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Abstract

Proper protein destruction by the ubiquitin (Ub)-proteasome system is vital for

a faithful cell cycle. Hence, the activity of Ub ligases is tightly controlled. The

Anaphase-Promoting Complex/Cyclosome (APC/C) is a 1.2 MDa Ub ligase

responsible for mitotic progression and G1 maintenance. At the G1/S transi-

tion, the APC/C is inhibited by EMI1 to prevent APC/C-dependent poly-

ubiquitination of cell cycle effectors. EMI1 uses several interaction motifs to

block the recruitment of APC/C substrates as well as the APC/C-associated

E2s, UBE2C, and UBE2S. Paradoxically, EMI1 is also an APC/C substrate dur-

ing G1. Using a comprehensive set of enzyme assays, we determined the

context-dependent involvement of the EMI1 motifs in APC/C-dependent

ubiquitination of EMI1 and other substrates. Furthermore, we demonstrated

that an isolated C-terminal peptide fragment of EMI1 activates APC/C-

dependent substrate priming by UBE2C. Together, these findings reveal the

multiple roles of the EMI1 C-terminus for G1 maintenance and the G1/S

transition.
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1 | INTRODUCTION

Ubiquitin (Ub)-dependent protein turnover is paramount
to the fidelity of the eukaryotic cell cycle.1 Several Ub
ligases target a vast array of protein substrates for poly-
ubiquitination and subsequent degradation by the
proteasome. Through this regulatory mechanism, check-
point inhibitors are removed to promote cell cycle pro-
gression.2,3 Disturbing or selectively modulating this

system can result in the cause or treatment of cancer,
respectively.4,5

An essential, cell cycle-regulated Ub ligase is the
1.2 MDa Anaphase-Promoting Complex/Cyclosome
(APC/C).6,7 The APC/C has numerous notable cell cycle
targets, such as securin and cyclin B, and is responsible
for controlling the mitotic checkpoint and the mainte-
nance of G1.8–14 The APC/C is then shut down to per-
mit S phase entry.15–17 In addition to its roles in the
cell cycle, the APC/C has explicit functions in develop-
ment, differentiation, and metabolism in specific cell
types, for example, neurons.18,19 Due to its importance
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in this wide range of processes, APC/C activity is
tightly controlled.

At the G1/S boundary, APC/C activity is halted by
the phosphorylation and ubiquitination of its coactivator
(CDH1) and also through the binding of the protein
inhibitor EMI1 (reviewed in20). At this critical check-
point, the cell cycle may enter S phase.17 The C-terminus
of EMI1 (~16 kDa) blocks APC/C function through mul-
tisite binding with various motifs.21–25 Recent studies
have shown that EMI1 alternates between being a sub-
strate and inhibitor of the APC/C through multivalent
interactions.26 However, it is unclear how this process
occurs mechanistically.

Similar to other RING E3 Ub ligases, the largest fam-
ily of Ub ligases, the APC/C serves as a scaffold to simul-
taneously bind both a substrate and Ub-conjugating
enzymes (E2s).7,27,28 APC/C recognizes substrates
through short motifs called degrons, such as the destruc-
tion box (D-box) and KEN-box.29–32 APC/C also recruits
its associated E2s, UBE2C, and UBE2S, to facilitate Ub
transfer: once bound to the APC/C catalytic module,
UBE2C first primes the substrate with Ub on substrate
lysines or forms short Ub chains, while UBE2S extends
K11-linked Ub chains.8,10,13,33–36 UBE2C simultaneously
binds and is activated by the cullin subunit APC2
winged-helix B (WHB) and the APC11 RING domain.37,38

UBE2S uses a distinct mechanism for Ub chain-
elongation where its C-terminal peptide (CTP) docks at a
groove formed by subunits APC2 and APC4, and the E2
core domain binds to a surface on APC2, distinct from
UBE2C.21,34,36,37,39 Recent work by our group has shown
that the UBE2SCTP binds and activates the APC/C to
function with UBE2C for substrate priming.40

EMI1 disrupts nearly every step in APC/C-mediated
ubiquitination by blocking substrate recruitment and
both E2 binding sites to minimize the probability of
EMI1 becoming an APC/C substrate (Figure 1a,
b).21,22,25,41,42 Specifically, EMI1 contains a D-box that
binds to CDH1 and APC10, blocking canonical substrates
(cyclin B and securin).21,22,25,41,42 EMI1 also contains a
Linker and Zinc-binding region (ZBR) that binds to the
UBE2C-binding site on APC11.21,22,42 At its extreme
C-terminus, EMI1 contains a sequence that is incredibly
similar to the C-terminus of UBE2S, allowing EMI1 to
utilize the UBE2SCTP binding site.21,22,25,37 These EMI1
motifs synergize to create a tight-binding inhibitor of the
APC/C, fully preventing ubiquitination and allowing
S-phase entry.

The current model of how EMI1 transitions from an
APC/C substrate to an inhibitor is through EMI1 accu-
mulation, where EMI1 is a substrate at low concentra-
tions but an inhibitor at high concentrations.26 Using
detailed enzyme, binding, and cell-based assays, we

interrogated the reciprocal regulation between APC/C
and EMI1 and demonstrate how the different domains of
EMI1 contribute to its ubiquitination by the
APC/C. Competition by either substrate or E2 binding
has differential effects on the levels of EMI1
ubiquitination. Furthermore, given the high sequence
homology between the C-termini of UBE2S and EMI1,
we found that the EMI1CTP stimulated APC/C-UBE2C-
dependent substrate priming. Taken together, our data
suggest that the multivalency of EMI1 is vital to its regu-
lation and is used to tune APC/C function in a context-
dependent manner. These findings have implications for
how proper G1 maintenance and the G1/S transition are
achieved.

2 | RESULTS

2.1 | Successful inhibition of APC/C-
mediated substrate ubiquitination by EMI1
requires its extreme C-terminus

EMI1 requires multiple domains (D-box, linker, ZBR,
and the C-terminus) to bind tightly to APC/CCDH1, and
each domain is required to shut down specific steps of
APC/C-dependent polyubiquitination.21,22,25 To assess
how the C-terminus of EMI1 is involved in APC/C
inhibition, we reconstituted substrate poly-
ubiquitination by APC/CCDH1 and its inhibition by
EMI1 using a recombinant system. First, we evaluated
the tight-binding inhibition of EMI1WT-SKP1 (SKP1
was used to stabilize versions of EMI1 that contained
an F-box) by monitoring APC/CCDH1-UBE2C-mediated
ubiquitination of the N-terminal domain of human
Cyclin B (CycBNTD*, * denotes fluorescent label and
position). EMI1WT-SKP1 potently inhibited APC/CCDH1-
mediated substrate ubiquitination, validating our
recombinant system (Figure 1c). Importantly, the EMI1
variant lacking the extreme C-terminal residues
(EMI1NFDLZ-SKP1) was severely defective in shutting
down polyubiquitination by APC/CCDH1 and UBE2C
(Figure 1c). Similarly, a single mutation (APC4 D33K)
in a groove formed by APC2/APC4, where the
C-termini of EMI1 and UBE2S bind the APC/C,
reduced EMI1-mediated inhibition (Figure 1d). The
EMI1 extreme C-terminus is not only important for the
potent inhibition of APC/CCDH1-UBE2C-dependent pro-
cesses, but a peptide fragment of the EMI1 C-terminus
(EMI1CTP, residues 430–447) also prevents Ub chain-
elongation by APC/CCDH1-UBE2S (Figure 1e). Next, we
used a HeLa cell extract system to monitor
APC/CCDH1-dependent substrate degradation as a
readout for APC/CCDH1 activity. In the presence of
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FIGURE 1 EMI1 C-terminus is required for potent inhibition of APC/C-dependent ubiquitination. (a) EMI1's D-box, Linker, ZBR, and

C-terminal extension shut down multiple steps of APC/CCDH1-dependent ubiquitination activity. Its D-box docks between the APC/C

coactivator CDH1 and APC10, preventing the binding of D-box containing substrates. The Linker and ZBR interact with the APC11 RING

domain, perturbing its interaction with the E2 UBE2C. Lastly, the C-terminus binds to the APC2/APC4 groove, disrupting the recruitment of

the E2 UBE2S. (b) Domain architecture of EMI1 and its multiple APC/C-interacting motifs. (c) Elimination of the EMI1CTP (EMI1NFDLZ-

SKP1) disrupts the tight-binding inhibition of EMI1WT-SKP1 against APC/CCDH1-UBE2C-dependent reactions. Reactions were monitored by

scanning of SDS-PAGE gels where an N-terminal fragment of Cyclin B (CycBNTD*) is fluorescently labeled. n = 3 independent experiments.

(d) APC/C harboring a substitution in the APC2/APC4 groove (D33K) weakens the ability of EMI1WT-SKP1 to inhibit APCCDH1-UBE2C-

dependent reactions. Representative fluorescent scan of multiple (n > 3) independent experiments. (e) The addition of the EMI1CTP in

isolation is sufficient to weaken APC/CCDH1-UBE2S-dependent polyubiquitination of a Ub-fused fluorescent substrate (Ub-CycBNTD*). n = 3

independent experiments. (f) EMI1WT-SKP1 robustly prevents the destruction of APC/C substrates, followed by immunoblotting, in G1

extracts prepared from HeLa S3 cells. However, the EMI1NFDLZ-SKP1 variant, a truncated version of EMI1 that lacks the EMI1CTP, restores

the proteolysis of APC/C substrates. n = 3 independent experiments

BOLHUIS ET AL. 3 of 12



EMI1WT-SKP1, substrate degradation was completely
blocked compared to the addition of EMI1NFDLZ-SKP1,
where APC/CCDH1-dependent substrate degradation is
only slightly reduced (Figure 1f). Taken together, these
assays demonstrate that the C-terminus of EMI1 is
required for its potent inhibition of both UBE2C-and
UBE2S-dependent substrate polyubiquitination pro-
cesses. Since it is known that the C-terminal peptide of
UBE2S (UBE2SCTP) binds to the same site on the
APC/C as the EMI1CTP and stimulates APC/CCDH1-
UBE2C function, we postulated that the EMI1CTP

could also be involved in APC/CCDH1-dependent
ubiquitination of EMI1 and other substrates.

2.2 | The EMI1 C-terminus restricts
APC/C-dependent EMI1 ubiquitination

Initial studies of EMI1 suggested that EMI1 is a substrate
only when the C-terminal ZBR and peptide are deleted.42

More recently, it was proposed that EMI1 is a substrate at
low concentrations in early G1 phase and an inhibitor at
higher concentrations at the G1/S boundary.26 To exam-
ine the role of individual EMI1 domains required for the
switch from a substrate to inhibitor, EMI1 full-length and
truncations were purified, fluorescently labeled, and
tested as substrates in APC/CCDH1-UBE2C-dependent
ubiquitination reactions (Figure 2a). We uncovered that
*EMI1WT-SKP1 and the 16 kDa C-terminus of EMI1
(*EMI1DLZC) are poorly ubiquitinated in our conditions
(Figure 2b). This finding is not particularly surprising as
the C-terminal fragment contains all the domains known
to block APC/C substrate ubiquitination. However, the
version of EMI1-SKP1 lacking the C-terminus
(*EMI1NFDLZ-SKP1) was more efficiently ubiquitinated
(Figure 2b). This result suggests that the extreme C-
terminus (residues 433–447) binding to the APC2/APC4
groove limits EMI1 ubiquitination.

To further test this hypothesis, the EMI1 truncations
were tested in APCCDH1-UBE2C-dependent ubiquitination
assays in the presence or absence of the isolated EMI1CTP.
The addition of the EMI1CTP subtly enhanced the
ubiquitination of *EMI1WT-SKP1 and *EMI1NFDLZ-SKP1
(Figure 2b,c). The increase in the rate of *EMI1 depletion
and ubiquitination through the addition of the EMI1CTP

was more noticeable in the *EMI1DLZC construct. This
stimulatory effect was consistent at multiple APC/CCDH1-
EMI1 ratios (Figure 2d). Together, these results suggest
that the EMI1CTP competes with the C-terminal extension
present on EMI1, promoting the depletion of unmodified
EMI1. These results further indicate that the multivalent
binding of EMI1WT to the APC/C facilitates the inhibition

of both its own ubiquitination and ubiquitination of other
APC/C substrates.

D-boxes found in both EMI1 and dozens of APC/C
substrates bind to a receptor site formed by CDH1 and
APC10.21,22,25,30,31 Because of the multivalent interactions
between APC/CCDH1 and EMI1, we next examined the
requirement of the EMI1 D-box for EMI1 ubiquitination.
Indeed, mutation of the EMI1 D-box (*EMI1Dm-LZC) or
the removal of the EMI1 D-box and linker (*EMI1ZC) dra-
matically reduced their ubiquitination compared to
*EMI1DLZC (Figure 2b–d). Further, the titration of an
APC/C substrate HSL1 (residues 768–842) from Saccha-
romyces cerevisiae, which contained both a D- and KEN-
box, reduced *EMI1DLZC ubiquitination, as well
(Figure 2e). These results demonstrate that the EMI1
D-box is important for its ubiquitination and suggests
that the level of canonical substrates in cells may impact
EMI1 ubiquitination.

UBE2S functions as the chain-elongating E2 for the
APC/C and its C-terminus binds to the same APC2/
APC4 groove as EMI1.21,22,25,37 Therefore, we tested
whether the UBE2SCTP, in isolation from its catalytic
domain, promotes *EMI1DLZC ubiquitination. In support
of this hypothesis, substrate depletion of *EMI1DLZC was
stimulated by the addition of the UBE2SCTP (Figure 2e).
Therefore, UBE2S has multiple functions during EMI1
ubiquitination, and its levels decline during G1 progres-
sion while the level of EMI1 increases. Taken together,
our observations present an interesting hypothesis that
UBE2S availability modulates the abundance of EMI1 as
the UBE2SCTP and the EMI1CTP compete for the APC2/
APC4 binding groove.

2.3 | The EMI1CTP facilitates APC/C-
mediated substrate priming by UBE2C
similar to the UBE2SCTP

The finding that the EMI1CTP promoted the ubiquitination
of the EMI1 construct void of the EMI1 C-terminus
(EMI1NFDLZ-SKP1) suggests that the EMI1CTP promotes
APC/CCDH1-UBE2C-dependent ubiquitination. We previ-
ously described how the UBE2SCTP activates the APC/C
through a mechanism distinct from CDH1-induced activa-
tion.40 Together, these findings led us to predict that the
EMI1CTP, which shares 44% sequence identity with
UBE2SCTP, could also facilitate UBE2C recruitment and
activation when separated from the other EMI1 domains
that inhibit APC/C function (Figure 3a). Remarkably, the
EMI1CTP does behave in a manner analogous to the
UBE2SCTP. First, the EMI1CTP accelerates the rate of
UBE2C-dependent Ub ligation to substrates and increases
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substrate depletion (Figure 3b,c). Second, to specifically
characterize the first Ub transfer step (substrate priming),
a single-encounter assay was performed using methylated
Ub (meUB) and a single lysine version of *CycBNTD(1K;
Figure 3d). In this experiment, *CycBNTD(1K) was pre-
incubated with APC/CCDH1 in the presence or absence of
EMI1CTP or UBE2SCTP as a positive control. A mixture of
UBE2C ~ Ub and excess unlabeled substrate (HSL1) were
added. As a result, only modification of the prebound
*CycBNTD(1K) would be observed with a single methyl-
Ub. Indeed, the EMI1CTP enhanced substrate priming by
~3-fold, indicating that the EMI1CTP is activating the
APC/C for UBE2C-dependent priming (Figure 3e).

2.4 | The EMI1CTP activates the APC/C
in a manner that is distinct from CDH1

An APC/C coactivator serves two different functions.
First, it recruits substrates to the APC/C for
ubiquitination. Second, it mobilizes the catalytic core
(APC2–APC11), facilitating the recruitment and activa-
tion of UBE2C~Ub. This activation mechanism is
dependent on a WD40 domain present in the APC1 sub-
unit (Figure 4a).43 To test if the EMI1CTP activates the
APC/C similar to the UBE2SCTP rather than CDH1, we
purified the recombinant APC/C harboring a deletion of
this APC1 WD40 domain (APC/CΔAPC1-WD40) and tested

FIGURE 2 Multivalent binding of EMI1 requires its C-terminal extension to prevent APC/CCDH1-UBE2C-dependent ubiquitination.

(a) Schematic of the EMI1 truncations used in APC/CCDH1-dependent ubiquitination assays. (b) APC/CCDH1-UBE2C-dependent

ubiquitination of *EMI1WT-SKP1, *EMI1NFDLZ-SKP1, *EMI1DLZC, *EMI1Dm-LZC, and *EMI1ZC was monitored by fluorescent scanning of

SDS-PAGE gels. The addition of the EMI1CTP in trans enhanced the ubiquitination of *EMI1WT-SKP1, *EMI1NFDLZ-SKP1, and *EMI1DLZC.

n = 3 independent experiments. (c) Quantification of the amounts of *EMI1 remaining at the 60-min time point. n = 3 independent

experiments, ± SD (Unpaired t-test, * p ≤ .05). (d) Similar reactions as in b, where the APC/CCDH1-*EMI1DLZC ratios were varied. The

amount of unmodified *EMI1DLZC at the 15-minute time point was quantified. n = 3 independent experiments, ± SD (One-way ANOVA,

****p ≤ .0001). (e) Titrating an APC/C substrate (HSL1 residues 768–842) prevents the APC/CCDH1-UBE2C-dependent ubiquitination of

*EMI1DLZC, while the UBE2SCTP increases the depletion of unmodified EMI1DLZC. Reactions were monitored by fluorescent scanning and

SDS-PAGE, n = 3 independent experiments
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it against multiple substrates. As expected, the deletion
of this domain significantly reduced the activity of
APC/CCDH1-dependent ubiquitination (Figure 4b,c,
compare lanes 2 and 3). However, the UBE2SCTP

enhances the ubiquitination of this otherwise defective
APC/CΔAPC1-WD40 variant (Figure 4b,c, compare lanes
3 and 4). By substituting the last 4 residues, which are
conserved between both EMI1 and UBE2S (the LRRL
residues), to alanine (UBE2SCTP-4A), APC/C-dependent
function is greatly reduced (Figure 4b,c, compare lanes
4 and 5). However, the EMI1CTP rescues the enzymatic

activity of the defective APC/CΔAPC1-WD40 variant,
which cannot be stimulated by CDH1, for all substrates
tested including CycA*, CycBNTD*, Securin*, Ub-
CycBNTD*, and Ub-Securin* (Figure 4b,c, compare lanes
3 and 6). Taken together, these data support the idea
that the EMI1CTP assists in the recruitment of UBE2C to
the APC/C for priming and multiubiquitination in a
manner distinct from coactivators. This function is an
interesting example of how an inhibitor captures and
paradoxically induces the active state of a massive
enzyme.

FIGURE 3 A peptide derived from the C-terminus of EMI1 (EMI1CTP) enhances the rate of substrate modification by APC/CCDH1-

UBE2C. (a) Sequence alignment of the highly similar C-termini of EMI1 and UBE2S. (b) Representative fluorescent image of SDS-PAGE gels

demonstrating that the addition of the EMI1CTP to APC/CCDH1-dependent substrate polyubiquitination reactions (CycBNTD*, top, and

Securin*, bottom) stimulates the rate of substrate depletion. (c) Quantification of the unmodified substrate from b. n = 3 independent

experiments, ± SEM. (d) Schematic of the experimental set-up of single-encounter assays to monitor substrate priming by APC/CCDH1-

UBE2C used in e. In short, one mixture contains the components to load UBE2C with methylated Ub (E1, UBE2C, meUB, Mg/ATP) and an

excess of unlabeled substrate. A second mixture contains the fluorescently labeled, single lysine version of CycB (*CycBNTD(1K)),

APC/CCDH1, and either the EMI1CTP or the UBE2SCTP. Therefore, when the mixtures are combined, only the modification of the prebound

substrate is monitored by fluorescent scans of SDS-PAGE gels. (e) Representative SDS-PAGE gel, left, demonstrating the addition of the

EMI1CTP has a similar effect on APC/CCDH1-dependent substrate priming as the UBE2SCTP. Right, quantification of the conjugated meUb-

*CycBNTD(1K). n = 3 independent experiments, ±SEM (Unpaired t-test, *p ≤ .05)
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3 | DISCUSSION

The complex regulation of the APC/C requires the pre-
cise coordination of multiple cell cycle regulators. APC/C
activity is high in late mitosis and early G1 but is reduced
in late G1.20 At the G1/S transition, EMI1 uses several
domains to shut down nearly every aspect of
ubiquitination by blocking the recruitment of the E2s,
UBE2C, and UBE2S, and APC/C substrates.21,22,25 Para-
doxically, EMI1 is an APC/C substrate in early G1.26

Therefore, how EMI1 changes from an APC/C substrate

to an inhibitor has remained mechanistically unclear but
important for a swift transition into S phase. This switch
is significant as both the regulation of the G1/S transition
and the protein levels of EMI1 are perturbed in many
types of cancer.44–49 As a whole, dysregulation of G1/S
increases proliferation through a variety of mecha-
nisms.48,50 Similarly, EMI1 overexpression shortens G1,
is a poor prognostic marker in solid tumors, and is con-
sidered oncogenic.17,46,51,52 Here, we investigate the fun-
damental interactions between the APC/C and EMI1 to
dissect how the APC/C recognizes EMI1 as a substrate

FIGURE 4 The EMI1CTP

activates the APC/C through a

different mechanism than the

coactivator. (a) Removal of the

WD40 domain of APC1 from the

APC/C (APC/CΔAPC1-WD40)

prevents the mobilization of the

catalytic core (APC2-APC11) by

the coactivator CDH1 for UBE2C

function. However, the UBE2SCTP

and the EMI1CTP activate this

otherwise defective version of the

APC/C. (b,c) APC/CCDH1-UBE2C-

dependent polyubiquitination of

substrates (b, CycA*, CycBNTD*,

Securin*) and Ub-modified

substrates (c, Ub-CycBNTD*, Ub-

Securin*), monitored by

fluorescent scanning of SDS-PAGE

gels. This activity is markedly

reduced when in the

APC/CΔAPC1-WD40 variant but is

reestablished when either the

UBE2SCTP or the EMI1CTP is added

to the reaction. n = 3 independent

experiments
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and how different domains of EMI1 can modulate APC/C
function.

The multivalency of EMI1 is foundational to its regu-
lation by the APC/C. While previous studies have focused
on how EMI1 uses its D-box, Linker, ZBR, and
C-terminal peptide (CTP) for the tight-binding inhibition
of APC/C activity, here we flip the perspective and exam-
ine the individual contributions of these domains
towards its ubiquitination.21,22,25,26,41,42 For example,
EMI1 ubiquitination is reduced by the addition of other
substrates and by the engagement of the EMI1
C-terminus to the groove formed by APC2/APC4. Unex-
pectedly, we revealed that the EMI1CTP in isolation can

activate APC/CCDH1-UBE2C-dependent substrate prim-
ing. This activation seems surprising but may also func-
tion to accelerate substrate ubiquitination when UBE2S
protein levels are low (Figure 5). Alternatively, the
expected mobilization of the catalytic core may help the
EMI1ZBR engage the APC11 RING domain, as the ZBR
has little impact on substrate ubiquitination in
isolation.22

Our data also demonstrate how levels of other APC/C
substrates and UBE2S differentially impact EMI1
ubiquitination. The D-box of EMI1 is important for its
ubiquitination. Therefore, at high APC/C substrate levels
in G1, EMI1 would compete for binding to the D-box

FIGURE 5 Multiple roles of the APC/C binding domains of EMI1 and its implications for context-dependent modulation of APC/C

activity. (a) EMI1 is recruited as a D-box dependent substrate when its C-terminus, which binds to the E2-binding sites on the APC/C, is not

engaged. (b) EMI1CTP binding to the APC2/APC4 groove stimulates APC/CCDH1-UBE2C-dependent substrate priming when the EMI1 D-box

is not bound to CDH1. (c) EMI1 binds to the APC/C via its EMI1CTP and may stimulate the ubiquitination of APC/C substrates in early G1

when the protein levels of other APC/C substrates and UBE2S are high. In late G1, when APC/C substrate levels are lower, the EMI1 D-box

can also engage APC/CCDH1 and fully inhibit the APC/C for the G1/S transition
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binding site, reducing EMI1 ubiquitination. As APC/C
substrates are degraded throughout G1 progression,
EMI1 is increasingly able to bind the D-box binding site
(Figure 5). UBE2S likely needs to be depleted during G1
to promote the role of EMI1 as an inhibitor rather than a
substrate, because UBE2S has three roles during EMI1
ubiquitination: elongating K11-linked Ub chains, activat-
ing the APC/C to function with UBE2C, and competing
with EMI1 for binding to the APC2/APC4 groove to
make EMI1 a better substrate. Taken together, our data
reveal how the multivalency of EMI1 tunes its own
ubiquitination and the activity of the APC/C.

4 | MATERIALS AND METHODS

4.1 | Protein purification

All proteins were expressed and purified as previously
described.22,40 In short, APC/C, CDH1, and UBA1 were
expressed using a baculoviral expression system in High
Five™ insect cells (Sigma-Aldrich). EMI1 versions that
contained an F-box were co-expressed and co-purified
with SKP1 for increased stability from insect cells. All
other proteins for ubiquitination reactions were
expressed in BL21-Codon Plus (DE3)-RIL cells. All purifi-
cation steps were performed at 4�C and completed by
size-exclusion chromatography as the last step into a
standard buffer, 20 mM HEPES pH 8.0, 200 mM NaCl,
and 1 mM DTT, unless otherwise previously stated. All
proteins were stored flash frozen in liquid nitrogen and
stored at �80�C.

Fluorescein-5-maleimide was used to fluorescently
label single cysteine versions of CycBNTD and Securin.
CycBNTD(1K), Cyclin A, and EMI1 proteins were fluores-
cently labeled at their N-terminus through a sortase-
mediated reaction. After TEV cleavage, these proteins
were subjected to 10 nM–1 μM sortase and 400 μM–
1 mM of a fluorescent-labeled peptide (*LPETGG, *
denotes fluorescent label) in 10 mM HEPES pH 8,
50 mM NaCl, 10 mM CaCl2 during an overnight incuba-
tion at 4�C. The fluorescently labeled proteins were puri-
fied by ion exchange and size-exclusion chromatography.

4.2 | Ubiquitination assays

Enzyme assays monitoring APC/C-dependent
ubiquitination were all performed at room temperature
and quenched with SDS sample loading buffer. Reaction
products were separated by SDS-PAGE and visualized by
fluorescent monitoring by an Amersham Typhoon Bio-
molecular imager. Quantitative assays were quantified

using ImageQuant TL and statistically analyzed using
GraphPad Prism v9.0.

Qualitative assays monitoring the ubiquitination of
fluorescently labeled CycB (CycBNTD*) in the presence of
a titration of EMI1 variants (WT and NFDLZ) were con-
ducted by combining a final concentration of 1 μM
UBA1, 5 mM MgCl2/ATP, 0.5 μM UBE2C, 80 nM APC/C,
0.5 μM CDH1, 0.5 μM CycBNTD*, a 3-point titration of
EMI1 WT or EMI1NFDLZ (80, 160, 310 nM), and 125 μM
Ub. Reactions were quenched at 2.5 min (Figure 1c).
Qualitative assays assessing the effect of APC4-D33K
mutation on EMI1-dependent APC/C inhibition were
performed by combining a final concentration of 1 μM
UBA1, 5 mM MgCl2/ATP, 0.2 μM UBE2C, 0.2 μM
CycBNTD*, 1 μM CDH1, 100 nM APC/C WT or D33K,
0.5 μM EMI1WT-SKP1, and 125 μM Ub. Reactions were
quenched at 10 min (Figure 1d). Qualitative assays prob-
ing the role of the isolated EMI1CTP on the inhibition of
APC/CCDH1-UBE2S dependent activity were performed
by combining a final concentration of 1 μM UBA1, 5 mM
MgCl2/ATP, 0.2 μM UBE2S, 200 nM APC/C WT, 0.5 μM
CDH1, 0.2 μM substrate Ub-CycBNTD*, 10 μM EMI1CTP,
and 125 μM Ub. Reactions were quenched at 10 min with
SDS buffer (Figure 1e). Assays monitoring the stimula-
tion of APC/CCDH1-UBE2C-dependent substrate priming
by the EMI1CTP (Figures 3 and 4) were performed as pre-
viously described,40 except the UBE2SCTP was replaced
by the EMI1CTP as indicated.

Assaysmonitoring the APC/C-dependent ubiquitination
of truncated EMI1 variants were conducted similar to the
assays above. To determine the impact of the different
domains of EMI1 and the EMI1CTP (KIGPLPGTKK
SKKNLRRL), EMI1 ubiquitination assays were conducted
by combining 0.5 μMUBA1, 0.5 μMUBE2C, 80 nMAPC/C,
350 nM CDH1, 125 μM UB, 5 mM MgCl2/ATP, 200 nM of
the respective fluorescent EMI1 variant, and either 25 μM
EMI1CTP peptide or 20 mM HEPES pH 8, 200 mM NaCl
buffer. Reactionswere quenched at the indicated time points
(Figure 2b–d). In Figure 2d, the *EMI1DLZC concentrations
tested were 40 nM, 80 nM, and 200 nM. Assays monitoring
ubiquitination of *EMI1DLZC in the presence of a truncation
of HSL1 (residues 768–842) from Saccharomyces cerevisiae
or a UBE2SCTP (KKLAAKKKTDKKRALRRL) were con-
ducted by titrating HSL1 (0.2, 0.5, 2, 5 μM) or UBE2SCTP

(1, 2.5, 10, 25 μM). Reactions were quenched after 30 min
(Figure 2e).

4.3 | Cell extract experiments

HeLa S3 extracts were prepared similar to previous stud-
ies.40,53,54 For degradation assays, extracts were used at
1:2 ratio, diluted with SB buffer (20 mM HEPES pH 7.5,
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1.5 mM MgCl2, 1 mM DTT, 5 mM KCl, 2 μg/ml
aprotinin, 10 μg/ml leupeptin, and 1 mM AEBSF),
1 mg/ml ubiquitin (final), and energy mix (375 mM crea-
tine phosphate, 50 mM ATP, and 50 mM MgCl2, pH 8.0).
Flag-EMI1WT-SKP1 or EMI1NFDLZ-SPK1 was added at
0.1 μM final concentration before reactions were allowed
to procced at 30�C. At the indicated time points, aliquots
of the reaction were taken and quenched in 4� SDS load-
ing buffer before being boiled for 5 min and separated on
SDS-PAGE gels (Bio-Rad). Proteins were transferred to
nitrocellulose membranes (Bio-Rad) and blocked for 1 hr
in PBS with 0.5% Tween-20 (PBS-T) and 5% non-fat dry
milk (Securin, Vinculin, CDC27) or overnight (Flag,
Cyclin B) before being washed three times with PBS-T
and being incubated overnight with indicated antibodies
in PBS-T with 5% BSA. Flag and Cyclin B primary anti-
bodies were incubated for 1 hr at RT, then all membranes
were washed with PBS-T and incubated with appropriate
secondary antibodies for 1 hr at room temperature. After
being washed twice more with PBS-T, membranes were
incubated with ECL (Clarity™, Bio-Rad) for 5 min and
visualized on film. Antibody information: Vinculin
(Santa Cruz Biotechnology, Cat. #sc-25336, 1:1000 dilu-
tion), CyclinB (Abcam, Cat. #ab32053, 1:10,000 dilution),
Securin (Santa Cruz Biotechnology. Cat. #sc-56207,
1:1000 dilution), and Flag (Sigma Aldrich, Cat. # F3165,
1:10,000 dilution).
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