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Substrate binding on the APC/C occurs between the
coactivator Cdh1 and the processivity factor Docl

Bettina A Buschhorn!>®, Georg Petzold"»>, Marta Galova!, Prakash Dube?, Claudine Kraft"4, Franz Herzog!*4,

Holger Stark>? & Jan-Michael Peters!

The anaphase-promoting complex/cyclosome (APC/C) is a 22S ubiquitin ligase complex that initiates chromosome segregation
and mitotic exit. We have used biochemical and electron microscopic analyses of Saccharomyces cerevisiae and human APC/C

to address how the APC/C subunit Doc1 contributes to recruitment and processive ubiquitylation of APC/C substrates, and to
understand how APC/C monomers interact to form a 36S dimeric form. We show that Doc1 interacts with Cdc27, Cdc16 and
Apc1 and is located in the vicinity of the cullin~-RING module Apc2-Apc11 in the inner cavity of the APC/C. Substrate proteins
also bind in the inner cavity, in close proximity to Doc1 and the coactivator Cdh1, and induce conformational changes in
Apc2-Apc11. Our results suggest that substrates are recruited to the APC/C by binding to a bipartite substrate receptor composed

of a coactivator protein and Doc1.

Sister chromatid separation and exit from mitosis are initiated by a
1.5-MDa ubiquitin ligase (E3) composed of at least 13 subunits and
known as the anaphase-promoting complex/cyclosome (APC/C)".
The APC/C initiates these events by ubiquitylating substrate proteins
such as securin and cyclin B, which are subsequently degraded by the
26S proteasome. Recognition of substrates by the APC/C depends
on coactivator proteins, called Cdc20 and Cdhl, which promote
substrate recruitment by interacting both with the APC/C and with
recognition motifs in the substrates known as the destruction box
(D box) and KEN box. The subsequent ubiquitylation of substrates
is mediated by ubiquitin-conjugating (E2) enzymes that interact with
a RING-finger subunit of the APC/C, called Apcl1 (ref. 2). Before
all chromosomes have been bioriented on the mitotic spindle, the
spindle-assembly checkpoint (SAC) inhibits the form of the APC/C
that is interacting with Cdc20 (APC/CC420) by promoting assembly
of a mitotic checkpoint complex (MCC) in which Mad2, BubR1 and
Bub3 bind to Cdc20 (APC/CMCC)3,

Structural information will be essential to understanding the mech-
anism of APC/C-mediated ubiquitylation reactions, but so far, only
crystal structures of the 35-kDa APC/C subunit Docl (also known
as Apcl0; refs. 4,5) and of parts of the tetratricopeptide repeat (TPR)
subunits Cdc16, Cdc27 and Apc7 have been solved®8. Therefore, elec-
tron microscopy (EM) has been used to analyze the structure of the
APC/C. For human®!0, Xenopus laevis® and fission yeast APC/C!, this
has revealed that the APC/C complex has a roughly triangular shape
and is largely composed of two domains, called the “platform” and
the “arc lamp,” that together enclose a central cavity (see discussion

below), whereas a model obtained for budding yeast (S. cerevisiae)
APC/C shows a more globular structure!?. Biochemical and EM sub-
unit mapping experiments in different species®~!1:13-1> have indicated
that the platform domain contains Apcl, Apc4 and Apc5, whereas the
arc lamp domain consists of the TPR proteins Cdc16, Cdc23, Cdc27
and, in case of the vertebrate APC/C, presumably also Apc7. Apc2, a
member of the cullin protein family, is located between the platform
and the “head” of the arc lamp domain, whereas Cdc20 and Cdh1 bind
to the arc lamp opposite Apc2, with Apc2 and coactivators both facing
the central cavity.

Because Apc2’s interaction partner Apcll interacts with E2
enzymes and coactivator proteins help to recruit substrates, it has
been speculated that ubiquitylation reactions occur in the inner cavity®1°.
However, direct evidence for substrate recruitment to this site is
so far lacking. Also unknown is the location of Docl, a subunit
that has been implicated in substrate binding to the APC/C!¢ and
in processive substrate ubiquitylation!”. How Docl contributes to
these processes is unknown, but the protein is structurally similar
to ligand-binding domains in bacterial sialidases and some other
enzymes®>, and related “Doc domains” are also found in other ubi-
quitin ligases!®1°. It is therefore possible that Docl uses its putative
ligand-binding region to interact with APC/C substrates. Consistent
with this hypothesis, Docl’s ligand-binding domain is required for
its ability to confer processivity to the APC/C?°. However, direct evi-
dence for Docl-substrate interactions has not been obtained.

Here we have used biochemical reconstitution experiments to
isolate various forms of budding yeast and human APC/C and have
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dimensional (3D) reconstruction. Our results
show that the structure of the APC/C is con-
served from budding yeast to vertebrates and
that Docl is located in close vicinity to the
cullin-RING module Apc2-Apcl1. Structural
analysis of human APC/CCPH!_substrate complexes revealed that the
substrate density is found in the inner cavity, directly intercalated
between CDH1 and DOCI. These observations suggest that CDH1
and DOCI1 form a bipartite substrate receptor on the APC/C.

RESULTS

Doc1 cross-links to Cdc27, Cdc16 and Apc1 in yeast APC/C

To understand how Docl interacts with the APC/C, we generated
radiolabeled forms of Docl containing a photoactivatable cross-linker
at defined sites, allowed these Docl proteins to bind to APC/C lack-
ing endogenous Docl and used photo-cross-linking followed by SDS-
PAGE and phosphorimaging to identify cross-link products between
Docl and APC/C subunits. We used APC/C from budding yeast for
these experiments because previous work had shown that APC/C can
be purified from yeast strains from which the DOCI gene has been
deleted and because the processivity defect of the resulting APC/CAPc!
complexes can be restored in vitro by addition of recombinant Docl
(refs. 16,20). Earlier studies used a version of Docl containing 283
amino acid residues?®?!, whereas the Saccharomyces genome database
(SGD; http://www.yeastgenome.org/) reports only 250 residues for
Docl (lacking 38 residues at the N terminus). Because we could iden-
tify only the latter form of Docl associated with endogenous APC/C
(Supplementary Fig. 1a), we used a cDNA that encodes the 250-residue
version of Docl. When this form of Docl was synthesized by coupled
in vitro transcription-translation in rabbit reticulocyte lysate and added
to purified APC/CAP°¢! in the presence of the ubiquitin-activating
enzyme E1, the E2 enzyme Ubc4, Cdhl and a fragment of the APC/C
substrate Hsll (Hsllyq;_g7,), Docl restored the ability of APC/CADc!
to generate high-molecular-weight Hsl1-ubiquitin conjugates (Fig. 1a,b
and Supplementary Fig. 1b), indicating that the short form of Docl
used here is functional.

Region important

Doc1* for binding to APC/C

input

To generate forms of Docl that contain cross-linkers, we intro-
duced amber (TAG) stop codons into different sites in the coding
sequence of the Docl cDNA. We used the resulting mutated cDNAs
as templates in in vitro transcription-translation reactions that con-
tained [*°S]methionine, [3°S]cysteine and an amber suppressor
tRNA coupled to the artificial amino acid L-4"-(3-[trifluoromethyl]-
3H-diazirine-3-yl)phenylalanine (hereafter called (tmd)Phe??). Use
of the suppressor tRNA allowed translation beyond the amber stop
codon, resulting in 3S-labeled Docl carrying (tmd)Phe at the sites
specified by the amber codon (Fig. 1c). We inserted (tmd)Phe at any
one of 24 different positions, representing nearly 10% of all residues in
Docl (Supplementary Table 1). When incubated with APC/CAPocl,
7 of the 24 Docl mutants reproducibly yielded cross-link products
with molecular masses of 120 kDa (Phe224amber, Glu239amber),
140 kDa (Lys129amber, Argl82amber) and 200 kDa (Ser128amber,
Lysl54amber, Asn205amber; Fig. 1d and Supplementary Table 2).
Figure 1e shows positions in the Docl structure at which (tmd)Phe
was inserted in these mutants.

All cross-link products were obtained only in the presence of
APC/C (see Fig. 2 and data not shown), indicating that these pro-
ducts represented Docl that was cross-linked to APC/C subunits. To
determine the identity of these subunits, we fused all APC/C subunits
whose molecular mass was consistent with them being part of the
Docl cross-link products (Apcl, Apc2, Cdc27, Cdcl6 and Apc5) to
myc6, myc9 or mycl8 tags, which are known to reduce protein electro-
phoretic mobility?3. These experiments identified cross-link products
formed between Docl1 and three different APC/C subunits (Fig. 2a—c
and Supplementary Table 2): Doc1-Phe244amber yielded cross-link
products with Cdc27, consistent with the observation that the very
C-terminal portion of Docl, in which Phe244 (and also Glu239) is
located, is required for Cdc27 binding in vitro®. Docl-Ser128amber
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Figure 2 Identification of APC/C subunits that interact with Doc1.

(a) Cdc16-myc6 incorporated into the APC/C complex caused a mobility
shift of the cross-link product (arrow) when incubated with radiolabeled
Docl carrying the photo-cross-linker at the position of Lys129, which
indicates an interaction between Doc1-Lys129 and Cdc16. (b) Docl
residue Arg182 contacts Cdc16. Cdc27 interacts with Doc1 via residue
Phe244. (c) The large subunit Apc1 contacts the Docl protein at residues
Ser128, Lys154 and Asn205. Arrows indicate the mobility shift of the
cross-link product (asterisk).

and Docl-Lys129amber, which are located in the C-terminal region
of Docl, and Docl-Argl82amber, located on the back side of Docl,
formed cross-link products with Cdc16. Two Docl mutants, Docl-
Ser128amber and Docl-Lys154amber, predominantly formed cross-
link products with Apcl, but less abundant Apc1 cross-link products
were also obtained with Docl-Lys129amber and Doc1-Asn205amber
(note that Doc1-Ser128amber predominantly formed cross-link prod-
ucts with Apcl but also did so less frequently with Cdc16, whereas
Docl-Lys129amber showed the opposite behavior, forming cross-link
products preferentially with Cdc16 but also to a lesser degree with
Apcl; for possible interpretations of this result, see Discussion). Doc1-
Glu239amber was not analyzed because Docl-Glu239amber and
Docl-Phe244amber yielded indistinguishable cross-link products,
suggesting that they both interact with the same APC/C subunit
(Cdc27). These results suggest that Docl interacts with the APC/C
by contacting at least three other subunits, Cdc27, Cdc16 and Apcl.

Localization of Doc1 in budding yeast and human APC/C

To better understand Doc1’s interactions with other APC/C subunits,
we identified the position of Docl within the structure of APC/C.
Because the previously reported 3D model of budding yeast APC/C!?
differed substantially from the structures obtained for human and
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Xenopus APC/C*10, we first determined a 3D structure of yeast
APC/C (Fig. 3a) at ~25-A resolution by cryo-negative staining EM
(Fig. 3b,c and Supplementary Table 3). This structure revealed that
yeast APC/C, like vertebrate APC/C, is composed of a platform and
an arc lamp domain that together enclose a central cavity. The dimen-
sions of the platform domain are similar in yeast, Xenopus and human
APC/C (135 x 130 A in yeast APC/C), but the arc lamp domain of
yeast APC/C is shorter than the corresponding domain in verte-
brate APC/C (195 A high in yeast versus 230 A in human APC/C).
Otherwise, the structures of yeast and vertebrate APC/C are similar
in shape and size, indicating that APC/C’s structure has been largely
conserved during evolution.

We identified the location of Docl within the APC/C by using three
different approaches (Fig. 4). First, comparison of the 3D structure
of wild-type yeast APC/C with a structure obtained for APC/CAPo¢!
revealed that a small density located on top of the inner cavity and
under the head of the arc lamp domain was absent in APC/CAP°¢!
(Fig. 4a). Second, we generated a strain in which the N terminus
of Docl was fused to a 56-kDa tag called tdimer2 (td2), which is
composed of two copies of the red fluorescent protein DsRed?*?>
(Supplementary Fig. 1c¢). When APC/C containing only this version
of Docl was analyzed by EM and 3D reconstruction, an extra density
was observed next to the density that was absent in the structure of
APC/CAPocl (Fig. 4a,b). This observation supports the notion that the
density identified by difference mapping between wild-type APC/C
and APC/CAPocl represents the position of the Docl protein. Third,
we used antibodies to human DOCI to map the location of this sub-
unit in human APC/C. We incubated APC/C purified from HeLa cells
with DOCI antibodies at an APC/C-to-antibody ratio that led to the
formation of trimers in which two APC/C particles were bound by
one IgG molecule, enriched these complexes by glycerol density-gradient

Figure 3 Purification and 3D reconstruction of budding yeast APC/C.
(a) SDS-PAGE of APC/C TAP tag purified via Cdc16. APC/C subunits were
identified from their characteristic electrophoretic mobility and by MS.
(b) EM analysis of yeast APC/C. Top row shows selected EM raw images
of yeast APC/C in different orientations. Class averages were obtained
by alignment, multivariate statistical analysis and classification of

the raw images and are shown in the second row. The third row shows
the surface representation of the computed yeast APC/C 3D structure in
the corresponding orientations. The fourth row shows re-projections of
the yeast APC/C 3D structure in angular directions determined for the
views in the third row. (c) Surface representations of yeast and human
APC/C 3D structures in three different orientations. Indicated rotations
refer to the top structures. The location of APC/C’s head, arc lamp and
platform domain is indicated. Size bars, 10 nm.
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centrifugation and used negative staining EM to determine the
region on APC/C to which the DOCI antibodies had been bound
(Supplementary Fig. 1d,e). These experiments indicated that in the
structure of human APC/C, as in that of yeast, DOCI is located above
the inner cavity and below the head of the arc lamp domain.

Localization of yeast APC/C subunits
To determine whether the position of Doc1 within the APC/C struc-
ture is consistent with the observation that Doc1 can form cross-link
products with Cdc27, Cdc16 and Apcl, we mapped the location of
these subunits in the 3D structure of yeast APC/C. We tagged Cdc27
and Cdc16 at their C termini with td2, and Apc1 with a tag that con-
tained a single copy of DsRed (called “tm” for tmonomer; viable strains
expressing Apcl-td2 could not be obtained). We purified APC/C con-
taining Cdc27-td2, Cdc16-td2 or Apcl-tm and obtained 3D structures
for these complexes (Fig. 5 and Supplementary Fig. 2). These experi-
ments revealed that Cdc27 is located in the “head” of the arc lamp
domain and Cdc16 in a central region of the arc lamp domain, next
to the putative location of Cdc27 (Fig. 5b,c): in other words, Cdc27
and Cdc16 are located above and behind Docl. The tag fused to the
C terminus of Apcl protruded from the platform domain into the inner
cavity of APC/C: that is, it was located below Docl (Supplementary
Fig. 2d). Although it cannot be inferred from these data that Docl
directly contacts Cdc27, Cdc16 and Apcl, the EM data are consistent
with this possibility.

We also used the techniques developed for localization of Docl to
identify the position of other APC/C subunits. In case of Swm1 (also

Figure 5 APC/C subunit localization using td2 labeling. (a) SDS-PAGE
analysis of td2-labeled Cdc16 or Cdc27 subunits incorporated into yeast
APC/C. (b) Class averages of APC/C-Cdc27-td2 and APC/C-Cdc16-td2
compared to wild-type APC/C. Extra densities caused by the td2 label are
highlighted in the class averages and marked in red in the respective 3D
models. Size bar, 10 nm. (c) Results of all labeling experiments carried
out in this study superimposed onto the structure of yeast APC/C.
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Figure 4 Localization of Docl and Swm1 in the yeast APC/C 3D structure
by subunit deletion and td2 labeling. (a) 3D models illustrating Doc1
localization. Density not present in APC/CAPocl compared to APC/CWT is
labeled as main density difference in the APC/C WT — ADoc1 difference
map. Subunit deletion and td2 labeling converge at identical locations.
(b) Labeling and EM analysis of td2-Doc1 compared to wild-type APC/C.
Class averages of wild-type and Doc1-td2-labeled APC/C are shown in
two different orientations. The additional density caused by the td2 tag
is indicated with arrows in the class averages. 3D models computed
from the corresponding datasets are depicted in similar orientations.

(c) Localization of Swm1 using subunit deletion and td2 labeling. Swm1
is located in the head domain. The asterisks mark the face of APC/C’s
central cavity. Size bars, 10 nm.

called Apc13), one of the few APC/C subunits that are not essential
for viability in yeast!#16:2627 we purified APC/C from a strain from
which the SWMI gene had been deleted. In the APC/CAS"™! struc-
ture, a small density was missing on the front side of the head of the
arc lamp domain, next to Cdc16 and Cdc27 (Figs. 4c and 5¢). A 3D
structure of APC/C in which Swm1 had been tagged with td2 revealed
an extra globular density right next to the putative Swm1 density
identified by difference mapping (Fig. 4c). Swml is therefore located
in the vicinity of Cdc16 and Cdc27, consistent with the observation
that Swm1 stabilizes interactions between these two subunits!4.

We attempted to use td2 tagging for the remaining APC/C subunits
as well, but we were able to obtain viable yeast strains and APC/C
samples suitable for EM only for Apc11 and Apc5. The resulting 3D
structures revealed an additional globular domain in the central
cavity, close to Docl, when td2 had been fused to the C terminus of
Apcll (Fig. 5¢ and Supplementary Fig. 2¢,d), consistent with the
previously identified location of APC11’s binding partner, APC2, in
human APC/C%10. C-terminal tagging of Apc5 with td2 revealed an
extra density on the left side of the platform domain (Fig. 5¢ and
Supplementary Fig. 2b,d), also consistent with the previous localiza-
tion of APC5 in human APC/C'°.

EM analysis of dimeric forms of yeast APC/C

The majority of APC/C observed in our EM specimens was mono-
meric, but dimeric forms of APC/C were also present (Supplementary
Fig. 3a), confirming previous reports'>1%. As shown before??, we
found that APC/C sedimented corresponding to a sedimentation
coefficient of 36S when yeast extracts were fractionated in the pres-
ence of low salt concentrations (50 mM KCl). However, when the
same yeast extracts were analyzed in the presence of 400 mM KCI,
most APC/C sedimented as a 22§ particle (Supplementary Fig. 3b,c),
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Figure 6 Analysis of APC/C dimers. (a) Class averages of dimeric APC/C
with different orientations. Size bar, 10 nm. (b) 3D model of dimeric APC/C.
The purple APC/C monomer is shown in a side view orientation with the
TPR-rich arc lamp domain in the front. The gray APC/C monomer is shown
in a bottom view orientation with the bottom of the platform domain in the
front. Asterisks mark the face of APC/C’s central cavity. The middle ellipse
marks a unique contact lying on the ¢2 symmetry axis, whereas the other
ellipses show contact points that each exist as an asymmetric pair. (c) APC/C
dimerization causes conformational rearrangements in the platform domain
as well as the head domain compared to monomeric APC/C (yellow). Black
lines and asterisk indicate conformational changes between monomeric and
dimeric APC/C.

as does purified monomeric yeast APC/C?3. These observations indi-
cate that many APC/C particles in yeast extracts exist as dimers that
dissociate into monomers in the presence of buffers with high ionic
strength. Because these findings are consistent with the possibility
that yeast APC/C can also exist as a dimer in vivo, we also generated
a 3D structure of dimeric APC/C at a resolution of ~35 A. Images of
these dimers could be sorted into class averages of similar orienta-
tions (Fig. 6a), indicating that these dimers represent a homogene-
ous population of particles in which two APC/C monomers adopt a
defined orientation.

The resulting 3D structure revealed that APC/C monomers within
the dimer interact via five discrete contact points (three of which can
be seen in Fig. 6b, marked by ellipses), mostly on the back side of the
arc lamp and the platform domains (Fig. 6b,c). One of these points
lies on a ¢2 symmetry axis and is generated by a contact between the
same regions of the arc lamp domain where Cdc27 is located and
thus possibly through a homotypic interaction between two Cdc27
molecules. The other contacts are not located on the ¢2 axis and thus
occur as asymmetrical pairs of interactions (subunit A of monomer 1
interacts with subunit B of monomer 2 and vice versa). The first pair
of contacts is generated by interactions between Apcl in the platform
domain and an unidentified subunit located on the back side of the
arc lamp domain, possibly Cdc27, Cdc16 or Cdc26. The second pair
of contacts is formed between Cdc16 and an unidentified subunit on
the back side of the platform, possibly Apcl or Apc2.

During 3D reconstruction, we applied two-fold symmetry, which
prevents the detection of differences in conformation between
APC/C monomers within the dimer. However, the conformation
of APC/C in the dimer is clearly different from the conformation of
monomeric APC/C. Whereas Apcl has a characteristic bent shape
in monomeric APC/C, it adopts a straighter conformation in the
dimer, pointing upward into the direction of Docl (the conforma-
tional change in Apcl is indicated by long black lines in Fig. 6c).
Smaller conformational changes could also be observed for densities
that correspond to Apc4, Cdc27 and Docl. In the monomer, the
density of Apc4 is better defined and the contact between Cdc27 and
Docl (indicated by short black lines in Fig. 6¢) is more pronounced
than in the dimer.

Because the dimeric form of yeast APC/C has been reported to
ubiquitylate substrates with higher processivity than monomeric
APC/C'2, we tested whether the role of Docl in APC/C processivity
could be explained by a requirement for Docl in APC/C dimeriza-
tion. When we analyzed proteins in whole cell extract from yeast
Adocl strains, however, we observed that Cdc16 sedimented as a 36S
particle, and in EM specimens of APC/CAPocl dimers could still be
detected (data not shown), indicating that APC/CADocl 3150 exists in
a dimeric form (see also Supplementary Fig. 3d). Docl1 therefore is
not required for APC/C dimerization and must contribute to APC/C
processivity through other mechanisms.

a

Substrate binding to the APC/C occurs between CDH1 and DOC1
To understand how substrates are recruited to the APC/C and whether
DOCI has a direct role in this process, we mapped the location of a
substrate protein on the APC/C by EM and 3D reconstruction. We
used human APC/CCPH! for this analysis because we were able to
generate sufficient amounts of human CDH1 (His6-HA-CDH]1), but
not of yeast coactivator proteins, for these experiments. To evaluate
which substrate binds to APC/C®PH! stably enough to allow EM map-
ping experiments, we reconstituted and purified APC/CPH! bound
to either budding yeast Hsl144;_g7,, human sororin or human securin
and measured, by immunoblotting over a time course of 6 h, how
much substrate remained bound to APC/C“PH! Many sororin and
securin molecules dissociated from APC/CCPH! during the 6-h time
course, whereas the majority of Hsl1 remained associated (Fig. 7a,b),
consistent with the previous observation that Hsl1 binds to APC/C
particularly tightly?®?°. These experiments also confirmed that the
interaction between APC/C and CDHI is stabilized by the presence
of Hsl1 (refs. 29,30).

We therefore performed all subsequent experiments with the
Hsllgg,_g7, fragment. We used a td2-tagged version of Hsl1 (His6-Flag-
td2-Hsllgg;_g7,) for these experiments, hoping that the td2 domain
might help in the subsequent visualization of the substrate in the 3D
structure. To ascertain that this protein binds as a bona fide substrate,
we isolated APC/C on CDC27 antibody-conjugated Sepharose beads
and incubated these with either wild-type Hsll or a mutant in which
the D box and the KEN box were mutated?! in either the absence
or the presence of CDHI. Unbound CDHI1 and Hsll were removed
by washing the beads, and APC/C was subsequently eluted from the
antibody beads by an excess of antigenic CDC27 peptide. SDS-PAGE
and silver staining confirmed that only the wild-type fragment of Hsl1
could efficiently bind to the APC/C, and that this interaction was
greatly increased by the presence of CDH1 (Fig. 7c). Furthermore,
incubation of APC/CCPHI-Hsll complexes with E1, UBCH10 and ubi-
quitin resulted in the ubiquitylation of Hsl1, further indicating that
Hsl1 associated with APC/C“PH! ag a functional substrate (Fig. 7d).
Because substrates have to be turned over rapidly in vivo, it was sur-
prising to find that substrates bind to the APC/C relatively stably. This
observation raises the interesting possibility that, in vivo, additional
factors might promote substrate release from the APC/C.

To obtain complexes composed of APC/C, CDH1 and substrate in
a 1:1:1 stoichiometry, we further re-isolated proteins bound to Hsl1
by immunoprecipitation using antibodies to Flag, again followed by
peptide elution (Fig. 7c, last lane). The resulting APC/CCPHI-Hsll
complexes were further purified by glycerol density-gradient cen-
trifugation using the GraFix method®? and analyzed by cryo-negative
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staining EM. The difference map calculated for the structures of APC/
CCPHI (ref. 10 and Fig. 7e) and APC/CCPHI-HSIL revealed one promi-
nent extra density in substrate-bound APC/C (Fig. 7f). This density
was intercalated between the densities that we had identified as CDH1
and DOCI. A second extra density was present near the platform
domain, but this density disappeared when the threshold for surface
rendering was increased, whereas the prominent density between
CDHI1 and DOCI1 remained (Supplementary Fig. 4). The two den-
sities might represent two domains of His6-Flag-td2-Hsll¢s7_g75
that are connected by a linker region that we were unable to visualize.
Because Hsl1 is known to bind to Cdh1 directly in a manner dependent
on the D box and KEN box?!, we suspect that the density near CDH1
and DOCI represents Hsllge,_g7,, whereas the density near the
platform domain may represent the td2 tag, whose position might be
more flexible and which therefore might become invisible at increased
surface rendering thresholds.

We also noticed that a contact that normally exists between APC2
and a subunit in the platform domain (indicated by a short arrow in
Fig. 7e) is absent in APC/CCPHI-Hs!l (Fig 7e f and Supplementary
Fig. 5). Instead, in APC/CCPHI-HsIL APC2 appears to contact CDH1
directly, in close proximity to where CDH1 contacts the substrate
density. These data are consistent with the possibility that the sub-
strate protein forms several contacts on the APC/C, possibly with

— . s <~ CDH1

ARTICLES

Figure 7 In vitro reconstitution of human
APC/C bound to a substrate molecule. (a) Off-

N Q rate determination of Hsl1 and/or CDH1.

(}\*‘Q' (b) Reconstituted APC/CCPHI complexes bound
* Q‘\\X\ to either sororin or securin were subjected to
wr ¥

off-rate experiments as described in a.

(c) Human APC/C incubated with wild-type
(WT) or D box-KEN box mutant (dkm)

form of His-Flag-td2-Hsllgg7_g75 In
absence or presence of purified CDH1. Re-
immunoprecipitation experiments were used
to purify stoichiometric APC/CCPH1-Hsll

APC2
o o APC3 complexes. (d) APC/CCPH1I-HsIL incubated with
= = Ao pre-formed UBCH10-ubiquitin complexes
b sl < APCs results in formation of Hsl1-ubiquitin
conjugates. (e) 3D model of human APC/C
S S < APCE bound to its coactivator protein CDH1 (red).
s s = APCT In the APC/CCPHI structure, the APC2-APC11
APC8

module contacts the platform domain (arrow).
(f) 3D model of human APC/CCDHI-HsI1 The
density attributed to the Hsl1 substrate
molecule (blue) is intercalated between CDH1
and DOC1. In the APC/CCDHI-HsIL strycture, the
contact between APC2-APC11 and the platform
is resolved to form a new connection (blue) to

~ DOCH the coactivator protein (arrow).

CDHI1 and DOCI, and that substrate bind-
ing induces conformational changes in APC2
and/or APC11.

DISCUSSION

Even though the APC/C is essential for cell
division, it remains poorly understood how
this complex recognizes and ubiquitylates spe-
cific substrate proteins, how these processes
are controlled in time, and why, in contrast
to other ubiquitin ligases, the APC/C com-
prises at least 13 different subunits. Because
structural information will be important for
answering these questions, we have used bio-
chemical and EM approaches to identify how the processivity factor
Docl1 and a substrate protein interact with the APC/C. Our results also
show, that the structure of the APC/C is largely conserved between bud-
ding yeast and vertebrates, as well as how two APC/C particles interact
to form a 36S dimer.

Although our structural analysis of yeast APC/C revealed many
similarities with the structure of human APC/C, there are also impor-
tant differences. The most notable one is the lack of a density in the
arc lamp domain, which results in a reduced height (by 15%) for this
domain in yeast APC/C (Fig. 8 and Supplementary Fig. 3e). Because
the arc lamp domain is predominantly composed of TPR subunits, it is
possible that the density only found in vertebrate APC/C is formed by
Apc7, a TPR subunit thus far identified only in higher eukaryotes.

A second peculiarity of budding yeast APC/C is its ability to form
dimers'22%33, which are the predominant form in yeast whole-cell
extracts?® and which therefore might also exist in vivo. This notion is
further supported by the fact that we were able to obtain a defined 3D
structure of APC/C dimers, which would not be possible if the dimers
were formed by nonspecific aggregation of monomers. Our 3D struc-
ture reveals that two APC/C monomers interact via multiple discrete
contacts involving Cdc27, Cdc16, Apcl and possibly Apc2. Because
these contacts are located on the back side of the arc lamp and the
platform domains, the substrate-binding sites within the dimer face

APC/CCDH1-HSH
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Figure 8 Topological comparison of human and budding yeast APC/C.
Human and yeast APC/C models are shown in either front or back view
orientation at a resolution of ~25 A. The positions of mapped subunits are
indicated. Note that human APC/C carries a marked extra mass within the
TPR-rich arc lamp domain, which might represent a subunit specific for
vertebrate APC/C, such as Apc7.

opposite directions. This observation suggests that each monomer
within the APC/C dimer can mediate ubiquitylation reactions inde-
pendent of its dimerization partner. Understanding the functional
relevance of APC/C dimerization, and whether such dimers also exist
in vivo, will therefore require further investigation.

By combining EM structure determination with the deletion or
tagging of different subunits, we have identified the position of seven
subunits in yeast APC/C. For four of these, we have also mapped
the position of their orthologs in human or Xenopus APC/C%1°
(Supplementary Table 4). Notably, for all four of these subunits we
found that their positions corresponded to each other in the yeast and
vertebrate 3D structures. This observation, and the finding that the 3D
structures of yeast and human APC/C are similar, makes it possible for
the first time to draw an almost complete 3D map of the locations of
APC/C subunits (Fig. 8). This topographic map is largely consistent
with previous biochemical and genetic data'®!> and indicates that
the platform domain is composed of Apcl, Apc4 and Apc5, and the
arc lamp domain of Cdc27, Apcl6, Swml, Cdcl6, Cdc26, Cdc23 and
(in vertebrates) Apc7. Notably, a third, small domain, composed of
Apc2, Apcll and Docl, is located between the platform and the arc
lamp. Because Apcll is known to recruit E2 enzymes, which transfer
ubiquitin residues to substrates!, we propose to call this domain the
“catalytic core”

It is well established that Docl is required for efficient substrate
recruitment to the APC/C and for processive substrate ubiquityla-
tion!®17:20 but how Docl performs these functions and how Docl
itself interacts with the APC/C are poorly understood. In cross-linking
experiments, we identified Cdc27, Cdcl6 and Apcl as binding
partners of Docl. These results are consistent with our previous
observation that Docl binds to Cdc27 in vitro® and with our EM
data, which place Docl above Apcl, to the right of Cdc16 and below
Cdc27 (Fig. 8). Furthermore, it has been previously shown that the
Docl residues Lys129 and Argl130 are required for efficient binding of
Docl to the APC/C (ref. 20; note that in this study these residues were
referred to as Lys162 and Argl63 because the 283-residue version of

Docl was used). This observation, combined with our finding that
Lys129 predominantly cross-links to Cdcl6 and the neighboring
residue Ser128 predominantly to Apcl, indicate that the interaction
of Docl with Cdcl6 and Apcl is required for efficient binding of
Docl to the APC/C. Because genetic experiments had shown that
Apc2 is required for recruitment of Docl to yeast APC/C'5, it was
unexpected that no Docl-Apc2 cross-link products were obtained,
but our EM data reveal that Docl is indeed located next to Apc2 and
Apcll. It is possible that we were unable to detect Docl-Apc2 inter-
actions because we did not insert tmd(Phe) into Docl1 residues that
contact Apc2. Notably, we observed that two Docl residues (Ser128
and Lys129) could each cross-link to two APC/C subunits, Cdc16
and Apcl (Supplementary Table 2), implying that either Ser128 and
Lys129 are located directly at the interface of Cdc16 and Apcl, or
Docl is able to interact with the APC/C in two different ways. This
observation raises the interesting possibility that Docl could adopt
two different conformations on the APC/C and that this ability might
be required for Doc1’s role in processive substrate ubiquitylation.

How might Docl confer processivity to APC/C-mediated ubiquity-
lation reactions? Our observation that substrate protein is located
directly in between DOCI and CDHI1 strongly implies that DOC1
directly interacts with the substrate, as was previously shown to be
the case for CDHI (ref. 28). We therefore propose that Docl mediates
processive substrate ubiquitylation reactions by forming part of a
bipartite substrate receptor on the APC/C, composed of Doc1’s ligand
binding region®>2? and the WD40 propeller domain of the coactiva-
tor protein?®. This hypothesis is also supported by the previous obser-
vation that mutation of the D box in APC/C substrates and deletion
of Docl reduce substrate ubiquitylation in similar and functionally
redundant manners?’. It is also noteworthy that the major substrate
density occupies a position that overlaps with the position of MCC
subunits (Supplementary Fig. 5), which are believed to inhibit the
APC/C as a pseudo-substrate!®3%. The overlap between the posi-
tions of substrate and MCC proteins provides further support for
the hypothesis that MCC inactivates the APC/C by occupying and/or
altering its substrate-binding site.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Accession numbers. Electron Microscopy Database: yeast APC/C
monomer, EMD-1820; yeast APC/C dimer, EMD-1822; human APC/
CCPHI-HsIL EMD-1821.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Strains and plasmids. Yeast genetic manipulations were carried out using standard
protocols. For untagged Docl constructs in pME vectors, pME34 (ref. 20) was
used and the original STOP codon of the open reading frame (ORF) was kept.
To introduce DOCI, including its endogenous promoter, into pRS316, the DOCI
OREF plus 154 bases upstream of the translation start and 158 bases downstream
were amplified from yeast genomic DNA and cloned into pRS316 via EcoRI sites.
Amber (TAG) and ochre (TAA) STOP codons as well as alanine and phenylalanine
mutations were generated using the QuikChange method (Stratagene). For tag-
ging of APC/C subunits with tdimer2, pKT146 was used®”. Detailed information
about N-terminal tagging of Docl with tdimer2, as well as a list of yeast strains
(Supplementary Table 5) used, are provided in the Supplementary Methods.

APC/C purification. Yeast cells were grown in YPD rich medium (1% (w/v) yeast
extract, 2% (w/v) peptone, 2% (w/v) glucose). At ODg, cells were harvested by
centrifugation and washed with EM lysis buffer (20 mM HEPES-KOH, pH 8.0,
200 mM KCl, 10% (v/v) glycerol, 1.5 mM MgCl,). Yeast extracts were prepared
by bead beating for cross-linking experiments. For EM experiments, frozen cells
were ground in a mortar grinder (RM100, Retsch), whereas a freezer mill (SPEX
Freezer/Mill 6770, 6780) was used for all other applications. APC/C isolation
by tandem affinity purification was carried out as described!®3. For each EM
experiment, cells from 40 liters of yeast culture were lysed in the presence of 0.03%
(w/v) octyl-B-p-glucopyranoside, and APC/C was eluted with 3mM EGTA. 500 ul
APC/C eluate was loaded onto a 10-40% (v/v) glycerol density gradient (20 mM
HEPES-KOH, pH 7.9, 150 mM NaCl, 2 mM MgCl,, 0.05% (w/v) octyl-B-p-
glucopyranoside) containing 0.05-0.2% (v/v) glutaraldehyde3? and centrifuged
at 37,000 r.p.m. (140,601g) for 14 h at 4 °C in a Beckman SW60Ti rotor. APC/C
peak fractions were used for subsequent EM experiments.

Photo-cross-linking. TNT rabbit reticulocyte lysates were used to incorporate
photoactivatable cross-linkers into the Docl protein. Reactions were supple-
mented with 1 mM magnesium acetate and 1.6 ul (tmd)Phe-tRNA (see below)
per 50 pl reaction. Photo-cross-linking experiments were carried out with
freshly prepared yeast cell extracts (50 mM Tris-HCI, pH 8, 150 mM NaCl, 10%
(v/v) glycerol, 0.1% (v/v) NP40). Samples containing photo-cross-linkers were
light-protected in all steps. APC/C was bound to IgG-Sepharose beads by incu-
bating extract and Sepharose (Bio-Rad) (1-2 mg protein per 5 pl beads) for 60—
90 min at 4 °C. Beads were washed with buffer used for cell lysis before addition
of TNT rabbit reticulocyte lysate containing in vitro—translated Docl versions
carrying a photo-cross-linker at distinct sites. Samples were incubated at room
temperature for 20 min and subsequently washed 3-4 times with lysis buffer.
For photo-cross-linking, samples with lids opened were kept in a Thermomixer
(Eppendorf) (1,300 r.p.m., 9 °C) and exposed to a black-ray long-UV lamp

(B-100AP, 100 W, UVP) with a wavelength of 360 nm at a distance of 10 cm for
5-8 min. APC/C was eluted by the addition of SDS sample buffer.

In vitro reconstitution of APC/C bound to human CDH1 and substrates. Cell
extracts were prepared by lysis of frozen log-phase HeLa cells in extract buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol,
0.05% (v/v) Tween-20) using a Dounce homogenizer followed by centrifugation.
APC/C was immunoprecipitated (IP) from the soluble fraction by incubation with
CDC27 antibodies> cross-linked to Affi-prep protein A beads (Bio-Rad) for 1 h
at4 °C. Beads were washed four times with at least 20 bead volumes of wash buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 0.05% (v/v) Tween-
20) for 3 min at 4 °C. To reconstitute coactivator- and/or substrate-bound APC/C
complexes in vitro, APC/C-bound CDC27 beads were resuspended in binding
buffer (20 mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.05% (v/v) Tween-20, 4 mg ml™!
BSA) supplemented with 3.5 uM recombinant human CDH1 and/or 150 nM
recombinant wild-type or mutant (D box and KEN box mutated) His-Flag-td2-
Hsllg4;_g75, sororin-td2-Flag-His or securin-Flag-His. After a 1-h incubation at
4°C, the excess of recombinant proteins was removed by washing the beads four
times with at least 20 bead volumes of wash buffer for 3 min at 4 °C, and APC/C
complexes were recovered by elution with antigenic peptides. APC/CCPHI-Hsll
complexes were enriched by re-immunoprecipitation (re-IP) experiments using
ANTI-FLAG M2 Agarose (Sigma) and recovered by elution with antigenic
peptides. For EM experiments, APC/C specimens were subjected to GraFix*?
to further purify and stabilize the complexes. Human recombinant CDHI was
expressed in baculovirus-infected Sf9 insect cells. Recombinant His-Flag-td2-
Hsllg47_g75, sororin-td2-Flag-His and securin-Flag-His substrate proteins were
expressed and purified from Escherichia coli BL21(DE3) or Rosetta(DE3). The
Hsllgg;_g7, sequence was derived from S. cerevisiae and sororin and securin from
Homo sapiens. To demonstrate activity of in vitro-reconstituted APC/CCPH!-Hsl1
complexes, 50 pl eluate was incubated with 5 pl reaction mix containing preloaded
UBCH10-monoubiquitin, E1, ATP and DTT for 1 h at 4 °C.

Off-rate experiments. In vitro-reconstituted substrate-bound APC/CCPH! on
25 ul CDC27 antibody-conjugated beads was resuspended in 50 pl wash buffer
and incubated on a orbital rotator for 1 min (time point 0), 2, 4 and 6 h. CDC27
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