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Abstract

The Anaphase Promoting Complex/Cyclosome (APC/C) is a massive E3 ligase that controls 

mitosis by catalyzing ubiquitination of key cell cycle regulatory proteins. The APC/C assembly 

contains two subcomplexes: the “Platform” centers around a cullin-RING-like E3 ligase catalytic 

core; the “Arc Lamp” is a hub that mediates transient association with regulators and 

ubiquitination substrates. The Arc Lamp contains the small subunits APC16, CDC26, and APC13, 

and tetratricopeptide repeat (TPR) proteins (APC7, APC3, APC6, and APC8) that homodimerize 

and stack with quasi-twofold symmetry. Within the APC/C complex, APC3 serves as center for 

regulation. APC3’s TPR motifs recruit substrate-binding coactivators, CDC20 and CDH1, via 

their C-terminal conserved Ile-Arg (IR) tail sequences. Human APC3 also binds APC16 and 

APC7, and contains a >200-residue loop that is heavily phosphorylated during mitosis, although 

the basis for APC3 interactions and whether loop phosphorylation is required for ubiquitination 

are unclear. Here, we map the basis for human APC3 assembly with APC16 and APC7, report 

crystal structures of APC3Δloop alone and in complex with the C-terminal domain of APC16, and 

test roles of APC3’s loop and IR-tail binding surfaces in APC/C-catalyzed ubiquitination. The 

structures show how one APC16 binds asymmetrically to the symmetric APC3 dimer, and 

together with biochemistry and prior data explain how APC16 recruits APC7 to APC3, show how 
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APC3’s C-terminal domain is rearranged in the full APC/C assembly, and visualize residues in the 

IR-tail binding cleft important for coactivator-dependent ubiquitination. Overall, the results 

provide insights into assembly, regulation, and interactions of TPR proteins and the APC/C.
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Introduction

The Anaphase Promoting Complex/Cyclosome (APC/C) is a massive, 1.2 M Da E3 ligase 

complex that regulates numerous essential eukaryotic processes. APC/C was originally 

identified for its roles in controlling mitosis1; 2. Indeed, APC/C drives ubiquitin-mediated 

proteolysis of Cyclin B and Securin, and triggers sister chromatid separation. It is now 

known that APC/C catalyzes ubiquitination of numerous additional cell cycle regulatory 

proteins to orchestrate several steps of cell division, spanning from prometaphase, through 

mitosis, exit from mitosis and G1 3; 4; 5; 6; 7, and APC/C also regulates meiosis 8; 9. 

Furthermore, a staggering number of cell cycle-independent roles for APC/C-mediated 

ubiquitination have been identified in neurons 10. These numerous functions depend on the 

pairing of the core holo-APC/C complex with a coactivator, typically either CDC20 or the 

homologous CDH1, which bind various motif sequences such as a Lys-Glu-Asn “KEN-box” 

in substrates and regulatory proteins. Many substrates also display additional APC/C-

interaction motifs, including a “D-box” (aka “Destruction-box”) that simultaneously 

engages a coactivator and the APC/C core subunit APC10 11; 12; 13; 14. Although details of 

interactions between different substrates and APC/C-coactivator complexes are only 

beginning to emerge 15; 16; 17, it is clear that ordered APC/C association with different 

coactivators, together with phosphorylation, regulates the timing of successive steps in the 

cell division process 4; 5; 6; 7.

The overall architecture of an APC/C-coactivator-substrate complex has been determined by 

combining information from electron microscopy (EM), biochemistry, and subunit tagging 

and deletion studies 13; 18; 19; 20; 21; 22; 23; 24; 25; 26. The APC/C core comprises two 

multiprotein superdomains, which we describe here for human APC/C: the catalytic 

“Platform”, which contains APC1, APC2, APC4, APC5, APC11, APC15, and the 

scaffolding “Arc Lamp”, which contains APC8, APC13, APC6, APC12/CDC26, APC3, 

APC16, APC7, and APC10. Within the Platform, the APC2 and APC11 subunits are 

homologous to cullin and RBX subunits of cullin-RING E3 ligases, and represent the 

catalytic core 27; 28. It appears that the major roles of APC1, APC4, APC5, and APC15 in 

the Platform are to coordinate the placement and conformation of the APC2-APC11 

catalytic core for ubiquitin ligation to substrates recruited to domains organized by the Arc 

Lamp.

The Arc Lamp was named for its curved form resembling an actual arc lamp emanating 

from the Platform 19. The curved scaffold-like structure is established by layers of 

homologous homodimeric tetratricopeptide repeat (TPR) proteins - APC8, APC6, APC3, 
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and APC7 in humans - stacked on top of each other. The TPR unit is a ~34-residue 

degenerate motif, which forms a pair of antiparallel helices 29. Tandem TPR repeats pack in 

parallel and form superhelical solenoids with various curvatures depending on interactions 

between adjacent repeats. APC8, APC6, APC3, APC7 are each predicted to contain roughly 

14 TPRs, which homodimerize via N-terminal domains in head-to-tail arrangements that 

generate extended structures with the C-termini of the two protomers on each end 30. Within 

the holo-APC/C assembly, the border between the Platform and the Arc Lamp is established 

by the APC8 homodimer (Cdc23p in S. cerevisiae), on which the APC6 homodimer 

(Cdc16p in S. cerevisiae) is stacked. The APC3 homodimer (Cdc27p in S. cerevisiae) stacks 

on top of APC6, and in higher eukaryotes, APC7 stacks on the APC3 homodimer to 

complete the stack of TPR subunits. Also, several small proteins (CDC26, APC13, and 

APC16) are thought to stabilize the overall assembly of the Arc Lamp. Indeed, disrupting 

the function of small subunits leads to phenotypes ranging from temperature-sensitive cell 

cycle arrest in budding yeast (Cdc26) to meiotic and/or mitotic defects upon mutation or 

knockdown in worms or human cells (APC16) 1; 28; 31; 32; 33; 34; 35; 36; 37.

A major function of the Arc Lamp is to serve as a scaffold for dynamic recruitment of 

substrates, by APC3 binding to homologous Ile-Arg “IR Tail” sequences displayed at the C-

termini of APC10 and coactivators 26; 38; 39. Although there are two protomers of APC3, 

their context and binding to the different IR tails is asymmetric within the holo-APC/C. One 

of the two APC3 protomers is constitutively occupied by the IR tail of APC10 26; 39. This 

interaction is solidified by extensive contacts between APC1 and APC10’s N-terminal 

domain. Thus, in the context of the holo-APC/C, the APC10 C-terminal IR tail is proximal 

to only its dedicated partner APC3 protomer 13; 21; 22; 23; 25. This arrangement leaves only 

the opposite APC3 protomer available to dynamically associate with IR tails from different 

coactivators at different stages of the cell cycle 7.

Insights into how APC3 assembles into the Arc Lamp and recruits IR-tails were recently 

provided by a landmark 7.4 Å resolution cryo-EM map and secondary structure definition 

for an APC/C-CDH1-Substrate complex 23. Nonetheless, residue-specific information is 

available only for some portions of the Arc Lamp, from crystal structures of a few human 

components (APC10 N-terminal domain and a subcomplex between human CDC26 and the 

C-terminal domain of APC6) 39; 40 and homology models based on structures of orthologs (a 

near full-length complex of S. pombe APC6-CDC26, coactivator complexes with D- and 

KEN-boxes, and the N-terminal domains of APC8 and APC3 from S. pombe and the 

parasite E. cuniculi, respectively) 15; 16; 17; 30; 41. Thus, despite importance, our 

understanding of how an APC3 dimer is integrated into the whole APC complex and recruits 

coactivators is limited by lack of high-resolution structural data for APC3. Here we address 

these issues with crystal structures of a human APC3 homodimer, alone and in complex with 

a fragment of APC16. The structures, along with biochemistry and analyses in light of 

previous EM data, provide insights into APC/C assembly and regulation.
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Results and Discussion

Human APC3 residues 182-453 are dispensable for assembly and activity of recombinant 
APC/C

To optimize constructs for crystallographic studies, we identified a minimum folded version 

of human APC3. Several lines of evidence suggested that residues 182-453 are mobile 

and/or disordered, and not part of the signature TPR folded region of human APC3 (Fig. 1a). 

First, comparing APC3 sequences across evolution showed that this region is not conserved, 

and varies from being nonexistent in the parasite E. cuniculi, to spanning more than 300 

residues in some organisms 42. Second, secondary structure prediction using Psipred 

indicated that this region is disordered (Fig. S1) 43. Third, modeling TPR repeats suggested 

this region is not visible in the APC3 portion of EM maps 19; 20; 21; 23; 44; 45.

To ascertain whether residues 182-453 of human APC3 are required for assembly into the 

holo-APC/C complex, we used our recombinant system to coexpress in insect cells either 

wild-type APC3, or a deletion mutant lacking residues 182-453 (referred to hereafter as 

APC3Δloop), together with all other human APC/C subunits 21; 44; 46. After affinity 

purification based on a twin-Strep tag on the C-terminus of APC4 46, the complexes were 

compared by Coomassie-stained SDS-PAGE, and by immunoblotting for APC3, APC7 and 

APC16. The data showed that APC3’s residues 182-453 are dispensable for assembly into a 

holo-APC/C complex (Fig. 1b).

We performed two types of assays to test whether the APC3 182-453 loop is required for 

ubiquitination by APC/C. APC/C uses a two-E2/two-step mechanism for 

polyubiquitination 47. For humans, APC/C first collaborates with the “initiating” E2 

UBCH10 to prime a substrate with monoubiquitin or short ubiquitin chains27; 48; 49. Next, 

APC/C partners with the distinctive “chain elongating” E2 UBE2S, which generates 

ubiquitin~ubiquitin linkages to polyubiquitinate the substrate 50; 51; 52. Activity with UBE2S 

can be assayed by incorporating a priming ubiquitin molecule into the substrate as a linear 

fusion (Ub-CyclinBNTD*)44; 46; 50; 51; 52. APC/C activity with UBCH10 was assayed toward 

either this same Ub-CyclinBNTD* substrate, or toward a fluorescent version of Cyclin B’s 

N-terminal domain without a ubiquitin (CyclinBNTD*) 44; 46. Because a key role of APC3 is 

to bind a coactivator, we performed assays titrating from sub-saturating to saturating 

concentrations for either CDH1 or CDC20. In all cases, ubiquitination activity in the entirely 

purified system was similar for APC/C with wild-type APC3 and with APC3Δloop (Fig. 1c, 

S2a).

In vivo, phosphorylation of APC/C correlates with APC/CCDC20-dependent ubiquitin-

mediated proteolysis during mitosis. A hallmark of phosphorylated APC/C is slower 

migration of APC3 in a western blot, and previous studies have mapped mitotic 

phosphorylation sites to APC3’s residues 182-453 53; 54. However, whether this loop is 

required for degradation of substrates such as Cyclin B1 and Securin has remained 

unknown. We examined substrate degradation in X. laevis egg extracts. This assay depends 

on addition of a truncated, nondegradable Cyclin B1 (Δ90) to stimulate CDK1-dependent 

APC/C phosphorylation and activation (Fig. S2b) 1; 2; 55; 56; 57; 58, as reflected by wild-type 

APC3 displaying the characteristic phosphorylation-dependent mobility shift (Fig. 1d, S2b). 

Yamaguchi et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2016 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Importantly, the degradation of full-length D-box containing Cyclin B1, and of Securin, 

depends on APC/C, because this was blocked by immunodepleting APC/C from the 

extracts, and was rescued by adding back recombinant human APC/C (Fig. 1d, S2b). Adding 

mutant APC/C harboring APC3Δloop also substantially stimulated substrate degradation, 

although with a modest delay relative to the rate with wild-type APC/C. Nonetheless, the 

APC3 loop was not absolutely essential for CDK1-activated APC/C-dependent ubiquitin-

mediated proteolysis. Taken together, the data suggested that the APC3Δloop protein would 

be a suitable model for biochemical and structural studies.

Identification of a minimal APC3-APC16 subcomplex

Although genetic and cell biological studies had previously identified critical roles for 

APC16 for APC/C-dependent regulation in higher eukaryotes, the functions of APC16 

remain incompletely understood 34; 35; 36. Prior EM data suggested that APC3 and APC16 

interact with each other, but the resolution of all existing maps precluded identifying the 

domain of APC16 involved 23; 37. We mapped the interacting regions by coexpressing N-

terminally GST-tagged APC3 or APC3Δloop with either wild-type or truncated versions of 

C-terminally Strep-tagged APC16 (“MC” = middle and C-terminal domains, residues 

22-110; “C” = C-terminal domain, residues 74-110), and testing co-association upon affinity 

purification on Streptactin resin. The deletion mapping identified the APC16C fragment as 

the minimal region required to bind APC3, and showed that APC3Δloop and APC16C form 

a stable APC sub-assembly (Fig. 1e, f).

Crystal structure of APC3Δloop reveals homodimer structurally related to but distinct from 
other APC TPR subunits

To gain insights into APC3 structure and function, we crystallized N-terminally GFP-fused-

APC3Δloop alone and in complex with APC16C, and obtained two crystal forms in P65 and 

P43, which diffracted to 3.3 and 4.25 Å resolution, respectively (Table 1). We determined 

the structure of the P43 form by the single wavelength anomalous dispersion method for a 

selenomethionine-containing variant, and subsequently of the P65 form by molecular 

replacement. Although the GFP moiety was required to obtain the crystals, it was not 

possible to model GFP into weak density extending from the N-termini of APC3 from either 

crystal form (Fig. S3a). The density is most consistent with the GFP portions of the fusion 

proteins adopting multiple positions within the crystal. Also, the electron density maps and 

crystal packing indicated that the P65 form contained only GFP-APC3Δloop as described in 

this section, whereas the P43 form contained a complex with APC16C as described in the 

following section (Fig. S3b–d).

The crystal structure of APC3Δloop alone showed a symmetric homodimer (Fig. 2a). 

Helices from 13 of the 14 predicted TPRs (TPRs 1-11 and 13-14) are visible in the electron 

density, and form a superhelical structure. The homodimeric arrangement leads to an overall 

V-shaped structure, with the N-terminal dimerization domain in the center, and the C-

termini at the two tips of the “V”.

Each half of the “V” can be viewed as consisting of 3 arc-shaped subdomains. For a given 

arc, the functional properties rely on interactions mediated by three distinctive types of 
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surfaces established by the tandem arrays of TPRs: (1) the concave side of an arc forms a 

bowl-shaped cleft that can accommodate binding partners, (2) the convex side of an arc can 

contain pockets either between the helices or between TPRs that hold relatively small 

surfaces of partners, and (3) the convex side also forms a ridge that itself can fit into 

complementary clefts or grooves (Fig. 2b). Also, upon packing together in full-length APC3, 

the arcs generate nearly two complete turns of superhelical structure, which establish a 

fourth type of interacting surface – grooves between the arcs (Fig. 2b).

Each of APC3’s arc-shaped subdomains has important functions. The N-terminal arcs from 

the two APC3 protomers interact with each other to form the homodimerization domain 

(Fig. 2a). The residues involved in the dimer interface are shown in Fig. S4. For each 

molecule of APC3 in the homodimer, this domain encompasses residues 1-181 that adopt 

five TPRs preceding the start of the deletion, and the subsequent residues 454-537 that form 

two additional TPRs. The seven dimerization domain TPRs from an APC3 protomer adopt a 

continuous superhelix. Homodimerization is mediated by one protomer packing in the cleft 

from the opposite protomer in a manner that resembles a pair of clasped hands: the two N-

termini form interacting “fingers” that pack in the “palms” formed by TPRs 3-7 of the 

opposite hand. The N-terminal 5 TPRs of the dimerization domain adopt a relatively flat 

ovoid structure, while the 6th and 7th TPR “wrists” begin to wrap around the oval due to 

their concave clefts accommodating the convex ridges from TPRs 1-2 from the opposite 

protomer. Overall, the superhelical structure projects the terminal TPRs of the dimer domain 

toward one face of the oval that we refer to here as the “front”. This would correspond to the 

top if viewing the entire APC3 homodimer as a “V”. In agreement with predictions based on 

sequence alignments 41; 42, the human APC3 dimer domain superimposes with that from the 

parasite E. cuniculi with an RMSD of 2.9 Å, and with the dimer domains of APC8 and 

APC6 from S. pombe with RMSDs of 3.3 and 3.3 Å, respectively (Fig. 2c). The data are 

consistent with overall similar modes of dimerization for Arc Lamp TPR subunits despite 

only 15%–21% sequence identity.

The central arc comprises TPRs 8-11, which for each APC3 monomer forms a side of the 

“V” by extending away from the front of the dimerization domain (Fig. 2a, 3a). In the 

context of a full APC3 protomer, the N-terminal and central arcs together form a continuous, 

roughly one-and-a-half turn superhelix comprising TPRs 1-11, with both the cleft and ridge 

sides of the central arc exposed to mediate interactions. The ridged side of APC3’s central 

domain binds APC16C as discussed below, whereas the cleft side represents a typical TPR 

domain-peptide interaction surface. Indeed, a search for similar structures with the DALI 

server showed homology to other peptide-binding TPR proteins 59. Interestingly, high 

scoring homologs include a complex between APC6’s central and C-terminal domains 

bound to CDC26, and the HOP-Hsp70 structure (Z-scores of 18.4 and 12.4 respectively) 

(Fig. 3b, c) 40; 41; 60; 61. Notably, superimposing the TPRs from APC3’s central arc on the 

corresponding regions of the APC6-CDC26 or HOP-Hsp70 complexes show a potential 

peptide-binding surface on the concave cleft from APC3’s central domain (Fig. 3d). In the 

crystal, this APC3 cleft binds a rearranged α25-helix as discussed below. However, in the 

setting of a holo-APC/C complex, this central arc corresponds to the IR-tail binding 

domain 23; 38.
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The C-terminal subdomain (residues 672-830) of human APC3 is predicted to contain 9-

helices, with 6 of them arranged as tandem TPRs (Fig. S1b). In the crystal, helices 27-30 

pack as the predicted TPRs 13-14, and the subsequent residues 775-830 are not visible in the 

electron density and are presumably disordered (Fig. 2a). However, the predicted TPR 12 

that corresponds to helices 25 and 26 is disrupted with helix 26 partially disordered. 

Furthermore, unexpectedly, in the crystal, helix 25 is not part of TPR12, but instead packs 

inside the groove of the IR-tail binding domain (Fig. 3a, d). This may be an artifact of 

crystallization as described below. Nonetheless, the crystal packing does demonstrate 

propensity for the IR-tail binding domain to make protein-protein interactions – albeit by 

mediating non-native contacts in the absence of other APC/C subunits.

Structure of 1:2 APC16C:APC3Δloop complex: asymmetric interactions with a symmetric 
interface

In the complex with APC16C, the crystal structure of the APC3Δloop dimer is essentially 

identical to that crystallized alone (Fig. 4a, S5). The APC16C binding site is located 

centrally in front of the APC3 dimerization domain. The two molecules of APC3 together 

cradle a single molecule of APC16C. From APC3, interactions are mediated by pockets in 

the ridged sides of the IR-tail binding domains.

APC16C adopts a helix-loop-helix structure, with the first helix, loop, and second helix zig-

zagging to contact alternating protomers in the APC3 homodimer (Fig. 4b, S6). This 

establishes the asymmetric 1:2 APC16:APC3 stoichiometry. The first element encompasses 

APC16 residues 74-93, which form a kinked helix from which side-chains along one face 

pack in a cleft between TPR8 and TPR9 from one APC3 protomer, which we refer to as 

“A”. Here, contacts center around hydrophobic interactions between APC16’s Met79, 

Leu82, Ala83, Leu85, Val86, and Leu89 and the aliphatic portions of APC3’s Ser559 and 

Lys563 from TPR8, and Trp576, Ala579, Cys582, Phe583, Ile591, Phe595, Lys594, and 

Arg598 from TPR9. The two ends of this interface are anchored by electrostatic interactions 

between APC16’s Gln75 and the backbone from APC3’s Val556 backbone and side chain 

from Ser559, and between a cluster of hydrogen bonds involving APC16’s Leu89, Asp92, 

and Glu93 and APC3’s Arg598 and Gln601. Interactions from the APC16C loop involve 

Trp94 and Arg95 inserting into a cleft in the opposite APC3 protomer (here referred to as 

“B”) involving Asn571, Trp576, Arg598, and Val602 from TPR9. Finally, APC16 crosses 

back to TPR9 and TPR10 from the opposite APC3 protomer (“A”), where APC16’s Phe96, 

Ile99, Leu102, and Leu103 pack against APC3’s Gln597, Arg598, Ile600, Gln601, Pro604, 

Tyr610, Leu613, Cys629, and Asn632.

Insights into APC3 structure in holo-APC from docking APC3-APC16 into prior cryo-EM 
density map

It was possible to assess how the helices in the APC3-APC16 subcomplex are arranged in 

the holo-APC/C complex by docking domains from the crystal structure into the recent cryo-

EM map of an APC/C-CDH1-Substrate complex 23. Although the resolution of the cryo-EM 

data allowed clear visualization of secondary structures, the amino acid sequences could not 

be resolved from the EM density alone. Obtaining high-resolution information requires a 

hybrid method in which either structures or homology models are docked into the map.
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Using Chimera, we readily fit the portion of the crystal structure encompassing APC16C and 

APC3’s dimerization and IR-tail binding domains into the map as a single unit, with 

minimal manual readjusting in Coot (Fig. 5a) 23; 62; 63; 64. However, APC3’s C-terminal 

domain is substantially rearranged in the holo-APC/C complex in comparison to the crystal 

(Fig. 5b). We approximated this region of the holo-APC/C by subdividing the crystal 

structure and rearranging elements as follows. One unit consisting of TPRs 13-14 was 

placed by ~120° rotation relative to the arrangement in the crystal (Fig. 5c). Placing TPR12 

between the IR-tail binding domain and TPRs 13-14 required: (1) extracting helix 25 from 

its crystallographic packing in the concave surface of the IR-tail binding domain and 

repositioning by an ~85° rotation (Fig. 5d); and (2) separately rotating the subsequent helix 

26 and extending this as an idealized helix (Fig. 5e). Also, another helix 31 was observed in 

the EM density map following helix 30/TPR14 of APC3 B. Thus, it is possible to generate a 

full model of APC3Δloop-APC16C in the context of the holo-APC/C, albeit with 

uncertainties in the detailed structure of TPR12 and the C-terminus. Notably, the modeling 

is consistent with the 182-453 loop being disordered in the context of an APC/C-CDH1-

Substrate complex.

Comparing APC3-APC16 and APC6-CDC26 subcomplex structures reveals distinct 
features with potential implications for APC3 assembly into the Arc Lamp

Comparing features of the APC3Δloop-APC16C subcomplex with those described 

previously for APC6-CDC26 40; 41 reveals interesting similarities and differences that might 

relate to APC3 assembly into the Arc Lamp. Interestingly, like APC3, the C-terminal region 

of APC6 is also not properly folded on its own 40. However, unlike APC3, APC6’s central 

and C-terminal arcs are structurally stabilized through forming a 1:1 complex with 

CDC26 40. CDC26 forms a rod-like linchpin support for the APC6 TPR superhelix (Fig. 6a, 

b) 40; 41. Interestingly, when extracted out of the APC3Δloop crystal structure, the separate 

IR-tail binding subdomain and TPR13-14 unit superimpose well on the corresponding 

regions of the APC6-CDC26 complex (Fig. 6b). However, without a corresponding 

stabilizing “linchpin”, proper folding of the APC3 C-terminal domain may rely on 

interactions with other APC/C subunits.

The model for APC3Δloop-APC16C within the context of the holo-APC/C complex 

provides insights into how proper folding of the two APC3 C-terminal domains might be 

achieved. Within the Arc Lamp, the APC8, APC6, APC3, and APC7 homodimers stack 

through complementary placement of the ridges from the convex side of TPR arcs from one 

subunit into the grooves between superhelical turns from a neighboring subunit in the 

stack 30. At lower resolution this arrangement was thought to be uniform across an entire 

TPR protein dimer. However, the hybrid structural modeling enables visualizing localized 

asymmetry between the two APC3 protomers in the holo-APC/C (Fig. 6a). Whereas the 

dimerization and IR-tail binding domains are symmetrically arranged, the angles between 

TPRs 11 and 12 differ by roughly 7° for the two APC3 molecules (Fig. 6a). This leads to a 

relative 6 Å displacement of TPR14 for the two APC3 protomers, which make different 

interactions. The C-terminal domain of one APC3 protomer (“B”) docks exclusively into a 

groove from APC6. By contrast, the opposite APC6 molecule and one molecule of APC7 

embrace the C-terminal domain from the other APC3 protomer (“A”). Thus, it is 
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conceivable that the propensity for APC3’s C-terminal domain to rearrange facilitates 

assymetric assembly into the Arc Lamp (Fig. 5b, 6a).

APC16 stabilizes interactions between APC3 and APC7

Through docking APC3Δloop-APC16C into the EM density map for holo-APC/C, we 

noticed that a relatively N-terminal portion of APC16 forms a helix that extends away from 

APC3, and packs between ridges in the APC7 dimerization domain (Fig. 6a). Thus, we 

investigated interactions between APC3, APC7, and APC16 by coexpressing in insect cells 

Strep-tagged APC16, GST-tagged APC7, and/or untagged APC3 or APC3Δloop. Affinity 

purification on either Streptactin or Glutathione sepharose showed that the three proteins 

form a subcomplex (Fig. 6c, lanes 1-3). In experiments testing binary APC16 interactions 

with individual subunits, binding was observed with APC3 or APC3Δloop, in agreement 

with the crystal structure (Fig. 6c, lanes 5–6). However, APC7 and APC16 did not co-

associate in the absence of APC3 (Fig. 6c, lanes 8–9).

To better understand formation of the APC3-APC7-APC16 subcomplex, we coexpressed 

GST-APC7 and untagged APC3, alone or with various truncated versions of Strep-tagged 

APC16. After Streptactin or glutathione affinity purification, the complexes were treated 

with TEV protease to liberate the GST-tag from APC7 and the Strep-tag from APC16, and 

the products were subjected to gel filtration chromatography. In the absence of APC16, the 

APC3 that initially co-purified with GST-APC7 separated during gel filtration (Fig. 6d), and 

the APC3-APC16C complex and APC7 also did not copurify (Fig. 6d). However, the ternary 

complex was stable both with full-length APC16, and a truncated version (APC16MC) that 

encompasses APC16’s residues 22 through the C-terminus. Thus, the capacity of APC16 to 

interact with both APC3 and APC7 promotes assembly (Fig. 6d).

Insights into CDH1-binding groove of APC3

In the hybrid structural model, EM density for CDH1’s IR-tail fills the cleft of the IR-tail 

binding domain from one APC3 protomer (“B”) (Fig. 7a–c). The corresponding region of 

the opposite APC3 protomer (“A”) binds the IR-tail from the core subunit APC10 (not 

shown). In the APC3Δloop crystal structure, this cleft is lined by numerous hydrophobic 

side-chains that could potentially contact the hydrophobic “Ile” side chain, as well as 

aromatic, polar and acidic side chains that may interact with the “Arg” in the “IR” motif 

(Fig. 7a, c). Also, APC3’s superhelical structure places the cleft from its C-terminal domain 

in position to seal the IR-tail in place (Fig. 7a). Sequence analysis of APC3 suggests that 

these interactions with IR tails are conserved across eukaryotes, as the side chains lining the 

cleft of the IR-tail binding are among the most conserved (Fig. 7a, c). In addition, human 

APC3 Gly645, which corresponds to the site of a temperature sensitive mutant of S. 

cerevisiae 18, is invariant and located proximal to IR tail binding pocket (Fig. 7a).

We wished to experimentally validate the importance of residues within the IR-tail binding 

cleft in human APC/C. We were able to generate two variants of recombinant APC/C, each 

containing doubly mutated versions of APC3. One APC/C mutant has APC3’s Ser584 and 

Glu616 simultaneously replaced by alanine and arginine, and the other has Ala substitutions 

in place of Asn581 and Leu612. This latter mutant corresponds to the N548A/L579A 
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double-mutant version of S. cerevisiae APC3 that was previously shown to assemble into 

APC/C and yet to display defects in IR-tail dependent coactivator functions 38. Similarly, for 

human APC/C, both mutant versions of APC3 did not cause obvious defects in APC/C 

assembly (Fig. 7d), and they allowed stoichiometric incorporation of the core subunit 

APC10 presumably via extensive interactions in the APC10-APC1 interface 23. Although 

CDH1 also interacts with APC/C through multiple interfaces, we could test effects of 

mutations on CDH1-dependent activity by monitoring ubiquitination as a function of the 

concentration of CDH1 added to reactions. Relative to wild-type APC/C, the mutants in the 

APC3 IR-tail binding cleft required higher CDH1 concentrations to ubiquitinate substrates 

(Fig. 7e). These results confirm the importance of the structurally-observed IR-tail binding 

groove for human APC/C.

Concluding Remarks

At 1.2 MDa, with numerous subunits and transiently associated regulatory subunits, the 

APC/C is a dynamic and complicated molecular machine 1; 2. Although structural insights 

from crystallographic data for some subunits and from EM maps of APC/C complexes are 

emerging, our knowledge of detailed features of many APC/C subunits has remained 

relatively rudimentary. This has included APC3, despite its identification as a core APC/C 

subunit almost 20 years ago 1. Structural characterization of APC3 and its complex with 

APC16 and biochemical studies described herein shed light on both regulation and assembly 

of APC/C.

Unexpectedly, general enzymatic properties of APC/C were maintained even upon deleting 

the nearly one-third of the APC3 protein encompassing residues 182-453, which are 

presumably disordered at least in some holo-APC/C assemblies (Fig. 1, 5a, S1). APC3’s 

182-453 loop has long been known to be phosphorylated, and this correlates with ubiquitin-

mediated proteolysis of APC/C substrates 53. Nonetheless, the role of this loop has been 

called into question for the S. cerevisiae ortholog Cdc27, where substituting CDK sites with 

alanines supported CDH1-dependent functions and yeast growth at all temperatures tested, 

although the mutations did cause delays in mitosis and CDC20-dependent substrate 

degradation65. Accordingly, we found that the APC3 loop is dispensable for human APC/C-

mediated ubiquitination in vitro using purified recombinant components. Nonetheless, the 

APC3 loop does contribute to, but is not absolutely required for, Cyclin B1-CDK1-

dependent substrate turnover in mitotic extracts (Fig. 1, S2). Our results underscore the 

complexities of phosphoregulation of APC/C. It will be interesting in the future to 

understand both how the APC3 loop contributes to APC/C activity, and to identify regions 

of APC/C that are responsible for CDK1-dependent activation of APC/C lacking the APC3 

loop.

Although at this point we do not know how APC/C assembles in vivo, our identifying 

binding partners for the isolated APC3Δloop construct enabled determining the crystal 

structure in complex with APC16C, modeling of APC3-APC16 in the context of the holo-

APC/C, pinpointing APC16’s critical role in stabilizing interactions with APC7, and 

contrasting and comparing features of APC3 with other TPR subunits. It seems likely that 

the different properties of APC6-CDC26, APC3-APC16C and APC7-APC16M, established 
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in part by distinctive roles of the small subunits CDC26 an APC16, play key roles in APC/C 

assembly. Whereas the APC6-CDC26 complex is properly folded due to the CDC26 

“linchpin”, it seems likely that proper folding of APC3’s C-terminal domain is coupled to 

association with other Arc Lamp subunits. Our finding that incorporation of APC7 into 

stable subcomplexes required both APC3 and APC16 raises the possibilities that the APC3-

APC16-APC7 subcomplex assembles into the Arc Lamp as a unit, or that incorporation of 

APC7 follows that of APC3 and APC16. During APC/C assembly, APC3-APC16 or APC3-

APC16-APC7 subcomplexes may bind APC6-CDC26, perhaps in the context of the rest of 

the Arc Lamp or APC/C. Although the propensity for APC3’s C-terminal domain to adopt 

different structures may reflect the requirement for forming two orientations in the holo-

APC/C (Fig. 6a), alternative conformations of the C-terminal domain of unassembled APC3 

could also potentially help protect the IR-tail binding domain from mediating wayward 

protein-protein interactions (Fig. 3a, 5a, 5b).

Despite their potential to form symmetric homodimeric structures (Fig. 2 and 30), the TPR 

subunits of the Arc Lamp make asymmetric interactions in the context of the holo-APC/C. 

The APC3Δloop-APC16C complex shows how the sequence and structure of APC16’s C-

terminal domain breaks symmetry, with different elements forming distinct interactions by 

zig-zagging between the two symmetrically arranged APC3 protomers in the dimer domain 

(Fig. 6a). Interestingly, examination of EM data raises the possibility that APC16’s middle 

domain mediates similar asymmetric interactions with APC7 (Fig. 6), and that another small 

subunit, APC13, likewise makes asymmetric contacts with APC8 and APC6 23. 

Furthermore, in the context of the holo-APC/C, the two APC3 protomers associate 

asymmetrically with adjacent TPR homodimers of APC6 and APC7. Thus, the overall 

architecture establishes distinctive environments for each APC3 subunit, and by extension 

also for APC10 and coactivators that bind the two APC3 IR-tail binding clefts. Although 

APC10 appears to constitutively occupy one APC3 protomer, the other APC3 molecule’s 

IR-tail binding cleft interacts transiently with different coactivators and regulators. Notably, 

this latter cleft has also been implicated as a target for the small molecule APC/C inhibitor, 

Tosyl-L-arginine methyl ester (TAME) 66; 67; 68; 69: TAME has a similar structure to an Ile-

Arg dipeptide, and competes with the IR tail of CDC20 for binding to APC3 67. The 

visualization of side-chains lining the IR-tail binding cleft in the APC3Δloop-APC16C 

crystal structure may enable future efforts to generate higher affinity TAME analogs for use 

as efficient APC/C and cell cycle inhibitors.

Materials and Methods

Protein purification

All proteins used in this study are human. For crystallography, N-terminally GST-tagged 

GFP-APC3Δloop (residues 1-181, 454-830) and GFP-APC3ΔloopΔC20 (1-181, 454-810) 

were either expressed alone or co-expressed in a baculovirus expression system with C-

terminally twin-Strep-tagged APC16C (74-C). To obtain phases for crystal structure 

determination, selenomethionine (SeMet)-labeled GFP-APC3ΔloopΔC20 (deleted for the C-

terminal 20 residues)-APC16C was expressed as described 70. Complexes with APC16 and 

variants were purified by streptactin affinity chromatography followed by glutathione 
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affinity chromatography. The GST and Strep tags were cleaved off their fusion partners by 

TEV protease, and the resultant GFP-APC3Δloop-APC16C complexes were further purified 

by ion exchange chromatography and gel filtration chromatography.

For pulldown assays comparing interactions of deletion mutants, APC3, APC16, and/or 

APC7 were co-expressed by using the indicated baculoviruses, and affinity purified using 

either Streptactin or glutathione beads. For experiments monitoring stable complex 

persistence throughout gel filtration chromatography, GST-APC7 and/or untagged APC3 

were co-expressed with C-terminally twin-Strep-tagged APC16 and/or deletion mutants. 

Complexes were purified by Streptactin affinity chromatography and treated with TEV 

protease. To examine complex formation in the absence of APC16, APC3 was co-expressed 

in insect cells with GST-APC7, and the complex was initially purified by glutathione 

affinity chromatography and subsequently treated with TEV protease. Gel filtration 

chromatography was performed with a Superose 6, 10/300 GL column (GE healthcare) in 20 

mM Tris pH 7.6, 300 mM NaCl, 1 mM dithiothreitol. All fractions were analyzed by SDS-

PAGE followed by staining with Coomassie blue or SYPRO Ruby.

For ubiquitination assays, recombinant APC/C, UBA1, UBCH10, UBE2S, N-terminally 

3xMyc-His6-CDH1, CycBNTD, and Ub-CycBNTD were purified, and CycBNTD* and Ub-

CycBNTD* were fluorescently labeled as described 21; 44; 46. Securin was expressed with an 

N-terminal GST-tag, with its two native cysteines (C197 and C198) replaced with alanines, 

and a Cys-His6 tag introduced at the C-terminus. The Securin substrate was purified by 

glutathione affinity chromatography, treated with TEV protease, and the resultant GST-free 

substrate was purified by nickel-affinity chromatography. After labeling with Fluorescein-5-

maleimide as described previously 46, Securin* was purified by size-exclusion 

chromatography. APC/C harboring the APC3Δloop mutant was generated by coexpressing 

in insect cells all APC/C subunits but with an APC3Δloop baculovirus instead of WT APC3. 

WT APC/C and APC/C harboring the APC3Δloop mutant were affinity purified by 

Streptactin affinity chromatography based on the C-terminal twin Strep tag on APC4, and 

further purified by size exclusion chromatography. Stoichiometry of APC/C complexes was 

confirmed by comparing Coomassie-stained SDS-APGE and western blotting with anti-

APC3 (sc-9972, Santa Cruz Biotechnology), anti-APC7, anti-APC10 (sc-20989, Santa Cruz 

Biotechnology) and anti-APC16 (sc-135452, Santa Cruz Biotechnology) antibodies.

Enzyme assays

The APC/C-mediated ubiquitination assays were performed as described 46. Proteins were 

purified or desalted into 20 mM HEPES pH 8.0, 200 mM NaCl, 1 mM DTT, and 30 nM 

recombinant APC/C (wild-type or with APC3Δloop) were mixed on ice for 30 minutes with 

0.1 μM UBA1, 0.2 μM E2 (UBCH10 or UBE2S), 0.25 mg/ml BSA, substrate (0.25 μM 

CyclinBNTD* or 0.5 μM Ub-CyclinBNTD* or 0.125 μM Securin*, as indicated), coactivator 

(CDH1 concentrations ranging from 0.001 – 1 μM, or CDC20 ranging from 0.06 – 1 μM), 5 

mM MgCl2 and 5 mM ATP. The mixes were equilibrated to room temperature for 10 

minutes, and the reactions were initiated by adding 125 μM ubiquitin. The samples were 

quenched by mixing with SDS sample loading buffer, separated by SDS-PAGE, and were 
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analyzed based on a fluorescein signal of CyclinBNTD*, Ub-CyclinBNTD* or Securin* using 

a Typhoon FLA 9500 Phosphoimager (GE Healthcare).

Recombinant human APC/C-dependent degradation in Xenopus egg extracts depleted of 
endogenous APC/C

Interphase egg extracts were prepared as described 46, except that eggs were activated with 

Ca2+-ionophore A23187 (Calbiochem) at 0.6 μg/ml in MMR for 3 min. Cycloheximide was 

added to 50 μg/ml to arrest the extract in interphase. To deplete APC/C, 70 μl of interphase 

extract was mixed with 2.5 μg of anti-APC3 antibody coupled to 10.5 μl of Affiprep Protein 

A beads and incubated at 4 °C for 40 min, twice. Approximately 1.05 μg of recombinant 

APC/C complex was added to 15 μl of APC/C- depleted extract. Interphase extract was 

induced to enter mitosis by addition of non-degradable cyclin B (Δ90) at 300 nM for 120 

min prior to assay. Reactions were incubated at 22 °C for the indicated times after 

recombinant human securin and cyclin B1/Cdk1 addition, and the reactions were quenched 

with SDS-PAGE sample buffer and boiled for 3 min.

Crystallization and structure determination

For crystallization, GFP-APC3Δloop-APC16C, GFP-APC3ΔloopΔC20-APC16C and GFP-

APC3Δloop complexes were concentrated to 2 mg/ml, mixed with reservoir solutions at 1:1 

volume ratio for crystallization by the hanging drop vapor diffusion method. Reservoir 

solutions were with ranges of 0.1M MES pH 6.0–6.2, 0.16–0.32 M MgCl2, and 6–8 % 

PEG6000. After initial crystallization, quality was improved by streak-seeding. Crystals 

were cryoprotected in reservoir solution supplemented with 8% glycerol, 8% ethylene glycol 

and 8% xylitol, and flash frozen in liquid nitrogen prior to data collection. Diffraction data 

were processed with HKL2000 for GFP-APC3Δloop-APC16C and GFP-APC3Δloop, and 

with RAPD (https://rapd.nec.aps.anl.gov/rapd) for SeMet-labeled GFP-APC3ΔloopΔC20/

APC16C. The initial electron density map was calculated by SeMet-SAD using RAPD. The 

structure of GFP-APC3Δloop-APC16C was determined by molecular replacement using 

Phaser71 with GFP-APC3ΔloopΔC20/APC16C as a search model. The structure of GFP-

APC3Δloop was determined by molecular replacement using Phaser71 with the structure of 

GFP-APC3Δloop from the complex as a search model. Model construction and rebuilding 

was performed using COOT62. The structures of GFP-APC3Δloop-APC16C and GFP-

APC3ΔloopΔC20-APC16C were refined using Refmac572 in the CCP4 software suite73, and 

that of GFP-APC3Δloop was refined using Phenix74. Diffraction data and refinement 

statistics are provided in Table 1. Although the same protein prep yielded the crystals for 

GFP-APC3Δloop-APC16C and GFP-APC3Δloop, there was no electron density for APC16C 

in the P65 crystal form (Fig. S3b, c). Moreover, the P65 crystal packing is different from that 

of P43, and precludes APC16 binding to APC3 (Fig. S3d).

Structure analysis

The disorder prediction and the secondary structure prediction were performed using the 

PSIPRED server43. TPR prediction was done by TPRpred75. All structural figures were 

generated by PyMOL76. Structural comparisons were performed by the DALI search 

engine77. To map the protein sequence conservation onto APC3, ProtSkin program was 

used78.
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For the figures, the cryo EM map for the structure of the APC/C-CDH1-Hsl1 complex (7.4Å 

resolution, EMDB accession code: EMD-2651 23) was segmented using Chimera79. To fit 

the structures or the models into the cryo-EM map, rigid-body fitting with a command, fit in 

map, was applied in Chimera, and then minimal manual readjustment was done in COOT62. 

The models of APC7 and APC6-CDC26 were made by i-Tasser80 and Phyre81 as 

described 23.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• APC/C is a multisubunit E3 ligase that regulates mitosis, meiosis, and neurons

• The APC3 subunit is phosphorylated, binds APC7 and APC16, and recruits 

coactivators

• Structure shows symmetric APC3 TPR homodimer binding asymmetrically to 

one APC16

• Mutations inform APC3-APC16-APC7 assembly, and roles of APC3 in APC/C 

E3 activity

• Insights into assembly, regulation, and interactions of TPR proteins and the 

APC/C
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Fig. 1. Characterization of APC3 loop function and identification of a minimal APC3-APC16 
complex
a) Schematic of APC3 and APC3Δloop domains: Dimerization domain (TPRs1-7), Predicted 

disordered region (residues 182-453), IR tail binding domain (TPRs 8-11), and C-terminal 

domain (TPRs 12-14).

b) APC/C (Wild-Type and APC3Δloop) complexes used in enzyme assays in c. Right, 

Coomassie-stained SDS-PAGE. Left panel, immunoblots with α-APC3, α-APC7 and α-

APC16.

c) Fluorescent scans showing a role of APC3Δloop in ubiquitination of either Ub-

CyclinBNTD* or CyclinBNTD* with APC/C (Wild-Type and APC3 loop), UBCH10, and 

increasing amounts of CDH1 (left) or CDC20 (right).

d) Role of APC3 loop in APC/C-mediated substrate degradation in X. laevis egg extract. 

After adding nondegradable Δ90 CyclinB1 for two hours, substrates were added and 

samples were quenched and analyzed at the indicated times. Western blotting as a function 

of time shows Cyclin B1 and Securin substrate turnover, APC2 and APC3 (or APC3Δloop) 

controls for levels of the two versions of APC/C in the assays, and SMC control for 

comparable levels of extract in each lane.
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e) Schematic of APC16. N-terminal domain (N, residues 1-21), Middle domain (M, residues 

22-73), and C-terminal domain (C, residues 74-110).

f) Identification of a minimal APC3-APC16 subcomplex. Sypro-ruby stained SDS-PAGE 

gel after affinity purification of the indicated APC subunits coexpressed in insect cells. 

Note: Poor expression of APC16C-Strep alone may suggest stabilization upon coexpression 

with APC3. MW, molecular weight.
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Fig. 2. Crystal structure of APC3
a) Three views of human APC3Δloop crystal structure, with domains (Dimerization, IR-tail 

binding, and C-terminal), TPRs (1-11 and 13-14) and helices (α1-α30, from N-to C-

terminus) labeled. Note TPR12 is not properly folded.

b) Four distinctive types of surface from arc-shaped TPR domains are shown: 1) cleft, 2) 

pocket, 3) ridge and 4) groove.

c) Superimposition of dimerization domain from human APC3 (protomers in orange and 

blue) with that from Apc3 of E. cuniculi (EcApc3, PDB ID: 3KAE, lime, 2.9 Å rmsd for 205 

Cα), of Apc6 from S. pombe (SpApc6, PDB ID: 2XPI, wheat, 3.3 Å rmsd for 225 Cα) and 

Apc8 from S. pombe (SpApc8, PDB ID: 3ZN3, gray, 3.3 A rmsd for 205 Cα) 30; 41.

Yamaguchi et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2016 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Structural feature of APC3 IR tail binding domain
a) Structure of APC3 IR tail binding domain, also showing the mis-arranged α25 from the 

C-terminal domain in the crystal. N581 and L612, which correspond to N548 and L579 that 

when mutated in the S. cerevisiae ortholog Cdc27 disrupt CDH1 binding are shown in 

magenta sticks 38.

b) Corresponding region of human APC6TPR-CDC26N (PDB ID: 3HYM) 40.

c) Corresponding region of human HOP-Hsp70 (PDB ID: 3ESK) 61.

d) Superposition of the structure of APC3s IR tail binding domain and corresponding 

regions of APC6-CDC26 (1.6 Å rmsd for 132 Cα) and HOP-Hsp70 (2.3 Å rmsd for 108 

Cα).
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Fig. 4. Crystal structure of APC3-APC16: asymmetric interactions in a symmetric binding 
pocket
a) Overall structure of APC3Δloop homodimer complex with APC16C. The APC3 domains 

are colored as in Fig. 2a. APC16 is colored magenta. Red arrow indicates the IR tail binding 

cleft.

b) Stereo view of close-up of the APC3-APC16 interface, showing side-chains mediating 

contacts.
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Fig. 5. Comparison of APC3 C-terminal domain structure in crystal and in APC/C complex
a) Superimposing APC3Δloop-APC16C structure (colored as in Fig. 4) with cryo-EM map 

(grey) of APC/C-CDH1-Substrate (EMD-2651) using Chimera 23; 79. Dashed line shows the 

location of the deleted APC3 “loop” spanning residues 182-453 between α11 and α12.

b) APC3Δloop-APC16C with APC3 C-terminal domain helices arranged as in the holo 

APC/C complex 23. The C-terminal domains are colored blue for APC3 protomer “A” and 

red for “B”.

c–e) Comparison of overall arrangements of helices from APC3 C-terminal domain in 

crystal and in the holo APC/C complex 23, showing TPR13-14s rotated by ~120° in c, 

rotation of helix 25 of TPR12 ~85° in d, and helix 26 of TPR12 rotated by ~80° in e.
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Fig. 6. Insights into APC3-APC16 assembly into Arc Lamp and role of APC16 in stabilizing 
APC7 binding to APC3
a) Secondary structures of Arc Lamp subunits APC6-CDC26-APC3-APC16-APC7, as 

identified by 23, are shown in their cryo-EM map of APC/C-CDH1-Substrate complex, with 

APC3 colored as in Fig. 5b, and the two molecules each of APC7, APC6 and CDC26 

colored yellow and lime, forest and lightpink, salmon and green, respectively. APC16M is 

colored aquamarine. Q74 from the crystal structure of of APC3Δloop-APC16C is denoted to 

show the boundary between APC16M and APC16C. The asymmetric arrangement of helices 

from the two APC3 protomers is shown in inset.

b) APC3 IR tail binding domain and C-terminal domains are shown individually 

superimposed on the corresponding regions of human APC6TPR-CDC26N 40.

c) Coomassie-stained SDS-PAGE gels showing role of APC3 in complex formation between 

APC7 and APC16 after glutathione (G) or Strep (S) affinity purification of the indicated 

APC/C subunits coexpressed in insect cells. Note: Lanes 1 and 2 are from the same 

pulldown, but loading half the volume in lane 1 is in lane 2. Molecular weights are 

indicated.
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d) Role of APC16 in complex formation between APC3 and APC7 was tested by gel 

filtration chromatography of the indicated versions of APC3-APC7-APC16 complexes. 

Elution profiles and Coomassie or SYPRO-Ruby-stained SDS-PAGE gels of corresponding 

gel filtration chromatography fractions are shown for APC3-APC7-APC16 (top left), APC3-

APC7-APC16MC (top right), APC3-APC7-APC16C (bottom left), and APC3-APC7 (bottom 

right). ‘B’ is the sample before injection to size exclusion column, after insect cell 

coexpression of GST-APC7 and APC3 in the absence or presence of indicated versions of 

Strep-tagged APC16, affinity purification, and TEV treatment.
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Fig. 7. The IR tail binding domain of APC3
a) Close-up of IR-tail binding domain from APC3Δloop-APC16C (top), and superimposed 

with EM density for CDH1 IR tail extracted from APC/C-CDH1-Substrate complex 

(bottom). APC3 residues were shaded by sequence conservation using the program 

ProtSkin 78; 82, with dark blue indicating high conservation and white not conserved. 

Conserved hydrophobic residues lining the IR-tail binding groove are shown as sticks with 

residues tested for function in e highlighted (S584 and E616 in red; N581 and L612 in 

purple). Gly646, which corresponds to a ts mutant allele in S. cerevisiae Cdc27, is green18.

b) Surface representation of a.

c) Representation of b, with surface colored by electrostatic potential.

d) Coomassie stained SDS-PAGE gels of APC/C complexes used in enzyme assays in e. 

The presence of APC3 (WT and mutants) and APC10 were confirmed by immunoblotting 

using α-APC3 and α-APC10 (left).

e) Effects of APC3 mutations in the IR-tail binding domain on CDH1-dependent APC/C-

mediated ubiquitination. Fluorescence scans are shown for SDS-PAGE gels monitoring 

ubiquitination of fluorescent CyclinBNTD* (left) or Securin* (right), with recombinant 

APC/C harboring either wild-type (WT) APC3 or the S584A/E616R or N581A/L612A 

mutants, UBCH10, and the indicated concentrations of CDH1.
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Table 1

Crystallographic data and refinement statistics

Native
GFP-APC3Δloop/APC16C

SeMet
GFP-APC3ΔloopΔC20/APC16C

Native
GFP-APC3Δloop

Data Collection

Beam line NECAT 24-ID-C NECAT 24-ID-E NECAT 24-ID-C

Space Group P43 P43 P65

Unit cell parameters

a, b, c (Å) 116.8, 116.8, 185.1 116.0, 116.0, 184.3 118.4, 118.4, 273.7

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 120

Resolution (Å) (Highest shell) 50 – 3.3 (3.42 – 3.3) 50 – 3.25 (3.39 – 3.25) 50 – 4.25 (4.40 - 4.25)

Wavelength (Å) 1.07160 0.97918 0.97920

Number of measured reflections 254827 162277 89519

Number of unique refections 37171 38356 15458

Overall Rsym 0.100 (0.829) 0.125 (0.760) 0.119 (0.826)

Completeness (%) 100.0 (100.0) 99.9 (100.0) 99.9 (100.0)

Overall I/σI 23.7 (3.5) 12.8 (2.3) 17.2 (2.5)

Multiplicity 6.9 4.2 5.8

Refinement

Resolution (Å) 50 - 3.3 49.94 – 3.25 49.67 – 4.25

Rwork/Rfree 0.2033/0.2441 0.2097/0.2485 0.2548/0.2823

rmsd bond lengths (Å) 0.006 0.006 0.005

rmsd bond angles (°) 1.039 1.065 1.243

Number of atoms

Proteins 7598 7542 6066

Ramachandran statistics

Preferred (%) 93.9 93.6 94.2

Allowed (%) 6.1 6.4 5.6

Disallowed (%) 0 0 0.2
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