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Abstract

The mis-segregation of chromosomes during mitosis can lead to genetic disorders,
like Down syndrome, birth defects and even cancers (5-9). The spindle assembly checkpoint
(SAC) is the most important mechanism in mitosis (3, 10). The SAC functions to prevent
premature sister-chromatid segregation - at anaphase onset by inhibiting the premature
activation of the anaphase promoting complex/cyclosome (APC/C) by its coactivator CDC20
(cell division cycle protein 20) (10, 12). The APC/C is a large multi-subunit protein complex
which functions as an E3 ubiquitin ligase and targets substrates by ubiquitination and

consequently destruction by the proteasome throughout the cell cycle (reviewed in 61). It

contains three functional subdomains: the scaffolding platform consists of APC1, APC4, and
APC5; the catalytic domain consists of APC2 (a Cullin family related protein), APC10 (Doc1)
and APC11 (RING finger protein); and the TPR (tetratricopeptide repeat) lobe domain
consists of APC3, APC6, APC7, APC8, APC13, APC16 and Cdc26 (Reviewed in 63). The
spatiotemporal activation of the APC/C is primarily achieved by sequential and regulated
binding to its two co-activators, CDC20 and Cdh1 leading to the formation of APC/CP?° and

APC/C™" which are two E3 ligase complexes (Reviewed in 61). The APC/C®® primarily

controls the metaphase/anaphase transition and mitotic exit by targeting and destroying

Cyclin B1 and securin through regulation by the SAC (Reviewed in 61). More recently, it has

been shown that the APC/C can interact with a second CDC20 and target other substrates,
such as Nek2A and Cyclin A which are degraded in prometaphase independently of the SAC
(64). As the interaction between CDC20 and the APC/C, or the CDC20M“ and the APC/C has
never been seen in vivo, it will be important to understand the timing of these interactions
and the part that they play in regulating the APC/C (50, 52). Therefore, the overall aim of
this project is using PLA to investigate the protein-protein interactions between the
components of the APC/C and its co-activator, CDC20; and the interactions among the
subunits of the APC/C to provide insights into the regulation of the APC/C. We have studied
the in vivo protein-protein interactions between APC3-CDC20, APC8-CDC20, and APC11-
CDC20 and intended to examine the interactions between CDC20 and the APC/C. We have
also examined the dynamic assembly of the APC/C by looking at APC3-APC6, and APC3-
APC10 complexes. Our results suggest that APC11-CDC20*"®, and APC11-CDC20*%

interacted at the same time, and we favour the interpretation that there is only one APC/C.
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The interaction profiles of the APC3-APC6 and APC3-APC10 suggest that the assembly of the

APC/C is cell cycle regulated.
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1. Introduction

Eukaryotic cells require accurate chromosome segregation for their normal division
and stable inheritance. Mis-segregation of chromosome during mitosis will produce
daughter cells which are not genetically identical, this can be lethal to the cell or can lead to
aneuploidy (9, 10). If it occurs in reproductive cells, aneuploidy can lead to genetic disorders,
such as Down syndrome (7, 10, 11). If it occurs in somatic cells, aneuploidy is recognized as a
hallmark of cancer (1-5). Cells have therefore evolved a mechanism for monitoring the
segregation of sister-chromatids and correcting errors both in mitosis and meiosis, called
the spindle assembly checkpoint (SAC) (6, 7). This project predominantly focuses on the SAC

in somatic cell division (i.e., mitosis).

Currently, it is believed that during mitosis, the SAC remains active until each pair of
sister-chromatids have attached to microtubules through their kinetochores, and
appropriate tension has been generated (12). The SAC functions to delay the sister-
chromatid segregation - and thus the anaphase onset - by inhibiting the anaphase
promoting complex/ or cyclosome (APC/C), through altering the contact between the APC/C
and its coactivator CDC20 (cell division cycle protein 20) (6, 8). When all kinetochores on
each pair of sister-chromatids have attached to microtubules, and tension has been
generated, the SAC is satisfied and CDC20 is freed to activate the APC/C by recognizing and
degrading the main mitotic regulator proteins, cyclin B1 and securin, thus facilitating the

metaphase to anaphase transition.

Cyclin B1 which activates CDK1 (cyclin-dependent kinase 1) in early mitosis is
essential for driving cells to enter mitosis (13-15). Securin locks the cohesin ring complex
which holds the sister chromatids together and prevents them from premature segregation
(16, 17). By degrading Cyclin B1 and Securin at the end of mitosis, CDK1 kinase activity
becomes inactivated and separase is activated to unlock the cohesin ring, releasing the
sister-chromatids, an facilitating the metaphase to anaphase transition and mitotic exit.

However, Cyclin B1 and Securin are not the sole substrates of the APC/C P20

, other proteins
such as Cyclin A and Nek2A in prophase are also its substrates (18). Moreover, in late

mitosis, the APC/C will be activated by another activator, CDC20-homologue 1 (CDH1) (19),
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the APC/C®®"! targets more substrates, including Aurora A and UBCH10, etc (18, 20),

although CDH1 is not essential for some species (21).

The APC/C has been shown to function from mitosis to late G1 (growing phase 1) (19,
22), and its substrate specificity is partly regulated by its co-activators, CDC20 and CDH1 (23).
In Drosophila, it has been shown that CDC27 (APC3) and CDC16 (APC6), the core
components of the APC/C, are differentially localised to mitotic chromosomes and spindle
microtubules, which suggests that multiple forms of the APC/C might exist (64). More
recently, it has been suggested that by interacting with different component of the APC/C,
for instance APC3 and APC8 in prophase and metaphase, CDC20 can mark different
substrates such as cyclin A and cyclin B1 for ubiquitination and hence degradation (20).
However, exactly when and where the interactions between CDC20 and these APC/C
subunits occurs in vivo has never been discovered. Also, if the formation of the multi-
subunit complex of the APC/C is cell cycle regulated or if it persists throughout the cell cycle
were remains unknown. In this project, we have investigated these issues by studying the
interactions between some of the APC/C subunits and CDC20 based on single cell analysis
using the Duolink-mediated proximity ligation assay (The technical details of the assay will

be discussed later).

1.1 The Eukaryotic Cell Cycle

The growth and survival of all eukaryotic organisms relies on mitotic cell division, by
which two genetically identical daughter cells are produced from one original mother cell,
which allows the organism to grow, metabolise and repair its damaged tissues (24). The
eukaryotic cell cycle is normally comprised of four stages: growth phase 1 (G1), synthesis
phase (S), growth phase 2 (G2) and mitosis (M). In G1, cells increase their size. Once they
have grown to their proper size, cells then enter S phase, where DNA duplication occurs.
After S phase, cells continue to grow during G2, and accumulate essential resources, such as
amino acids. M phase is the final stage of the cycle, during which the cell divides and
separates into two identical daughter cells, each of which will then undergo their own next
round of the cell cycle. Some cells can exit the cell cycle by entering a quiescent state called

GO at late G1. Cells in GO such as neurons remain quiescent. G1, together with the S and G2

Page 8 of 56



phases are collectively known as ‘interphase’: the period between mitotic divisions (shown

in Figure 1)

(A) (B)
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Figure 1. The partition of the main eukaryotic cell cycle stages

Schematic diagram shows a typical eukaryotic cell cycle. An entire cycle is divided into four parts. The four
parts represent the four stages: mitosis (M), growth phase 1 (G1), synthesis phase (S) and growth phase 2 (G2).
Some types of cell have GO phase within G1 (A). The interphase constitutes phases G1, S and G2, the rest of
cell cycle is mitosis (B).

Mitosis itself can then be subdivided into distinct stages: prophase, prometaphase,
metaphase, anaphase and telophase.

In prophase, the duplicated DNA begin to condense to form sister-chromatids, and
after the nuclear envelope has broken down (NEBD) marking the end of prophase, cells then
enter prometaphase. Kinetochores are formed at the centromere region of the sister
chromatids, microtubules are nucleated from both the centrosomes and the centromeres,
and these microtubules begin to search for and interact with unattached kinetochores (25,
26). The proper attachment of kinetochores induces changes both on kinetochore
conformation and mitotic spindle dynamics, which in turn generates the pulling force that
drives the chromatid towards the plus end of the spindle. Spontaneously, the counteracting
force is produced by the SAC to maintain the temporal geometry of the sister chromatids

(25, 26, reviewed in 83, 84). Once all of the kinetochores have been properly bound by

microtubules, the SAC is satisfied and the counteracting force is eliminated allowing each
pair of chromosomes to be pulled apart, and allowing anaphase to be initiated (27-29).
During anaphase, the sister chromatids are separated and pulled to the spindle poles. As

mentioned above, the separation of sister chromatids requires the breakdown of the
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cohesin ring complex (16, 17). Finally, the destruction of cyclin B to inactivate the CDK1
kinase activity will allow the chromatids to decondense and the daughter nuclear envelope
membranes to reform in telophase, and then during cytokinesis, two daughter cells are

formed (24). These processes are illustrated in Figure 2.

Prophase Prometaphase Metaphase

Vi Q@:ﬂg}
(B = (6

Telophase Anaphase

Figure 2. Mitotic sub-stages

Schematic diagram shows the five substages of mitosis. The Orange circles represent cells, the grey circle in
solid and dashed lines are the nuclear envelop and broken nuclear envelop, respectively, the green tickles are
centrosomes, the dark green lines are microtubules and the red and blue lines are different pairs of sister-
chromatids.

Here the question raised is, how do the cell cycle stage, as well as the mitotic
substages progress in a sequential manner? Cell cycle progression is driven by cyclin
dependent kinases (CDKs) and their cyclin partners (30). Once bound to their corresponding
cyclins, CDKs are activated, and acquire the ability to phosphorylate their substrates which
switches on their activity and drives the cell to enter the next stage. Since the expression of
the CDKs is constant throughout the cell cycle, it is the up- and down-regulation of the
cyclins that is key to controlling such events. Each CDK has fixed cyclin partner(s) and each

combination functions at a specific stage (30), (Figure 3).
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Figure 3. Cyclin-CDK regulation of the cell cycle

Adapted from Reference (30). In mammalian cells, the progression of the cell cycle is regulated by different
cyclin-CDK complexes through at different stages.

As mentioned above, CDK1 activity is crucial for the cell remaining in a mitotic state,
and the progression of mitosis is dependent on cyclin B-CDK1 (31, 32). At the same time,
although Cyclin B is ubiquitylated by the APC/C and subsequently marked for degradation,
the APC/C itself is also a substrate of Cyclin B-CDK1 (33). In early mitosis, the activation of
the APC/C is a binary process through Cyclin B-CDK1 phosphorylation. Firstly, the
phosphorylation of the APC/C core subunits (e.g., APC7, APC3, APC6 and APC8) facilitates
the binding of CDC20 (30, 34, 35); secondly, the phosphorylation of CDH1 prevents it from
binding to the APC/C; and thus ensures that APC/C-CDC20 is the sole ubiquitin ligase at this
stage (36). Once activated, the APC/C-CDC20 complex initiates the ubiquitination and
degradation of cyclin B (13-15). In late mitosis, the declining level of cyclin B results in cyclin
B-CDK1 inactivation, which in turn stops the phosphorylation of CDH1. CDH1 then binds to
the APC/C, and the APC/C-CDH1 complex targets CDC20 as one of its substrates, and
therefore facilitates the cell to enter the G1 phase (13, 37-40). In conclusion, the interplay
of the APC/C and cyclinB-CDK1 controls the progression and exit of mitosis through a

process of feedback regulation.

1.2 The Spindle Assembly Checkpoint

Cell cycle progression requires tight control. Like a car moving along a road, the cell
cycle requires not only the accurate timing of various CDK activities to drive it forward, but
also regular checks to rule out malfunctions along the way. In cells, such ‘checks’ that ensure

proper cell cycle progression are called cell cycle checkpoints. There are three main
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checkpoints throughout the cycle: the G1 checkpoint, the G2/M checkpoint, and the

metaphase-anaphase checkpoint (40).

The G1 phase is the time between the end of mitosis and the beginning of DNA
replication in S phase. The G1 checkpoint, is also known as the restriction point in
mammalian cells and the start point in yeast, it is the point where the cell decides to either
re-enter a cell cycle or to enter a quiescent state known as GO. The checkpoint delays the G1
phase in response to the cell size, nutrients, growth factors, or DNA damage (41). The G2/M
checkpoint is a DNA damage checkpoint, which detects DNA damage, such as base loss,
single-strand breaks or double-strand breaks. Once damage is detected, this checkpoint
activates repair systems to fix them, or it will induce programmed cell death if the amount
of damage is beyond repair. Therefore, the integrity and health of the genetic material is

guaranteed for the following division (42, 43).

The checkpoint involved at the metaphase-anaphase transition is the spindle
assembly checkpoint (SAC), which delays anaphase onset to guarantee accuracy of
chromosome segregation (6). The SAC is believed to be activated after NEBD, and lasts until
the last kinetochore - microtubule attachment is completed properly (7). Some people
believed that satisfaction of the SAC requires both attachment to and tension on the
kinetochore (11, 27, 28, 44), whereas more recent papers suggest that the tension is more
likely to be an attribute of proper attachment, which is created by the antagonistic forces
between spindle dynamics and SAC protein maintenance (84, 86). A lack of tension is largely
due to unstable binding, which activates a pathway that leads to the phosphorylation of the
Aurora B kinase substrate for error correction (87). Therefore, tension appears to be an
essential index of robust MT-KT interaction, rather than a prerequisite for satisfaction of the
SAC (87, 88). The kinetochore is the origin of the signal for activating the SAC, and the SAC
strength varies according to the amount of unattached kinetochore (29, 43). The SAC
pathway behaves as a cascade, and the assembly of the kinetochore is a prerequisite for
recruiting SAC proteins. In mammalian cells, the centromeric DNA associates with
centromeric protein A (CENP-A), a histone 3 variant, which provides a docking site for
recruiting 16 centromere proteins (CENPs) to assemble as constitutive centromere network
(CCAN), which forms inner kinetochore (29). The inner kinetochore recruits the ‘KMN

network’ as the outer kinetochore just before NEBD. The KMN network is a protein complex
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composed of kinetochore null protein 1(KNL1, also known as Blinkin), the mis-segregation
12 complex (MIS12) and nuclear division cycle 80 complex (NDC80), which is crucial for
microtubule interaction and cascading of the SAC signalling (28, 29, 45). At the unattached
kinetochore, a monopolar spindle 1 (MPS1) kinase is tethered to the kinetochore by a
phosphorylated Aurora B. This allows MPS1 to phosphorylate KNL1 (46) which
subsequently binds BUB1 and BUB3, and recruits BUBR1/Mad3 to form the BUBR1-BUB3
complex, as well as the ROD-ZW10-Zwilch (RZZ) complex, which is a kinetochore receptor
for motor dynein-dynactin. These proteins together recruit a MAD1-C-MAD2 heterodimer
which can recruit and convert the soluble open form of MAD2 (O-MAD?2) into the closed
form of MAD2 (C-MAD?2) on the kinetochore. This in-turn facilitates the binding of C-MAD2
with CDC20 to form the MAD2-CDC20 complex. The C-MAD2-CDC20 complex binds to the
BUBR1-BUB3 complex in an as yet unknown manner to form the mitotic checkpoint complex

(MCC), which is regarded as the core APC/C inhibitor (28) (Figure 4).

KNL1 (EXECEXE)
‘ BUB3( BUB1
W P 4 E

BUBR1/Mad3

CCAN and
inner kinetochore

Centromere

Open Closed

Figure 4. Schematic of the SAC signalling pathway
Adapted from reference (28). The SAC proteins are recruited to the kinetochore in a cascade and eventually
form an MCC complex to suppress CDC20.

It used to be believed that the MCC inhibited the APC/C through a binary mechanism.
On the one hand, MAD2 directly binds to CDC20 to prevent it from binding and coordinating
with the APC/C (47, 48). This in turn, prevents the APC/C complex recognizing and recruiting
substrates, which contain the destruction box (D box) motif (18, 20), thereby inhibiting the
activation of the APC/C. On the other hand, the BUBR1 of the MCC inhibits the APC/C by
preventing substrates from binding to the APC/C, either by inducing a conformational

change in the APC/C, or by acting as a ‘pseudosubstrate’ (10, 49). However, more recently, it
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has been suggested that the MCC can inhibit a second CDC20 which has already bound and
activated the APC/C (50). The APC/C activated by the second CDC20 can target Cyclin A for

degradation in a SAC independent manner, and the APC/CCPe0o-Mec

is responsible for the
degradation of Cyclin B1 in a SAC dependent manner (52). As the in vivo interaction
between the CDC20 and the APC/C, or the CDC20v“ and the APC/C has never been
determined, an understanding of the exact timing of these interactions will be important for

determining the mechanism of regulating the APC/C.

1.3 The Anaphase Promoting Complex

As previously mentioned, the progression of the cell cycle is modulated by the
activity of various CDKs, and the levels of their cyclin partners. These levels are in-turn
controlled by the ubiquitin proteasomic system (UPS). The UPS consists of three types of
enzymes - termed E1, E2 and E3 - which perform a cascade of reactions, resulting in a post-
translational modification named ubiquitylation (50, 51). Firstly, ubiquitin (Ub) is bound and
activated by the E1 (ubiquitin-activating enzyme) (18). Then the activated ubiquitin is
transferred to the E2 (ubiquitin-conjugating enzyme) (18). The E2 and substrate are brought
together by the E3 (ubiquitin-ligase), which contains both an E2 binding site and a substrate
binding site. Ubiquitin is then transferred to the substrate to form a polyubiquitin chain at
lysine residues (18, 52). Finally, the ubiquitylated protein is degraded by the 26S
proteasome (18, 51) (Figure 5).

Proteasome DUB
Figure 5. The pathway of ubiquitylation

Adapted from reference (14). Ub represents ubiquitin, PP; represents inorganic diphosphate, and DUB is
deubiquitylating enzyme which can remove the ubiquitin chains from the substrate.
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In addition to the cyclins, once the CDK-cyclins complexes are formed, there is a
group of proteins that act as negative regulators, called CDK inhibitors (CKls). The balance
between the Cyclins and the CKIs controls the timing of the activity of the CDKs throughout
the cell cycle (50). The degradation of the CKls is also via ubiquitylation (50). Therefore,
ubiquitylation is a crucial mechanism involved in controlling cell cycle progression, not only
by promoting substrate degradation, but also regulating the stability, localization and even
function of the substrate (50, 53). In human cells, there are two E1 enzymes, around 50 E2
enzymes and around 600 E3 enzymes (54). However, the substrate specificity of the target
protein depends only on E3 (51). The E3 ligases are divided into 3 classes: cullin-based E3s,
HECT-based E3s and RING (really interesting new gene) -finger based E3s (55). Two E3s from
the RING-finger based class are involved in regulating the progression of the cell cycle:
termed the SKP/cullin/F-box-containing (SCF) complex and the APC/C as mentioned above
(51). The two complexes collaborate with each other; their activities covering the whole cell
cycle. The SCF complex is activated from late G1 to early M phase, whereas the APC/C
functions from the middle of M phase until the end of G1 (50).

The SCF complex contains four subunits. Three of them are conserved (Skp1, Rbx1
and Cullinl) and the other one is a variable F-box-protein which helps bind to specific
substrate proteins by recognizing phosphorylated sequences, as shown in Figure 6 (50). The

F-box protein Skp2 is the substrate of APC/CP"

,at the end of G1. With the inactivation of
APC/CtPH Skp2 is released from its suppression by the APC/C®®™ and therefore is able to
bind and activates the SCF (50, 56). The SCF**"? complex ubiquitylates CKls such as p27 and
p21, in turn producing the activation of CDK2-Cyclin E, and commencing the onset of S
phase (57, 58). The SCF>*"? complex also ubiquitylates Cdt1 and Orcl, which promote the
transition from S phase to G2. By the end of G2, another F-box protein, B-Trcp is joining in.
SCF P drives mitotic progression by targeting Weel and Emil for degradation. Weel
inhibits CDK1 and Emil is an APC/C inhibitor; thus, both act as mitotic inhibitors (60).
Subsequently, after Emil is degraded the control of the cell cycle is shifted to the
APC/CP? M complex and in early mitosis targets substrates such as Cyclin A and Nek2A

in an SAC-independent manner (61), and the APC/CCDC20 is activated at the end of the

mitosis targeting Cyclin B and securin (61).
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Figure 6. A schematic representation of the SCF complex

The SCF complex is composed of a cullin like protein Cull which serves as the scaffold, a RING-finger protein
Rbx1 which recruits an E2 enzyme, an adaptor Skpl which recruits the variable F-box protein. Adapted from
reference (53).

The APC/C is a large protein complex composed of at least 13 subunits (depending

on the species). Figure 7 shows the schematic of the human APC/C (60).

Figure 7. A schematic representation of the human APC/C

The vertebrate APC/C is composed of 14 different subunits and is organised into three structural domains.
APC1-APC4-APCS serves as a scaffolding platform; the cullin-like protein APC2 and a RING-finger protein APC11
serves as the catalytic domain that interacts with E2s; the rest of the TPR proteins forms the TPR domain
together with the adaptors CDC20 or CDH1 act as the substrate recognition and recruitment domain. Modified
and adapted from ref (53).

The structure of the APC/C is significantly more complicated than that of the SCF

complex, although there are corresponding subunits: APC2 substituting for Cull and APC11
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for Rbx1. Unlike the SCF complex, the APC/C has two alternative coactivators: CDC20 and
CDH1. The function of CDC20 is to degrade the mitotic cyclins and securin by recognizing
their destruction box (D-box) motif (RXXLXXXXN) before anaphase onset (61). Once the B
type cyclins have been degraded, the cyclin B-CDK1 is inactivated allowing CDH1 to be
activated by removing its phosphorylation. The active CDH1 binds to the APC/C to form the
APC/C-CDH1 complex and CDC20 itself will become a substrate of the complex (61). CDH1
continues to act as the activator of the APC/C by recognizing both the D-box and the KEN
box (KENXXXN) motifs from late M phase until the end of the G1 phase (62, 63).

Whilst CDC20 starts to accumulate during S phase the APC/C®®“? is not fully active
until the metaphase-anaphase transition (51) and in early mitosis, Emil functions as the
APC/C inhibitor. Following Emil degradation, the SAC is actived and the APC/C is inhibited
by the MCC complex. However, even in the presence of an active SAC some substrates such

as Nek2A and cyclin A can still be degraded (64-66). Nek2A is a centrosomal kinase that

phosphorylates C-Nap and Rootletin which promotes centrosome separation and bipolar
spindle formation (66). It has a C-terminal methionine-arginine (MR) tail that binds to the
APC/C subunits directly. Cyclin A functions on the initiation of chromosome condensation
and probably the NEBD (62, 67, 68). It is still unclear exactly how Nek2A is degraded by the
APC/C®° (64, 66), but evidence suggests that CDC20 can bind to different sites on the
APC/C depending on the state of the SAC. For example, CDC20 requires binding to APC3 and
APC8, and the involvement of APC10 when the SAC is satisfied and Cyclin B1 and securin are
being degraded; but only requires binding to APC8 to degrade Cyclin A while the SAC is

active.

Once the SAC is satisfied, the APC/C°“® is fully activated and starts to target the

main mitotic regulators: cyclin B1 and securin, as shown in Figure 8.
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Figure 8. The principles of spindle assembly checkpoints
Adapted from reference (10). Once the APC/C is released from MCC blockage, cyclin Bl is degraded to
inactivate CDK1 and securin is degraded to free separase.

As described above when cells enter anaphase, the degradation of cyclin B1 leads to
the inactivation of the CDK1-Cyclin B1 complex and in yeast another APC/C coactivator,
CDH1, is dephosphorylated by CDC14 and activated (69). The activated APC/C""* degrades
CDC20, Plk1, Aurora A and Aurora B, in that order (62). However, why there is an ordered

CDH1

destruction for the APC/C substrates is poorly understood.

The APC/C®"! continues to function in the G1 phase, targeting CDC6 and geminin
maintaining G1, and the initiating DNA replication (18, 70). At the end of G1, CDH1 is
inactivated both via inhibitor binding and by phosphorylation by the CDK-cyclins (18). Once
CDH1 is inactivated, the F-box protein Skp2 is activated again, and the APC/C gives control

of the cell cycle back to the SCF complex (63).

It is understandable that substrate degradation by the APC/CP"!

CDC20

complex should
come after that by the APC/C complex, as CDH1 can help recognize both the D-box and
KEN box motifs. In addition, it has been suggested that binding of CDH1 induces a

CPHL \with its

conformational change in the APC/C, which favours the interaction of APC/C
substrates (63, 70). It is, however, quite surprising that there is such a tightly ordered

degradation of the substrates by the two coactivators.
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€0C20" can target cyclin A

At present there is no good explanation as to how the APC/C
and Nek2A right after M phase onset, but then quickly shift to cyclin B1 and securin once
the SAC is satisfied and most hypotheses are centered around the inherent complexity of
the APC/C. Theoretically, only four components of the APC/C complex have corresponding
subunits in the SCF: the catalytic subunits APC2 and the substrate recognition subunits

APC11, and APC10. As a result, research into the control of the timing and specificity of the

APC/C activity is focusing on how the other APC/C subunits function.

It has been suggested that specific TPR (tetratricopeptide repeat) protein(s) are
required for particular APC/C°“?° substrates (64). APC7, APC3, APC6 and APC8 are four TPR
proteins, they are V-shaped dimers, providing binding sites for the scaffolding subunit
APC10 and one of the activators, which forms a cavity that is thought to be an interaction
site with the substrate (70). However, if this is true, is it necessary that all the APC/C
subunits are present all the time? It is proposed that CDC20 and CDH1 bind to different
regions of APC3 and APC8 (61). In addition, a Drosophila melanogaster study indicates that
APC3 and APC6 might have distinct locations before anaphase onset (71). Over the past
decade, our understanding of the APC/C has increased dramatically. It has been shown that,
as well as regulating cell cycle progression, the APC/C also functions in cell metabolism, cell
mobility and gene transcription (61). Nevertheless, how the APC/C is assembled, and
whether it requires all its fifteen subunits for every cell cycle stage, and every circumstance,
remains unknown; as does how the APC/C collaborates with its activators to change
substrate specificity in a sequential manner. In this project, we aim to investigate these
unknowns by studying the interaction between certain APC/C subunits and the coactivator

CDC20, throughout the cell cycle.

1.4 Proximity Ligation Assay (PLA)

To approach these questions, in situ proximity ligation assay (PLA) was the main
technique used for visualising and quantifying the protein-protein interactions. The
technique was first developed to detect protein-protein interactions between endogenous
Myc and Max oncogenic transcription factors in response to interferon-gamma (IFN-gamma)
signalling and low-molecular-weight inhibitors in 2006 (83). PLA is one of a few widely used
(83, 84). PLA is one of a few widely used and commercially available methods for analyzing

protein-protein interactions in their native state (http://www.olink.com/products/duolink/
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applications/protein-interactions) (83-85). PLA utilizes two primary antibodies raised in
different species to recognize the target antigens of interest, followed by using species
specific secondary antibody probes with oligonucleotide conjugated tails to detect the
potential interaction if the target proteins are within 40nm distance (71-74). PLA can detect
the protein-protein interaction in spatial and temporal profiles within a single cell without
the requirement of making fusion proteins. However, there are some weaknesses to the
technique that need to be borne in mind. Firstly, the signals detected from two target
proteins which are within 40nmof each other does not necessarily represent a true physical
interaction. Secondly, the final signal output is polymerase dependent and therefore its
sensitivity might vary (76). Furthermore, although PLA can assign signals to specific
subcellular locations such as the cytoplasm or the nucleus (83), it might not provide
sufficient accuracy to localize the signals to superstructures like the kinetochores. Therefore,
in this project, we have not tried to identify any potential kinetochore signals either
gualitatively or quantitatively. We have tried to maintain consistent experimental conditions
throughout the project and to use appropriate control experiments, such as western blots,
APC inhibitory drug treatment, and CO-IP, etc. for comparison and verification.

1.5 Aims

As discussed above that the APC/C activated by a second CDC20 can target Cyclin A
for degradation in SAC independent manner, and the APC/C®®“**Mis responsible for the
degradation of Cyclin B1 under SAC regulation (52). As the interaction between the CDC20
and the APC/C, or the CDC20M and the APC/C has never been revealed in vivo of the cells,
it will be important to understand the timing profiles of these interactions for understanding
the mechanisms of regulating the APC/C (50,52). Therefore, the overall aim of this project is
using PLA to investigate the protein-protein interactions between the components of the

APC/C and its co-activators, CDC20; and the interaction profiles among the subunits of the

APC/C to provide insights into the regulation mechanisms of the APC/C.
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2. Materials and Methods

2.1 Duolink PLA staining

2.1.1 Antibodies

Primary antibodies that were used are listed in Table 1.

Antibodies Concentration Type Manufacturer Code
Human Anti-BubR1 200pg/ml Mouse, Polyclonal Abcam ab54894
Human Anti-Mad2 200pg/ml Rabbit, Polyclonal Thermo PAS-21594
Human Anti-CDC20 200pg/ml Mouse, Santa Cruz Sc-13162L
Monoclonal
Human Anti-APC3 200ug/ml Rabbit, Polyclonal Santa Cruz Sc-5618
Human Anti-APC6 200pg/ml Rabbit, Polyclonal Santa Cruz Sc-5615
Human Anti-APC8 200pg/ml Rabbit, Polyclonal Santa Cruz Sc-20988
Human Anti-APC10 200pg/ml Rabbit, Polyclonal Santa Cruz Sc-20989
Human Anti-APC11 200ug/ml Goat, Polyclonal Santa Cruz Sc-214228
Human Anti-Pericentrin 200pg/ml Rabbit, Polyclonal Abcam Ab4448
Random Immunoglobulin G N/A Rabbit In House N/A
Random Immunoglobulin G N/A Mouse In House N/A

Secondary antibodies: The Duolink in situ anti-rabbit PLUS, anti-mouse MINUS, anti-
goat MINUS was purchased as part of the Duolink PLA kit (distributed by Sigma-Aldrich). For
centrosome staining, the secondary antibody used was a goat anti-rabbit Dylight 488 nm

antibody (ab96899, Abcam) for pairing with the pericentrin primary antibody.
2.1.2 Buffer preparation

Buffer A: 0.01M Tris (Fisher-Scientific, Loughborough UK), 0.15M sodium chloride
(Fisher-Scientific, UK) and 0.05% Tween-20 (Sigma-Aldrich) were prepared using high purity
water and the pH was adjusted to 7.4 with appropriate amount of hydrochloric acid (HCI)
(Sigma-Aldrich).

Buffer B: 0.2M Tris (Fisher-Scientific, Loughborough UK) and 0.1M sodium chloride
(Fisher-Scientific, UK) were prepared using high purity water and the pH was adjusted to 7.5
with appropriate amount of HCI (Sigma-Aldrich).

1XPBS solution: The original PBS (Sigma-Aldrich) solution (10x) was diluted to 1 x

PBS in high purity water.
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0.2% PBST: Appropriate amount of Tween-20 was prepared in 1X PBS.

Pericentrin antibody blocking solution (homemade): 0.225g glycine was added into 5ml
0.2% PBST, add 1ml goat serum and 2ml 5% BSA, top up with high purity water to 10ml to give
the working concentration of 1% BSA, 10% goat serum, 0.3M glycine in 0.1% PBST.

2.1.3 Hela K cell culture

Hela K (Kyoto, named after Kyoto University, Japan) cells were kindly provided by Dr

Diana Papini (Newcastle University) as a gift.

DMEM complete Medium for cell culture: 10% (v/v) fetal calf serum (Sigma-Aldrich),
1% glutamine (Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-Aldrich) and 1%
nonessential amino-acids (Sigma-Aldrich) were added under a sterilized hood to Dulbecco’s
Modified Eagle medium (DMEM; Sigma-Aldrich).

Cell culture: Hela K cells were cultured in 75cm? flasks with complete medium at 37°C
and 5% COz. The culture media was changed about every 2 days, and the cells were split
according to their growth (normally the cells would be split after reaching 70~80%
confluence): by removing the media first from the culture flask, followed by washing with
5ml 1xPBS. Then, 3ml trypsin (Sigma-Aldrich) was added, and the flask incubated at 37°C, 5%
CO, for 3 minutes to detach the cells from the flask. After incubation, 6ml complete DMEM
media was added into the flask in order to suspend the trypsin activity. 5ml of this cell
culture solution was removed after a proper rinse and agitation (therefore about 5/6 cells
were removed) and replaced with 11ml fresh complete media for maintaining the cell
culture.

Coverslips preparation: 10 mm diameter round bioscillate glass coverslips (VWR,
Leuven, Belgium) were sterilized in 100% ethanol for 5 minutes and left under the hood for
air drying. they were then soaked in 100ug/ml Poly-lysine (Sigma-Aldrich) for 5mins, to
enhance cell-adherence before being allowed to dry for 2 hours. Each coverslip was placed

into one of the 24 wells of a sterilized plate (Santa Cruz) for cell culture.

Cell fixation: After trypsinisation, the cells were harvested from the culture flask and
the cell population was counted using a Nexcelom Auto T4 cellometer (Lawrence, MA, USA).
The number of cells was adjusted, as required for each individual experiment (normally
about 30000 ~ 35000 cells per coverslip in 0.5m| medium), 0.5 ml properly re-suspended cell
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solution in medium was split into each well of the plate that held coverslips. Cells were left
to grow overnight at 37°C, 5% CO,. The next day, the medium was removed, and the wells
gently washed with 1xPBS; then the cells were fixed with 1ml pre-cooled (—20°C) methanol
and kept at -20°C for use.

2.1.4 Drug treatment

Drugs:

DAME (tosyl-L-arginine methyl ester) was purchased from Santa Cruz. The working
concentration used was 25uM in the final medium.

AAME (acetyl-L-arginine methyl ester) was purchased from Calbiochem. The working
concentration used was 25uM in the final medium.

APCin (anaphase promoting complex Inhibitor) was purchased from Boston Biotech.
The working concentration used was 25uM in the final medium.

DMSO (dimethyl sulfoxide) was purchased from Sigma-Aldrich.

Treatment: The drugs were dissolved into complete medium at a concentration of
25uM. After the cells had been incubating in the 24 wells plate overnight, the medium in the
wells was removed, and replaced with the drug containing medium. This was then
incubated at 37°C, 5% CO? for 24 hours to allow the cells to grow. Photos for each well were
taken from three random areas before fixation. The cells were fixed as described above.
2.1.5 Duolink PLA staining procedure

The Duolink PLA assay was used to detect protein-protein interactions or the profile
of protein expression in individual cells. In this assay, the primary antibodies are used to
target proteins of interest and the specific secondary antibodies are used to recognize the
primary antibodies. The oligo tails conjugated on the secondary antibodies are ligated to
form a template for rolling circle amplification (RCA) if the two target proteins maintain
physical contact or a gap of less than 40nm. An oligonucleotide that is made up of the
complementary sequence to the repetitive unit, and conjugated with a specific fluorescent
dye, binds to the single-stranded DNA (ssDNA) sequence. This makes the RCA detectable
through a fluorescence microscope with the appropriate wavelength. The cell cycle stages
can then be determined by the centrosome morphologies (stained by pericentrin) and DNA

morphologies (stained by DAPI). Figure 9.
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Figure 9. Schematic of the mechanism of the Duolink based proximity ligation assay (PLA)

This PLA uses species-specific primary and secondary antibodies to detect proteins of interest. Secondary
antibody probes have oligonucleotide tails. The tails can be ligated together when the two targeted proteins
are physically interacting or are less than 40 nm apart. The ligated oligo tails then serve as a template for
rolling circle amplification via the polymerase chain reaction, which incorporates fluorescent-tagged
oligonucleotide to form the fluorescent signal product. The fluorescence is measured by confocal microscopy.

We used the following Duolink PLA staining protocol for this study:

Blocking non-specific binding: After appropriate fixation, each coverslip was
transferred from the 24-well plate into the well of 12-well assay culture plate (Santa Cruz),
on a pre-placed parafilm disc. Cells were rehydrated and permeabilized with 0.2% PBST for
6mins, and washed twice with 1xPBS for 5mins followed by blocking with 25ul pericentrin
blocking solution at room temperature for 15 minutes.

Primary antibody incubation: 20ul of 1:200 diluted primary antibody (raised in
mouse and rabbit, respectively) in PLA diluent was loaded onto each coverslip, after removal
of the pericentrin blocking solution using a strip of whatman paper (GE Lifesciences, Little
Chalfont, UK). They were then incubated at 37°C for 120 minutes or overnight at 4°C.

Secondary antibody incubation: After washing with 1xPBS, 15ul commercial
secondary antibody dissolved in PLA diluents (with 1:500 dilution) was loaded onto the
coverslips and incubated at 37°C for 1 hour.

Ligation reaction: The secondary probed coverslips were then washed with Buffer A
(2x5 minutes with gentle agitation), 15ul of the ligation solution was then added (2% ligase,

18% ligation stock, 80% purified water), followed by Incubation at 37°C for 30 minutes.
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Amplification reaction: After washing with buffer A (2x2 minutes with gentle
agitation), 15ul amplification solution (1% polymerase, 19% amplification stock, 80%
purified water) was added, followed by incubation at 37°C for 120 minutes.

Centrosome staining with pericentrin primary antibody: After washing with buffer B
(2x5 minutes), 20ul primary pericentrin antibody (diluted in PLA diluent at a dilution factor
of 1:500) was added onto each coverslip, followed by incubation at room temperature for
1.5 hours.

Centrosome staining with pericentrin secondary antibody: After washing with 1x
PBS (2x5 minutes), 20ul goat Anti-rabbit Dylight 488nm antibody (1:500 dilution) was added
to each coverslip, followed by incubation at room temperature for 1 hour.

DNA staining with DAPI: After washing with 1x PBS for two times, 15ul DAPI (1:3000
diluted in PBS) was added to each coverslip, followed by incubation at room temperature
for 15 minutes.

Mounting coverslips: After washing with 1 x PBS solution (2 x 5 minutes), the
coverslips were air dried on blue roll paper, mounted on microscope slides (Academy
Science, Beckenham, UK) with 5ul mounting solution and sealed with nail glue.

Imaging acquisition using confocal microscope system: Samples were scanned using
a Leica SP2 confocal laser scanning microscope system with ‘HCX APO CS’ 40 x 1.25 oil
objective lens. The laser excitation wavelengths were set at 405nm for detecting DAPI,
488nm for the FITC (fluorescein isothiocyanate) signal and 594nm for the TexasRed
(sulforhodamine 101 acid chloride) fluorescence produced by the proteins of complexes of
interest. The laser powers were set at 34% throughout the scanning for all experiments.

Quantification for fluorescent signals: Z-stack section images were projected to
produce a single image for quantification of the collective maximum fluorescence intensity
to represent the whole volume of the cell or in selected regions of interest. Imagel
(http://imagej.nih.gov/ij/) and Photoshop (Adobe, San Jose, CA, USA) software were used
for quantification of the fluorescence intensities of the complex, or to edit the images where

appropriate. The calculation of average fluorescence intensity is illustrated in Figure 10.
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Figure 10. The calculation of the average complex fluorescence intensity in a cell

The cell is encircled by white dash line; this boundary was defined by the background area of pericentrin
staining. The area encircled in yellow dash line serves as the ‘noisy background’ and was randomly selected
within the cell boundary from the area lacking of complex PLA signal (red). The overall average intensity of the
cell was calculated by subtracting the average intensity of the noisy background.

2.1.6 Routine immunofluorescence procedure

Immunofluorescence (IF) was used to detect the existence of the proteins of interest.

Blocking non-specific binding: Each coverslip with cells was transferred from 24
wells plates into a well of a 12 wells assay culture plate (Santa Cruz) on a preplaced parafilm
disc. Cells were blocked using 25ul commercial PLA blocking solution at room temperature
for 1 hour.

Primary antibody incubation: 20ul of 1:500 diluted primary antibody in PLA diluent
was loaded onto each coverslip after removal of the PLA blocking solution using a strip of
whatman paper, followed by incubation at 37°C for 120 minutes or overnight at 4°C.

Secondary antibody incubation: After washing with 1xPBS, 20ul secondary antibody
solution in PLA diluent (1:500 dilution) were loaded onto the coverslips, followed by
incubation at 37C for 1 hour.

DNA staining with DAPI: After washing with 1x PBS, 15ul DAPI (1:3000 diluted in PBS)
was added to each coverslip, followed by incubation at room temperature for 15 minutes.

Mounting coverslips: After washing with 1 x PBS solution (2 x 5 minutes), the

coverslips were dried on blue roll paper, and mounted on microscope slides (Academy
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Science, Beckenham, UK) with 5ul mounting solution and sealed with nail glue. They were

kept at 4°C for use.

2.2 Western blot
2.2.1 Antibodies

Primary antibodies used for Western blot were same as those for Duolink PLA, listed
in Table 1.

Secondary antibodies: IRDye 680RD donkey anti-rabbit 1gG (H+L) (926-322227; LI-
COR Biosciences) and IRDye 800CW donkey anti-mouse IgG (H+L) (926—-32212; LI-COR
Biosciences.
2.2.2 Reagents and Buffers

Lysis cocktail solution: CellLytic™ MT Cell Lysis Reagent (Sigma-Aldrich, C3228)
containing 1x protease inhibitor cocktail (Sigma-Aldrich, p8340).

SDS-PAGE Loading buffer: 5x Laemli Buffer: 10 ml containing 0.5M Tris-HCL pH6.8,
45% Glycerol, 4.5ml SDS (0.25g dissolved in 1ml Tris-HCI), 2ml 0.5g total 0.25%
Bromophenol blue (25mg in 10ml H,0), 0.5ml| B mercaptoethanol, 1.25ml.

SDS-PAGE protein gel running buffer: 950ml| deionized water + 50ml MOPS-SDS
(RNAse free solution) running buffer (Formedium).

Transfer buffer: 25mM Tris Base (Sigma-Aldrich) +192mM Glycine (Sigma-Aldrich)
+20% Methanol (Sigma-Aldrich) in deionized water.

Blocking solution: 1x PBS containing 1x Odyssey blocking buffer.

0.1% PBST: Tween-20 was prepared in 1x PBS.
2.2.3 Cells harvest and lysate preparation

After incubating for 24 hours (with or without drugs treatment), cells were
trypsinized and transferred to a 15ml tube. After counting the cell population using a
Nexcelom Auto T4 cellometer, the cell suspension was centrifuged (1000g, 4 minutes, 4°C),
and then the pellet was washed gently with cold 1xPBS and kept on ice. The cell pellet was
lysed with lysis cocktail solution (10’ cells/ml) in a 1.5ml Eppendorf tube on ice for 30
minutes, with agitation, and then 5x loading buffer was added and heated at 99°C for 10
minutes. The sample was then centrifuged at 12000g (4minutes at 4°C). The supernatant
was transferred to a fresh tube and was kept at -20°C.

2.2.4 Western blot procedure
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Running SDS-PAGE gel

Appropriate volumes of samples were loaded after adjustment according to the
protein concentrations. 5ul standard Kaleidoscope pre-stained protein marker was also
loaded.

The gel was run at 200 volts for 45-60 minutes.
Transferring the proteins to a nitrocellulose membrane

Once the SDS-PAGE was finished, the gel together with a piece of nitrocellulose
membrane, was sandwiched by two pieces of whatman paper, plus sponges. The sandwich
was placed in transfer buffer and the transfer was effected at 80 amps (A) for 1.5 hours.
Blocking non-specific binding

After transfer, the membrane was briefly washed with 1x PBS twice then blocked
with 1x Odyssey blocking solution for 1 hour at room temperature, with gentle agitation.
Primary antibody incubation

The blocked membrane was incubated with primary antibody solution (1:500 in
Odyssey blocking solution) at room temperature for 2 hours or kept at 4°C overnight with
agitation.
Secondary antibody incubation

After washing with 0.1% PBST (2 x 5 minutes), the membrane was incubated with the
appropriate secondary antibody solution for 1 hour at room temperature with gentle
agitation.
Detecting protein signals with Li-Cor Odyssey software

After incubating with the secondary antibodies and washing with 0.1% PBST, the
membrane was scanned using Li-Cor Odyssey imaging system (Li-Cor, Lincoln, NE, USA). The
700nm channel was selected for detecting rabbit secondary antibodies in red, and the
800nm channel was selected for detecting mouse secondary antibodies in green, with

appropriate intensity settings.

Page 28 of 56



3. Results

3.1 Positive control PLA interaction using BUBR1 — MAD2

The successful completion of a PLA depends on a variety of parameters, such as the
length of the incubations; the quality of the paired antibodies; the correct formulation of
the buffers, and the sensitivity of the commercial product to being stored for a period of
time. In order to test these factors the lab has previously established that a pair of
antibodies for rabbit polyclonal anti-human Mad2 (Covance, PRB-452C) and mouse
monoclonal anti-human BubR1 (Abcam, ab54894) will give strong fluorescent signals due to
the protein-protein interactions between BubR1 and Mad2 (Figure 11) and this interaction is
used as a positive control in each experiment. Where an experiment produced fluorescent

signals that were weaker than those shown in figure 11 then that experiment was ignored.

Int Pro ProM Met Ana Telo

Figure 11. The interaction profiles of BubR1 and Mad2 as a PLA positive control

Projected images, from images acquired by confocal microscopy. The interaction profile of BubR1-Mad2 is
shown qualitatively at interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo) in HelLa Kyoto cells. The interaction between BUBR1 and MAD2 determined by the
PLA fluorescence intensity is shown as red dots (excited at 549nm) with the cell boundaries indicated by white
dashed lines. The DNA is stained with DAPI, shown in the top panel in grey and in blue in the bottom merged
images (excited at 405nm). Cell cycle stages were determined by DNA morphology. The bottom panel shows a
merged overlay, with DAPI in blue, and BubR1-Mad2 complex in red.

3.2 Comparison of performance between Hela B cell and Hela Kyoto cell

Our group has previously used Hela cell subtype (Hela B) for conducting the PLA for

studying the protein-protein interaction between the proteins of interest but the Hela
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Kyoto despite of a bit over-populated (Hela K hereafter) displayed more regular
morphology than Hela B, which could make the quantification and comparison easier. In
order to determine if HelLa Kyoto cells would be behaved same as Hela B cells from the
prospective of PLA staining and could be used in this project, | performed experiments to

test the quality of the outcome.

Figure 12. Staining Hela B and Hela K with BubR1 and Mad2 antibodies for comparison

Fixed HelLa B and Hela K cells were stained with anti-BubR1 and anti-Mad2 antibodies for PLA as described in
the materials and methods. The two confocal images shown were taken randomly. The left (A) image shows
Hela B cells and the right one (B) shows Hela K cells. DNA stained with DAPI in blue, and the red dots indicate
the BubR1-Mad2 protein complex. The distribution of red dots also indicates the rough shape of each cell. The
green signals are centrosomes stained with anti-pericentrin antibody.

As can be seen in Figure 12. Hela B cells had an irregular shape, whereas Hela K cells
were consistently smoother and more rounded in shape. Therefore, | chose to use Hela K

cells for the remainder of the project.
3.3 Optimisation of PLA staining

At the beginning of this project, and over the subsequent 8 months, the PLA staining
was found to be quite unstable, which caused significant obstacle for progressing the
project. The PLA technique is operationally demanding and conditionally sensitive and
during this period it has produced unexpected and confusing results. To solve this, | have
tried to improve the protocol by optimizing the amount of the agents used for reaction, for
instance | have increased the primary antibody dilutions from 1:500 to 1:200 based on the
original commercial concentrations; and paying extra attentions to the steps where
manipulation should be extremely cautious, or sterilization is prerequisite (the one outlined

in the methods section), for instance, never apply the antibody solutions after the coverslips
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were completely dried out. These efforts have significantly increased the success rate of PLA

staining. The example confocal images were compared in Figure 13.

Figure 13. The comparison of Hela K cells staining with the pair of antibodies against APC3
and CDC20 under different conditions

The two confocal images were randomly selected from two experiments following the previous protocol and
modified protocol, respectively. The left image shows a typical staining where the PLA was failed (A); red
signals, which represent the protein complex between APC3-CDC20 can hardly be detected. The right image
show staining using optimised conditions (B), red signals are strong and clear. DNA stained with DAPI in blue
and the centrosomes stained with anti-pericentrin in green.

3.4 Interaction between CDC20 and APC/C

As discussed in the introduction that the different components of the APC/C can bind
to two CDC20 molecules at different time in mitosis for specification and targeting different
substrates for destructions, for instance, the APC/C can be activated by binding to CDC20
with its APC8 subunit in early mitosis for targeting cyclin A for destruction in SAC-
independent manner, while the SAC-dependent destruction of cyclin B1 and securin will
require APC3 and APC8 interact with CDC20 (after liberated from MCC), and this process
requires APC10 (refs). It is unclear if these two CDC20 molecules were interacted with the
APC/C at the same time or at different time points in mitosis sequentially. In order to study
the temporal profiles of these interactions, we investigated the protein-protein interaction
profiles between APC3-CDC20, and APC8-CDC20, and as well as the interaction profiles

between some components of the APC/C subunits.

3.4.1 Verification of antibody specificities
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As the PLA assay uses two primary antibodies that are raised from different species,
the specificity of these antibodies is crucial for the interpretation of the signals. All the
antibodies used in this project were tested by pairing them with an appropriate random
immunoglobulin G (IgG) and perform PLA staining, to act as a negative control. For example,
polyclonal mouse anti-APC3 antibody was paired with a rabbit non-specific serum (random

IgG (Figure 14).

In Figure 14, the red dots represent the non-specific signals produced between the
APC3 antibody and a random IgG quantitatively, the intensity of for APC3-IgG remain at
similarly low levels throughout the cell cycle stages (Figure 14). These signals are treated as
the non-specific background. This non-specific background testing had applied to all
antibodies used in this project where were appropriate. The specificity of the anti-CDC20

antibody has been tested previously in the lab (87).

Int Pro ProM Met Ana Telo
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Figure 14. Testing the non-specific interaction between the anti-APC3 antibody and a random IgG

Example of projected Z-stack confocal images. The red fluorescent dots represent the qualitative levels of
APC3-1gG throughout the selected cell cycle stages: interphase (Int), prophase (Pro), prometaphase (ProM),
metaphase (Met), anaphase (Ana) and telophase (Telo). Cells are encircled by white dashed lines; the
boundary is determined by the area of the non-specific green background produced centrosomes were stained
with anti-pericentrin antibody. Top panel: DNA was stained with DAPI, shown in grey. Middle panel 2: The
centrosomes were stained with anti-pericentrin antibody and FITC conjugated secondary antibody, green dots
(highlighted by white arrows). The cemtrosome and DNA morphologies were used conjunctionally for
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determining the cell stages. Bottom panel: Potential protein complex interactions between APC3-IgG were in
red (594nm) and served as negative control.

3.4.2 The interaction profile between CDC20 and APC3

Therefore, the interaction profiles of APC3-CDC20 were analysed using PLA approach

using above tested antibody pair.

Figure 15, example of Z-stack confocal images shows the APC3-CDC20 interaction
profiles at the selected cell cycle stages qualitatively, the quantitative results were displayed
(figure 16). The PLA fluorescent signals between APC3 and CDC20 were low in interphase
and increased at prophase and peaked at metaphase before it was gradually declined in
anaphase (Figure 16). This interaction profile before the metaphase is reflecting and agrees
with previous findings, that the APC/C-CDC20 (MCC) is primarily in charge of the metaphase
to anaphase transition and mitotic exit (14, 63). The declined interaction profiles of CDC20-
APC3 at the end of mitosis, might resulted from the degradation of CDC20 targeted by the
APC/CCDHl

According to current knowledge, CDC20 are supposed to be degraded before
telophase (60). However, as shown in figure 16 and 17, we still detect low level of APC3-
CDC20 signal at the telophase above the non-specific background of APC3-Random IgG. This

suggests that there were some CDC20 remained in the complex at this stage.
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Figure 15. The interaction profiles of APC3 and CDC20 at the mototic stages of normal Hela cell
cycle

Example of projected Z-stack confocal images. The red fluorescent dots represent the qualitative levels of
APC3-CDC20 protein interaction at the selected cell cycle stages: interphase (Int), prophase (Pro),
prometaphase (ProM), metaphase (Met), anaphase (Ana) and telophase (Telo). Cells are encircled with white
dashed lines; the boundary is determined by the area of the non-specific green background produced by the
centromeres stained with the anti-pericentrin antibody. Top panel: DNA was stained with DAPI, shown in
greyseale (405nm). Second top panel: the centrosomes were stained with the anti-pericentrin antibody and
revealed by the FITC conjugated secondary antibody in green dots (488nm) and were highlighted by the white
arrows. The centromes and DNA morphologies were conjunctionally used to determine the cell cycle stages.
Third panel: The PLA signals of APC3-CDC20 in red (594nm). Bottom panel: The merged images, DNA (DAPI) in
blue and the centrosomes (Pericentrin) in green, and the APC3-CDC20 protein complex in red.
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Figure 16. The quantitative interaction profiles of APC3 and CDC20 at the indicated cell cycle
stages

The quantitative average maximum intensities of the PLA fluorescent signals of the APC3-CDC20 interactions
across the cells at the interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo). 10 cells from two independent experiments were quantified for each stage. Values
on the vertical Y-axis show the average maximum intensities in (arbitrary units, (A.U.). Unpaired t-test were
applied for statistical analysis, p value: * p<0.05, **: p<0.001, ***: p<0.0001. The fluorescent intensities were
quantified from the projected Z-stack confocal images using Image).

Comparison of APC3-CDC20

and APC3-lgG
8
$ 1000 [ APC3-CDC20 [ APC3-igG
8 4
2 801 =
[]
2 | **k%
L 60 ﬁ
>< *%%
2 J [l
Q.
g 40- e
o
o 20
° | ﬂ |
5 olMm [ [ [ l
> T T T
< \o Q‘O $ éé? vs\’b &0\0

Cell Cycle

Figure 17. Quantitative results comparing the interaction profiles of APC3-1gG (negative control) and APC3-
CDC20 throughout the cell cycle

The quantitative average maximum fluorescent intensities of the PLA signals between APC3-IgG (negative
control, orange) and APC3-CDC20 (blue) at the cell cycle stages interphase (Int), prophase (Pro), prometaphase
(ProM), metaphase (Met), anaphase (Ana) and telophase (Telo). 5 cells were quantified from each cell cycle
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stages for APC3-IgG and 10 for APC3-CDC20 collectively from two independent experiments, under the same
conditions. Values on the vertical Y-axis show the average maximum intensities displayed by arbitrary units,
(A.U.). p value: **: p<0.008, ***: p<0.0001. The fluorescent maximum intensities were quantified from the
region of interests from the projected Z-stack confocal images using Image).

3.4.3 Testing the PLA signals of APC3-CDC20 are genuinely reflecting the real interaction of
APC3 and CDC20 using Apcin and TAME drug treatment.

To test if the PLA signals display and quantified in figure 16 & 17 reflect the genuine
interaction of APC3-CDC20, two APC/C inhibitors, Apcin and tosyl-L-arginine methyl ester
(TAME) (80, 81) were used for cell treatment prior to the PLA analysis. Apcin binds to the D-
box motif to block the substrate interaction with CDC20 and TAME directly disrupts the
interaction between APC3 and CDC20 (76, 81). Cells that have been treated with a mixture
of the two drugs will be arrested effectively in metaphase, because the activity of the APC/C
is abolished (80, 81) (Figure 18). As TAME will physically disrupt APC3-CDC20, we anticipate
that the PLA signals between APC3-CDC20 will either be abolished, or significantly reduced

in the presence of TAME.
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Figure 18. Comparison of the-mitotic indexes in Hela cells after treated with drug as indicated for
24 hours

The mitotic index (%) (determined by rounded cell morphologies of the arrested cells), comb’ = TAME + Apcin.
‘normal’=untreated cells. 25mM of each drug was used for the treatments. The data were quantified from 6
repeat plates for each group. AAME (negative control): Acetyl-L-Arginine Methyl Ester.
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The cells were treated with 25uM TAME, AAME, APCin, and the combined drugs of
25uM TAME+APCin and a normal control respectively for 24 hours. The total cells and the
mitotic arrested cells with rounded up morphologies were counted under tissue culture
microscope for calculating the mitotic index (Figure 18). Our results confirmed that AAME
has no effect on the cell cycle progression of the Hela cells compared with untreated
(normal) cells under the condition as described (Figure 18). The cells after treated with
25uM APCin only caused marginally increase of the mitotic index. TAME has significantly
increased the cells arrested in mitosis, but the largest increase was achieved by using the
combined drugs (43% arrested cells). It was therefore the combined drug treatment was
used to treat cells for PLA of APC3 and CDC20 interaction although we had not tried other

conditions to achieve higher mitotic arrest of the cells due to the time limitation.

3.4.4 Quantitative analysis of the PLA fluorescent signals of APC3-CDC20 interaction after

drug treatment

In order to determine if the PLA signals produced by the pair of antibodies against
APC3 and CDC20 as shown above were genuinely reflecting the real dynamic interaction
profiles of these two proteins throughout the cell cycle, we have performed experiments by
treating the cells with or without (control) the combined drugs (25uM TAME+APCin).
Unfortunately, the PLA staining with cells in control groups also shown negative results
suggested that the staining processes of the PLA failed. Therefore, the efforts attempting to

verify the genuine PLA signals was unsuccessful.

3.4.5 Western Blot examining the endogenous proteins of the APC/C components, CDC20
and Cyclin B1

Although above testing experiments using TAME and APCin drugs was unsuccessful,
at the same time, we have also intended to examine the endogenous protein levels of the
APC/C components and its co-activators, and substrates like CDC20 and Cyclin B1 by

western blot experiments (figure 19).

Western blot was first performed using the cell extracts prepared from normal Hela
Kyoto cells. Antibodies against APC3, APC8, CDC20, and Cyclin B1 were probed with the
western blot membrane to reveal the endogenous protein levels. Cyclin B1 was also tested

as the blockage of the APC/C activity, would block Cyclin B1 degradation.
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The western blot results of APC3, APC8, CDC20 and Cyclin B1 are shown in Figure 19.
A strong band was detected associated with CDC20 at the expected position of 55.4KD. A
weaker band associate with APC3 at 100KD and a clear band at 76KD of APC8 were also
detected. A weak band at 52.3KD (55KD?) was detected for Cyclin B1, at 52.3KD. Therefore,
all the proteins of interest can be detected by western blot.
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Figure 19. Western Blot for APC3, APC8, CDC20 and Cyclin B1 with the samples prepared from normal cell
extracts

The bands for proteins of interests are shown, protein solutions with different concentration (1:500and 1:1000)
were applied when loading the SDS gel, labelling High and Low in Figure 29.

Had established above western blot experimental conditions, we then examined the
endogenous protein levels of APC3 and CDC20 under the treatment conditions as indicated
(Figure 20). The western blot results shown that neither the levels of the endogenous APC3
nor CDC20 were affected by the treatments (Figure 20). Unfortunately, due to the time
limitation we had not been able to repeat the PLA staining with the cells treated with the

drugs to conceal a conclusive interpretation.
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Figure 20. Western Blot comparing the endogenous levels of APC3 and CDC20 under normal and drug-

treatment conditions

Cell extracts were prepared from Hela Kyoto cells after treated with or without 25mM TAME, Apcin and
combined TAME + Apcin for 24 hours. the drug concentration for all three groups is 25uM. Normal cells of no
drug treatment were used as control. The western blot membranes were probed with anti-APC3, and anti-
CDC20 antibodies at dilution of 1:500.

3.4.6 The Interaction Profiles Between CDC20 and APC8

Following above of the quantification of APC3-CDC20, the APC8-CDC20 interaction
profiles throughout the cell cycle stages were also tested to explore the differences
between the two. The quantitative results are shown in Figure 21. The average maximum
PLA fluorescence across each cell from projected Z-stack confocal images were quantified at
interphase, prophase, prometaphase, metaphase, anaphase and telophase. The signal
profile of ACP8-CDC20 interaction over the indicated cell cycle stages also displayed low
level in interphase, and raised in prophase, but it has been noted to peak earlier than APC3-
CDC20 at prometaphase and persisted the high level in metaphase before it was gradually
declined in anaphase (Figure 21). Although it isn’t directly comparable, but it has noted that
the overall signal strengths of APC8-CDC20 is weaker than that of APC3-CDC20 (Figure 21),
especially at metaphase stages. This became more obvious when the two set of data plotted
together (Figure 22). This phenomenon might be due to this APC8 interacted CDC20 was
pushed aside when the APC/C bound to the MCC (61) in prometaphase and metaphase
weakened the PLA detection. Alternatively, it might suggest existing two different
populations of the APC/C. Our results suggest that the interaction between APC3-CDC20 has

been enhanced in prometaphase and metaphase.
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Figure 21. Quantitative interaction profiles of APC8-CDC20 throughout the cell cycle

The quantitative average maximum fluorescent intensities across cells of APC8-CDC20 at indicated cell cycle
stages were quantified at interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo). 10 cells from two independent experiments collectively were quantified for each
stage. The values on the vertical Y-axis are the average maximum fluorescent intensities in arbitrary units
(A.U.). p value: *: p<0.02, ***: p<0.001. The maximum fluorescent intensities were quantified from the
projected Z-stack confocal images using Image).
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Figure 22. The comparison of the interaction profile between APC3-CDC20 and APC8-CDC20 over
the phases of the cell cycle

The plots showing the average maximum fluorescent intensities across cells between APC3-CDC20 and APC8-
CDC20 quantified from the projected Z-stack confocal images at interphase (Int), prophase (Pro),
prometaphase (ProM), metaphase (Met), anaphase (Ana) and telophase (Telo). 10 cells collectively identified
from two independent experiments were quantified for each stage as indicated. The values on the vertical Y-
axis are the average maximum fluorescent intensities in arbitrary units (A.U.).
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3.4.7 The Interaction Profiles Between CDC20 and APC11

APC3 and APCS8 are both the components of the APC/C ‘arc lamp’ arm, and there are
two copies of each in the APC/C (60). Our data suggest APC3 possess higher affinity with
CDC20 than APC8 especially at metaphase, to rule out that this was not caused by the
existing two populations of the APC/C, it is necessary to test the interaction between CDC20

and other APC/C subunits.

APC11 is catalytic subunit that regulates the interface of APC/C with E2 enzymes (60).
We reasoned that it should maintain interact with CDC20 whenever CDC20 activates APC/C

regardless if it was from CDC20*"°® in prophase or CDC20M

in prometaphase and
metaphase (64). If this would be the case, we would then anticipate to detect persistent
relatively high levels throughout the prophase to metaphase similar to the situation
observed between APC3-CDC20 in prometaphase and metaphase if this is only one APC/C,
otherwise, the level of APC11-CDC20 at prophase might different to the levels at

prometaphase and metaphase.

The quantitative and comparison results of the profile of the average maximum
intensities of APC11-CDC20 PLA signals at the indicated cell cycle stages are shown in Figure
23 & 24. The preliminary results noted interestingly that the interactions between APC11-
CDC20 at prometaphase and metaphase are significantly higher than the levels at prophase,
which might suggest in favour of existing different populations of the APC/C. However, this
interpretation was complicated and become difficult by the observation the interaction
between APC11 and CDC20 remained unexpected high levels at anaphase and lasted into
telophase when the CDC20 supposed to be degraded (63, 64) (Figure 23 & 24). The APC/C
catalytic sub complex contains 3 APC/C subunits which are APC2, APC10 and APC11, it
would be important to test the interaction between APC2-CDC20 or APC10-CDC20 for
comparison. It will be also interesting to test exactly what levels of the endogenous CDC20
remained at anaphase and telophase, and if this residue levels of CDC20 would interact with
APC11. We cannot rule out that this was caused by non-specific interactions. Unfortunately,
there was no anti-APC2 antibody available in the lab at the time when the project was

conducted, and the experiments of assaying APC10-CDC20 fail due to technical issues.
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Figure 23. Quantitative results showing the profiles of APC11-CDC20 throughout the cell cycle

The quantitative average maximum fluorescent intensities across cells of APC11-CDC20 at indicated cell cycle
stages were quantified at interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo). 10 cells from two independent experiments collectively were quantified for each
stage. The values on the vertical Y-axis are the average maximum fluorescent intensities in arbitrary units
(A.U.). p value: * p<0.01, ***: p<0.001. The maximum fluorescent intensities were quantified from the
projected Z-stack confocal images using Image).
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Figure 24. The comparison of the interaction profile between APC3-CDC20, APC8-CDC20, and APC11-CDC20
over the phases of the cell cycle

The quantitative average maximum fluorescent intensities across cells of APC3-CDC20, APC8-CDC20, and
APC11-CDC20 at indicated cell cycle stages were quantified at interphase (Int), prophase (Pro), prometaphase
(ProM), metaphase (Met), anaphase (Ana) and telophase (Telo). 10 cells from two independent experiments
collectively were quantified for each stage. The values on the vertical Y-axis are the average maximum
fluorescent intensities in arbitrary units (A.U.). The maximum fluorescent intensities were quantified from the
projected Z-stack confocal images using ImageJ.
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3.5 Insights into the in vivo assembly of the APC/C
3.5.1 The interaction profile of APC3 and APC6

As mentioned above, the APC/C is a large multiple subunits protein complex
containing three functional domains as discussed in the introduction, the platform, TPR lobe

(or arc lamp) and the catalytic domains (reviewed in 63). Resembling the SCF, the Cullin-like

subunit APC2, the Ring finger protein APC11 and E2 enzymes comprise the minimal catalytic
function of substrate ubiquitination (65). The TPR lobe contains APC6/Cdc16, APC8/Cdc23,
APC3/Cdc27 and APC7 APC13, APC16 and Cdc26 subunits which provides binding sites for
the platform subunit and the interaction interface for its co-activators, CDC20 and Cdh1, as

well as regulation roles (Reviewed in 63). Its functional activities were regulated throughout

the cell cycle selectively targeting substrates for ubiquitination hence degradation (reviewed
in 63). However, exactly how the APC/C assembled in vivo, and if the dynamic components
of the TPR arm were uniformly associate with the APC/C for function remained unanswered.
The regulation the functions of the APC/C partly achieved by selectively interact with its co-
activators and inhibitors at different time and space within the cell at different cycle stages,
It has been suggested that there might exist sub-complexes of the APC/C in Drosophila (86),
in order to shed light on this, we have selected and studied the cell cycle profiles of the
interactions between APC3 (Cdc27) and APC6 (Cdc16), and APC3 and APC10 in Hela cells.
APC3 and APC6 are both the components of the TPR arm and APC10 is belonging to the
catalytic domain, we were examining the dynamic interactions of APC3 and APC6

throughout the cell cycle; and hoping to reveal when the domain proteins interacted.

The quantitative results of the average maximum intensities showing the interaction
profiles between APC3-APC6 were shown in figure 25. The signal profile of the interaction
between APC3 and APC6 shown relative low level in interphase and declined in telophase
(Figure 25) but remained relative high-level interaction in mitosis from prophase to

metaphase (Figure 25).
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Figure 25. Quantitative results showing the interaction profile of APC3-APC6 throughout the cell
cycle

The quantitative average maximum fluorescent intensities across cells of APC3-APC6 at indicated cell cycle
stages were quantified at interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo). 10 cells from two independent experiments collectively were quantified for each
stage. The values on the vertical Y-axis are the average maximum fluorescent intensities in arbitrary units
(A.U.). p value: **: p<0.02, ***: p<0.001. The the maximum fluorescent intensities were quantified from the
projected Z-stack confocal images using Image).

3.5.2 The interaction profile of APC3 and APC10

Figure 26 and 27 showing the quantitative dynamic interaction profiles of APC3-
APC10 at the indicated cell cycle stages. As these proteins belong to the TPR sub-complex
and catalytic core sub-complex, the interaction profile could provide insight into how the
two sub-complexes were assembled. The results suggest that there was only basal level
interaction between APC3 and APC10 in interphase, the interactions occurred when cell
enter prophase and this was steadily increased till metaphase, and surprisingly, the

interaction seems rapidly declined after metaphase anaphase transition (figure 26, 27).
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Figure 26. Quantitative results showing the interaction profile of APC3-APC10 throughout the cell
cycle

The quantitative average maximum fluorescent intensities across cells of APC3-APC10 at indicated cell cycle
stages were quantified at interphase (Int), prophase (Pro), prometaphase (ProM), metaphase (Met), anaphase
(Ana) and telophase (Telo). 10 cells from two independent experiments collectively were quantified for each
stage. The values on the vertical Y-axis are the average maximum fluorescent intensities in arbitrary units
(A.U.). p value: **: p<0.004, ***: p<0.001. The maximum fluorescent intensities were quantified from the
projected Z-stack confocal images using Image).
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Figure 27. The comparison of the interaction profile between APC3-APC6 and APC3-APC10 over
the phases of the cell cycle

The quantitative average maximum fluorescent intensities across cells of APC3-APC6 and APC3-APC10 at
indicated cell cycle stages were quantified at interphase (Int), prophase (Pro), prometaphase (ProM),
metaphase (Met), anaphase (Ana) and telophase (Telo). 10 cells from two independent experiments
collectively were quantified for each stage. The values on the vertical Y-axis are the average maximum
fluorescent intensities in arbitrary units (A.U.). The the maximum fluorescent intensities were quantified from
the projected Z-stack confocal images using Imagel.
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DISCUSSION

The development and survival of eukaryotic organisms relies on cell division.
Accurate chromosome segregation at the end of mitosis is critical for maintaining genome
stability and inheritance. Mis-segregation of chromosome during mitosis can lead to some
genetic disorders, like Down syndrome, birth defects and even cancers (1-5). The spindle
assembly checkpoint (SAC) is the most important mechanism in mitosis which monitors the
segregation of the sister-chromatids and delays mitotic procession so that errors can be

corrected when it is appropriate (6, 7).

The SAC functions to prevent the premature sister-chromatid segregation - at
anaphase onset by inhibiting the premature activation of the activity of the anaphase
promoting complex/cyclosome (APC/C) by its coactivator CDC20 (cell division cycle protein
20) (6, 8). The APC/C is a large multi-subunits protein complex which functions as an E3
ubiquitin ligase and targets substrates by ubiquitination and consequently destruction by

the proteasome throughout the cell cycle (reviewed in 61). It contains three functional

subdomains: the scaffolding platform consists of APC1, APC4, and APC5 components; the
catalytic domain consists of APC2 (a Cullin family related protein), APC10 (Doc1) and APC11
(RING finger protein); and the TPR (tetratricopeptide repeat) lobe domain consists of APC3,
APC6, APC7, APC8, APC13, APC16 and Cdc26 subunits (Reviewed in 63). The spatiotemporal

activation of the APC/C is primarily achieved by sequential and regulated binding to its two

co-activators, CDC20 and Cdh1 leading to the formation of APC/CP® and APC/Ccdhl which

CDC20

are two E3 ligase complexes (Reviewed in 61). The APC/C primarily controls the

metaphase/anaphase transition and mitotic exit by targeting Cyclin B1 and securin

destructions through regulation by the SAC (Reviewed in 61). The SAC inhibitory signal is

mainly cascaded onto the unattached kinetochores to produce diffusible a “anaphase
waiting” signal, which refers to a four-protein complex, the mitotic checkpoint complex

(MCC) (Reviewed in 63). The MCC is formed from two sub-complexes of BubR1-Bub3 and

Mad2-CDC20 (Reviewed in 62) and its function is to inhibit the APC/C®®“*° to prevent the

premature degradation of Cyclin B1 and securin until all the kinetochores have achieved the

amphitelic microtubule attachments that satisfy the SAC (Reviewed in 62). However, the

APC/C®?° can also target other substrates, such as Nek2A and Cyclin A which are degraded
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in prometaphase independently of the SAC (64). The APC/C™" however mainly functions

during the end of mitotic exit and in the G1 phase (20).

In late mitosis, the APC/Cthl targets substrates like Aurora A and UBCH10, PLK1,
CDC20 itself and many others for destruction (18, 20), although CDH1 is not essential for

€PC20 can target Nek2A and Cyclin A for

some species (21). However, exactly how the APC/C
destruction independently of the SAC and target the securin and Cyclin B1 for destruction
under the SAC regulation was not fully understood until recently. Izawa and Pines (13) have
shown that a new CDC20 can interact with different components of the APC/C, APC3 and
APC8 in prophase and metaphase, to specify cyclin A and cyclin B for ubiquitination and
hence degradation (20). At the same time the MCC can also inhibit this new CDC20, which
has already bound to and activated the APC/C to prevent cyclin B1 and securin destructions
(13). The destructions of cyclin B1 and securin require CDC20 interaction with APC3 and
APC8 and also require APC10 (Docl), whereas it only need to bind to APC8 for Cyclin A
destruction (13). However, the dynamic interactions of CDC20 and the components of the
APC/C have never been studied in vivo during the cell cycle; so there is no information
available about whether CDC20""® and CDC20MC are bound to the APC/C at the same time
or whether they bind sequentially; and there is a complete lack of information about the

dynamic assembly of the APC/C throughout the cell cycle. In this project we provide some

preliminary results which give some insights into these problems.

We have used the Duolink based proximity ligation assay to study the in vivo protein-
protein interactions between APC3-CDC20, APC8-CDC20, and APC11-CDC20 intended to
examine the interactions between CDC20 and the APC/C and also examined the dynamic

assembly of the APC/C by looking at APC3-APC6, and APC3-APC10 complexes.

The Duolink PLA technique utilizes two primary antibodies raised in different animal
species for targeting two different proteins of interest in fixed individual single cells
(http://www.olink.com/products/duolink/applications/protein-interactions). A pair of
species-specific PLA probes conjugated with unique short oligonucleotide tails, bind to the
primary antibodies and act as a template when the two PLA probes are in close proximity (<
40 nm) for rolling circle amplification to incorporate fluorescent labeled oligonucleotides
into the products. This amplified fluorescent signal can be detected and quantified based on
microscopy images (80). Thus the PLA technique has some unique and irreplaceable
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characteristics, for instance, it is one of a few widely used and commercially available
methods for analysing protein-protein interactions in their native state suing individual
single cells (77), and as such it avoids biochemical extraction or the creation of exogenous
over-expressed fusion proteins, and can assign signals to specific subcellular locations,
although it might not provide sufficient accuracy to localize the signals to superstructures
like the kinetochores (81). However, the successful completion of an assay depends on a
variety of factors as it requires multiple steps and having a positive control is extremely
important, and attention to detail at all steps is essential. As the PLA merely indicates when
the two proteins of interest are within 40nm of each other (80) proving that that the
interaction of the two proteins is genuine requires verification by other means (80). In this
project, the specificities of all the antibodies used were tested by pairing with an
appropriate random IgG either by myself or by other lab members and these will serve as
the negative control. An example of the negative control confocal images between APC3-
Random IgG and the relevant quantitative results were shown in Figure 14 & 16 respectively.
As a result of the test, by comparing to the negative control, the dynamic PLA signals
produced between APC3-CDC20 at the indicated cell cycle stages are less likely of non-
specific consequence (figure 14 & 16). We have performed experiments to test if these PLA
signals reflect the genuine dynamic interactions of AOC3 and CDC20 at the cell cycle
indicated using two APC/C inhibitors. TAME (tosyl-L-arginine methyl ester) has been proved
to physically disrupt the interaction between APC3 and CDC20 (84). AAME (Acetyl-L-Arginine
Methyl Ester), a non-functional analogous of the TAME was used as the negative control
(85). APCin is an inhibitor preventing the interaction between CDC20 and the substrate,
such as ICyclin B1 (85). It has been suggested that the cells treated with the combined drugs
of TAME and APCin will cause the highest mitotic arrest (85). 25uM of each drug was used
either singly or combined for treating the cells (Figure 18), although we have not achieved
high percentage mitotic arrest (>80%), but we do confirmed that the combined drugs
between TAME and APCin can cause highest mitotic arrest compared with the mitotic index
resulted from other groups (figure 18). Although we have seen very low PLA signals of APC3-
CDC20 after the cells were treated with the combined drugs, unfortunately the PLA staining
from the samples of the parallel control was unsuccessful, we have been unable to draw a
conclusion on the attempt to verify the PLA signals between APC3-CDC20 (figure 16). Due to

the time limitation, the repeat experiments had not been performed. As there were no
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other drugs available could be used to verified the other pair protein-protein interactions,
for instance, APC8-CDC20, APC11-CDC20, APC3-APC6 etc., at the same time, we had also
attempt to establish siRNA experimental condition to transiently knockout the protein of
interest from the culture cells as an alternative approach to test the genuine interactions
between APC3 and CDC20 reflected by the PLA signal The preliminary results showing that
we have successfully depleted APC3 and CDC20 from the Hela cells revealed by western
blot (Figure 20). Unfortunately, the time had run out for me to perform new experiments to
conduct PLA staining of APC3-CDC20 after siRNA to knockout the proteins of interest, and

this remained as one that must be performed if | could have more time in the future.

Despite of the uncompleted or unsuccessful for the verification of the genuine PLA
signals for the interaction profiles of the protein of interests, by comparing PLA signals at
the indicated cell cycle stages which potentially reflect the interaction profiles between the
protein pairs of APC3-CDC20, and APC8-CDC20, it still provides some new insights into the
spatiotemporal interactions for understanding how might the APC/C were regulated in
terms of the interaction with its co-activator of CDC20. It used to known that the function of
CDC20 as the APC/C coactivator will be sequestered by the SAC by integrated into the MCC
(mitotic checkpoint complex, containing BubR1, Bub3, CDC20 and MAD2) before anaphase
onset (78). However, the APC/C is not fully silenced when the SAC is on in late prophase and
early prometaphase, and is able to target Nek2A and Cyclin A for degradation, and the
APC/C can only target cyclin B1 and securin for destructions at the end of the mitosis (60). It
has been suggested that the APC/C change its substrates specificity by binding to a second
CDC20, this second CDC20 interacts with APC8 of the APC/C and activate the APC/C and
targets Nek2A and Cyclin A for ubiquitination hence destruction (61). This second CDC20 can
also be inhibited by the MCC, and the destructions of Cyclin B1 and securin will require
CDC20 interacts with APC3 and APC8, and the processes requires APC10 (Doc1) too (61).
However, the in vivo spatiotemporal interaction of CDC20 with the APC/C has never been
revealed, and the two CDC20 (CDCZOAPCS and CDC20M were interacted with the APC/C at
the same time or at the different time point in the mitosis remained elusive. In this project,
by comparing the interactions cell cycle profiles between APC3-CDC20 (CDC20M) and
APC8-CDC20 (CDC20*"®) (Figure 20), the overall signal strengths of the APC8-CDC20""® are
weaker than that of APC3-CDC20M"; the interaction between APC8-CDC20"7® peaked at
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prometaphase, and APC3-CDC20™“ peaked at metaphase. These preliminary results could
be interpreted as that CDC20""® interacts with the APC/C earlier than that of CDC20™C. To
test this, we studied the interaction profiles of APC11-CDC20, we reasoned that, if APC11-
CDC20""® and APC11-CDC20""® interacted at the same time, we would expect to see a
same strength interaction signals at prometaphase and metaphase, otherwise, APC11-
CDC20*" should be higher the same as observed for APC3-CDC20MC (Figure 20). Although
we had unexpectedly detected a strong signal of APC11-CDC20 at anaphase, there is no
significant different between PLA signals of APC11-CDC20 at prometaphase and metaphase.
This suggests that APC11-CDC20*"® and APC11-CDC20*" interacted at the same time, and

in favour the interpretation of that there is only one APC/C (Figure 21).

The APC/C is a large multi-subunits E3 ubiquitin ligase and is functioning throughout
the cell cycle under regulation by its inhibitors, such as Emil in S phase and MCC in mitosis
(21), and its co-activator, CDC20 in mitosis and Cdh1 in G1/S phases (21). Human APC/C
comprising 14 distinct proteins of 19 components (34), it consists of scaffolding platform
domain comprising of APC1, APC4 and APC5; the catalytic domain composed of APC2,
APC10 and APC11; the TPR (tetrapeptiderepeat) arm domain, consisting of APC3, APCS6,
APC7, and APCS8 etc. (Reviewed in 61). The TPR arm is also important as the scaffolding and

stabilizing the APC/C as well as regulatory roles (Reviewed in 61). However, whether all

these components were required at the same time, and how the APC/C was assembled in
vivo of the cells remained largely unknown. The components of the APC/C studied in this
project, APC3, APC6, APC8 are belonged to the TPR domain and APC10 and 11 are the core
components of the catalytic domain. We have therefore studied the interaction profiles
between APC3-CDC6 and APC3-APC10 to study if the components of APC3 and APC6 are
always stay together or not as it has been shown that CDC27(APC3) and CDC16 (APC6) in
Drosophila could differentially localised in mitosis (64). APC3 and APC10 are associate with
the two different functional domains of the APC/C, the PLA signals of APC3-APC10 could

provide insights into the dynamic assembly of the APC/C in the cell cycle.

The quantitative results shown by the figure 25, the APC3-APC6 interaction is cell
cycle regulated, it stays low in interphase and increases in prophase and reached the peak
and persistent at high level throughout prometaphase, metaphase and anaphase, and

declined in telophase. In contrast to the APC3-APC6, the preliminary interaction profiles of
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APC3-APC10 remained low in interphase and prophase, the interaction was significantly
increased in prometaphase, and was continuing to increase till to the anaphase, and then it
was dramatically reduced in telophase. These observations might suggest that the two
functional domains of the APC/C, the TPR arm and the catalytic domain, might only
assembled in late prophase and in prometaphase, or alternatively, the interactions of APC3
and APC10 on the APC/C are only accessible for detection by around prometaphase due to
the conformational changes of the APC/C when it bound to the MCC (34). We understand

our results are preliminary observations, and they are yet to be further tested in the future.
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