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The anaphase-promoting complex/cyclosome (APC/C) is a
large, multisubunit ubiquitin ligase involved in regulation of cell
division. APC/C substrate specificity arises from binding of short
degron motifs in its substrates to transient activator subunits,
Cdc20and Cdh1. The destruction box (D-box) is the most common
APC/C degron and plays a crucial role in substrate degradation by
linking the activator to the Doc1/Apc10 subunit of core APC/C to
stabilize the active holoenzyme and promote processive ubiquity-
lation. Degrons are also employed as pseudosubstrate motifs by
APC/C inhibitors, and pseudosubstrates must bind their cognate
activators tightly to outcompete substrate binding while blocking
their own ubiquitylation. Here we examined how APC/C activity is
suppressed by the small pseudosubstrate inhibitor Acm1 from
budding yeast (Saccharomyces cerevisiae). Mutation of a conserved
D-box converted Acm1 into an efficient ABBA (cyclin A, BubR1,
Bubl, Acm1) motif- dependent APC/ CCdh gubstrate in vivo, sug-
gesting that this D-box somehow inhibits APC/C. We then identi-
fied a short conserved sequence at the C terminus of the Acml
D-box that was necessary and sufficient for APC/C inhibition. In
several APC/C substrates, the corresponding D-box region proved
to be important for their degradation despite poor sequence con-
servation, redefining the D-box as a 12-amino acid motif. Bio-
chemical analysis suggested that the Acm1 D-box extension inhib-
its reaction processivity by perturbing the normal interaction with
Docl/Apcl0. Our results reveal a simple, elegant mode of pseudo-
substrate inhibition that combines high-affinity activator binding
with specific disruption of Docl/Apcl0 function in processive
ubiquitylation.

Regulated proteolysis via the ubiquitin proteasome pathway
isa critical component of many cellular processes, including the
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cell division cycle. Key to precise control of protein levels is the
ability of E3 ubiquitin ligases to selectively bind distinct sub-
strates under appropriate conditions to promote their polyu-
biquitylation and degradation. In the cell cycle, a large multi-
subunit E3 enzyme, called the anaphase-promoting complex
or cyclosome (APC/C),” selectively targets cyclins and other
mitotic regulators for degradation to promote the events of
mitotic exit, including chromosome segregation, spindle disas-
sembly, and cytokinesis, and establishment of the ensuing G;
phase (1). Two forms of the APC/C exist in mitotically dividing
cells, differing only in the identity of an activator subunit
(Cdc20 or Cdhl) that both recruits substrates and promotes
conformational activation of the core APC/C (2). APC/CC4<20
is active during mitosis and required for chromosome segrega-
tion and initiation of mitotic exit, whereas APC/C“" is acti-
vated later, during mitotic exit, and functions throughout G;.
Together, the two APC/C-activator complexes direct the
ordered degradation of numerous cell cycle regulators.

The APC/C activator subunits contain a conserved WD40
repeat domain that contains docking sites for several short
degron motifs. High-resolution structural studies have revealed
how the consensus destruction box (D-box), KEN-box, and
ABBA motif degron sequences interact with their activator
docking sites (3—8). The D-box appears to be the most wide-
spread degron in APC/C substrates (9) and is unique in the way
it binds to APC/C. The N-terminal D-box segment (beginning
with the signature sequence RXXL) contacts a conserved site on
the surface of the activator WD40 domain, whereas the C-ter-
minal segment binds the Docl/Apcl0O subunit of the core
APC/C (8,10, 11). The composite binding site has been termed
the D-box coreceptor. By mediating a physical link between
activator and core APC/C, the D-box contributes to APC/C
activity by stabilizing the active, substrate-bound holoenzyme
complex and possibly other mechanisms that are poorly under-
stood (10, 12—-15).

® The abbreviations used are: APC/C, anaphase-promoting complex/cyclo-
some; D-box, destruction box; MCC, mitotic checkpoint complex; DBE,
D-box extension; IP, immunopurification; NLS, nuclear localization sig-
nal; ABBA, cyclin A, BUBR1, BUB1, Acm1; G6PDH, glucose-6-phosphate
dehydrogenase.
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Mechanism of APC/C inhibition by Acm1

Surprisingly, given its importance, there is a remarkable lack
of uniformity in the sequence of substrate D-boxes. Most amino
acid positions in the D-box motif are not well-conserved, and
several degenerate D-boxes lacking the Arg and/or Leu of the
canonical RXXL motif have been reported (16). In addition,
RXXL sequences are found ubiquitously in proteins, emphasiz-
ing that other elements and/or sequence context are critically
important for D-box function. Thus, there is still much to learn
about the precise composition of a functional D-box and why
D-boxes vary so extensively.

In addition to promoting substrate recognition and degrada-
tion, D-boxes and other APC/C degron motifs are used by
a class of APC/C regulators found broadly throughout eu-
karyotes, called pseudosubstrate inhibitors (17, 18). Examples
include the mitotic checkpoint complex (MCC), which inhibits
APC/CS4 in response to spindle checkpoint activation (19),
and the vertebrate Emil protein, which suppresses APC/C<"?
activity from early S phase through early mitosis (20). Pseudo-
substrates use one or more degron motifs to competitively
inhibit substrate binding, but to be effective, they must suppress
their own ubiquitylation and degradation by blocking other
steps in the APC/C catalytic cycle. Acm1 is a small pseudosub-
strate inhibitor that uses ABBA, KEN-box, and D-box motifs to
bind with high affinity to Cdhl and prevent substrate binding
(21-24). However, we do not understand how Acm1 inhibits
APC/CEM activity to prevent its own degradation. In this
report, we describe a simple and novel mechanism of APC/C
pseudosubstrate inhibition by Acm1 that combines high-affin-
ity activator binding via multiple degron motifs with a unique
D-box C terminus that disrupts the coreceptor function of
Docl/Apcl0.

Results

An Acm1 D-box is required to prevent its APC/C-mediated
degradation in vivo

Acml contains several conserved sequences that match con-
sensus APC/C degrons (Fig. 1A4). The central region, which is
responsible for Cdh1 inhibition, contains an ABBA motif, KEN-
box, KEN-like NEN sequence, and D-box that all interact with
Cdh1 directly and are responsible for the high-affinity Acm1-
Cdhl interaction (3, 21, 22, 25).

We initially hypothesized that the unusually high affinity of
the Acm1-Cdhl interaction impeded Acml polyubiquityla-
tion by the APC/C. If true, then any mutation that lowers the
binding affinity for Cdh1 should increase processing of Acm1 as
a substrate. Prior in vitro work revealed that mutation of the
central KEN-box and D-box in Acm1 led to efficient polyubiq-
uitylation, supporting this idea (21, 22, 25). Using a cyclohexi-
mide chase assay, we recently demonstrated that combined
KEN-box and D-box mutations also allow efficient APC/C“4"*-
mediated degradation of Acm1 in vivo (9). We used this same in
vivo stability assay here (Fig. 1B) to assess the effect of individual
and combined degron motif mutations on the ability of APC/
CS" to use Acml as a substrate. Only the D-box single muta-
tion significantly increased Acml turnover (Fig. 1, C and E).
Combining other degron mutations with the D-box mutation
decreased Acml turnover (Fig. 1, D and F). The combined

17250 J Biol. Chem. (2019) 294(46) 17249-17261

D-box and ABBA motif mutant was particularly stable, consis-
tent with our previous observation that the ABBA motif is a
functional Cdhl degron in budding yeast (9). These results are
inconsistent with the high-affinity binding hypothesis and
instead reveal that an intact D-box in the central inhibitory
domain is required, paradoxically, for Acm1 to evade efficient
APC/C"_mediated degradation. We next set out to identify
the unique properties of the inhibitory Acm1 D-box.

A short C-terminal D-box extension is required for Acm1
identity as an APC/C“"" inhibitor

We identified and aligned Acm1 ortholog sequences from
related fungal species in the class Saccharomycetes and dis-
covered a short region of strong sequence conservation
immediately following the inhibitory D-box, which hereafter
we call the D-box extension (DBE) (Fig. 24 and Fig. S2).
Cdh1 substrate D-boxes do not exhibit much sequence con-
servation in this seven-amino-acid region (Fig. 2B). How-
ever, some of the conserved DBE amino acids in Acm1 are
rarely, if ever, found in Cdh1 substrates, notably the first two
acidic residues (16) and glycine at the fifth position. To test
whether this region influences Acm1 identity, we replaced it
with all or part of the corresponding sequence following the
well-studied D-box of the Cdhl substrate Hsll (Fig. 2C).
Surprisingly, replacement of the six amino acids that differ
between Acml and Hsll (acmi1™! 4%¢) rendered Acml
extremely unstable in a Cdh1-dependent manner, equivalent
to an RXXL—AXXA D-box mutation (Fig. 2C). Replacement
of just the first three DBE positions was sufficient for the full
destabilizing effect, and replacement of the last three also
caused significant instability, demonstrating that the entire
motif is important for reducing APC/C““"'-mediated degra-
dation of Acm1 in vivo (Fig. 2D). Individual mutation of each
of the first three residues had partial destabilizing effects,
with position 3 being the most pronounced (Fig. S3).

We next tested whether the inhibitory function of Acml
was impaired upon mutation of the DBE. WT Acml can
restore normal growth to yeast cells expressing a constitu-
tively active Cdhl variant lacking inhibitory phosphoryla-
tion sites (23). Mutations in Acm1 degrons, like the RXXL
in the central D-box, impair its ability to suppress this
Cdhl-induced toxicity (21). Replacement of the DBE with
the corresponding Hsll sequence or with a stretch of ala-
nines (acmi1®® %*¢) impaired complementation, similar to
the acm 17X —4X*4 mutant (Fig. 2E). These DBE mutations
also reduced the ability of Acm1 to inhibit APC/C“"-me-
diated degradation of the substrate Pdsl in our G, stability
assay (Fig. 2F), likely because of the lower levels resulting
from more rapid turnover. We conclude that the DBE is
required for Acml function as an inhibitor by suppressing
efficient APC/C““"-mediated Acm1 degradation.

The Acm1 DBE is sufficient to suppress APC/C<®"" and
APC/CC92° sybstrate degradation

To test whether the Acm1 DBE is sufficient for evasion of
APC/C“"_mediated degradation, we performed the recipro-
cal sequence swap experiment, in which the DBE sequence
from Acml replaced the corresponding sequence in several
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Figure 1. D-box mutation converts Acm1 into an efficient APC/C“"" substrate in vivo. A, schematic of Acm1, showing the position and sequence of
degron motifs. D-box 1 is recognized by Cdc20 to target Acm1 for degradation and does not contribute to Cdh1 inhibition (21, 22). The remaining motifs
constitute the Cdh1 inhibitory region. A second D-box sequence that is not conserved and does not contribute to Cdh1 binding and inhibition is not shown.
D-box 3 is the focus of this paper. B, methodological flow chart for the protein stability assay used throughout the paper, described previously in more detail
(9). bar1A, deletion of the gene for Bar1 protease that cleaves the a-factor mating pheromone. CHX, cycloheximide. C, the stabilities of Acm1 variants
containing mutations in the ABBA, NEN, KEN, or D-box 3 motifs were compared with WT Acm1 using an in vivo cycloheximide chase stability assay and
immunoblotting. Time 0 represents the point of cycloheximide and glucose addition. D, similar to B, comparing the stability of the single D-box mutant with the
indicated double mutants. In Cand D, G6PDH (glucose-6-phosphate dehydrogenase) is a loading control, and all Acm1 variants are truncations lacking the 52
N-terminal residues fused at the C terminus to protein A as described previously (9). Anti-protein A antibody was used to detect Acm1 variants. E and F,
quantitative data from experiments represented in Cand D, respectively, showing means (= S.D.) relative to time 0 from three independent trials obtained by
digitalimage analysis. Numbers in parentheses are half-life values obtained from fitting the data with a single-phase exponential decay function. The data for WT
Acm1 and the single D-box mutant are the same in E and F, allowing separate comparison with the sets of single and double mutants. See Fig. S1 for examples
of full Western blot images showing antibody specificity with molecular mass marker positions.
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Figure 2. A short sequence adjacent to the Acm1 D-box is required to evade degradation mediated by APC/C“"', A, a histogram reflecting conservation
ateach amino acid position within the central inhibitory region of Acm1. 36 ortholog sequences from Saccharomycetes were aligned using Clustal Omega (Fig.
S2), and the results were visualized in Jalview (44). Highly conserved blocks are labeled and consist primarily of the APC/C degron motifs highlighted in Fig. 1A.
The conserved C-terminal extension of the D-box 3 is labeled DBE. B, alignment of validated D-box sequences from several budding yeast Cdh1 substrates and
the inhibitory D-box of Acm1. The most conserved positions of the core D-box motif are highlighted in red. The DBE region is shaded in gray, and positions are
numbered. Yellow highlights conserved Acm1 DBE amino acids not observed at the corresponding positions in substrates. C, starting with the Acm1-protein
A fusion construct from Fig. 1, the DBE sequence was replaced with the corresponding sequence from the Cdh1 substrate Hsl1 (highlighted in red). Then the
relative stability of this Acm1 HslT dbe 1 tant (acm 1" 9%¢) was compared with WT Acm1 (ACM1) and the RXXL—>AXXA D-box mutant (acm 17*t=4%4) in the
cycloheximide chase assay. To ensure degradation was APC/C<"-dependent, the assay was repeated in a yeast strain lacking Cdh1 (cdh1A). D, similar to C,
comparing the stability of Acm1 variants in which the first three (acm 1" 9¢(=3)) |ast three (acm1"!" 9¢5=7)) or all (acm 1" 9°¢(1-7)) DBE positions were
replaced with the corresponding sequence from Hsl1. E, serial dilutions of yeast strains harboring the indicated combinations of cdh1™'" and ACM1 variant
galactose-inducible expression plasmids were spotted and grown on agar plates containing glucose or galactose as a carbon source. In acm1%/@ 9°¢, the DBE
residues were replaced with alanines. F, the ability of the Acm1 variants from E to inhibit degradation of Pds1-protein A was measured using the in vivo stability
assay (left panel). Both Pds1 and Acm1 were detected with protein A antibody. The immunoblot signals were quantified and plotted relative to time 0 in the
right panel.
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Figure 3. The Acm1 DBE is sufficient to block degradation of APC/C<?"" and APC/C“?<2° substrates and to confer pseudosubstrate inhibitor
capacity. A, the DBE sequence (red) from Acm1 replaced the DBE of the indicated epitope-tagged Cdh1 substrates in galactose-inducible expression
plasmids. The stability of these DBE variants was compared with their WT counterparts. Pds1 and Cdc20 contained C-terminal protein A tags, and Fin1
contained a C-terminal 3XHA tag. B, yeast strains carrying PDS1 or pds 14<™" @€ (tagged with 3 X FLAG) under control of the GALS promoter were grown
in galactose medium containing nocodazole for 3 h and then released from the arrest by washing and transfer to medium containing glucose at time
0. Levels of Pds1 or Pds14<™! d€ at the indicated times following release were determined by immunoblotting. GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) is a loading control. C, liquid yeast cultures harboring GALS promoter—driven WT PDS1 or pds 14<™" 9%¢ were serially diluted and plated
on medium containing the indicated sugar. D, coimmunoprecipitation of WT Fin1-3XHA and variants containing the DBE sequence from Acm1 or Ala
substitutions at each DBE position with the 3XFLAG-tagged Cdh1 WD40 domain. The negative control (—) represents an identical immunoprecipitation
procedure using cells that do not express 3FLAG-Cdh1YP4°_E, the ability of Cdh1 substrate variants containing the Acm1 DBE sequence (Fin1A<™" de and
Pds14<m! @b¢) to inhibit degradation of another Cdh1 substrate was measured using the in vivo stability assay. Both substrate and inhibitor are expressed
from galactose-inducible expression plasmids. Fin1 is expressed with a C-terminal 3XHA tag and Pds1 with a C-terminal protein A tag.

Cdhl substrates with well-established D-boxes (26-28). similarly affects substrate degradation by APC/C<“*° jn vivo,
Degradation of Pdsl, Finl, and Cdc20 was almost completely yeast cells were arrested in mitosis with nocodazole, and deg-
abolished following replacement of their C-terminal D-box radation of Pds1 (expressed from the inducible GAL promoter)
sequences with the DBE from Acm1 (Fig. 34). was monitored over time after release from nocodazole in

Pds1 degradation by APC/C<9“*° is essential for the meta- the presence of repressing glucose. Although WT Pdsl was
phase-to-anaphase transition (27). To test whether the DBE  degraded as APC/C4“*® was activated upon release from the

SASBMB J. Biol. Chem. (2019) 294(46) 1724917261 17253
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Figure 4. The DBE region is important for APC/C substrate degradation. A, the stability of substrate Fin1 and DBE variants with Ala substitutions in either
the first three, last four, or all seven positions was compared in the in vivo stability assay using anti-HA antibody for Fin1-3XHA detection. B, the stability of
substrate Pds1 and the indicated DBE variants was compared using anti-protein A antibody detection. C, the stability of Acm1 and the indicated D-box and DBE

variants was compared using anti-protein A antibody detection.

nocodazole arrest, Pds1*“™" 9" remained stable throughout

the time course (Fig. 3B). We were unable to generate a yeast
strain expressing the pds1<""! %*¢ allele from the natural PDSI
promoter, suggesting that it is lethal. Consistent with this pos-
sibility, constitutive expression of Pds14°™" 9b¢, but not WT
Pds1, from the GAL promoter was highly toxic in a plate growth
assay (Fig. 3C). Collectively, these results demonstrate that the
presence of the Acm1 DBE severely impairs Pdsl degradation
mediated by APC/C9<%°,

The DBE substitutions did not impair substrate interac-
tions with Cdh1 based on a co-IP interaction assay (Fig. 3D),
demonstrating that DBE function is distinct from that of the
RXXL motif, which binds the activator WD40 domain. Con-
sistent with this, substrates containing the Acm1 DBE inhib-
ited APC/C activity toward other substrates (Fig. 3E). Inhi-
bition was not as strong as that observed with Acml,
however (9), presumably because docking interactions were

17254 J Biol. Chem. (2019) 294(46) 17249-17261

of insufficiently high affinity to fully outcompete binding of
other substrates. We conclude that the DBE sequence from
Acml is sufficient to strongly suppress APC/C“"'- and
APC/C“4“?°_mediated ubiquitylation and degradation of a
bound substrate.

The DBE region is important for normal substrate processing

The DBE is clearly important in the pseudosubstrate inhibitor
Acm1 to prevent its degradation. To test whether the correspond-
ing region in substrates is generally important for processing by
APC/CC! we generated alanine mutants in the substrates Finl
and Pds1 and measured the effect on in vivo stability. Given the
lack of primary sequence similarity among substrates in this
region, we expected little effect on degradation rates. To our sur-
prise, alanine substitution at all DBE positions of Fin1 (fin 1%/ #<(~
7)) severely reduced its in vivo degradation (Fig. 4A4). In contrast to
the inhibitory function of the Acm1 DBE, only the first three DBE
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positions appeared to be important for Finl degradation. Muta-
tion of the first three positions of the Pds1 DBE to Ala impaired its
degradation as well, similar to replacement with the Acm1 DBE
sequence (Fig. 4B). These results strongly suggest that the first half
of the DBE region plays a general role in D-box function and sub-
strate processing.

Mutation of the Acml DBE to alanines (acml®® 4b¢)
enhanced the Acm1 degradation rate (Fig. 4C), consistent with
the idea that the Acm1 DBE sequence is important for prevent-
ing degradation and allowing it to act as an inhibitor. However,
Acm1*'* 9*¢ was more stable than Acm1!* PBE (Fig, 4C), sup-
porting the idea that the DBE sequence in substrates helps pro-
mote ldgbgradation‘ We attribute the relative instability of
Acml™ " compared with Fin13® 9°¢ and Pds1® 9 to the pres-
ence of the ABBA motif in Acm1, which acts as an efficient
degron even in the absence of a functional D-box (see Fig. 1D).
These results suggest that the DBE can exist in multiple func-
tional states in the context of a consensus D-box: activating (e.g.
Hsll or other substrates), inhibitory (e.g. Acm1), and nonfunc-
tional (e.g alanine mutants and presumably many other pro-
teins that have minimal D-box motifs that are not functional
APC/C degrons).

The D-box and the DBE constitute a functional, transportable
APC/C“¥"" degron

Fusing the consensus D-box motif to heterologous, stable
proteins is usually not sufficient to promote APC/C-medi-
ated proteolysis, indicating that additional sequences or the
appropriate sequence context are also required for recogni-
tion and processing (29, 30). In light of our studies, we won-
dered whether the canonical nine-residue D-box motif com-
bined with all or part of the DBE region would be sufficient to
promote degradation of a stable, heterologous protein by
APC/CS in vivo. We began by fusing a sequence encoding
a20-amino-acid region encompassing the D-box and DBE of
Hsll, Finl, Pds1, and Acml to an SV40 NLS—protein A con-
struct (Fig. 54). The NLS in this substrate reporter protein
was used to ensure colocalization with APC/C<"!, which is
primarily active in the nucleus (28), and protein A has been
used for similar degron fusion studies in the past (29, 30).
The NLS-protein A fusion protein without an attached
degron motif was stable, as expected, in the G; cyclohexi-
mide chase assay (Fig. 5B). In contrast, addition of the Finl
or Hsll D-box region resulted in rapid Protein A degrada-
tion. Addition of the Pds1 D-box had only a minor effect on
protein A stability. Thus, different D-box sequences vary in
their capacity to promote protein A degradation. The Finl
D-box region was particularly effective at promoting degra-
dation, and this effect was completely dependent on Cdhl
(Fig. 5C), demonstrating that this sequence contained a fully
functional APC/C?"! degron. Consistent with its inhibitory
function, the Acm1 D-box region was ineffective at promot-
ing reporter degradation (Fig. 5D). However, replacing the
Acml DBE sequence with that from Hsll (Acm1''s!? dbe)
enhanced degradation, and this effect was also Cdh1-depen-
dent. Thus, even in the context of this artificial substrate, the
DBE region is important for processing.
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To further define the contribution of the DBE to the function
of the transportable D-box, we evaluated a collection of trun-
cations and point mutations in the Finl D-box region of the
protein A reporter (Fig. 5E). A 12-residue sequence beginning
with RXXL and extending through the first three DBE positions
was sufficient to promote protein A degradation, whereas the
reporter containing the canonical nine-residue D-box lacking
the DBE was stable. Moreover, alanine substitutions at the
first three DBE positions stabilized protein A, similar to the
RXXL—AXXA D-box mutation. Thus, we suggest that a min-
imal, transportable D-box is a 12-amino-acid motif beginning
with RXXL and extending through the first three positions of
the DBE region.

The Acm1 DBE reduces the processivity of APC/C-catalyzed
polyubiquitylation in vitro

To understand the mechanism by which the Acm1 DBE
blocks substrate degradation, we turned to enzyme activity
assays with purified APC/C and a radiolabeled substrate, Pds1,
either with its natural D-box or a variant containing the DBE
sequence from Acml. Activity with both APC/C<4°** and
APC/C“™ was severely reduced when the Acm1 DBE motif
was present (Fig. 64). Reduced activity was evident as a decline
in the rate of substrate turnover (loss of the unmodified sub-
strate) and a decline in the processivity of polyubiquitylation
(decreased numbers of ubiquitins attached to substrate).

The effect of the Acm1 DBE was similar to that observed
previously for APC/C lacking the core subunit Docl/Apcl0
(31). We therefore repeated the experiment using APC/C"*
lacking Doc1/Apc10 and found that the reaction rate and pro-
cessivity with Pds1™" and Pds14“™" 9*¢ were similar (Fig. 6B).
Thus, the Acm1 DBE has no inhibitory effect in the absence of
Docl/Apcl0, arguing that its effects with WT APC/C depend
on Docl/Apcl0. Further studies revealed that the first three
amino acids of the Acm1 DBE were sufficient to reduce activity
toward Pds1, whereas the last three amino acids had no notice-
able effect (Fig. 6C).

To further explore the inhibitory effects of the Acm1 DBE,
we took advantage of a previously described fusion between
Pds1 and Docl that bypasses the need for substrate binding
to the activator and Docl/Apcl0 (15). In reactions with
Adocl APC/CS?", the rates and processivity of polyubiqui-
tylation of the Pds1¥"-Docl and Pds1#°™" *¢_Doc1 fusion
proteins were very similar (Fig. 6D), suggesting that the
defects caused by the Acm1 DBE are overcome when the
enzyme is saturated with substrate that is fused to a core
subunit. Moreover, polyubiquitylation of Pds1¥"-Doc1 and
Pds1#<™! 4*_Docl were equally sensitive to E2 concentra-
tion (Fig. 6E), indicating that the Acm1 DBE does not affect
the interaction of APC/C with E2. Taken together, these
results are consistent with the DBE primarily affecting
D-box interaction with Doc1/Apc10.

Discussion

APC/C degrons, such as the KEN-box and D-box, act as
docking motifs for substrate recognition. However, the D-box
also contributes to APC/C catalysis by enhancing the interac-
tion between the activator and core APC/C (12—14). It does this
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Figure 5. Identification of a minimal, transportable destruction box. A, reporter construct for transportable D-box characterization. A GALT promoter
drives expression of the protein A ZZ domain containing an N-terminal SV40 NLS sequence and candidate degron. The sequence of the initial D-box region
used from Fin1is shown. B, the stability of reporter proteins containing the Fin1 D-box region from A and the equivalent D-box regions from Pds1 and Hsl1 were
compared with a control NLS-protein A lacking a degron sequence. Chemiluminescent immunoblot signals were quantified by digital image analysis and
plotted relative to time 0 in the graph on the right. Numbers in parentheses are half-lives from fitting data with an exponential decay function. C, the Fin1 D-box
reporter and control lacking a D-box were compared in CDH7 and cdh1A yeast strains to ensure that instability depended on APC/C?"" activity. D, analysis of
the reporter fused to the inhibitory D-box from Acm1 containing either its natural DBE sequence or the DBE from Hsl1. The results from the WT CDHT strains
were quantified and plotted relative to time 0 in the graph on the right. Numbers in parentheses are half-lives from the exponential decay fit. £, the stabilities of

the indicated truncations of the Fin1 D-box region in the reporter construct were compared.
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Figure 6. The Acm1 DBE reduces Pds1 ubiquitylation by the APC/C in vitro. A, ubiquitylation of Pds1/securin by APC/C®4<2° and APC/C“" in vitro. APC/C
was immunopurified from yeast lysates and incubated with Cdc20 (top) or Cdh1 (bottom) produced by translation in vitro. APC/C-activator complexes were
combined with E2-ubiquitin conjugates and then incubated for the indicated times with radiolabeled Pds1, either WT (left) or a mutant in which C-terminal
D-box residues (amino acids 94-100) were replaced with the DBE of Acm1. Reaction products were separated by SDS-PAGE and analyzed by Phosphorimager.
The ubiquitylated substrate fraction is shown beneath each lane. B, APC/C was immunopurified from lysate of a doc7A strain, combined with Cdh1, and tested
for activity toward WT or mutant Pds1 as in A. C, APC/C?"" was prepared as in A and tested for activity with WT Pds1 or mutant Pds1 in which various C-terminal
D-box residues were replaced with equivalent DBE residues from Acm1, as indicated. D, using translation in vitro, radiolabeled fusion proteins were produced
in which the N-terminal 110 residues of Pds1 (WT or carrying the Acm1 DBE) were fused to the N terminus of Doc1. Fusion proteins were incubated for 30 min
with Adoc1 APC/C" in the presence of varying concentrations of the E2 Ubc4 (15), and reaction products were separated by SDS-PAGE and analyzed by
Phosphorlmager. E, quantification of the results from D from two independent experiments.
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by simultaneously binding both the activator and the Docl/
Apcl0 core subunit (10, 11), and cryo-EM data support the idea
that this stabilizes the conformation of the activator WD40
domain when bound to APC/C (8, 10). The stable activator—
APC/C interaction generates a catalytically competent enzyme
conformation capable of recruiting and correctly positioning
E2-ubiquitin (15, 32) and processively ubiquitylating substrates
(31). In this report, we describe how this function of the D-box has
been modified in Acml to create a potent pseudosubstrate
inhibitor.

APC/C inhibitors that use degron-like pseudosubstrate
motifs are pervasive in eukaryotic species and have been valu-
able models for studying mechanisms of substrate recognition
and processing. For pseudosubstrates to be effective inhibitors,
they must bind APC/C with high affinity to outcompete natural
substrates and must employ a mechanism to evade their own
ubiquitylation and degradation. The highly conserved MCC,
which includes Cdc20, Mad2, and the pseudosubstrate protein
Mad3/BubR1, inhibits APC/C4“*® to delay anaphase onset
until sister chromatids are correctly bioriented on the mitotic
spindle (19). When bound, it occludes degron docking sites on
Cdc20 as well as the binding site for the E2 UbcH10 (5, 33).
Interestingly, MCC binding also disrupts the D-box coreceptor
site between Cdc20 and Docl/Apcl0 by displacing APC/C-
bound Cdc20. The vertebrate Emil protein is an APC/C"!
inhibitor that uses a D-box motif for Cdhl binding and a zinc
binding domain and LRRL tail sequence to block E2 binding
and thereby inhibit APC/C enzyme activity (4, 34). Although
Acml is known to competitively block substrate binding to
Cdh1 through its ABBA, KEN-box, and D-box motifs (21, 22,
25, 35), its mechanism for evading degradation has remained
unclear.

The D-box in the central inhibitory region of Acm1 is func-
tionally unique in that RXXL— AXXA mutation has the oppo-
site effect that it has in substrates; rather than stabilizing Acm1,
it allows efficient APC/C-directed Acm1 degradation. This led
us to the discovery of the Acm1 DBE motif, adjacent to the
canonical D-box, which is primarily responsible for Acm1’s
inhibitory function. The most obvious biochemical effect of the
inhibitory DBE is decreased processivity of substrate polyubiq-
uitylation. The observation that the DBE had no effect on catal-
ysis by an APC/C lacking the Doc1/Apcl0 subunit links the
DBE inhibitory effect to Doc1/Apcl10 function. This is consis-
tent with the fact that the C-terminal portion of the D-box
directly binds Doc1/Apc10 (32). Thus, the simplest explanation
is that the Acm1 DBE disrupts the interaction between the sub-
strate and Docl/Apcl0. As a result, the stabilizing interaction
between Cdhl, the D-box, and Docl/Apcl0 does not occur.
This would presumably lead to more rapid substrate dissocia-
tion, rendering ubiquitylation inefficient and nonprocessive,
similar to loss of Doc1/Apc10 and mutation of the D-box bind-
ing site on Doc1/Apcl0 (14, 31, 36).

Although attractive, this simple mechanism alone is
difficult to rationalize with the observation that the
RXXL—>AXXA mutation in the inhibitory D-box makes
Acml an efficient APC/C<?" substrate. This result implies
that the Acm1l DBE must be positioned through RXXL
engagement with the D-box receptor site on Cdh1 to exert its
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inhibitory effect. This would not be the case if the sole func-
tion of the Acm1 DBE is to prevent interaction with Docl/
Apcl0. Furthermore, the Acm1 DBE sequence is highly con-
served. One would expect many amino acid combinations to
be sufficient to disrupt the weak interaction between the
D-box and Doc1/Apcl0. The requirement for specific amino
acids in the inhibitory DBE suggests an additional layer of
mechanistic complexity. A previous report suggested that
lack of suitably positioned lysines for ubiquitin conjugation
was partly responsible for inefficient processing of Acm1 as a
substrate (25). One possibility is that the Acm1 DBE, rather
than simply preventing Doc1/Apcl0 binding, reorients the
interaction with Docl/Apcl0O in such a way that nearby
lysine residues are directed away from the active site and are
unable to attack the E2-ubiquitin conjugate (Fig. 7). Muta-
tions either in the RXXL or DBE regions would then be suf-
ficient to reduce binding and release nearby lysines from this
constraint, allowing them to contact the E2 and promote
processive polyubiquitylation. Relevant to this idea, a recent
study revealed that two D-boxes in human cyclin A2 bind the
D-box receptor of Cdc20 in distinct orientations that direct
the downstream polypeptide chain in different directions
and influence ubiquitylation efficiency (37). Other possibil-
ities exist as well, and a complete understanding of the mech-
anism by which the Acm1 DBE inhibits APC/C processivity
will require further investigation.

Our Acm1 DBE characterization also redefines the boundar-
ies of a functional D-box motif. The D-box was the first APC/C
degron identified and characterized, initially in sea urchin
cyclin B (29, 30). It was reported then as a nine-residue motif
with the consensus sequence RXXLXXXXN. However, the
cyclin B consensus D-box was only functional as a transportable
degron when an additional stretch of poorly conserved
sequence at its C terminus was included (30). Here we found
that the substrate region corresponding to the first three posi-
tions of the Acm1 DBE was critically important for in vivo deg-
radation and that a 12-residue D-box beginning with the con-
served RXXIL. and containing these three positions was
sufficient to act as a transportable degron and should be con-
sidered the minimal functional D-box. Although the unique
inhibitory Acm1 DBE is well-conserved in budding yeasts, this
region of substrate D-boxes shows little sequence similarity
across APC/C substrates, suggesting that it may act by promot-
ing some general structural context satisfied by a broad range of
amino acid combinations. Unfortunately, this region of sub-
strates is not well-resolved in current high-resolution APC/C
structures, and we can only speculate that it constitutes part of
the Docl/Apcl0 interaction motif.

In summary, our results have revealed a novel and simple
mechanism for pseudosubstrate inhibition of the APC/C.
Acml combines high-affinity Cdh1 binding through its mul-
tiple degron motifs with an atypical D-box C terminus that
disrupts Doc1/Apcl0 function in processive substrate ubiq-
uitylation. As a result, Acm1 is a potent competitive inhibi-
tor that stably binds the substrate docking site on Cdh1 with-
out being modified and degraded efficiently. Interestingly,
the small pseudosubstrate inhibitor mes1 in Schizosaccharo-
myces pombe shares some features with Acm1. It inhibits the

SASBMB



Mechanism of APC/C inhibition by Acm1

Acm1 absent

Core APC/C

Figure 7. Model for APC/C inhibition by Acm1. In the absence of activator Cdh1 (left), the core APC/C exists in an inactive conformation (2). Cdh1 recruits
substrates through binding of degron motifs like the KEN-box and D-box to form a ternary complex with core APC/C (top right). Cdh1-substrate binding to core
APC/Cis stabilized by docking of the D-box (DB) C terminus (including the DBE region defined here) to Apc10 and triggers conformational activation of APC/C
through a shift in the Apc2-Apc11 catalytic module. This allows recruitment of E2-ubiquitin and stably positions the substrate emerging from the D-box
binding site for processive ubiquitin (U) chain addition. When present, Acm1 outcompetes substrates for Cdh1 binding because of the presence of the
additional ABBA motif (bottom right). Rather than facilitating normal interaction of the D-box with Apc10, the inhibitory Acm1 DBE sequence interferes with
Apc10’s ability to promote processive ubiquitylation. This could happen in several ways. As shown here, the Acm1 DBE could interact differently with Apc10,
resulting in diversion of the peptide chain away from E2-ubiquitin in the active site. Alternatively, it could actively repel Apc10, preventing Cdh1-substrate
from adopting the required stable association with core APC/C for efficient, processive ubiquitylation to occur. Consequently, Acm1 is not rapidly turned over

like a substrate and continually occupies Cdh1 to repress APC/C activity.

meiosis-specific activator Fzr1/Mfrl, and, similar to Acm]1,
mutation of the mes1 D-box motif accelerates its ubiquity-
lation and degradation (38). Although its role in APC/C inhi-
bition has not been tested, the DBE region of the mes1 D-box
does show some resemblance to the Acm1 DBE (ELVK in
mesl, DEFK in Acml for positions 1-4). Thus, modified
D-boxes that allow tight activator binding but impair pro-
cessive ubiquitylation may represent a recurring mechanism
by which pseudosubstrate inhibitors control APC/C activity.

Experimental procedures
Reagents

Details of all plasmid constructs are listed in Table S1. All
site-directed mutations were generated using the QuikChange
multisite-directed mutagenesis kit (Agilent Technologies,
210515) according to the provided instructions and confirmed
by DNA sequencing. Yeast strains YKA233 (MATa his3A1
leu2A0 met15A0 ura3A0 barl:hisG), YKA247 (MATa ade2-1
canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 barl:URA3
acml:KanMX4),and YKA412 (MATa his3A1 leu2A0 met15A0
ura3A0 barl:hisG cdhl::KanMX4) have been described previ-
ously (9, 23) and were cultured using standard methods and
media as described previously (9). Cycloheximide (C1988),
3XFLAG peptide (F4799), rabbit polyclonal anti-protein A
(P3775), mouse monoclonal anti-FLAG-M?2 (F1804), and rab-
bit polyclonal anti-G6PDH (A9521) were from Sigma-Aldrich.
Mouse monoclonal anti-HA (11666606001) was from Roche
Applied Science. Luminata Crescendo Western HRP substrate
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(WBLURO0100) was from Millipore. Anti-FLAG resin (L00432)
was purchased from, and a-factor peptide was synthesized by,
Genscript. Horseradish peroxidase—conjugated anti-rabbit
(111-035-003) and anti-mouse (115-035-003) secondary anti-
bodies were from Jackson ImmunoResearch Laboratories.

In vivo protein stability assay

We used an acml truncation allele lacking the first 52
codons and fused at its 3’ end to the coding sequence for
protein A to monitor the APC/C<"-mediated turnover rate
of Acml. This truncated fusion protein is partially resistant
to the natural APC/C-independent G, proteolytic mecha-
nism of Acml (39), making its G,-specific turnover largely
dependent on Cdhl (9). Yeast strains (YKA233 or when
cdhl1A control was required, YKA412) containing galactose-
inducible expression plasmids were cultured, arrested in G,
with a-factor, induced with galactose, treated with cyclohex-
imide and glucose to terminate expression, harvested at reg-
ular intervals, and processed for immunoblotting exactly as
described previously (9). Chemiluminescent immunoblot
signals were captured on autoradiograph film and a Chemi-
Doc Touch digital imager (Bio-Rad). All quantitation was
performed from digital images using ImageLab software
(Bio-Rad). For quantitation of protein stabilities, signals
were adjusted based on the G6PDH loading control and nor-
malized to time 0. Data were fit with a single-phase exponen-
tial decay function in GraphPad Prism to obtain half-life
values.
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Multisequence alignment

Acml orthologs from fungal species were identified using
PSI-BLAST (40). An alignment of 36 putative orthologs was
generated using Clustal Omega (41) with default settings.

In vivo inhibition assay

The in vivo Cdhl inhibition assay on galactose-containing
agar plates was performed as described previously (23).

Coimmunopurification

Co-IP of Finl-3HA and DBE variants with the 3FLAG-
Cdh1l WD40 domain was performed in strain YKA247. Sat-
urated cultures in selective medium were used to inoculate
300 ml of standard yeast extract, peptone, and raffinose
medium. These cultures were grown to Agy, near 0.3 and
arrested in G, with a-factor. Expression of Fin1-3HA and
3FLAG-Cdh1WD40 were induced for 45 min by addition of
2% galactose. Cells were pelleted, washed with water, and
resuspended in 25 mMm HEPES (pH 7.5), 100 mMm sodium ace-
tate, 10% glycerol, 0.1% Triton X-100, and 0.5 mMm DTT. Cell
lysis and co-IP were then performed exactly as described
previously (9).

APC/C assays

Yeast cells carrying CDCI16-TAP and lacking CDHI were
lysed in 25 mm HEPES (pH 7.5), 150 mMm potassium acetate,
2.5 mm MgCl,, 10% glycerol, 0.5% Triton X-100, 1 mm DTT,
1 mm phenylmethylsulfonyl fluoride, and protease inhibitor
mixture. The APC/C was immunopurified using IgG-cou-
pled magnetic beads. Cdc20 and Cdhl were translated in
vitro using the TNT T7 Quick Coupled Reticulocyte Lysate
System (Promega, L1170) and incubated with APC/C at
22 °C for 30 min. To produce substrates, WT or D-box
mutants of full-length Pdsl were C-terminally ZZ-tagged
and translated in vitro using [*°S]methionine. Substrates
were purified with IgG-coupled magnetic beads and eluted
from beads by cleavage with tobacco etch virus protease
(Thermo Fisher, 12575015). E1 and E2 (Ubc4) were
expressed in Escherichia coli and purified as described pre-
viously (42, 43). E2 charging was performed in a reaction
containing 0.2 mg/ml Ubal, 2 mg/ml Ubc4, 2 mg/ml meth-
ylated ubiquitin (Boston Biochem, U-501) and 1 mm ATP at
37 °C for 30 min. The ubiquitylation reaction was initiated by
mixing E2-ubiquitin conjugates, APC/C*<"™2*" and the
indicated substrate at 25 °C for the indicated times. Reac-
tions were terminated with 2X SDS sample loading dye, sep-
arated by 10% SDS-PAGE, and analyzed with a Typhoon
9400 Imager and ImageQuant (GE Healthcare).

E2 dose-response experiments were performed as described
previously (15), with the following modifications. The first 110
amino acids of Pds1 were fused to the N terminus of Docl, trans-
lated in vitro using [**S]methionine, and incubated with immuno-
purified APC/Clacking Doc1/Apc10at 25 °C for 30 min. N-termi-
nally ZZ-tagged Cdhl was translated in vitro with unlabeled
methionine, purified with magnetic IgG beads, and cleaved with
tobacco etch virus protease. Reactions were performed at 25 °C by
mixing APC/CPdst0-110-Docl yrified Cdhl, and varying concen-

17260 J Biol. Chem. (2019) 294(46) 17249-17261

trations of E2-ubiquitin conjugates. Michaelis—Menten graphs
were analyzed using GraphPad Prism.
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