstruction of APC/CCDH1–UBv-substrate-x-UBE2C-x-UB complex, i.e., representing processive multiubiquitination, whereby substrate-linked

UB (represented by UBv) binding to APC11 RING exosite stimulates UB ligation to another site on the substrate. After fitting structures of APC/C and CDH1-

substrate, APC2–APC11 C/R domain, the APC11 RING (navy)-UBv (orange) complex and APC2WHB (dark green)-UBE2C (light cyan) complex structures were fit

into the EMmap using Chimera (Brown et al., 2015; Chang et al., 2015) and Figure 2B. A donor UB (yellow) was based on superimposing the UBE2C–APC11 RING

assembly with homologous RING-E2�UB structures (Dou et al., 2012; Plechanovová et al., 2012) is compatible with the catalytic architecture although the donor

UB is not visible in the map. Positioning of UBE2C�UB for substrate ubiquitination is achieved via UBE2C�UB recruitment by the WHB domain of APC2 and

activation by the RING domain of APC11. Furthermore, the ubiquitinated substrate, represented by the substrate-UBv fusion, simultaneously binds APC/C

substrate receptors, CDH1 and APC10, along with the RING exosite to mediate processive affinity amplification.

(B) Cryo-EM reconstruction of APC/CCDH1–substrate-UBv-x-UBE2S-x-UB, i.e., representing UB chain elongation whereby APC/CCDH1–UBE2S links UB to a

Lys11 on a substrate-linked UB (represented by UBv). After fitting structures of APC/C and CDH1–substrate, the APC2–APC11 C/R domain, the APC11 RING

(navy)-UBv (orange) complex, and UBE2S (light cyan) structures were fit into the EM map using Chimera (Brown et al., 2015; Chang et al., 2015; Lorenz et al.,

2016; Pettersen et al., 2004) and Figure 2B. APC/C uses a distinct mechanism to recruit and position UBE2S for UB chain elongation. The EMmap is compatible

with clash-free modeling a UBE2S�UB complex (Lorenz et al., 2016), although the donor UB (yellow) is not visible in the map even at low contour. Unlike UBE2C,

UBE2S is anchored by its CTP binding a groove between APC2 and APC4, while UBE2S’s catalytic UBC domain is uniquely placed by APC2 in proximity to the

APC11-recruited UB, represented by the APC11–UBv structure. Therefore, the APC/C catalytic core uses a noncanonical mechanism to recruit UBE2S, and to

position both UBE2S and the acceptor UB to catalyze formation of K11-linked polyUB chains.

(C) Visualization of structural dynamics of APC/CCDH1 complexes with E2s. Cryo-EM maps representing the multiubiquitination and UB chain elongation are

rainbow colored according to local resolution from 10 Å resolution in red to 4 Å resolution in blue.
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Figure S4. Ubiquitination Assays and Mass Spectrometry Revealing How Substrate-Linked UB Binding to the APC/C RING Exosite Con-

tributes to APC/CCDH1-UBE2C-Mediated Multiubiquitination, Related to Figure 4

(A) Schematic of the version of CycBN* (residues 1-88) and versions with fewer ubiquitination sites. CycBN* has 16 potential ubiquitination sites, from the N

terminus and 15 lysines, indicated with a black lines. The D-box degron (residues 42-50) responsible for substrate recruitment is represented as a red rectangle,

labeled D. All sites except K51 could access UBE2C in the multiubiquitination architecture (Figures 3C and S3A). The locations of 1, 2, 4, 8, and 9 potential

ubiquitination sites retained inmutants used in panels E-H are indicated. In themutants, all other lysines weremutated to arginines, and/or the N terminus blocked

by sortase-mediated linkage of an N-terminally acetylated peptide.

(B) Representative fluorescence scans of time-courses following APC/CCDH1-UBE2C-mediated substrate multiubiquitination with either WT UB or meUB reveal

that mutating the APC/C RING exosite affects both substrate turnover and extent of ubiquitination. Substrate (CycBN*) multiubiquitination was examined in

experiments similar to Figure 4E, but side-by-side with methylated UB and for use in mass spectrometry, suggests that RING exosite mutation also effects

processivity of multi-monoubiquitination of a substrate.

(C) Semiquantitative mass spectrometry analysis of reactions shown in B, showing peptides containing one or more ubiquitinated lysines. The quantifications of

the peptides were normalized by the APC/C DRING control reaction. Consistent with the structure representing multiubiquitination (Figures 3C and S3A), the

peptide corresponding to ubiquitinated Lys51 isminimally detected in reactions with wild-type UB (top) and is not detected (N.D.) in reactions with methylated UB

(below).

(D) Experimental schemes for testing role of APC11 RING exosite in processive multi-monoubiquitination (meUB) and multiubiquitination (WT UB) of CycBN* and

lysine mutant substrates, and representative fluorescence scans of control reactions. Two independent mixtures, ‘‘APC/C-sub’’ and ‘‘E2-UB’’ represented in the

schematics (top), were made as follows. For the single encounter assays (middle), APC/CCDH1 and CycBN* are in the APC/C-submixture while the E2-UBmixture

contains the contents for charging the E2 with UB and 1000x excess of cold substrate (Hsl1). Therefore, the CycBN* substrate only encounters E2�UB during its

initial binding to APC/C, as after dissociation during the reactions ‘‘cold’’ unlabeled substrate binds APC/CCDH1 and potently inhibits further ubiquitination of

labeled substrate. The no encounter reaction (left) demonstrates that excess cold substrate outcompetes CycBN* when the two types of substrates are switched

in the two independent mixtures. The multiple turnover reaction (right) is performed similarly to the single encounter except without cold competitor.

(E–J) Representative fluorescent scans of APC/CCDH1–UBE2C-mediated processive multiubiquitination reactions with wild-type CycBN* and versions with

different numbers and locations of potential ubiquitination sites. Representative single encounter (E–F and I) and multiple turnover (G–H and J) experiments

highlight the function of APC/CCDH1’s RING exosite. The number of sites refers to the number of primary amines available for ubiquitination by UBE2C (A). In

examples where the extent of multiubiquitination is restricted, e.g., methylated UB on a substrate with only 1 primary amine (site), the APC/C RINGexo mutant has

a minimal effect in processive multiubiquitination. However, when a substrate contains more lysines and wild-type UB offers additional amines for modification,

decreases in the extent of processive multiubiquitination (E–J) and increases in substrate turnover (G–H and J) are observed.
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Figure S5. Reagents and Data Testing the Distinctive Architecture Based on the Cryo-EMReconstruction Representing APC/CCDH1–UBE2S-

Catalyzed UB Chain Elongation, Related to Figure 5

(A) Table of APC2, APC4, APC11, or UBE2S mutants used in assays testing UB chain elongation by APC/CCDH1 and UBE2S. Residues directing interactions

between APC/C and UBE2S or that could distinguish the catalytic architecture for UB chain elongation were identified based on cryo-EM data. The list is

organized according to four structural classes of interaction: APC2/APC4 groove recruitment of UBE2S CTP, APC2 Si-helices positioning UBE2S UBC domain,

the ‘‘hinge’’ or pivot between APC2’s NTD and CTD that differs slightly between the catalytic architectures for multiubiquitination and UB chain elongation, and

APC11 RING–UB interactions that are assayed in Figure S5.

(B) Coomassie-stained SDS-PAGE gel of purified WT and mutant recombinant APC/C complexes, with mutants numbered according to the list in (A).

(C) Qualitative assays monitoring UB chain elongation of UB-CycBN* to test roles of residues in the APC2/APC4 groove structurally observed to recruit UBE2S’s

CTP. Control experiments with UBE2C were performed side-by-side to confirm proper APC/C assembly and that defects are specific to UB chain elongation by

UBE2S. The indicated APC/C mutants, delineated in (A), in APC/C’s APC2/APC4 groove binding UBE2S’s CTP are selectively deficient in APC/CCDH1-UBE2S-

mediated UB chain elongation.

(D) Fitting of kinetic data assaying mutants in APC/CCDH1’s APC2/APC4 groove and UBE2S’s CTP. Titrations of UBE2S (wild-type and CTP L222A mutant) in

assays with fixed concentrations of APC/CCDH1 (wild-type and indicated variants) and UB-Securin*. The kinetic parameters from the curve fits are shown. Error

bars: SEM, n R 3.

(E) Representative SDS-PAGE gels for data used to determine kinetic parameters upon titrating UBE2S (wild-type and indicated variants) in assaysmeasuring UB

chain elongation for fluorescent UB-Securin* with APC/CCDH1 (wild-type and indicated variant).

(F) Qualitative assays monitoring UB chain elongation of UB-CycBN* to test roles of residues in APC2 helices structurally observed to position UBE2S’s UBC

domain. Control experiments with UBE2C were performed side-by-side to confirm proper APC/C assembly and that defects are specific to UB chain elongation

activity with UBE2S. Mutants in the structurally observed interacting residues in APC/C and UBE2S variants are selectively deficient in APC/CCDH1-UBE2S-

mediated UB-chain elongation.

(G) Representative SDS-PAGE gels for data used to determine kinetic parameters in titrating acceptor UB (UBA) in assays measuring UB chain formation as

monitored by di-UB synthesis with fluorescent donor UB (*UBD) with UBE2S (wild-type and helix D I154A mutant) and APC/CCDH1 (wild-type and indicated

variants).

(H–K), Qualitative assays testing importance of the structurally observed APC2 Si-A- and B-helix interactions with UBE2S’s catalytic UBC domain and APC2/

APC4 groove recruitment of UBE2S’s CTP in minimal subcomplexes.

(H) Representative qualitative assays, left, and bar graph, right, testing wild-type and indicated variants of APC/CCDH1 for ubiquitination of UB-CycBN* with

120 mMUBE2S’s isolated UBC domain lacking the CTP. The high concentration of the isolated UBE2S UBC domain required to achieve activity in the absence of

CTP-recruitment cause high background APC/C-independent background activity. Nonetheless, even at this high UBE2S concentration, point mutations in the

Si-A- and B-helices impair APC/CCDH1-dependent UB chain elongation.

(I–K) Mutations in the APC2 SiA- and B-helices structurally observed to position UBE2S’s UBC domain and in the RING exosite disrupt UBE2S-dependent

diubiquitin synthesis by progressively more minimal subcomplexes: APC/C alone without coactivator (I), APC1–APC2–APC4–APC5–APC11 (J), and APC2–MBP-

APC11 (K). The fluorescent scanning (I-J) or Coomassie-staining (K) of SDS-PAGE gels monitored UBE2S-dependent diubiquitin synthesis.
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Figure S6. Interrogation of the Dual RING E3 Architectures by NMR and Ubiquitination Assays, Related to Figure 6

(A–E) NMR experiments testing roles of APC2 SiA-helix and APC11 RING domain in binding to UBE2S.

(A) Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled UBE2S alone (50 mM, black) or with APC2–APC11DRING C/R+WHB (APC2 residues 446-822 and APC11

residues 1-17, 1:1.5, red). Resonance assignments for the UBC domain from UBE2S are shown in blue.

(B) 2D [15N, 1H] TROSY spectrum of 15N-labeled UBE2S alone (50 mM, black) from (A).

(C) 2D [15N, 1H] TROSY spectrum of 15N-labeled UBE2S mixed with unlabeled APC2-APC11DRING C/R (1:1.5, red) from (A) showing extreme line-broadening for

resonances from UBE2S core domain, indicating interaction with APC2–APC11 C/R domain is RING-independent.

(D) Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled UBE2S alone (50 mM, black) or mixed with APC2-APC11 C/R domain with APC2’s Si-A-helix deleted

(1:1.5, green), suggesting that the line-broadening observed in (A) and (C) depends on APC2’s Si-A-helix.

(legend continued on next page)
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(E) Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled UBE2S alone (50 mM, black) or mixed with APC11 RING (1:10, light blue) showing no indication of

interaction.

(F) Control experiment for the dual color fluorescent assays (Figure 6F-G) simultaneously monitoring UBE2C-catalyzed meUB transfer to CycBN* and UBE2S-

catalyzed di-UB synthesis. Titrating E1 enzyme suggests that UBE2C-dependent inhibition of UBE2S does not involve competition for E1, as inhibition is

observed even with 1 mM E1.

(G) Representative fluorescent scan for data used in Figure 6G. This reveals that the ubiquitination of a single lysine on *CycBN-(1K) by APC/CCDH1-UBE2C inhibits

di-UB formation catalyzed by APC/CCDH1-UBE2S.

(H) Control experiment confirming UBE2C-binding to APC2’sWHB domain. Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled APC2WHB alone (100 mM, black),

or mixed with UBE2C (1:2, red) shows large chemical shift perturbation, indicative of interaction. This is an independent repeat of an experiment described in

(Brown et al., 2015) performed here as a control.

(I) Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled APC11 RING domain alone (100 mM, black), or with disulfide-linked UBE2C�UBmimic (red, 1:4) or DTT-

induced separation into UBE2C and UB (blue, 1:4). UBE2C does not induce substantial chemical shift perturbation of RING domain.

(J) Overlaid 2D [15N, 1H] TROSY spectra for 15N-labeled APC11 RING domain alone (100 mM, black), or with disulfide-linked UBE2S�UBmimic (red, 1:4) or DTT-

induced separation into UBE2S and UB (blue, 1:4). UBE2S does not induce substantial chemical shift perturbation of RING domain.
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Figure S7. Structural Implications for Other E2 and E3 Ligase Enzymes, Related to Figure 7

(A) Similar to UBE2S (cyan, left), the UB chain elongating E2s yeast Ubc1 (cyan, middle) and human CDC34 (cyan, right) adopt activated ‘‘closed’’ conformations

in complexes with a donor UBmimic (yellow) in the absence of E3s, and they harbor distinctive C-terminal peptides that bind their cognate E3s yeast APC/C and

SCF, respectively (not shown) (Girard et al., 2015; Hamilton et al., 2001; Kleiger et al., 2009; Saha et al., 2011).

(B) An emerging theme in ubiquitination is that UB-binding exosites participate in allosteric activation and processive ubiquitination in some RING E3–E2 or HECT

E3 ligases (Bagola et al., 2013; Brzovic et al., 2006; Buetow et al., 2015; Metzger et al., 2014; Ordureau et al., 2015; Wauer et al., 2015; Wright et al., 2016). In

addition to UB (shown by UBv as a proxy in orange) binding to the APC11 RING domain (Table S1), UB has been shown to bind the so-called ‘‘backside’’ of an E2

to allosterically modulate RING-dependent activation (Brzovic et al., 2006). One example is the complex representing a backside-bound UB (orange)–UBCH5

(cyan)�UB (yellow)–RING (top middle) (Buetow et al., 2015). PhosphoUB (orange) binds the RBR E3 Parkin (purple) to mediate allosteric activation (Kazlauskaite

et al., 2015; Kumar et al., 2015; Ordureau et al., 2015; Pickrell and Youle, 2015; Sauve et al., 2015;Wauer et al., 2015) (top right). UB (orange) binding to exosites in

non-catalytic domains such as in gp78 (green), the RING domain from Arkadia, and to NEDD4-family HECT E3s as shown for Rsp5 (bottom left, middle, right

respectively) has been implicated in roles in catalysis and processivity (Bagola et al., 2013; Kathman et al., 2015; Kim et al., 2011a; Maspero et al., 2011; Wright

et al., 2016; Zhang et al., 2016).
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Supplemental Experimental Procedures 
 
Protein purification 

For ubiquitination assays, human APC/C, CDH1, UBA1, wild type and mutant versions of APC2–
APC11, APC11 RING domain (residues 17-84), UBE2C, UBE2S, CycBN (residues 1-95), UB-CycBN (UB-
fused to N-terminus of CycBN), UB-Securin, and Hsl1 (residues 768-842) were expressed largely as 
described (Brown et al., 2015; Brown et al., 2014; Jarvis et al., 2016), with some minor differences.  
APC/C was expressed from a baculovirus expression construct system allowing relatively facile 
incorporation of mutants (Weissmann et al., 2016).  The proteins used in the SCFFBW7ΔD - and WWP1-
dependent ubiquitination assays were expressed and purified as previously described (Scott et al., 2014; 
Zhang et al., 2016).  

For all experiments other than EM, APC/C, mutants and the APC1–APC2–APC4–APC5–APC11 
subcomplex were purified with a 3-step scheme: 1) affinity purification with Strep-Tactin Sepharose (IBA 
Life Sciences) and elution with desthiobiotin (Sigma-Aldrich), 2) anion exchange with gradient NaCl 
elution, and 3) size exclusion chromatography (SEC) in a final buffer of 20 mM HEPES pH 8.0, 200 mM 
NaCl, 1 mM DTT.  Because some APC11 mutants are difficult to observe by SDS-PAGE during protein 
purification owing to small size (e.g. APC11 ΔRING has only 17 residues), all experiments examining 
APC11 mutants used MBP fusions, including the wild type counterpart.  This allowed confirming 
stoichiometric inclusion of MBP-APC11 using Coomassie-stained SDS-PAGE gels.  Based on a previous 
alanine scanning study of APC11 RING domain in the context of APC/CCDH1 (Brown et al., 2014), the 
RING exo mutant harbors M57A and F82A mutations and the RING cE2 mutant harbors an R27A 
mutation.  APC2–APC11 subcomplexes #s 2, #3, and #4 in Fig. 5H were obtained by coexpressing APC11 
and full-length APC2, APC2 residues 446-822 (C/R + WHB domains but referred to in main text as C/R 
owing to WHB being dispensable for UB chain elongation by UBE2S (Brown et al., 2014)), or APC2 
residues 549-822 (C/R + WHB domains with the SiA-helix deleted) as previously described (Brown et al., 
2014; Jarvis et al., 2016). 

CDH1 was expressed with a HRV13 3C protease cleavable N-terminal 3x MYC-tag using a 
baculovirus expression system, and purified by nickel affinity chromatography (Sigma-Aldrich).  After 
HRV13 3C-mediated proteolytic cleavage, the 3X MYC-His6 tag was removed by purifying CDH1 by 
cation exchange chromatography and SEC in a final buffer of 20 mM HEPES pH 7.0, 300 mM Ammonium 
Sulfate, 1 mM DTT, 2.5% Glycerol. 

Wild type and mutant versions of UBE2C were expressed in BL21(DE3) Codon Plus (RIL) cells.  
For assaying ubiquitination and hydrolysis of oxyester-linked UBE2C~UB, wild type and C114S (active 
site mutant) versions were purified by nickel affinity chromatography based on a flush C-terminal His6 tag.  
Wild type UBE2C was purified by SEC in 20 mM HEPES pH 8.0, 200 mM NaCl, 1 mM DTT.  The 
UBE2C~UB oxyester-linked complex used to assay hydrolysis was generated as previously described 
(Brown et al., 2015).  In short, we mixed UBE2C C114S, UBA1, MgCl2, ATP, and UB at concentrations of 
560 µM, 2 µM, 5 mM, 5 mM, and 3 mM, respectively, at 30°C overnight. The oxyester-linked UBE2C~UB 
complex was separated from other reaction components by SEC.  For cross-linking, UBE2C harboring a 
single Cys only at the active site (C102A) was expressed and purified via either a C-terminal flush Strep 
tag or a C-terminal HRV13 3C protease-cleavable Flag-Strep tag.  After the initial purification using Strep-
Tactin Sepharose, the protein was then used in the cross-linking reactions described below.  The UBE2C-
UBE2S CTP chimera had residues 157-222 from UBE2S fused at the C-terminus of UBE2C, as described 
(Chang et al., 2015), allowing purification by cation exchange chromatography from a cell lysate and 
subsequent polishing by SEC. 

Unless otherwise specified, WT and mutant versions of UBE2S were expressed with an N-
terminal multipurpose composite tag in BL21(DE3) Codon Plus (RIL) cells from a modified pRSF duet 
vector.  The tag consisted of an N-terminal His6 tag, followed by a TEV protease cleavage site, a FLAG 
tag, and an HRV13 3C protease site.  UBE2S and variants were purified by nickel affinity chromatography, 
subsequently treated with HRV13 3C protease, and purified by cation exchange. For broad mutagenesis 
screens of UBE2S, such as suite of substitutions for C118 used to identify suitable replacements in a single 
catalytic Cys only version of UBE2S (Fig. S2H), or the linker deletion series (Fig. 5I), wild type and 
mutant versions of UBE2S were purified by cation exchange prior to assaying APC/C-dependent 
ubiquitination activity.  The series of UBE2S constructs removing subsets of the 56 linker residues between 
the UBC domain (residues 1-156) and the CTP sequence (residues 213-222) named Linker 51, Linker 46, 
Linker 36, Linker 26, Linker 15, Linker 6, and Linker -6 (this deletion includes part of the CTP) correspond 



	  

 

to deletion of residues 182-186, 178-187, 168-187, 161-190, 161-201, 157-206, 157-218, respectively (Fig. 
5I).  The UBE2S Linker -6 variant could not be purified by cation exchange due to the deletion of 13 
strongly basic residues and was instead purified nickel affinity chromatography followed by SEC.  Wild 
type and mutant variants of UBE2S used for kinetic assays, and those selected from broad mutagenesis 
screening for follow-up studies, were subjected to a third purification step, SEC in a final buffer of 20 mM 
HEPES pH 8.0, 200 mM NaCl, 1 mM DTT.  Two different versions of UBE2S were used for EM studies.  
For our initial attempts to trap a complex representing UBE2S in action, UBE2S catalytic Cys only 
(C118A) was expressed with a His6-MBP-TEV protease site-fused to the N-terminus, and purified by 
nickel affinity chromatography, treated with TEV protease, further purified by cation exchange 
chromatography, used in cross-linking reactions described below, an analyzed by negative stain EM.  The 
version of UBE2S used in the cryo EM reconstruction contained only a single Cys at the active site, with 
C118F based on optimization shown in Fig. S2H. 

For assays comparing WT UBv, UBv mutant (I42D F44D L68D), and UB, these were expressed 
in BL21(DE3) Codon Plus (RIL) cells from a modified pRSF duet vector with a TEV protease-cleavable 
N-terminal His6-tag.  The proteins were purified by nickel affinity chromatography, subjected to TEV-
mediated proteolytic cleavage to liberate the tag and purified by SEC in a final buffer of 20 mM HEPES pH 
8.0, 200 mM NaCl. 

UB was expressed in BL21(DE3) Codon Plus (RIL) cells as previously described (Brown et al., 
2014).  UB used as a donor in substrate ubiquitination assays and as an acceptor in Figures 5F and S5G 
was purified as described previously (Pickart and Raasi, 2005).  Methylated UB was used as a donor in 
Figures 1C, 2E, 6F-G,S4B, S4E, S4G, S4I-J, and S6F-G was reductively methylated as previously 
described (White and Rayment, 1993).  The fluorescent donor UB (*UB) for experiments in Figures 5F 
and S5G and the fluorescent acceptor UB (UB*) for experiments in Figures 5H, 6F-G, S2D, S2L, S5I-K 
and S6F-G were expressed as TEV-cleavable N-terminal GST fusions, purified by glutathione-affinity 
chromatography, treated with TEV to liberate the GST tag, and polished by SEC. The fluorescent donor 
and acceptor UBs contain a single cysteine at either position -1 or at 77 (G75S G76S C77), respectively, for 
fluorescein-5-maleimide or Cyanine5 maleimide labeling as previously described (Brown et al., 2014). 

The substrates in ubiquitination assays - CycBN, UB-CycBN, and UB-Securin - were purified as 
previously described (Jarvis et al., 2016; Yamaguchi et al., 2015).  Briefly, the substrates were expressed as 
N-terminal GST-TEV and C-terminal Cys-His6 fusions in BL21(DE3) Codon Plus (RIL) cells. The 
substrates were then purified by glutathione-affinity chromatography, treated with TEV protease to liberate 
GST, and further purified by nickel-affinity chromatography.  The substrates were then labeled with 
fluorescein-5-maleimide (denoted by an asterisk) as previously described (Brown et al., 2014).  Free label 
was removed by desalting and SEC.  For CycB mutants with fewer ubiquitination sites, Lys-to-Arg 
substitutions were made (Figs. 1C, 6G, and S4D-J).  These substrates were expressed with an additional 
modified N-terminal Strep-tag sequence, GGGSAWSHPQFEGGS, following the TEV proteolysis site 
(ENLYFQG) and contain only residues 1-88 of CycB. To remove degradation products that are more 
prevalent when multiple arginines replace existing lysines, an additional purification with Strep-Tactin 
Sepharose was used instead of SEC after the labeling reaction.  For the single ubiquitination site mutant 
(Figs. 1C and S4I-J), the N-terminus of CycBN was blocked using a sortase-mediated reaction as follows.  
After TEV-mediate cleavage, 10 µM CycBN was subjected to 150 nM Sortase and 40 µM Fluorescent-
LPETGG peptide in a buffer of 20 mM HEPES pH 8, 50 mM NaCl, and 10 mM CaCl2.  After a 2 hour 
incubation at 4°C, the reaction was quenched with 20 mM EGTA and then purified by Strep-Tactin 
Sepharose and SEC. 

APC11 RING (residues 17-84) and RBX1 RING (residues 36-108) domains were expressed with 
a TEV-cleavable, N-terminal GST-tag in BL21(DE3) Codon Plus (RIL) cells from a modified pGEX4T1 
vector.  GST-tagged RING domains purified by glutathione affinity chromatography and SEC and were 
used for phage display selection and Bio-Layer Interferometry (BLI) experiments. 

The APC11-UBv complex for crystallization was purified after coexpression of TEV-cleavable 
GST-tagged APC11 RING (residues 17-84) and TEV-cleavable His6-tagged UBv in BL21(DE3) Codon 
Plus (RIL) cells from modified pGEX4T1 and pRSF duet vectors, respectively.  The complex was purified 
by glutathione affinity chromatography, followed TEV-mediated proteolysis. Subsequent purification steps 
included dialysis, removal of GST with Glutathione Sepharose, and SEC.  The final SEC buffer was 50 
mM TRIS pH 7.6, 200 mM NaCl, 1 mM DTT. 

For cryo EM, the “substrate” used in the Multiubiquitination trap, Hsl1P(K788C)-UBv was 
expressed in BL21(DE3) Codon Plus (RIL) cells from a modified pGEX4T1 vector containing a TEV 



	  

 

protease site.  After purification by glutathione affinity chromatography, the GST-fusion was treated with 
TEV protease during overnight dialysis, and free GST was then removed by glutathione affinity 
chromatography and SEC.  The “substrate” used in the UB chain Elongation trap, a UBv (K11C)-Hsl1 D-
box fusion, was expressed in BL21(DE3) Codon Plus (RIL) cells from a modified pRSF duet vector with 
an N-terminal TEV-cleavable His6-tag.  In an initial attempt to visualize UB chain elongation, using 
negative stain EM and APC/C purified from HeLa cells as described below, the “substrate” His6-UB(K6R, 
K11C, K27R, K29R, K33R, K48R, K63R)-Hsl1 (residues 768-842) was expressed in BL21(DE3) Codon 
Plus (RIL) cells and purified by nickel affinity chromatography prior to crosslinking. 

Proxies for “Donor UB” were Flag-UB (1-74, G75C), except the initial attempt to visualize UB 
chain elongation without a UBv acceptor used Flag-HRV13 3C protease site-UB (1-74, G75C),and were 
expressed as N-terminal GST fusions.  Following glutathione affinity purification and TEV-treatment 
during overnight dialysis to remove glutathione, the GST-tag was removed by Glutathione Sepharose (GE 
Life Sciences) chromatography.  These proteins were then used in the cross-linking reactions described 
below.  Flag-UB (1-75, G76C) used in disulfide-linked proxies for E2~UB intermediates was purified 
similarly. 
 
UBv selection 

The phage-displayed UBv library used in this study was re-amplified from Library 2 as previously 
described (Ernst et al., 2013). Protein immobilization and subsequent phage selections were done according 
to established protocols (Tonikian et al., 2007).  Briefly, purified GST-APC11 RING fusion was coated on 
96-well MaxiSorp plates (Thermo Scientific 12565135) by adding 100 µL of 1 µM proteins and incubating 
overnight at 4ºC. Afterwards, five rounds of selections using the phage displayed UBv library were 
performed against immobilized proteins. A total of 96 phage clones obtained from the fourth and the fifth 
round of binding selections (48 from each round) were subjected to clonal ELISA to identify individual 
phages with improved binding properties against 53BP1. Afterwards, UBv sequences were derived through 
phagemid DNA sequencing (Tonikian et al., 2007).  For phage ELISA, proteins in study were immobilized 
on 384-well MaxiSorp plates (Thermo Scientific 12665347) by adding 30 µL of 1 µM proteins for 
overnight incubation at 4ºC before adding overnight amplified phages (1:3 dilution in 
PBS+1%BSA+0.05%Tween).  Binding of phage was detected using anti-M13-HRP antibody (GE 
Healthcare 27942101).  The ELISA and sequencing identified a single APC11 RING-binding UBv, with 
sequence differences from UB shown in Fig. 2A. 
 
X-ray Crystallography  

The APC11 RING–UBv complex was mixed with reservoir solution at a 1:1 volume:volume ratio 
for crystallization by the hanging-drop vapor diffusion method.  The reservoir solution contained 0.2 M 
Ammonium acetate, 0.1 M Sodium acetate pH 4.6, 33% PEG4000. For cryoprotection during the flash-
freezing in liquid nitrogen, the crystals were harvested in the reservoir solution supplemented with 24% 
glycerol.  Diffraction data were processed with HKL2000 (Otwinowski and Minor, 1997).  The structure 
was determined by molecular replacement using Phaser with APC11 [Protein Data Bank (PDB) ID 4R2Y] 
and UB (1-70) (PDB ID 1UBQ) as search models (Brown et al., 2014; Vijay-Kumar et al., 1987).  Model 
construction and refinement was performed using COOT, Refmac5, and Phenix (Adams et al., 2010; 
Emsley et al., 2010; Murshudov et al., 1997).  Diffraction data and refinement statistics are provided in 
Supplemental Table 1. 

 
Generation of 3-way crosslinked complexes to trap APC/CCDH1–E2–UB-linked substrate assemblies 
representing multiubiquitination and UB chain elongation 

Ever since our initial efforts to visualize UBE2C and UBE2S bound to APC/C indicated 
tremendous conformational variability, we and others recognized that incorporating additional stabilizing 
interactions would be required (Brown et al., 2015; Chang et al., 2015).  We turned toward 3-way 
crosslinking, with the goal of avidly capturing multisite interactions for the catalytic core, which is highly 
dynamic in CDH1-activated APC/C (Chang et al., 2014).  Our initial attempt to visualize placement of 
UBE2S utilized UB with K11C and other lysines mutated to arginines.  Extremely high concentrations of 
this version of UB can slightly inhibit UB chain elongation.  Thus, the initial attempt at an “Elongation 
trap” contained Strep-UBE2S (C118A) as E2, HRV13 3C protease-cleavable Flag-HRV13 3C protease UB 
(1-74,G75C) to represent the donor UB, and His6-UB (K6R, K11C, K27R, K29R, K33R, K48R, K63R)-
Hsl1 (residues 768-842) to represent substrate (sequence: 



	  

 

MGSSHHHHHHSQDPGGGSMQIFVRTLTGCTITLEVEPSDTIENVRARIQDREGIPPDQQRLIFAGRQ
LEDGRTLSDYNIQRESTLHLVLRLRISGVSTNKENEGPEYPTKIEKNQFNMSYKPSENMSGLSSFPIF
EKENTLSSSYLEEQKPKRAALSDITNSFNKMN).  After 3-way crosslinking, this was added to an IP of 
APC/C from HeLa cell lysate and recombinant CDH1, and the complex was purified as described 
previously for APC/CCDH1 complexes with EMI1 (Frye et al., 2013).  The reconstruction determined by 
negative-stain EM for the first generation complex is shown in Movie S2.  While this initial studies enabled 
localizing UBE2S’s UBC domain as binding the APC2–APC11 C/R domain even in the absence of a UBv, 
obtaining complex suitable for cryo EM involved numerous improvements, including anchoring the mobile 
RING domain with the UBv. 

For the samples used for structure determination by cryo EM, the three-way cross-linked 
complexes contain E2, a “donor UB”, and a surrogate for a polyubiquitination substrate, to “trap” 
APC/CCDH1 architectures for multiubiquitination and UB chain elongation.  To visualize 
Multiubiquitination, the trap contained UBE2C (C102A)-Strep as E2 with only a Cys at the active site, 
Flag-UB (1-74, G75C) to represent donor UB, and Hsl1P(K788C)-UBv to represent substrate (sequence: 
GSRENELSAGLSKRKHRGSGSGSGSISGVSTNKENEGPEYPTKIECYLEEQKPKRAALSDITNSFNK
MNSGSSGSGSSGMQILVKTPRGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQILFFAVKRLEDGRTL
SDYNIQKKSSLLLAMRVPGKMK). 

To visualize UB chain elongation, the trap contained UBE2S Linker15 (C118F) as E2 with only a 
Cys at the active site, Flag-UB (1-74, G75C) to represent the donor UB, and UBv-Hsl1 D-box (K11C) to 
represent substrate (sequence: 
GSGGSMQILVKTPRGCTITLEVEPSDTIENVKAKIQDKEGIPPDQQILFFAVKRLEDGRTLSDYNIQK
KSSLLLAMRVPGKMKSSYLEEQKPKRAALSDITNSFNKMN).   

The Multiubiquitination and UB chain Elongation “traps” were three-way crosslinked using 
methods similar to those previously described (Kamadurai et al., 2013) except a trifunctional crosslinker 
containing three sulfhydryl-reactive maleimide groups, TMEA (tris(2-maleimidoethyl)amine, 33043, 
ThermoFisher Scientific), was used.  The proteins were treated with 10 mM DTT for 30 min before they 
were desalted into 50 mM HEPES pH 7.0, 150 mM NaCl.  First, a 5:1 TMEA:UB mixture reacted for 20 
min on ice before desalting to remove unreacted TMEA.  The final three way product was prepared by 
reacting the E2 for each trap with this UB at a 1:1 ratio for 20 min on ice and then subsequently adding the 
third protein that mimics the acceptor lysine at a 2-3 fold molar excess at room temperature (RT).  
Following a 2-hour incubation of all three proteins, the reaction was quenched with β-mercaptoethanol. 

The Multiubiquitination trap was then purified using Strep-Tactin Sepharose and SEC.  For use in 
biochemical assays, a related version of this complex was used with the Strep-tag cleaved from UBE2C by 
HRV13 3C protease (Fig. S2A-E).  

The UB chain elongation trap was purified by cation exchange chromatography and nickel affinity 
chromatography.  The His6-tag was removed from the complex by TEV-mediated proteolytic cleavage and 
subsequent SEC.  

The initial attempt at a cross-linked complex to represent UB chain elongation, which used a UB 
rather than UBv mutant, was purified by nickel affinity chromatography and subsequent SEC. 

A control complex without the UBv representing Priming, used in Fig. S2B-D, was described 
previously (Brown et al., 2015), except the C-terminal Strep-tag was liberated from UBE2C by HRV13 3C 
protease. 

All cross-linked complexes were ultimately purified by SEC in 20 mM HEPES and 200 mM 
NaCl.  After purification, intact mass spectrometry confirmed correct identity of the three-way cross-linked 
complex (Hartwell Center for Biotechnology and Bioinformatics, St. Jude Children’s Research Hospital, 
Memphis, TN). 
 
Purification of APC/CCDH1 with Multiubiquitination or Elongation traps for cryo EM 

Recombinant APC/CCDH1 for use in the complex representing multiubiquitination was purified as 
described previously (Brown et al., 2015).  For the complex representing UB chain elongation, APC/C was 
expressed with HRV13 3C protease-cleavable tags, a Twin-Strep tag at the N-terminus of APC2 and a 
GST-tag at the N-terminus of APC16, and the complex with CDH1 was purified as previously described 
(Brown et al., 2015). APC/CCDH1 was incubated with the Multiubiquitination or UB chain elongation trap, 
Anti-FLAG affinity gel (Genscript), and HRV13 3C protease for 1 hour.  The resin was thoroughly washed 
in microspin columns, and complexes eluted by the addition of FLAG peptide. 
 



	  

 

Cryo Electron Microscopy 
For cryo electron microscopic studies of APC/C complexes representing Multiubiquitination or 

UB chain elongation, 100 µg of purified APC/C was loaded onto a 10%–40% glycerol gradient containing 
50 mM HEPES pH 8.0, 200 mM NaCl, 2 mM MgCl2.  For particle fixation by GraFix (Kastner et al., 
2008), the gradient also contained 0.025% and 0.1% glutaraldehyde in the lighter and denser glycerol 
solution, respectively, creating an additional glutaraldehyde gradient from top to bottom (0.025–0.1%).  
Centrifugation was performed at 34,000 rpm in a SW55TI rotor (Beckman) for 15 hr at 4°C.  For cryo EM 
the fractions containing APC/C were subjected to a buffer exchange procedure using Zeba spin columns 
(Pierce) to remove the sugar prior to EM grid preparation. APC/C particles were allowed to adsorb on a 
thin film of carbon for 5 min, transferred onto a cryo EM grid (Quantifoil 3.5/1 1 µm, Jena) and then 
plunged into liquid ethane under controlled environmental conditions of 4 °C and 100% humidity in a 
vitrification device (Vitrobot Mark IV, FEI Company, Eindhoven). Images were recorded on a Falcon II 
direct detector under liquid-nitrogen conditions with a Titan Krios electron microscope (FEI, Eindhoven) 
equipped with a XFEG electron source and a Cs corrector (CEOS, Heidelberg) using 300 kV acceleration 
voltage. An electron dose of ~40 electrons per Å2, −0.7 to −3.5 µm defocus and a nominal magnification of 
94,000× were used, resulting in a final pixel size of ~1.57 Å. The extracted particle images were corrected 
locally for the contrast-transfer function by classification and averaging of power spectra (Sander et al., 
2003). Initial 2D sorting of images was performed based on CTF parameters. Only images showing 
isotropic Thon rings better than 6 Angstrom were used for further processing. Additional image sorting was 
performed applying several rounds of multivariate statistics, first without alignment and subsequently after 
image alignment to remove ice contaminations and bad particle images. The remaining good particle 
images were used for further processing. 3D classification in RELION 1.2 was used to obtain the particles 
revealing the highest UBE2S/UBE2C factor occupancy (Scheres, 2012). The best class was then used for 
the final refinement using the ‘gold-standard procedure’ in RELION 1.2. The final resolution (6.4 and 6 Å) 
was calculated applying a mask for the entire APC/C using the FSC 0.143 criterion. 
 

Structure Picked 
particles 

Remaining 
particles after 
2D sorting 

Number of 
particles in 
best class after 
3D 
classification 
in Relion 

Resolution 
without 
masking 
(Angstrom) 

Resolution 
with soft mask 
for the entire 
APC/C 
(Angstrom) 

Multiubiquitination 784,672 399,597 135,578 7.4 6.4 

Elongation 873,870 392,468 125,390 7.2 6.0 

 
For the heat maps, Fig. S3C, a sphere of 14 voxel in diameter was run over the entire 3D volume 

moving it by one voxel in all directions.  At each position the calculation of the local FSC values was 
performed.  This then generates the FSC values to generate the heat map and to visualize the local 
resolution.  Local resolution measurements are dependent on the size of the small volume used to calculate 
the local FSC.  The size of the sphere was adjusted to 14 voxel because the mean value of all local 
correlations agrees with the calculated global resolution. 
 
Docking crystal structures into cryo EM maps representing multiubiquitination and UB chain 
elongation 
 Coordinates for APC/C with the mobile catalytic core deleted (from 4UI9.PDB lacking the APC2–
APC11 C/R, WHB, and RING domains, (Chang et al., 2015)) were placed as a single unit into the cryo EM 
maps using Chimera (Pettersen et al., 2004).  For the map representing Multiubiquitination, the additional 
density was fit with structures of three subcomplexes, the APC2–APC11 C/R domain (4UI9.PDB, (Chang 
et al., 2015)), UBE2C bound to APC2’s WHB domain (4YII.PDB (Brown et al., 2015)), and of the APC11 
RING-UBv complex (Fig. 2B).  For the model representing UB chain elongation, additional density from 
maps from classes initially calculated to overall 9 Å resolution were segmented into three separate maps, 
with the density from the best map for each segment fit individually with the corresponding coordinates for 
the APC2–APC11 C/R domain, the crystal structure of the APC11 RING-UBv complex, and the crystal 



	  

 

structure of UBE2S (Brown et al., 2015; Chang et al., 2015; Lorenz et al., 2016; Pettersen et al., 2004). In 
the higher resolution map, density corresponding to the N-terminal portion of UBE2S distal from APC2 
was lacking, and a truncated version of UBE2S corresponding to residues 46-156 was used for further 
calculations.  The models were rigid body fitted in UCSF Chimera (Pettersen et al., 2004) and then 
subjected to molecular dynamics flexible fitting (MDFF).  The MDFF simulation was run using the 
Charmm force field applying implicit solvent conditions and using secondary structure, chirality and cis-
peptide restraints.  First an energy minimization was calculated for 2ps. The simulation was performed for 
150 ps using a ξ value of 0.3.  Afterwards energy minimization of the resulting model was performed for 2 
ps with a ξ of 10 (Trabuco et al., 2008).  The resultant models are shown in Movies S1 and S2, except that 
the structural representation for UB chain elongation is shown with the full-length UBE2S in place of the 
truncated version.  To visualize an acceptor Lys relative to UBE2S, the APC11–UBv portion of the map 
was substituted by isolated APC11 RING domain (and the closest homology model of UB (PDB ID 4RF0)) 
(Bailey-Elkin et al., 2014; Brown et al., 2014).  There is no density in any of the maps corresponding to a 
donor UB, which is shown to be clash-free in Fig. S3 for Multiubiquitination based on a prior structure of a 
RING–E2~UB complex (Dou et al., 2012; Plechanovova et al., 2012), and for UB chain elongation using a 
model of UBE2S~UB generated based on crystallographic symmetry (Lorenz et al., 2016).  The structural 
data guided biochemical experiments in Figs. 4-6 and Figs. S4-S6, which validate the models.  For 
example, the model for UB chain elongation predicted a charge-swap rescue experiment that confirmed 
placement of UBE2S, and maintained geometry for UBv’s residue 11 and UBE2S’s active site imposed by 
the crosslink despite this not a restraint during molecular dynamics. 
 
Enzyme Assays 

“Single encounter” experiments (Figs. 1C and S4D-J) were used to examine ubiquitination 
occurring during a substrate’s single binding event with APC/CCDH1.  This is monitored using a 
fluorescently labeled substrate and excess unlabeled Hsl1, such that APC/CCDH1 dissociated from the 
labeled substrate is rapidly sequestered.  Two different sets of reaction components were independently 
made and then mixed to begin the reaction.  The first, APC-sub, was made by mixing components such that 
the final concentrations in the actual reaction were 100 nM APC/C, 400 nM CDH1, and 80 nM fluorescent 
CycBN versions for 30 min.  The second mix, E2-UB, consisted of components for charging E2 with UB, 
which in the ultimate reaction mix were at final concentrations of 50 nM E1, 5 µM E2, 5 mM MgCl2, 5 
mM ATP, and 80 µM (1000-fold excess) unlabeled Hsl1. UB (or meUB) was added to the E2-UB mix last 
such that the final concentration was 65 µM. Both sets of components were immediately allowed to warm 
to room temperature for 3 min and co-mixed to begin the reaction.  The ubiquitination reactions were then 
quenched at 2 min.  The “No-encounter” control assay in Fig. S4D swaps the labeled CycBN* and 
unlabeled Hsl1 but is otherwise performed identically, and shows that unlabeled Hsl1 effectively blocks 
ubiquitination of labeled CycBN*. 

Qualitative assays probing the function of APC/C and E2 variants were performed with 30 nM 
APC/C, 1 µM CDH1, 0.2 µM UBE2C or UBE2S (unless otherwise indicated), 0.1 µM E1, 250 µM UB, 0.2 
µM CycBN*

 
or UB-CycBN* (Figs. 2D, 2E, 5G, 5I, 6D, S1G, S2B, S2C, S2K, S5C, S5F).  The assay in 

Fig. 2E was performed similarly except using meUB. Figs. 2D and 2E also included UBv titrations from 
0.9-25 µM, over 3-fold dilution series. In Fig. 6B, the E2 concentrations ranged from 0.26 - 7 µM, over 3-
fold dilution series. In Fig. S2I, the concentrations of WT and C118F mutant versions of UBE2S ranged 
from 20 nM to 1.2 µM over 2-fold dilution series. These reactions were quenched at 12 min. Qualitative 
assays in Figs. S2H were performed similarly, except the APC/C concentration is 14 nM and the reaction 
was quenched at 8 min.  The assays monitoring UB transfer to an acceptor UB* (Figs. 5H, 6F-G, S2D, 
S2L, S5I-K, and S6F-G) were performed in similar conditions as assays for UB-CycBN* ubiquitination 
assays, except the acceptor substrate was UB-fluorescein (G75S:G76S:C77) and the reaction was quenched 
at 20 min.  Fluorescent labeling of the C-terminal Cys prevents the UB* from conjugating to either the E1 
or E2. 

Ubiquitination assays monitoring substrate depletion as a measure of Processive Affinity 
Amplification (PAA) (Figs. 4E-G) were performed as described above except concentrations of 40 nM 
APC/C, 5 µM UBE2C, 0.5 µM E1, 250 µM UB or meUB, and either 6 µM CycBN* or UB-CycBN* were 
used.  The reaction mixtures were quenched at the time points indicated.  Substrate bands were quantified 
and normalized to the reaction using the negative control APC/CΔRING mutant.  Product bands were 
quantified and APC/CΔRING products were subtracted as background.  Reactions that were subjected to mass 
spectrometry (Fig. 4D and S4B) analysis were performed similarly except 80 nM APC, 100 nM E1, and 20 



	  

 

µM CycBN* were used and quenched at 30 min. unless otherwise indicated. 
In kinetic experiments, apparent Km (Km

app) and apparent Vmax (Vmax
app) values were determined 

by fitting the initial velocities to the hyperbolic Michaelis-Menten, v = Vmax
app [X]/(Km

app +[X]), equation, 
where X is either the UBE2C, UBE2S, or AcceptorUB concentration, using GraphPad Prism 6 software.  
Single time points were taken under conditions that satisfy initial velocity regimes. In summary, a time 
course was monitored at both the minimum and maximum point of each titration to ensure a single time 
point could be taken where the substrate or UBE2S~UB depletion are minimal and product formation 
remained linear. The activity for each quantitative assay was normalized to the Vmax

app of wild type UBE2C 
or UBE2S with APC/CCDH1.  

The kinetic parameters, Km
app and Vmax

app values, were determined for UBE2C (Figs. S1E-F) and 
UBE2S (Figs. 5C, 5E and S5D-E) in assays monitoring substrate polyubiquitination with APCCDH1 to 
evaluate E2–APC/C binding and the maximum rate of ubiquitination. Concentrations of 10 nM APC/C 
variant, 50 nM or 1 µM E1, 65 µM or 250 µM UB, and 200 nM UB-CycBN* or 1 µM UB-Securin* were 
used and the reactions were quenched after 6 min. or 10 min. for UBE2C and UBE2S, respectively.  In Fig. 
S1E and S1F, the UBv concentration was 50 µM.  These data were normalized to the Vmax

app of wild type 
UBE2C–APC/CCDH1 or UBE2S–APC/CCDH1, respectively.   

The Km
app and Vmax

app values for the acceptor UB were determined to evaluate the effects of APC2 
mutants on APC/CCDH1-dependent stimulation of UBE2S-mediated di-ubiquitin synthesis, (Figs. 5F and 
S5G).  The N-terminally labeled wild type UB (20 µM *UB) was first loaded onto 10 µM E1 in the 
presence of 5 mM MgCl2 and 5 mM ATP for 10 min at RT. Formation of the E1~*UB intermediate was 
quenched with 25 mM EDTA and two passes over microspin desalting columns (Zeba spin column, Pierce) 
to remove MgATP and chelate any residual Mg2+ to prevent reloading of the E1. The E1~*UB was then 
diluted at a final concentration of 2 µM into a second independent mixture that contained unlabeled UB, 
BSA, 0.2 µM UBE2S and 0.1 µM APC/CCDH1, and ubiquitination reactions were then carried out for 4 min 
at RT. The data were normalized to the Vmax

app of wild type UBE2S–APC/CCDH1.  
A dual-color assay was used to monitor the activities of UBE2C and UBE2S simultaneously (Figs. 

6F-G and S6F-G).  Methylated UB was used as the donor UB to prevent UBE2S targeting of 
CycBN*(fluorescein-labeled)-linked UB.  Instead, UBE2S could only form diubiquitin on a Cyanine5-
labeled acceptor UB (1-74, G75S G76S C77).  For these experiments, 0.25 µM UBA1, 50 nM of APC/C, 1 
µM of UBE2S, 10 µM CycBN* or *CycBN-(1K), and 10 µM UB* were mixed on ice, equilibrated to room 
temperature and initiated by the addition of 250 µM methylated UB.  After 30 min, the reaction was 
quenched and the products were resolved by SDS-PAGE and fluorescent scanning.  Inhibition of 
APC/CCDH1-UBE2S-mediated di-UB synthesis was tested upon addition of varying concentrations of 
UBE2C. 

To demonstrate that the UBv is specific for APC/C, 30 µM UBv was tested for effects on two 
other E3s, SCFFBW7ΔD, which harbors APC11’s closest relative (RBX1) as the catalytic subunit (Fig. S1H) 
and WWP1, which has its own distinct UB-binding exosite (Fig. S1I). SCFFBW7ΔD -dependent 
ubiquitination of a phosphopeptide derived from CycE was assayed with 75 nM NEDD8~CUL1-RBX1, 75 
nM FBW7ΔD, CycE-Biotin, 1 µM UBCH5B, 500 nM CDC34, 150 nM UBA1, and 1 mg/mL BSA first 
mixed on ice, then equilibrated to room temperature prior to initiating the reaction by the addition of 140 
µM UB.  Substrate ubiquitination was monitored over the indicated time course through western blotting 
for biotinylated CycE with anti-Biotin (Rockland Inc. 600-401-098) and HRP-linked rabbit IgG whole 
antibody (GE Healthcare NA934).  For the HECT-type E3 fluorescent WBP2 was the substrate. 750 nM 
WWP1, 250 nM *WBP2, 500 nM UBCH7, and 50 nM UBA1 were mixed on ice and equilibrated to room 
temperature.  The reaction was initiated by the addition of 70 µM UB.  As a positive control for activation 
by the WWP1-specific UBv that is distinct from the APC11-specific UBv, 7.5 µM UBv P2.3 (Zhang et al., 
2016) was added. SDS-loading buffer was added at 30 min to quench the reaction. 

 
Substrate-independent assay for APC/CCDH1 activation of UBE2C, monitoring hydrolysis of oxyester-
linked analog of UBE2C~UB  

To test effects of shackling the RING away from the position in the architecture for 
multiubiquitination, it was necessary to assay APC/CCDH1 activation of UBE2C without a substrate, because 
substrate binding is blocked by the Elongation trap.  Thus, we assayed the ability of APC/C complexes to 
activate hydrolysis of oxyster-linked UBE2C~UB (Brown et al., 2015).  It was necessary to use the 
isosteric oxyester mimic rather than the native UBE2C~UB intermediate due to the thioesester rapidly 
discharging via automodification of UBE2C in the absence of substrate.  For the oxyester-linked version of 



	  

 

the UBE2C~UB complex, UB’s C terminus is enzymatically linked to a serine substituted for the catalytic 
Cys114 of UBE2C. The oxyester-linked UBE2C (C114S)~UB was mixed with either wild type or variant 
versions of APC/C in the absence or presence of CDH1.  Experiments were performed at 30°C and 
monitored the persistence of E2~UB and generation of the hydrolytic products UBE2C and UB over time 
(Figs. 6C, S1D, and S2E). Reaction mixtures contained 5 µM UBE2C~UB and 1 µM wild type or variant 
versions of APC/C. Reaction products were separated by SDS-PAGE and visualized by staining with 
Coomassie blue.  
 
Bio-Layer Interferometry (BLI)  

Concentrated analyte and ligand proteins were diluted into BLI reaction buffer (20 mM HEPES 
pH 8.0, 200 mM NaCl, 0.1 mg/ml BSA, 0.01% Tween20). BLI experiments were performed on an Octet 
RED96 system (ForteBio) using anti-GST antibody biosensors for GST-tagged ligands (APC11 or RBX1 
RING domains) UB, UBv, or UBv mutant analytes were titrated at 25°C. Nine dilution points of analytes 
covering 0.16 – 7.5 µM concentration range were applied.  Sensorgram raw data was processed and 
extracted by Octet Analysis 9.0 software. Dissociation constants (KD) were obtained by fitting the response 
wavelength shifts in the steady-state regions using single-site binding system (Eq. 1) shown below.  

𝑅!" = 𝑅!"#
[!]

!!![!]
   (1) 

where Req is value of steady-state response shift in each sensorgram curve, [C] is the titrant concentration, 
Rmax is the maximal response in the steady-state region, KD is the binding constant for single-site binding 
system.  Rmax and KD values are unknown and Levenberg–Marquardt algorithm was used to perform 
iterative non-linear least squares curve fitting in Profit 6.2 (QuantumSoft) to obtain the fitted Rmax and KD.  
 
Assaying APC/C substrate degradation in Xenopus egg extracts 

Interphase Xenopus egg extract was prepared as described (Rudner and Murray, 2000; Yamaguchi 
et al., 2015). CycB Δ90 was added at 300 nM and incubated for 120 min. at RT.  Buffered (20 mM HEPES 
pH 8.0, 200 mM NaCl) wild type UB or UBv were added at 10 µM and incubated for 10 min.  110 nM full-
length CycB/CDK1 was then added. To monitor substrate degradation, samples were diluted in SDS-PAGE 
sample buffer at 0 - 60 min. post substrate addition and processed for SDS-PAGE and immunoblotting 
using antibodies raised against CycB (Thermo Scientific RB-008-P), APC3 (BD Biosciences C40920) and 
Smc3 (A846, (Sumara et al., 2000)). 

 
Single-molecule assays monitoring APC/CCDH1 binding during substrate multiubiquitination 

Monitoring the kinetics of the APC/CCDH1-Securin interaction during ubiquitination was 
performed as previously described (Lu et al., 2015).  In brief, biotinylated Securin was immobilized on a 
passivated slide with 0.2 mg/ml streptavidin.  In vitro ubiquitination reactions were performed using 20 nM 
recombinant APC/CCDH1 mixed with 100 nM E1, 200 nM UBE2C, 5 mg/ml BSA, and 1.5 µM alexa647-
UB in UBAB buffer (25 mM Tris pH 7.5, 50 mM NaCl, 10 mM MgCl2) with an ATP regenerating system.  
Recombinant APC/C was monitored during the reaction using an anti-APC4 antibody (ab97658, Abcam) 
labeled with dylight 550-NHS (62263, Pierce).  Experiments were performed at RT. A Nikon Ti TIRF 
microscope equipped with three laser lines of 491nM(50 mW), 561 nM(50 mW), 640 nm(125 mW), and a 
Hamamatsu C9100 EMCCD camera (the non-EM mode was used for a better signal-to-noise). Time-series 
were acquired at 5 sec/frame for 15 minutes. Exposure time: 3 seconds for the ubiquitin channel; 750 ms 
for the APC/C channel; 500 ms for the substrate channel.  
 
Generation of disulfide-linked E2~UB for NMR titrations with 15N-labeled APC11 RING domain 

Disulfide-linked UBE2C~Flag-UB and UBE2S~Flag-UB complexes were generated using 2,2'-
Dipyridyl disulfide (Sigma-Aldrich).  Flag-UB (1-75, G76C) and versions of both E2s harboring only a 
single Cys at the active site (UBE2C-His6 C102A, and UBE2S C118F) were treated with 10 mM DTT for 
at least 30 min before they were desalted into 50 mM HEPES pH 7.0, 150 mM NaCl.  2,2'-Dipyridyl 
disulfide was, first, added to Flag-UB (1-75, G76C) in 5-molar excess.  After a 20 minute incubation on 
ice, the disulfide-linked UBE2C~UB and UBE2S~UB complexes were then purified by nickel affinity 
chromatography or cation exchange chromatography, respectively, and ultimately sized in 20 mM HEPES 
pH 7.0 with 100 mM NaCl. 

 



	  

 

NMR experiments 
NMR experiments were measured on a Bruker 600 or 800 MHz spectrometer equipped with a 1H 

and 13C detect, TCI triple resonance cryogenic probe using standard Bruker pulse programs. 1H, 13C, and 
15N backbone resonances were assigned using standard triple resonance experiments, such as HNCA, 
HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO. All of the 3D experiments were collected with 8 or 16 
transients at 298 K. All the 1H chemical shifts were referenced with respect to DSS measured in the same 
buffer, while the 13C and 15N chemical shifts were referenced indirectly with respect to the DSS shift.  All 
of the spectra were processed using topspin software and analyzed using the computer-aided resonance 
software, CARA (Keller, 2004).  

Assignments of ubiquitin resonances were obtained using BMRB database 17437 and APC11 
assignments were done by our group earlier (Brown et al., 2014). Assignment of UBv was carried out at 
298 K using uniformly labeled 13C,15N-labeled sample in the apo state and in complex with APC11 (1:2) at 
500 µM concentration, independently, since the resonances of the complexes exhibited slow exchange. The 
NMR experiments were performed in a 20 mM sodium phosphate buffer (pH 7.0) with 100 mM NaCl, 10 
mM DTT and 0.1% sodium azide in 90% H2O and 10% D2O. Titration experiments were carried out with 
either 15N-labeled or 13C, 15N-labeled APC11 or UBv at 100 µM concentration in the same buffer. Titration 
experiments testing different APC/C subcomplexes were carried out with 15N-labeled UBE2S at 50 µM.  
Resonance assignments for UBv and UBE2S will be published elsewhere. The chemical shift perturbations 
(CSPs) were calculated using CSP (ppm)

 
= Δ𝛿!"! + 0.2Δ𝛿!! , which included the difference in the proton 

and nitrogen chemical shifts between the free and bound resonance.   
 
UB-AQUA/PRM Proteomics 

For UB-AQUA/PRM, in vitro UB reaction samples were quenched with 20 mM EDTA at the 
indicated time and flash frozen. Aliquots of samples were subject to TCA precipitation. Samples were 
digested first with Lys-C [in 100 mM tetraethylammonium bromide, 0.1% Rapigest (Waters Corporation), 
10% (vol/vol) acetonitrile (ACN)] for 3 hours at 37°C, followed by the addition of trypsin and further 
digested overnight. Digests were acidified with an equal volume of 5% (vol/vol) formic acid (FA) to a pH 
of ~2 for 30 min, dried down, and resuspended in 1% (vol/vol) FA.  

UB-AQUA/PRM was performed largely as described previously but with several modifications 
(Ordureau et al., 2015; Ordureau et al., 2014; Phu et al., 2011). A collection of 16 heavy-labeled reference 
peptides (Ordureau et al., 2014), each containing a single 13C/15N-labeled amino acid, was produced at Cell 
Signaling Technologies and quantified by amino acid analysis. UB-AQUA peptides from working stocks 
[in 5% (vol/vol) FA] were diluted into the digested sample [in 1% (vol/vol) FA] to be analyzed to an 
optimal final concentration predetermined for individual peptide. Samples and AQUA peptides were 
oxidized with 0.05% hydrogen peroxide for 30 min, subjected to C18 StageTip and resuspended in 1% 
(vol/vol) FA. Experiments were performed in triplicate and MS data collected sequentially by LC/MS 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 45-min gradient of 3–25% ACN in 0.125% FA with a flow rate of ~300 nL·min-1. The 
scan sequence began with an Orbitrap full MS1 spectrum with the following parameters: resolution of 
70,000, scan range of 200–1,000 Thomson (Th), AGC target of 1 × 106, maximum injection time of 250 
ms, and profile spectrum data type. This scan was followed by 12 targeted MS2 scans selected from a 
scheduled inclusion list with a 5-min retention time window. Each targeted MS2 scan consisted of high-
energy collision dissociation (HCD) with the following parameters: resolution of 35,000, AGC of 1 × 106, 
maximum injection time of 200 ms, isolation window of 1 Th, normalized collision energy (NCE) of 25, 
and profile spectrum data type. Raw files were searched, and precursor and fragment ions were quantified 
using Skyline version 3.1 (MacLean et al., 2010). The UB-AQUA peptides used for quantitation were 
previously listed by Ordureau et al.(Ordureau et al., 2014). Data generated from Skyline were exported into 
an Excel spreadsheet and Prism for further analysis as previously described (Ordureau et al., 2014). Total 
UB was determined as the average of the total UB calculated for each individual locus, unless specified 
otherwise. 

 
Tandem Mass Tag (TMT) Proteomic analysis 

For TMT analysis of in vitro ubiquitylation reactions, samples were quenched with 20 mM EDTA 



	  

 

at the indicated time and flash frozen. Aliquots of samples were reduced (10 mM TCEP) and alkylated (20 
mM chloroacetamide) prior to TCA precipitation. Samples were digested first with Lys-C [in 200 mM 
EPPS (pH 8.0), 0.1% Rapigest (Waters Corporation), 10% (vol/vol) ACN] for 3-4 hours at 37°C, followed 
by the addition of trypsin and further digested overnight. Digests were acidified with an equal volume of 
5% (vol/vol) FA to a pH of ~2 for 30 min, dried down, resuspended in 1% (vol/vol) FA, and subjected to 
C18 StageTip (packed with Empore C18; 3M Corporation) desalting. Eluted peptides were resuspended in 
100 µl [200 mM EPPS pH 8.0] and labeled using 10-plex tandem mass tag (TMT) reagents (Thermo Fisher 
Scientific, Rockford, IL). TMT reagents (0.8 mg) were dissolved in 42 µl dry ACN and 5 µl was added to 
samples. After 1hr (RT), the reaction was quenched by adding 6 µl of 5% hydroxylamine. Labeled peptides 
were combined, acidified with final 2% FA (pH ~2), dried down, resuspended in 1% (vol/vol) FA 2.5% 
(vol/vol) ACN, and subjected to C18 StageTip (packed with Empore C18; 3M Corporation) desalting. 
Mass spectrometry data were collected using an Orbitrap Fusion mass spectrometer (Thermo Fisher 
Scientific, San Jose, CA) coupled to a Proxeon EASY-nLC II liquid chromatography (LC) pump (Thermo 
Fisher Scientific). Peptides were fractionated on a 100 µm inner diameter microcapillary column packed 
with ~0.5 cm of Magic C4 resin (5 µm, 100 Å, Michrom Bioresources) followed by ~35 cm of GP- 18 resin 
(1.8 µm, 200 Å, Sepax, Newark, DE). Peptides were separated using a 100 min gradient of 4 to 25% ACN 
in 0.125% FA at a flow rate of ~425 nL/min. The scan sequence began with an MS1 spectrum (Orbitrap 
analysis; resolution 120,000; mass range 400−1400 m/z; AGC target 2×105; maximum injection time 100 
ms, monoisotopic peak). In addition, unassigned, singly and doubly charged species were excluded from 
MS2 analysis and dynamic exclusion (1 min) was set to 5 after 30 sec. A list of targeted mass (m/z (7 ppm 
mass tolerance), z, 6 min schedule window) for all possible single di-GLY sites in CycB sequence as well 
as previously observed multiply di-GLY modified CycB peptides found in a test-run were defined and data 
dependent analysis was performed if no target species were found. By default precursors for MS2 analysis 
were selected using the Top10 most abundant peptides. MS2 analysis consisted of high energy collision-
induced dissociation (quadrupole ion trap analysis; AGC 4×104; CID normalized collision energy (NCE) 
35; maximum injection time 50 ms; isolation window 0.7; with injection of all available parallelizable 
time). We performed multinotch MS3 (McAlister et al., 2012; Ting et al., 2011) with synchronous-
precursor-selection (SPS) where precursor ions (n=10) were collected (Orbitrap analysis; resolution 60,000; 
mass range 100−1000 m/z; HCD normalized collision energy 55; AGC target 5×104; maximum injection 
time 250 ms; with injection of all available parallelizable time).  

Sequest-based identification using first a Human UNIPROT database (containing common 
contaminants) followed by a target decoy-based linear discriminant analysis (FDR 1%) was used for 
peptide and protein identification as described (Huttlin et al., 2010). A custom database that included all the 
identified proteins (excluding CycB) during the first search, plus the CycB[1-95]-His6 sequence was then 
generated and used for a novel search.  Parameters used for database searching include: 50 p.p.m. Precursor 
mass tolerance; 0.9 product ion mass tolerance; tryptic digestion with up to three missed cleavages; 
Carboxyamidomethylation of Cys was set as a fixed modification, while oxidation of Met and di-Gly 
modification of Lys were set as variable modifications. Localization of di-Gly sites used a modified version 
of the A-score algorithm (Beausoleil et al., 2006) as described (Kim et al., 2011b). A-scores of 13 were 
considered localized. For quantification, a 0.003 m/z window centered on the theoretical m/z value of each 
ten reporter ions and the closest signal intensity from the theoretical m/z value was recorded. Reporter ion 
intensities were adjusted based on the overlap of isotopic envelopes of all reporter ions (manufacturer 
specifications). Total signal to noise values for all peptides were summed for each TMT channel (with the 
exception of CycB, UB and common contaminant proteins present in samples), and all values were 
adjusted to account for variance in sample handling. For each peptide use for protein quantification, a total 
minimum signal to noise value of 150 and isolation specificity of 0.7 was required (McAlister et al., 2012; 
Ting et al., 2011). For diGly peptides use for quantification, a total minimum signal to noise value of 100 
and isolation specificity of 0.5 was required. 
  



	  

 

Supplemental Table 
 
Table S1, related to Figure 2. Crystallographic data and refinement statistics for APC11 RING–UBv 
complex. 
 
Data Collection   
Beamline NECAT 24-ID-E 
Wavelength (Å) 0.97918 
Space Group C121 
Cell Dimensions   
a, b, c (Å) 131.1, 35.2, 72.8 
α, β, γ (˚) 90, 120, 90 
Resolution (Å) (highest shell) 36.3−2.0 (2.07−2.00) 
Number of measured reflections 64,390 
Number of unique refections 19,650 
Overall Rsym (%) 10.4 (57.2) 
Overall I/σI 10.2 (2.0) 
Completeness (%) 99.7 (99.7) 
Multiplicity 3.3 (3.3) 
Wilson B-factor 25.49 
Refinement   
Resolution range (Å) 36.3−2.0 
No. of reflections (σ≥0) 19,400 
Rwork/ Rfree (%) 18.52/21.95 
Number of non-solvent atoms 2,163 
Number of metal ligands 6 
Number of solvent 116 
RMSD bond lengths (Å) 0.007 
RMSD bond angles (°) 0.947 
Isotropic B-factor Min/Maxi 12.2/67.8 
Isotropic B-factor Mean 28.1 
Molprobity statistics   
All-atom Clashscore 2.37 
Ramachandran Plot   
Residues in preferred regions (%) 98.53 
Residues in allowed regions (%) 1.47 
Residues in disallowed regions (%) 0.0 
Rotamer outliers (%) 0.0 
C-beta outliers 0 
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