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Abstract

Regulation of mitosis - molecular analysis of the anaphase-promoting complex.
Thesis by Pia-Marie Jörgensen, Department of Cell and Molecular Biology, Division of
Molecular Genetics, Karolinska Institutet, S-171 77 Stockholm

Cell division is achieved by the progression through a series of events known as the cell cycle. To
make sure that the original cell is copied with high fidelity, an elaborate control system using so called
checkpoints is employed, preventing cell cycle events to occur prematurely or in the wrong order.
Chromosome segregation is an important process in mitosis and must be performed correctly to ensure
that the two resulting daughter cells have the same DNA content. Missegregation of chromosomes
results in aneuploidy, something that is frequently found in cancers, suggesting that the machinery
surveying the chromosome segregation process has somehow been compromised during the
development of these tumours. One of the cell cycle checkpoints, the mitotic spindle checkpoint, has
also been shown to be defective in cancers with chromosomal instability. The spindle checkpoint,
which monitors the metaphase to anaphase transition, involves e.g. the Mad and Bub proteins and
makes sure that each chromosome is attached and the spindle is functional before giving the signal to
separate the sister chromatids. This signal is relayed to a complex called the Anaphase Promoting
Complex or Cyclosome, APC/C.

The APC/C is a ubiquitin ligase, E3, which targets cell cycle regulatory proteins for degradation by
the proteasome, thereby allowing progression through the cell cycle. The APC/C is regulated by
phosphorylation and by two proteins, Cdc20 and Cdh1, which affect APC/C activity in early mitosis
and late mitosis/G1 respectively. The Cdc20 is also known to interact with the spindle assembly
checkpoint through a protein called Mad2. The mammalian APC/C consists of at least eleven subunits,
for most of which the specific function is still unknown. Apc2 contains a cullin domain and interacts
with another subunit, Apc11, which has a RING-H2 finger domain. These two might based on their
similarity to components of another ubiquitin ligase complex important in cell cycle regulation, the
SCF (Skp1-cullin-F-box protein), be responsible for the interaction with the rest of the ubiquitination
system. The function of the other APC/C subunits remains obscure. Some contain the protein-protein
interaction tetratricopeptide (TPR) motif. Two of the subunits, Apc3 and Apc6, have been localised to
the centrosome and mitotic spindle. The largest subunit, Apc1, shares a motif of unknown function
with two subunits of the 19S cap complex of the proteasome.

In the articles upon which this thesis is based we have now shown that the Apc1 protein is a centromere-
associated protein in mammalian cells, and that it exists in two forms: a soluble form associated with
other components of the APC/C and a centromere-bound form, which may or may not be associated
with other APC/C components. We have further shown that both the Apc1 and Apc3 are bound to
isolated mitotic chromosomes, suggesting that more APC/C components than can be observed by
immunofluorescence are present on mitotic chromosomes. The Apc1 and Apc3 proteins are also likely
targets for APC/C regulatory phosphorylation recognised by the 3F3/2 antibody at the centromere.
The Apc2 and Apc8 proteins are shown to localise to the centrosome in both interphase and mitotic
cells, confirming the presence of the APC/C at this cellular location. Polo-like kinase (Plk) is shown
to specifically phosphorylate components of the APC/C and activate it, whereas protein kinase A
(PKA) phosphorylation suppresses APC/C activity. PKA is superior to Plk in regulation of the APC/C.
We have also shown that APC/C subunits are expressed in most tissues and cell types at fairly constant
levels relative to each other, suggesting that they always perform their functions as part of a complex.
Their presence in non-dividing cells also suggests the possibility of additional APC/C functions outside
the cell cycle.

Keywords: cell cycle, mitosis, anaphase, proteolysis, ubiquitination
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APC/C Anaphase-promoting complex or cyclosome
Bim Blocked in mitosis
BLAST Basic local alignment search tool
Bub Budding uninhibited by benzimidazole
Cdc Cell division cycle
Cdh Cdc20 homologous
CDK Cyclin dependent kinase
cDNA DNA complementary to RNA
CHO Chinese hamster ovary
Cut Cells untimely torn
DFC Dense fibrillar component
EMBL European Molecular Biology Laboratory
EST Expressed sequence tag
FC Fibrillar centre
GC Granular component
GFP Green fluorescent protein
GST Glutathione S transferase
HTG High throughput genome
Mad Mitotic arrest defective
MEN Mitotic exit network
MPF Maturation promoting factor
Nim Never in mitosis
OMIM Online Mendelian Inheritance in Man
PBS Phosphate buffered saline
Pds Precocious disassociation of sister chromatids
Pfam Protein family database
Plk Polo-like kinase
PKA Protein kinase A
Rbx Ring box protein
SCF Skp1-cullin-F-box protein
SDS Sodium dodecyl sulfate
Sic S-phase inhibitor cyclin/Cdk
TPR Tetratrico peptide repeat
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Figure 1. Stages of mitosis
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Introduction
The cell cycle

Cell reproduction is the basis for heredity, growth, and development, and cells therefore need to replicate

and segregate all their genes so that the entire genome can properly pass on at each cell division. This

is achieved by a series of events called the cell cycle. The two major cell cycle events required for the

replication and segregation of the genome are S-phase (for DNA synthesis) and M-phase (for mitosis).

The periods between the birth of the cell and S-phase, and between the end of S-phase and M-phase,

are respectively known as G1 and G2 (G stands for gap), leading to a four-phase cell cycle: G1, S-

phase, G2, and M-phase. M-phase, mitosis, is divided into several phases: prophase, metaphase,

anaphase, telophase and cytokinesis. In prophase replicated chromosomes, each consisting of two

sister chromatids paired along their length, become condensed and visible. In prometaphase the nuclear

envelope is disrupted, kinetochores form in the centromere region of the chromosomes and microtubules

from the mitotic spindle start attaching to them. At metaphase the chromosomes line up in the cell’s

middle at the so-called metaphase plate and are held under tension by the mitotic spindle. In anaphase

the spindle extends between two structures, called centrosomes, located at opposite ends of the cell

and the chromatids then move apart toward their respective sides of the cell. During telophase they

segregate into two nuclei in the newly forming daughter cells and during cytokinesis the cytoplasm

divides and two separate cells are formed.



Figure 2. Factors activating cell cycle checkpoints
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The chromosomes are attached to the mitotic spindle through a tri-laminar structure called the

kinetochore, which forms on the chromosome at the centromere during mitosis (reviewed by e.g.

Pidoux and Allshire, 2000). The attachment to the centrosomes is mediated by the microtubules of the

mitotic spindle. These microtubules are made of tubulin polymers and exhibit a dynamic instability,

meaning that they undergo transitions between growth and shrinkage (Mitchison and Kirschner, 1984).

The role of the centrosomes is to stabilise the microtubules and thereby the spindle. The centrosome’s

core is a pair of centrioles, which are short, highly organised cylinders of specialised microtubules,

which direct the assembly of a sphere of pericentriolar material. The microtubules emanating from a

centrosome find and associate with a kinetochore at their other end, and are stabilised by this interaction.

This process eventually links each chromatid to a centrosome. Stable linkage can however occur only

if the kinetochores on the respective sister chromatids are linked to the cell’s two centrosomes. When

this happens, each half of each paired chromatid becomes oriented toward opposite ends of the cell.

At the metaphase to anaphase transition, cohesion between sister chromatids is lost and the chromatids

separate toward opposite centrosomes. During anaphase kinetochore microtubules shrink and motor

proteins at the same time make the microtubules slide over each other to bring the chromatids closer

to the centrosomes.

It is important that this process does not start prematurely before all sister chromatids are securely

fastened to opposite centrosomes. Failure to do so could not only produce an inviable cell, but worse,

one that survives despite having the wrong number of chromosomes - a state known as aneuploidy,

which is frequently found in cancers (Lengauer et al., 1998). To ensure that sister chromatid separation

and other important steps in cell cycle processes are performed correctly, cells have developed control

systems, which have been termed checkpoints (Hartwell and Weinert, 1989). These checkpoints check

whether early events in the cell cycle have been completed properly and if not, sends signals that

block later events (Elledge, 1996).



Figure 3. Model of possible ways in which  the spindle checkpoint signal could inhibit the APC/C.
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The mitotic spindle checkpoint

The checkpoint concerned with the metaphase to anaphase transition during mitosis is called the

spindle checkpoint. It has been shown to be defective in cancers with chromosomal instability (Cahill

et al., 1998), demonstrating its importance. A number of proteins, e.g. the Mad and Bub proteins

(Taylor and McKeon, 1997; Gorbsky et al., 1998), participate in the spindle checkpoint. This checkpoint

gives the signal to hold until all chromosomes are assembled at the metaphase plate and are properly

attached to the spindle. This signal is relayed to a complex called the Anaphase Promoting Complex

or Cyclosome, APC/C, but the exact mechanism by which this is performed has not yet been fully

elucidated.

It is known that one of the spindle checkpoint proteins, Mad2, forms a ternary complex with the APC/

C and with an APC/C regulatory protein, Cdc20, and in doing so inhibits APC/C function (Li et al.,

1997; Fang et al., 1998a; Wassman and Benezra, 1998). It has also been shown that the Mad2 protein

needs to be in a oligomeric form to perform this function in vivo (Fang et al., 1998a) and that it binds

to both itself and Cdc20 through a C-terminal flexible region (Luo et al., 2000). Both Mad2 monomers

and oligomers however bind Cdc20 to yield 1:1 heterodimeric complexes with identical conformation,

and it is not known why only the oligomeric form of Mad2 can perform an inhibitory function. Luo et

al. propose that there are other factors - activating or inhibitory - involved, which act preferentially on

one form of the Mad2 protein. It is also known that Mad2 needs to interact with Mad1 for the spindle

checkpoint to function and this interaction also involves the C-terminal domain of Mad2 (Chen et al.,

1999). There are however, no doubt, several pieces of this puzzle still missing. A proposed model of

how the spindle checkpoint conveys its message to the APC/C is shown in Figure 3.
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Lately additional complexity has been added to the spindle’s involvement in regulating mitosis. In

addition to the pathway described above, which regulates sister chromatid separation, there is another

pathway involving the spindle checkpoint protein Bub2, which also responds to the state of the spindle

and gives a signal to the APC/C, but instead regulates the exit from mitosis. The signal from this

pathway involves several proteins, many of which belong to what has been termed the mitotic exit

network (MEN). The most important function of the MEN is to modulate the activity of a phosphoprotein

phosphatase, Cdc14, which dephosphorylates and thus activates an APC/C regulator, Cdh1, as well as

activates the transcription of the cyclin-dependent kinase inhibitor, Sic1 (reviewed by e.g. Gardner

and Burke, 2000; Clarke and Giménez-Abián, 2000; Burke, 2000).

The Anaphase Promoting Complex or Cyclosome (APC/C) and the ubiquitination system

The APC/C, the complex which receives the signal from the spindle checkpoint, is a so called ubiquitin

ligase, E3, which targets cell cycle regulatory proteins for degradation by the proteasome, thereby

allowing progression through the cell cycle (reviewed by e.g. Morgan, 1999; Zachariae and Nasmyth,

1999). The 26S proteasome is a multisubunit protease specific for multiubiquitinated substrates, and

it is active throughout the cell cycle (Mahaffey et al. 1993; Coux et al. 1996; Baumeister et al. 1998).

The timing of degradation of proteasome substrates is determined by the ubiquitination system, which

consists of three enzymes. The first enzyme needed is an E1, a ubiquitin-activating enzyme, which

forms a high-energy thioester with ubiquitin through a cysteine residue. The second enzyme is called

UBC or E2 and is a ubiquitin-conjugating enzyme, to which the ubiquitin is transferred to form a

second thioester. Finally, an isopeptide bond is formed between ubiquitin’s carboxyl terminus and a

lysine residue of the substrate. This requires a third activity, an E3, a ubiquitin-protein ligase, which is

thought to confer the substrate specificity of the reaction. More ubiquitin molecules are then added to

the first one to form a polyubiquitin chain, which can be recognised by the proteasome, causing the

substrate to be degraded.

Several ubiquitination ligases are known to themselves be modified by ubiquitination or addition of

other ubiquitin-like proteins (e.g. Sumo or Rub1), affecting their activity (reviewed by Hochstrasser,

2000). The APC/C contains one subunit with a so-called RING-finger motif, and considering that

RING-finger E3 ligases in many cases exhibit strong self-ubiquitination activity in vitro, it is possible

that the APC/C is also subject to such modifications.
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APC/C regulation

Two regulatory proteins, Cdc20 and Cdh1, containing so called WD40 repeats, are known to bind and

regulate the activity of the APC/C. These have been quite thoroughly studied in several organisms

(Schwab et al., 1997; Sigrist and Lehner, 1997; Visintin et al., 1997; Lorca et al., 1998; Fang et al.

1998b; Zachariae et al., 1998a; Inbal et al., 1999; Yudkovsky et al., 2000; Kramer et al., 2000 and

others) and their function is gradually becoming more clear. The Cdc20, as mentioned earlier, binds

Mad2, and thus links the spindle checkpoint to the APC/C. When no Mad2 is bound to Cdc20, it acts

as an activator of the APC/C, and allows the complex to start degrading its substrates. Cdc20 expression

is cell cycle regulated, and it is initiated at the G1/S transition to have levels of Cdc20 peak in mitosis.

Levels then drop at the end of mitosis, to be at their lowest in G1, due to ubiquitination by the APC/C.

The Cdc20 is thus not only a regulator of the APC/C, but also a substrate (Weinstein, J., 1997, Fang et

al. 1998b; Prinz et al., 1998; Shirayama et al., 1998). In late mitosis and in G1 the activation of the

APC/C is taken over by another protein, Cdh1 (also called Hct1), which is present throughout the cell

cycle, although levels in some experiments have been shown to fluctuate showing increasing levels in

mitosis, which decrease again somewhat after the degradation of Cdc20 (Kramer et al., 2000). Cdh1

however only binds to the APC/C when its inhibitory phosphorylation is removed (Fang et al. 1998b;

Zachariae et al., 1998a; Kramer et al., 2000). Cdc20 is also phosphorylated, and there is conflicting

data as to how this affects the activity of the APC/C. Some experiments show that Cdc20 phosphorylation

does not affect APC/C activation, suggesting that it may instead affect interactions with other proteins,

e.g. Mad2 (Kramer et al., 2000). Other experiments however show that phosphorylation of Cdc20

inhibits APC/C binding and activation (Yudkovsky et al., 2000).  Yet other experiments suggest that

phosphorylation of Cdc20 activates the APC/C, although both phosphorylated and unphosphorylated

forms bind to the APC/C (Kotani et al., 1999). There are no doubt other factors also involved in this,

which may explain these different results.

Both Cdc20 and Cdh1 phosphorylation is promoted by the cyclin dependent kinase Cdk1-cyclinB in

vitro, and phosphorylation of Cdc20 has also been shown to be performed by cyclin A associated

kinase (Ohtoshi et al, 2000). Cdc20 also associates with the aurora2/Aik kinase, which is known to be

required for accurate separation of sister chromatids, although it is not known whether this is performed
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Figure 6. Regulation of cell cycle progression through APC/C dependent proteolysis

by phosphorylation of Cdc20 or by some other mechanism (Farruggio et al., 1999). It is also not

known to which subunit(s) in the APC/C the Cdc20 and Cdh1 proteins bind, or exactly how they

perform their activating function. APC/C activity also depends on the phosphorylation status of the

APC/C itself. The subunits Apc1, Apc3, Apc6 and Apc8 are known to be phosphorylated (Peters et al,

1996). It has been shown that the APC/C is subject to both activating and inhibitory phosphorylation,

and that both a cyclin dependent kinase, Cdk1-cyclin B, as well a polo-like kinase (Plk1), and protein

kinase A (PKA) are involved (Listovsky et al., 2000; Descombes et al., 1998; Kotani et al., 1999,

Paper II). The binding of the APC/C activator Cdc20 also appears to require a phosphorylated APC/C

(Shteinberg et al., 1999; Kramer et al., 2000). APC/C regulation is thus a rather complex affair, with

probably many details still left to elucidate.

APC/C substrates

There are two major mitotic events regulated by the APC/C: sister chromatid separation and exit from

mitosis. Exit from mitosis depends on the first APC/C target to be identified - B-type cyclins, the

mitotic partner of the cyclin dependent kinase Cdk1 (King et al., 1995). Cyclin-dependent kinases

(CDKs) are the engine that drives the cell through the cell cycle. The task of CDKs is to phosphorylate,

and thereby control, other proteins required for the onset of S-phase and mitosis (Murray and Hunt,

1993). A second major APC/C target, which regulates sister chromatid separation, was first identified

in budding yeast to be a protein called Pds1 (Cohen-Fix et al., 1996; Yamamoto et al., 1996; Ciosk et



Figure 7. Earlier APC/C substrates may inhibit later APC/C substrates.
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al., 1998). Since then proteins with analogous function have been found in several other organisms,

e.g. Cut2 in fission yeast (Funabiki et al., 1996) and vSecurin in vertebrates (Zou et al., 1999). These

proteins also go by the common name of “securin”, due to the fact that they “secure” another protein,

a “separin”, homologues of which are known in budding yeast (Esp1, Ciosk et al., 1998), fission yeast

(Cut1, Funabiki et al., 1996), and human (hEsp1, Zou et al., 1999). The separin causes the destruction

of a sister chromatid cohesion protein, thus allowing sister chromatids to separate  (Ciosk et al.,

1998). An outline of regulation of cell cycle progression through APC/C dependent proteolysis is

shown in Figure 6.

There are however several more APC/C substrates. Other APC/C targets include A-type cyclins (Dawson

et al., 1995; Sigrist et al., 1995), a number of other regulatory kinase subunits and kinases (e.g. human

Plk1, Ark2; S.cer.  Cdc5, Dbf4; A. Nid. NIMA; Peters, 1999 and references therein), APC/C activators

(Cdc20; Prinz et al., 1998; Shirayama et al., 1998), spindle proteins (e.g. S.cer Ase1, Kip1; Juang et

al., 1997; Gordon et al., 1997), and inhibitors of DNA replication (e.g. X. laevis geminin; McGarry

and Kirschner, 1998). One of the E2 ubiquitination enzymes working together with the APC/C, E2-C

(also called UbcH10 or UBCx in some organisms) is also an APC/C substrate and is degraded as cells

exit from mitosis (Yamanaka et al., 2000). There is evidence in yeast that the sequential order of

degradation of APC/C substrates may be determined by the substrates themselves, in that an early

substrate such as Pds1, inhibits the degradation of a later substrate such as cyclin B (Cohen-Fix and

Koshland, 1999). The ability of the securin Pds1 to inhibit cyclin B degradation is restricted to mitosis,

and by the time cells reach G1, Pds1 can no longer inhibit cyclin B degradation, suggesting that Pds1

regulates the activation of APC/C rather than the APC/C itself. According to Cohen-Fix and Koschland,

Pds1 inhibits degradation of cyclin B by inhibiting dephosphorylation of the APC/C activator Cdh1.

Since blocking anaphase initiation is not sufficient to inhibit cyclin degradation, they conclude that

Pds1 not only regulates anaphase initiation, but is also independently an inhibitor of cyclin degradation.

Another study in yeast indicates that one of the factors activating this inhibitory function of Pds1 is

DNA damage, and that Pds1 blocks cyclin destruction by inhibiting its binding partner Esp1 (Tinker-

Kulberg and Morgan, 1999). Regardless of the exact mechanism by which the inhibition is carried

out, the fact that there are APC/C substrates that determine the order in which they are degraded, may

indicate that this is a general principle in determining the sequential order of degradation.



Figure 8 Possible similarities of the APC/C and another ubiquitin ligase, the SCF complex.
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It is also interesting to note that a number of proteins involved in APC/C regulation, such as Cdc20

and the polo-like kinase Plk1, seem themselves to be substrates of the APC/C, indicating that the

APC/C once activated is also participating in its own regulation (Prinz et al., 1998; Shirayama et al.,

1998). It also seems that the APC/C substrates are involved not only in different aspects of mitosis, but

also in e.g. DNA replication (McGarry and Kirschner, 1998). There are no doubt several other APC/C

substrates remaining to be discovered, and it is not unlikely that the APC/C has functions also outside

the cell cycle, considering that it is expressed also in differentiated cells that are no longer dividing

(Gieffers, 1999; Paper IV).

APC/C subunits

The APC/C was first purified in 1995 from Xenopus oocytes by King et al., and about 10-12 subunits

of the complex in different organisms have since then been identified (Yu et al., 1998; Zachariae et al.,

1998b; Peters, 1999; Zachariae and Nasmyth, 1999; Gmachl et al., 2000), but surprisingly little is still

known of the function of the individual subunits. Even the exact number of constitutive subunits of

the APC/C have been subject to change over time, and at present the count in mammals is at eleven.

The function of the individual APC/C subunits is also not entirely clarified. The second largest APC/

C subunit, Apc2, contains a cullin domain and its carboxy-terminal region interacts with another

subunit, Apc11, which contains a RING-H2 finger domain (Ohta et al., 1999). These two proteins are

related to components of another ubiquitin ligase complex important in cell cycle regulation, the SCF

(Skp1-cullin-F-box protein) (Feldman et al., 1997; Skowyra et al., 1997). The cullin family member in

the SCF complex, Cdc53, is responsible for recruiting the E2, ubiquitin-conjugating enzyme, to the

complex (Patton et al., 1998), whereas the RING-H2 finger protein, Rbx1, tethers the E2 to the complex

and activates it (Kamura et al., 1999; Skowyra et al., 1999). The Apc2 and Apc11 might based on

these homologies perform similar functions in the APC/C. Apc11 together with the E2 enzyme UBC4

has also been shown to be sufficient to ubiquitinate substrates of the APC/C (Gmachl et al, 2000).



Table 1. Components of the APC/C ubiquitination system (Peters, 1999; Zachariae and Nasmyth,

1999; Gmachl et al., 2000).
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Protein Metazoans Mass 
(kDa) 

S. cerevisiae S. pombe A. nidulans Structural motifs 

E1 E1 110 Uba1 E1 — UBA signature 
E2 E2–H10/ 

UBC3/E2-C 
19 — UbcP4 — UBC domain 

 UBC4 14 — — — UBC domain 
APC/C 
subunits 

APC1/Tsg24 200 Apc1 Cut4 BIME Rpn1/2 repeats 

 APC2 105 Apc2 — — Cullin domain 
 APC3/CDC27 94 Cdc27 Nuc2 BIMA 10 TPR repeats 
 APC4 92 Apc4 Lid1 — — 
 APC5 75 Apc5 — — — 
 APC6/CDC16 70 Cdc16 Cut9 BIMH 10 TPR repeats 
 APC7 62 — — — 10 TPR repeats 
 APC8/CDC23 60 Cdc23 Cut23 — 9 TPR repeats 
 — — Apc9 — — — 
 APC10 24 Apc10/Doc1 Apc10 — DOC domain 
 APC11 10 Apc11 — — RING-H2 domain 
 CDC26 14 Cdc26 Hcn1 — — 
 — — Apc13 — — — 
APC/C 
activators 

CDC20/Fizzy/
p55CDC 

55 Cdc20 Slp1 — 7 WD40 repeats 

 CDH1/Fizzy-
related 

55 Hct1/Cdh1 Srw1/Ste9 — 7 WD40 repeats 

 

The function of the other APC/C subunits still remains obscure. Four of them (Apc3, Apc6, Apc7 and

Apc8) contain multiple, tandemly repeated copies of a 34-residue motif, called a tetratricopeptide

repeat, TPR (Lamb et al., 1994; Tugendreich et al., 1995; Yu et al., 1998). TPR motifs are found in

proteins with a wide variety of cellular functions and are thought to form alpha-helices that mediate

protein-protein interactions (Goebl and Yanagida, 1991). Another APC/C subunit, Apc10, contains

what has been named a DOC domain, which can also be found in other proteins involved in

ubiquitination (Grossberger et al. 1999). The largest subunit of the APC/C, Apc1, shares a motif of

unknown function with two subunits of the 19S cap complex of the proteasome (Lupas et al., 1997;

Paper IV).

Localisation

Two of the APC/C subunits, Apc3 (Cdc27) and Apc6 (Cdc16), have been localised to the centrosome

and mitotic spindle (Tugendreich et al., 1995). The largest subunit, Apc1, has been localised to the

centromere and can, along with Apc3, also be shown to be present on purified chromosomes (Paper I).

The other subunits have so far not been localised to any specific structure. There is however also some

other data suggesting that the APC/C is present at kinetochores. Several years ago it was found that a

phosphoepitope recognised by the 3F3/2 monoclonal antibody, originally produced by Cyert et al.

(1988), was expressed at the kinetochores of prometaphase chromosomes until the chromosomes
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moved to the metaphase plate (Gorbsky and Ricketts, 1993). Microinjecting the 3F3/2 antibody into

living mitotic cells protects this kinetochore phosphoepitope causing it to persist even after

chromosomes have assembled at the metaphase plate (Campbell and Gorbsky, 1995), and as long as

the antibody protects the epitope from intracellular phosphatases, cells remain arrested at metaphase.

Eventually cells enter anaphase, coincident with the disappearance of the 3F3/2 phosphoepitope from

kinetochores. Nicklas et al. also found that in cultured grasshopper and praying mantid spermatocytes,

where micromanipulation of the chromosomes is possible, tension artificially applied to kinetochores

of unaligned chromosomes could both down-regulate the expression of the 3F3/2 phosphoepitope and

abrogate the spindle checkpoint, allowing progression to anaphase (Li and Nicklas, Nicklas et al.,

1995). The 3F3/2 antibody can quantitatively immunoprecipitate the APC/C from mitotic but not

interphase cell extracts, and this ability is lost if the extracts are treated with phosphatase (Gorbsky et

al., 1999).

The APC/C regulator Cdc20 (also called p55CDC in mammalian cells) is localised to several regions

of the mitotic cell – the cytoplasm, the centromeres in prometaphase, the mitotic spindle in metaphase,

the centrosomes in metaphase, anaphase and telophase, and to the spindle equator in anaphase and

telophase (Weinstein, J., 1997). Immunolocalisation has also shown the spindle checkpoint and APC/

C inhibitor protein Mad2 to also be found in several regions in mitotic cells: in the cytoplasm, at

spindle poles, and at kinetochores before their attachment to spindle microtubules (Chen et al., 1996;

Li and Benezra, 1996; Gorbsky et al., 1998; Howell et al., 2000). Experiments using monastrol, a cell-

permeable small molecule inhibitor of the mitotic kinesin Eg5, which arrests cells in mitosis with

monoastral spindles, have however also indicated that the localisation of Mad2 at kinetochores cannot

be sensitive only to microtubule attachment, since Mad2 can be observed on several attached

kinetochores (Kapoor et al., 2000).

Experiments using cell that contains two functional and independent spindles, suggest that the inhibitory

signal from the spindle assembly checkpoint is unlikely to be freely diffusible, but rather is likely to be

associated with the spindle itself (Rieder et al., 1997). The checkpoint signal produced by the ”not

ready” spindle cannot inhibit the initiation of anaphase in the ”ready” spindle. However, after a short

delay, the ”not ready” spindle is itself induced to initiate anaphase, regardless of the presence of

mono-oriented chromosomes, suggesting that the inactivation of the checkpoint unleashes an anaphase-

promoting factor that can spread throughout the cell. Spatial organisation thus seems to play a part in

the regulation of the metaphase to anaphase transition and should be able to provide clues as to which

proteins are part of the stationary signal and which participate in a diffusible signal. Studies of the

localisation of the spindle checkpoint protein Mad2 in live cells has for instance suggested that this

protein may be moving along the spindle, making it a candidate for being part of the non-diffusible

spindle-associated signal (Howell et al., 2000).

Cellular locations such as the centrosome, the chromosomes and the mitotic spindle would be the

natural places to look for proteins involved in regulation of sister chromatid separation and mitosis,

but of late another more surprising location has proven to contain key players – the nucleolus. The

interphase nucleolus is organised around tandemly repeated genes for preribosomal RNA, so called

rDNA genes. Transcription of these genes generates two structures that are found in all nucleoli: the
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dense fibrillar component (DFC) and the granular component (GC). The first of these contains newly

synthesised preribosomal RNA (pre-rRNA) and a collection of proteins. The second is made up of

nearly completed preribosomal particles destined for the cytoplasm. A third component, the fibrillar

centre (FC), is usually seen in the nucleoli of most metazoans, where the FC is surrounded by the

DFC. The normal structure of the interphase nucleolus is maintained by transcription and ribosome

assembly (reviewed by e.g. Olson et al., 2000).

The nucleolus was for a long time considered to be only a ribosome factory, but recently it has been

found to have other functions, one of which is to sequester proteins and prevent them from reaching

targets in other parts of the cell. In the last year three cell cycle regulators have been identified whose

activity is regulated by sequestration in the nucleolus: Cdc14, a phosphatase important for exit from

mitosis, mentioned earlier in conjunction with the spindle checkpoint (Shou et al., 1999; Visintin et

al., 1999), Mdm2, an inhibitor of the tumour suppressor protein p53 (Tao et al., 1999; Weber et al.,

1999), and Pch2, which is required to halt the meiotic cell cycle in response to recombination and

chromosome synapsis defects (San-Segundo et al., 1999). Nucleolar proteins are thus implicated not

only in protein synthesis, but may also play a role in regulating the activity of cell cycle regulators.

Nucleolar sequestration may even be a general mechanism for the regulation of several diverse biological

processes.

Most studies of the metaphase to anaphase transition and the APC/C complex the past few years have

treated the APC/C as a unit and have concentrated on the ubiquitination substrates of the E3 APC/C,

the regulators of the APC and kinases involved in APC/C regulation. Very few have however addressed

the question what all the individual APC/C subunits are doing and why they have to be so many to do

it in view of the fact that most E3 enzymes are perfectly happy to ubiquitinate their substrates with far

fewer subunits.

Aims of the study
To study the localisation and interactions of the murine Apc1 protein.

To characterise the human homologue of the murine Apc1 protein.

To study the phosphorylations and the regulation of the APC/C.

To study the expression, interactions and localisation of individual APC/C components.
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Materials and methods
This section is intended as an overview of the materials and methods used. For details of methods,

manufacturers and equipment please refer to the materials and methods sections of the articles upon

which this thesis is based.

Cell culture and synchronisation

Tissue culture cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, containing 10%

fetal calf serum. Cells were plated at a low density and grown at 37°C in a humidified atmosphere

containing 5% CO2.

Synchronised cells were prepared by a serum starvation method described previously (Starborg et al.,

1995; Starborg et al., 1996). Cells were cultured in DMEM including 0.1% fetal calf serum for 48 h.

An equal number of cells were then processed at 2 h intervals following addition of DMEM including

10% fetal calf serum. The synchrony of the cell population was determined by incorporation of

bromodeoxyuridine (BrdU) for 30 min prior to fixation of the cells. The cells were then stained with

an anti-BrdU antibody at different time points, and the fraction of BrdU-positive cells was determined

to see at what cell cycle stage the cells were. Protein samples were taken from the synchronised cells

at different time points. Cells were also for some experiments blocked in prometaphase using the

drugs nocodazole or colcemid.

Transfection and analysis of transfected cells

PLC cells were cultured on glass slides in 35-mm culture dishes and transfected with 1.5 µg green

fluorescent protein (GFP) construct using 3 µl FuGENE 6 transfection reagent (Boehringer Mannheim)

according to the manufacturer’s instructions. Cells were incubated over night and fixed in 3% PFA,

2% sucrose in PBS at room temperature, permeabilised in Triton buffer (10.5% Triton X-100, 300

mM sucrose, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 2 mM MgCl2), stained with 1 µg/µl Hoechst

33258 and mounted in 78% glycerol containing 1 mg/ml paraphenylenediamine. COS cells were

trypsinated and transfected with 20 µg DNA by electroporation. Transfected cells were plated on

glass coverslips, incubated over night and fixed in 50:50 methanol/acetone at -20°C. Indirect

immunofluorescence was performed as described below. Fluorescent staining was analysed using a

fluorescence microscope and a digital camera.

Indirect immunofluorescence

Cells were fixed in ice-cold methanol-acetone (50:50) and preincubated with 3% bovine serum albumin

prior to addition of the first antibody. Cells were also analysed by two other methods, either by using

paraformaldehyde-fixed cells or by adding the primary antibody to unfixed cells and then postfixing

them. The secondary antibodies were directed against the species in which the first antibody had been

produced and was coupled to either fluorescein isothiocyanate or rhodamine. The cells were also

stained with Hoechst 33258 to visualise the chromatin. Antibodies were diluted in 3% bovine serum

albumin in phosphate buffered saline (PBS). Between antibody incubations, the cells were washed in
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PBS. The slides were mounted in a 78% glycerol mounting medium containing 1 mg of paraphenylene

diamine per ml and examined in a fluorescence microscope.

Immunoblotting

Protein extracts were boiled in sodium dodecyl sulfate (SDS) reducing buffer (62.5 mM Tris-HCl [pH

6.8], 10% glycerol, 2.3% SDS, 10 mM dithiothreitol). The proteins were separated by SDS-

polyacrylamide gel electrophoresis and transferred to an Immobilon-P membrane in transfer buffer

(41 mM Tris, 192 mM glycine, 0.02% SDS [pH 8.3]). The filters were incubated with primary antibody,

washed in phosphate buffered saline with 0.1% Tween-20 (PBST), and incubated with a horseradish-

peroxidase coupled secondary antibody directed against the species in which the primary antibody

had been produced. The filters were again washed in PBST and detection was made using an ECL

blotting detection system.

Immunoprecipitation

Extracts from cell culture cells to be used in immunoprecipitation experiments were lysed in a mild

lysis buffer (50 mM Tris [pH 7.5], 0.1 M NaCl, 1% Triton X-100) or radioimmunoprecipitation assay

(RIPA) buffer (50 mM Tris [pH 8.0], 0.15 M NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS)

including protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 mg of pepstatin per ml, 10 mg

of aprotinin per ml, 10 mg of leupeptin per ml). The lysate was precleared with Sepharose-protein A

beads and incubated with antibodies against the target protein and Sepharose-protein A beads, which

were then washed in lysis buffer. The samples were boiled in SDS reducing buffer (Laemmli, 1970)

and analysed by immunoblotting.

Preparation of cell nuclei and salt elution experiments

Nuclei to be used for salt elution experiments were prepared as follows. Swiss-3T3 cells were immersed

in a hypotonic buffer (10 mM HEPES [pH 7.8], 1.5 mM MgCl2, 0.5 mM dithiothreitol, 10 mM NaCl,

1.0 mM phenylmethylsulfonyl fluoride, 10 mg of aprotinin per ml, 10 mg of leupeptin per ml) and

homogenised in a Dounce homogeniser. Nuclei were pelleted and incubated in a hypotonic buffer

with increasing concentrations of NaCl (10 mM to 0.3 M). The salt eluates were concentrated by

ultrafiltration and boiled in SDS reducing buffer. The nuclei were also boiled in SDS reducing buffer.
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Purification of mitotic chromosomes

Mitotic chromosomes were prepared from Chinese hamster ovary (CHO) cells as described previously

(Wordeman, 1996). CHO cells were incubated overnight at 37°C in DMEM plus 10% newborn calf

serum and 0.125 mg of colcemid per ml. Mitotic cells were collected by squirting a stream of medium

over them. Cells were pelleted and resuspended in swelling buffer {5 mM NaCl, 2 mM MgCl2, 5 mM

PIPES [piperazine-N,N9-bis(2-ethanesulfonic acid)], 0.5 mM EDTA (pH 7.2) with KOH} at 0°C for

10 min, thereafter repelleted, quickly resuspended in ice-cold lysis buffer (10 mM PIPES, 2 mM

EDTA, 0.1% β-mercaptoethanol, 1 mM spermidine HCl, 0.5 mM spermine HCl [pH 7.2, with KOH],

0.1% digitonin, 2 mg of α2-macroglobulin per ml), and homogenised in a Dounce homogeniser. Mitotic

chromosomes stained by Hoechst 33258 were observed in a fluorescence microscope during the

homogenisation. When the majority of the mitotic chromosomes were seen to be separate from each

other, the lysate was centrifuged briefly at low speed to remove unbroken cells and chromosome

clusters. The supernatant was layered over a sucrose gradient consisting of 20 to 60% (wt/vol) sucrose

in lysis buffer without the digitonin and centrifuged at 2,500 rpm at 3 x g for 15 min. Chromosomes

were collected from the side of the tube and boiled in Laemmli sample buffer for subsequent

immunoblotting analysis.

Analysing intron-exon boundaries and virtual Northern blots

Putative intron-exon boundaries of the APC1 gene were predicted based on comparison to High

Throughput Genome (HTG) data, (EMBL accession number ac021537, ac016296, ac013819, ac009963,

ac067761) using the program est_genome (Mott, 1997).

The expression of human APC/C components was studied using Expressed Sequence Tag (EST) data

from the public databases. BLAST 2.0 searches of the EST section of the European Molecular Biology

Laboratory (EMBL) database were made and ESTs with more than 95% identity to the search sequence

were grouped according to tissue. Choosing ESTs with more than 95% identity is a trade-off between

causing close paralogues to be included, and causing some ESTs of poor sequence quality to be excluded.

The resulting ESTs were also inspected and compared to the query sequence using the program Blixem

(BLast matches In an X-windows Embedded Multiple alignment, Sonnhammer and Durbin, 1994)

and were subsequently grouped by tissue.

Northern blot

Filters used for the Northern blots were a Human 12-Lane MTN Blot (Clontech, 7780-1) and a Human

Cancer Cell Line MTN Blot (Clontech, 7757-1). DNA fragments were PCR amplified and purified

using a DNA purification kit. The β-actin DNA fragment provided with Northern filters was used as

a control. Probes were labelled either using the Strip-EZ DNA kit (Ambion) and 32P-α-ATP or the

DIG High Prime DNA Labeling and Detection Starter Kit II (Roche) followed by luminescent detection.

Hybridisation was performed at 42°C over night in Ultrahyb (Ambion). The filters were washed at

42°C, 2 x 5 min in 2X SSC (0.15 M NaCl/0.015 M Na3 citrate pH 7.6), 0.1% SDS and 2 x 15 min in

0.1X SSC, 0.1% SDS before being used to expose X-ray film.
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Two-hybrid screen

We used the LexA two-hybrid system (described by e.g. Mendelsohn and Brent, 1994; Brent and

Finley, 1997). The bait was fused to the LexA DNA binding domain in the pEG202 (Gyuris et al 1993,

Sato et al., 1994) or pJK202 vector (pEG202 with an extra nuclear localisation signal). A 3T6 or HeLa

cell library cloned into the pJG4-5 vector, which expresses the insert as a fusion to a nuclear localisation

signal, the hemagglutinin epitope tag and the B42 acidic domain under the control of the galactose-

inducible GAL1 promoter, as previously described (Gyuris et al 1993, Sato et al., 1994), was used.

The bait vector was transformed using standard methods (Ito et al. 1983) into Boye86 yeast cells and

selected on medium lacking the amino acid histidine. Yeast cells were checked for expression of bait

protein by immunoblotting using an anti-LexA antibody (diluted 1:2000, a gift from Dr. Per Ljungdahl)

or anti-mTsg24 antibody (diluted 1:50, Starborg et al., 1994). The library plasmid was then transformed

into yeast cells containing the bait plasmid and selected for on medium lacking the amino acids

histidine and tryptophane. Colonies expressing the reporter gene encoding leucine were selected on

galactose containing medium lacking the amino acids histidine, tryptophane and leucine. Library

plasmids from the surviving colonies were purified and sequenced.

Purification of GST (Glutathione S Transferase) fusion protein.

pGEX constructs were transformed into BL21 bacteria. The bacteria were cultivated at 37°C in 2x YT

medium supplemented with 2% glucose and 100 µg/ml ampicillin until OD600= 0.7.  Production of

fusion proteins was induced by adding 0.5 mM IPTG for 3-4h 30°C. Bacteria were washed in NETN

(0.5% NP-40, 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) and then lysed in NETN with 100 µg/

ml lysozyme on ice for 15 min. DTT (5 mM), protease inhibitor coctail (PIC, Roche) and sarkosyl

(1.5%) were added and the lysate was sonicated 4x5s and centrifuged 5 min, 4°C, 15.000xg. To the

supernatant was added Triton X-100 (2%) and 100 µl (50:50) slurry of Glutathione Sepharose 4B

beads in NETN. After rotation at 4°C for 1 h, the beads were sedimented by centrifugation 500 rpm,

2 min, washed four times in NETN with 1mM DTT.

In vitro translation and in vitro interactions

In vitro translations were performed using the TNT T7 rabbit reticulocyte or wheat germ coupled

transcription and translation kit (Promega) according to the manufacturers instructions using 35S-

methionine (>1000 Ci/mmol, 10 mCi/ml) to label the protein.
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Glutathione Sepharose 4B beads with bound GST fusion protein purified as described above were

distributed in equal amounts in different tubes. In vitro translation extracts with about the same amount

of different APC/C components were added to the different tubes in binding buffer (20 mM Tris-HCl

pH 7.9, 0.12 M NaCl, 0.2% NP-40, 1 mM PMSF, 1 mM DTT) and incubated with rotation at 4°C for

1 h. The beads were washed five times in wash buffer (20 mM Tris-HCl pH 7.9, 0.15 M NaCl, 0.2%

NP-40, 1 mM DTT, protease inhibitor coctail (PIC, Roche) at room temperature and boiled in Laemmli

sample buffer with 1mM DTT (Laemmli, 1970). Proteins were separated on a 10% gel by SDS-PAGE,

the gel was fixed in destain buffer (10% HAc, 50% MeOH), Coomassie stained, immersed 20 min in

Amplify (Amersham) for fluorographic enhancement and dried. X-ray film was exposed over night.

Far Western

Glutathione Sepharose 4B beads with bound GST fusion protein purified as described above were

washed twice in NETN without DTT and once in HMK kinase buffer (200 mM Tris pH 7.5, 1 M

NaCl, 120 mM MgCl2). The beads were then incubated at 4°C for 30 min with 12,5 U protein kinase,

catalytic subunit Bovine heart and 20 µCi 32P-γ-ATP (6000 Ci/mmol, 10 mCi/ml) in HMK kinase

buffer with 14 mM DTT. The reaction was stopped in Stop buffer (10 mM Na2HPO4 pH 8.0, 10 mM

Na4P2O7, 10 mM EDTA, 1 mg/ml BSA), the beads were washed eight times in NETN with 1 mM

DTT and the phosphorylated protein eluted twice in eluting buffer (100mM Tris pH 8, 20 mM

Glutathione, 150 mM NaCl, 0.1% Triton X-100, 5mM DTT), 15 min, 4°C, the eluates were combined

and the radioactivity measured in a scintillation counter. Protein extracts were prepared by boiling

bacteria expressing different GST-APC/C component fusions in Laemmli sample buffer with 1 mM

DTT (Laemmli 1970). Proteins were separated on a 6% gel by SDS-PAGE and transferred to a

nitrocellulose membrane in transfer buffer (192 mM Glycine, 25 mM Tris, 0.1% SDS). The membrane

was blocked for 1h at 4°C in blocking buffer (25 mM Hepes-KOH pH 7.7, 25 mM NaCl, 5 mM

MgCl2, 5% milk powder, 0.05 % NP-40, 1 mM DTT) and the proteins on the membrane renatured by

washing the membrane in decreasing concentrations of guanidine-HCl (6M, 6 M, 3M, 1.5M, 0.75 M,

0.375 M, 0.187 M, 0 M, 0 M) in buffer (25 mM Hepes-KOH pH 7.7, 25 mM NaCl, 5 mM MgCl2, 1

mM DTT). Membrane was then incubated 1 h in blocking buffer and then for 30 min in blocking

buffer with  1% milk powder. Membrane was hybridised over night at 4°C with 300.000 cpm/ml

hybridisation buffer (20 mM Hepes-KOH pH 7.7, 75 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl2, 1%

milk powder, 0.05% NP-40, 1mM DTT), and washed 3 x 10 min in hybridisation buffer. X-ray film

was exposed at -70°C  for 3-4 days.
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Results and discussion

The Apc1 is a centromere-associated protein in mammalian cells (Paper I)

In this paper, it is shown that the Apc1 (also called Tsg24) protein can be detected in the centromere

regions of mitotic chromosomes in Chinese hamster ovary (CHO) cells during prophase, metaphase,

and early anaphase. CHO cells were triple stained with the affinity-purified anti-mApc1 antibody,

with a CREST antiserum, and with Hoechst 33258 (which labels DNA). The CREST antiserum

recognises a group of conserved centromeric proteins expressed in both interphase and mitotic cells

(Pluta et al., 1995). The Apc1 protein colocalises with the antigen recognised by the CREST antiserum,

showing that the Apc1 protein is a centromere-associated protein (Fig 1, Paper I). In contrast to the

constitutive labelling of the centromeric region seen with the CREST antiserum, the anti-mApc1

antibody only a shows a centromeric signal during the prophase, metaphase, and early anaphase stages

of mitosis. The chromosomal localisation of the Apc1 protein and the temporally restricted (prophase

to early-anaphase) centromeric signal displayed by the anti-mApc1 antibody suggests that the Apc1

protein is performing some function at the centromere during the metaphase-to-anaphase transition.

While the Apc1 is detected only during the prophase to the anaphase stages of mitosis in CHO cells, it

is constitutively associated with the centromeres in murine cells. The cellular distributions of the

Apc1 protein in two murine cell lines, Swiss-3T3 and L cells, was compared to the distribution of the

CREST antigen. As expected, the anti-mApc1 antibody labelled the centromeres in early mitotic

murine cells (Fig. 2, Paper I). The anti-mApc1 antibody however also labelled the centromeric regions

in late anaphase as well as in different stages of interphase (Fig. 2, Paper I), as shown by staining of the

same cells with an antibody against PCNA (a subunit of DNA polymerase d), which stains interphase

cells differently depending on their cell cycle stage and DNA replication activity (Bravo and Macdonald-

Bravo, 1987; Celis and Celis, 1985). Labelling synchronised Swiss-3T3 cells with the anti-mApc1

antibody also confirmed that the Apc1 is present at centromeric heterochromatin in G1 , S, and G2

cells. It was previously shown that the Apc1 (Tsg24) protein is constitutively expressed throughout the

cell cycle in murine cells (Starborg et al., 1994), but the transient accumulation of the Tsg24 protein at

the centromere in CHO cells suggested that the Apc1 protein might be more selectively expressed in

these cells. However, Western blotting analysis of the expression of the Apc1 protein in synchronised

CHO cells showed that the Apc1 protein is constitutively expressed throughout interphase also in

CHO cells (Fig. 3, Paper I).

Murine centromeres are known to be approximately ten to a hundred times larger than the corresponding

chromosomal regions found in many other organisms, and this difference is mainly attributed to the

occurrence of large blocks of γ-satellite sequences (the major satellite sequences) in the murine

centromeres (Sunkel and Coelho, 1995; Vissel and Choo, 1989). The size of the γ-satellite sequences

in the murine centromeres allows them to be directly visualised by Hoechst 33258 staining (Leonhardt

et al., 1992). The Apc1 immunofluorescent staining in murine cells perfectly overlaps with the

centromeric regions revealed by staining with Hoechst 33258 in both interphase and mitosis (Fig. 2,

Paper I). Furthermore, the distribution of PCNA labelling in late-S-phase cells, i.e. in cells where

centromeric heterochromatin is replicated (Bravo and Macdonald-Bravo, 1987; Fox et al., 1991), also
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overlapped with the Apc1 signal (Fig. 2, Paper I). The CREST antiserum however labels a much

smaller region, similar to what is seen in CHO cells, confirming that the CREST antibody in murine

cells stains the minor satellite region, which corresponds to the α-satellite region in human centromeres

(Pluta et al., 1995; Sudakin et al., 1995; Vissel and Choo, 1989). The centromeric region labelled by

the anti-mApc1 antibody in murine cells and its colocalisation with regions labelled by Hoechst 33258

suggest that the Apc1 protein is localised to the major satellite of murine centromeres. Whether the

Tsg24 protein also binds to the regions of the murine centromeres which correspond to the α-satellite

regions of CHO cells is not possible to determine, as the cell cycle-independent labelling of the murine

γ-satellite sequences obscures the adjacent minor satellite regions.

In murine cells, the Apc1 protein thus appears to be bound to the centromeric regions of chromosomes

throughout the cell cycle, and the difference in immunolocalisation in murine and CHO cells can not

be explained by differential protein expression. It might instead depend on epitope masking of the

Apc1 antigen during interphase and in late-mitotic CHO cells, or the Apc1 protein having a more

complex distribution pattern in murine cells than in CHO cells. It is possible that the Apc1 protein has

a transient function from prophase to early anaphase at the centromere. One obvious such function is

of course to take part in the regulation of the sister chromatid separation process as part of the ubiquitin

ligase APC/C. The distribution of the Apc1 protein in the centromere region in murine cells could also

suggest that as the centromere region increases in size (as it has done in murine cells), the distribution

of the machinery that regulates the separation of centromere regions at mitosis also needs to be increased,

and that the differences observed depend on the differences of the centromeric regions of these two

organisms.

Contrary to the Apc1, two other APC/C subunits, Apc3 (Cdc27) and Apc6 (Cdc16) had been localised

to the mitotic spindle and the centrosome (Mirabito and Morris, 1993; Tugendreich et al., 1995). To

ensure that the differences were not caused by the use of different fixation procedures or cell types,

antibodies against the human Cdc16 and Cdc27 proteins (Tugendreich et al., 1995) and against a

mitotic spindle protein (CTR453) (Bailly et al., 1989) were used under several different conditions.

The Apc3 (data not shown), Apc6 and the CTR453 antigens were however still found at the centrosomes

but not the centromeric regions, whereas the Apc1 and the CREST antigen was found at the centromere

but not at the centrosomes (Fig. 4, Paper I). Different components of the APC/C thus appear to be

differently located in both interphase and mitotic cells. There are however at least two other possible

explanations. One is that the conditions used for immunofluorescence microscopy result in a loss of

different APC/C subunits at different cellular locations. A second is that the epitopes are not always

accessible to the antibodies, perhaps because of an alternative orientation or conformation of the

APC/C at different cellular locations.

Both the Apc1 (Tsg24), Apc3 (Cdc27), and Apc6 (Cdc16) had been shown to be subunits of the APC/

C in both yeast and Xenopus (Peters et al., 1996; Yamashita et al., 1996; Zachariae et al., 1996), so to

confirm that the murine Apc1 was also part of a murine APC/C, proteins from asynchronously growing

Swiss-3T3 cells were immunoprecipitated by using antibodies against the mApc1, hsCdc27 or hsCdc16

(Tugendreich et al., 1995). These proteins could all immunoprecipitate each other (Fig5, Paper I), and

thus showed that the Apc1 protein is part of a mammalian protein complex, most likely corresponding
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to the APC/C described for other organisms. The Apc1 protein bound to the centromeres is however

not likely to be part of a soluble fraction that can be immunoprecipitated, as only a small fraction of

the Apc1 protein was soluble in the buffers used for the immunoprecipitation (Fig. 5B, Paper I), which

suggests that a large fraction of the Apc1 protein is tightly bound to a cellular structure(s). Also, the

Apc1 protein detected by immunofluorescence at the centromeres of Swiss-3T3 cell nuclei exposed

to a salt extraction procedure, did not disappear from the centromere until 0.3 M salt was applied (Fig.

6, Paper I). The results of the Western blotting and immunofluorescence experiments with these salt-

extracted cells suggest that a large fraction of the Apc1 protein is tightly bound to the centromere

regions of interphase cells, and it is likely that this salt-resistant protein fraction also corresponds to

the protein fraction not solubilised in the immunoprecipitation experiments. To determine if the Apc1

protein actually binds to mitotic chromosomes, a biochemical procedure for isolating mitotic

chromosomes from CHO cells was used (Wordeman, 1996). Western blotting of extracts from these

mitotic chromosomes showed the presence of the Apc1 as well as the Apc3 protein (Fig 7, Paper I).

Neither pericentrin nor α-tubulin was however detected in the protein extract prepared from isolated

mitotic chromosomes, suggesting that centrosomal and mitotic spindle proteins do not contaminate

this extract. This shows that not only the Apc1 but also a fraction of the Apc3 protein, in contrast to

what immunofluorescence microscopy data show, is bound to mitotic chromosomes. The presence of

Apc6 was also tested, but only a very weak signal could be observed. The apparent lack of the Apc6

protein in the protein fraction isolated from mitotic chromosomes is puzzling, although it is consistent

with the fact that the relative amount of the Apc6 protein co-immunoprecipitated with the Apc1

protein is much smaller than that of the Apc3 protein. It is possible that the Apc6 is more loosely

attached to the Apc1 protein (and to mitotic chromosomes), and that this could affect its quantitative

recovery in these experiments.

The Apc1 protein is thus a centromere-associated protein, and this would correlate the activity of the

APC/C with the chromosomal region responsible for the sister chromatid cohesion, which needs to be

dissolved at the metaphase to anaphase transition. A centromeric localisation and function for the

Apc1 protein has also been indicated by the pre-anaphase arrest phenotype observed in A. nidulans,

Saccharomyces cerevisiae, and S. pombe mutants in which the Apc1 orthologues had been inactivated

(James et al., 1995; Osmani et al., 1988; Yamashita et al., 1996; Zachariae et al., 1996). Since

immunoprecipitation experiments show that the Apc1, Apc3 and Apc6 are part of a soluble protein

complex, probably corresponding to a mammalian APC/C, and since both Apc1 and Apc3 present on

purified mitotic chromosomes from CHO cells, it is likely that a functional APC/C is in fact present at

centromeres. More specialised immunolabelling methods (e.g. microinjection of antibodies) have

recently also shown the Apc3 to be present on chromosomes and concentrated at kinetochores (L.M.

Topper and G.J. Gorbsky, manuscript in preparation). Both the Apc1 and Apc3 have also been detected

in Western blots of isolated mammalian chromosomes also by L.M. Topper and G.J. Gorbsky

(unpublished observations, referred to in Paper V). There is however no evidence that the centromere-

bound forms of Apc1 and Apc3 are associated with APC/C ubiquitination activity, and there is a

possibility that these proteins could have other chromosome-associated functions. There is also the

possibility that there are subcomplexes of the APC/C at different cellular locations containing a smaller
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number of APC subunits. These subcomplexes could themselves be functional or represent intermediates

used for the transient assembly of the APC during mitosis. There is evidence that the APC/C is a

transient structure, being assembled during the cell cycle, and the assembly and the disassembly of the

APC/C appears to be regulated by the cyclic-AMP regulatory pathway acting on the Cut4 protein, the

S. pombe Apc1 protein (Yamashita et al., 1996). The presence of the APC/C activator Cdc20 and the

APC/C inhibitor Mad2 in both the cytoplasm, at centrosomes and at centromeres (Weinstein, J., 1997;

Chen et al., 1996; Li and Benezra, 1996; Gorbsky et al., 1998; Howell et al., 2000), would also suggest

that APC/C activity is required at all these cellular location, whether this be with the full amount of

subunits or not.

Regulation of APC/C activity by MPF-activated Plk and by protein kinase A (Paper II)

In this paper, it is shown that Cdc2-cyclin B-activated Polo-like kinase (Plk) specifically phosphorylates

at least three components of the APC/C and activates the APC/C ubiquitination of cyclin B in an in

vitro-reconstituted system. Proteins immunoprecipitated with an anti-Plk antibody from mitotic (but

not from interphase) mouse NIH/3T3 cells were incubated with ATP and of five major proteins

phosphorylated were found: Plk itself, Apc3 (Cdc27), Apc6 (Cdc16) and Apc1 (Tsg24) (Fig 1, Paper

II). Although the gel mobility of all these proteins was shifted due to the phosphorylation, Apc3

showed the most dramatic shift (from 99 to 150 kD), indicating that it may be subject to a conformational

change induced by the phosphorylation. Plk or an associated kinase can thus bind and phosphorylate

several APC/C components in early mitosis. To confirm that Plk is responsible for this phosphorylation,

in vitro kinase assays with purified, recombinant Plk kinase and the above-mentioned APC/C subunits,

were performed (Fig 2, Paper II). Plk showed autophosphorylation activity, although this proved not

to be enough to activate it to phosphorylate the APC/C subunits, suggesting that Plk perhaps needs to

be activated by a another kinase during early mitosis in order to phosphorylate the specific substrates,

Apc1, Apc3 and Apc6. It has been suggested that maturation promoting factor (MPF), may activate

the APC/C (Hershko et al., 1994; Lahav-Baratz et al., 1995), and Plk was therefore first activated

using purified human MPF produced in a baculovirus system. None of the APC/C components could

be phosphorylated by MPF alone, but Plk in the presence of MPF did phosphorylate Apc1, Apc3 and

Apc6, suggesting that MPF is the factor activating the Plk kinase to phosphorylate its substrates in the

APC/C. An MPF inhibitor also proved to be able to inhibit this phosphorylation, but had the Plk been

preincubated with an active MPF, all substrates were again phosphorylated (Fig. 2, Paper II). It has

been suggested that APC/C activity is negatively regulated by the PKA pathway in yeast (Ishii et al.,

1996; Yamashita et al., 1996; Yamada et al., 1997), and possible direct phosphorylation of APC/C

components by PKA was therefore investigated. Apc1 and Apc3 were found to be phosphorylated by

PKA whereas Apc6 was not (Fig. 2, Paper II).

The mammalian APC/C was also purified from mouse NIH/3T3 S-phase cells using Resource Q

chromatography and an anti-Cdc27 antibody. Endogenous Plk and MPF were not present in the fraction

containing the APC/C. MPF-activated Plk specifically phosphorylated six major proteins in the purified

APC/C (Figure 3, Paper II), and three of them corresponded to the phosphorylated Apc1, Apc3, Apc6

also seen in the previous experiments. In the presence of MPF inhibitor, none of the proteins
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phosphorylated, but again preincubation of Plk with MPF caused full phosphorylation. A supershift in

the gel migration of the Apc3 as well as Apc1 was induced by the Plk phosphorylation. Peters et al.

(1996) reported that the Apc8 (66 kDa) is phosphorylated, but this protein did not seem to be

phosphorylated by MPF-activated Plk in these experiments, suggesting that the phosphorylation of

this protein is carried out by another kinase. Incubation of the purified APC/C with PKA resulted in

phosphorylation of Apc1 and Apc3 (Fig.3, Paper II). In this case, Apc1, but not Apc3, was completely

supershifted. These results clearly confirmed that both PKA and MPF-activated Plk directly and

specifically phosphorylate the subunits of an intact APC/C.

It was further examined whether Plk and/or PKA phosphorylations affected APC/C activity (Fig. 4,

Paper II). The APC/C purified from S phase cells had no ubiquitination activity towards cyclin B, but

phosphorylation by MPF-activated Plk clearly induced it. Again, neither MPF nor Plk alone had any

effect, an MPF inhibitor added with the kinases completely inhibited APC/C activity, and preincubation

circumvented this inhibition. Incubation with PKA induced no APC/C activity and simultaneous

incubation with both MPF-activated Plk and PKA showed no APC/C activation either, suggesting that

the PKA had an inhibitory effect. Preincubation of the APC/C with MPF-activated Plk followed by

incubation with PKA also caused a complete loss of ubiquitination activity, as did the reverse order of

addition of kinase activities. It thus seems that PKA suppressed the activation of the APC/C caused by

Plk, that the PKA inhibition of APC/C activity is independent of Plk phosphorylation, and that PKA is

superior to Plk in regulating APC activity.

PKA and MPF-activated Plk kinase activities in mitosis were also measured in the synchronised NIH/

3T3 cells (Figure 5, Paper II). Plk activity was measured using Apc6 as a specific substrate in anti-Plk

antibody immunoprecipitates, and PKA activity was measured using fluorescent kemptide as a substrate.

PKA activity rapidly increases at the beginning of mitosis, to reach a maximum in early mitosis.

Activity then rapidly falls at metaphase and returns to its basal level at the end of mitosis. In contrast,

Plk activity increased at the G2/M boundary, to reach a maximum between prometaphase and

cytokinesis, and then rapidly drop to its basal level by the end of mitosis. The profile of Plk activity is

very similar to that of Cdc2. It thus seems that both PKA and Plk activity increases at the same time,

but that PKA activity drops at metaphase when Plk activity reaches its peak. This would correlate well

with the observed effects of these two kinase activities on the APC/C. The temporal regulation was

also further studied in cells synchronised by nocodazole prometaphase arrest and subsequent release

(Fig. 6, Paper II), and levels and phosphorylation status of the Apc1, Apc3, Apc6 and cyclin B were

monitored. Apc1, Apc3 and Apc6 were all phosphorylated from prometaphase to the end of mitosis,

and cyclin B levels rapidly decreased at the metaphase to anaphase transition to disappear by the end

of mitosis. The APC/C was active from anaphase to early G1 phase, when PKA was inactive but Plk

fully active. The APC/C also remained active (about 20% of full activity) in G1, in agreement with

previous results (Amon et al., 1994; Brandeis and Hunt, 1996; Irniger and Nasmyth, 1997).

Stable transfectants of wild-type (wt) or dominant-negative (dn) Plk into NIH/3T3 cells were also

used, and the phosphorylation status of Apc1, Apc3 and Apc6 monitored (Fig. 7, Paper II). In wt-Plk-

expressing cells, the phosphorylated forms of all three proteins were clearly detected, whereas no

phosphorylation was detected in dn-Plk-expressing cells. In mock-transfected cells, these
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phosphorylated APC/C components were detected only faintly. Addition of a stable analogue of cAMP,

which constitutively activates PKA, to mock-transfected cells or wt-Plk-expressing cells supershifted

the Apc1 gel migration, whereas phosphorylated Apc3 or Apc6 could be detected only in Plk-expressing

cells. The APC/C also ubiquitinated cyclin B in extracts from Plk-expressing cells but not in extracts

from neither dn-Plk-expressing cells nor mock-transfected cells. No APC/C activity could be detected

in NIH/3T3 cells treated with the cAMP analogue with or without Plk-expression. These in vivo

results are consistent with the data obtained in vitro, and confirm that Plk phosphorylates and activates

the APC/C, whereas PKA phosphorylates and suppresses APC/C activity.

These results suggest that both PKA and MPF-activated Plk play critical roles in mitotic progression

by controlling APC/C activity. MPF-activated Plk phosphorylates at least three APC/C subunits (Apc1,

Apc3 and Apc6) to activate the APC/C, and PKA phosphorylates Apc1 and Apc3, which suppresses

APC activity. Descombes and Nigg (1998) have also reported that the exit of egg extracts from M

phase arrest requires active Plx (Xenopus Plk) and that Plx is required for activation of APC/C. It has

also been reported that APC/C activation is inhibited by the PKA pathway in fission yeast (Yamashita

et al., 1996) and that protein phosphatase 1 regulates APC and is essential for initiating anaphase

(Ishii et al., 1996). This supports the hypothesis that PKA phosphorylates and inactivates APC, and

that at least two events are required for phosphorylation related APC/C activation at metaphase to

anaphase transition: APC phosphorylation by MPF-activated Plk and dephosphorylation of PKA

phosphorylation sites in APC subunits by a specific serine/threonine phosphatase. Plk has been described

to phosphorylate a number of mitotic regulatory factors other than the APC/C, such as CHO-1/MKLP-

1 (Lee et al., 1995), Cdc25C (Kumagai and Dunphy, 1996), and β-tubulin and microtubule-associated

proteins (Tavares et al., 1996). All of these Plk substrates can be recognised by the monoclonal antibody

MPM-2 (Davis et al., 1983), which specifically reacts with phosphoepitopes of a large family of

mitotic-specific phosphoproteins (Westendorf et al., 1994). All APC/C subunits phosphorylated by

MPF-activated Plk used in this article also turned out to be MPM-2 antigens (data not shown), suggesting

that Plk is one of the MPM-2 kinases, and that it does phosphorylate these APC/C subunits during

mitosis in vivo. Various phenotypes can also be observed in microinjection experiments with anti-Plk

antibody (Lane and Nigg, 1996), so, like the Cdc2 kinase, Plk seems to phosphorylate a number of

mitotic regulatory factors and to regulate mitosis at several stages.

A nucleolar protein transiently associating with mitotic chromosomes (Paper III)

In this paper, the isolation and characterisation of a murine gene encoding a conserved mammalian

nucleolar protein is reported. The protein is called Tsg118 and a homologous human gene was localised

to chromosome 16p12.3. The Tsg118 protein is predominantly expressed in proliferating somatic

cells and in male germ cells. Indirect immunofluorescence microscopy analysis using an affinity-

purified anti-Tsg118 serum localises the Tsg118 to the nucleolus. The interphase nucleolus normally

consists of three components: the fibrillar center (FC), the dense fibrillar component (DFC), and the

granular component (GC) (reviewed by e.g. Olson et al., 2000). Immunofluorescence experiments

show that the Tsg118 localises to the dense fibrillar component, but not to the coiled body. It also co-

localises in the DFC with a known nucleolar protein, fibrillarin (Fig. 3, Paper III). The nucleolar
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localisation of the Tsg118 protein and fibrillarin is not affected by serum-starvation (Fig 5, Paper III),

and the Tsg118 and fibrillarin also co-localise to the DFC in cells exposed to drugs blocking transcription,

which alter the appearance of the nucleolus (Fig. 4, Paper III). The Tsg118 and fibrillarin could however

not be co-immunoprecipitated, suggesting that they are not part of the same complex, although they

are found at the same cellular location.

The nucleolar localisation of the Tsg118 protein appears to be temporally restricted to the interphase

stages of the somatic cell cycle and to the meiotic phase of spermatogenesis (Fig. 3 and 6, Paper III).

In mitotic cells, the Tsg118 protein, like fibrillarin, instead becomes associated with the surface of the

condensed chromosomes (Fig. 3, Paper III). The Tsg118 may thus perform a function on mitotic

chromosomes, but it is also possible that this is just a means of distributing this protein equally to the

two forming daughter cells, which is thought to be the case for several other proteins e.g. fibrillarin

(Dundr et al., 1997).

Characterisation of the human APC1 (Paper IV)

In this paper, the sequence of the human APC1 cDNA is analysed and the expression of APC/C

components is investigated. The human APC1 cDNA is 92% identical to the mouse sequence at the

amino acid level (Fig. 1, Paper IV). The sequence contains a motif, a repetitive region with at least

four repeat domains (PF01851, Pfam, Bateman et al., 1999). The repetitive region has been predicted

to fold into successive α/β  elements and form a horseshoe-like structure that could be used to bind

partially unfolded proteins or to serve as a scaffold for the assembly of the APC/C (Lupas et al., 1997).

The region is 99% identical between the mouse and human Apc1 protein, and it is also the most

conserved region in Apc1 homologues in other species. The S1 and S2 subunits of the 19S cap of the

proteasome in several species ranging from yeast to human also contain this repetitive domain,

suggesting that it may perform some important function in the ubiquitination system. Flanking the

repetitive region are two other domains of unknown function, and these domains can also be found in

Apc1 homologues in other species, but unlike the repetitive domain, they only seem to be present in

Apc1 homologues, indicating that they perform a function specific to this protein. The human APC1

cDNA was also analysed using the program est_genome (Mott, 1997) and genomic data available in

the databases, which allowed prediction of 42 exons covering most of the cDNA sequence (Fig 1,

Paper IV). The human APC1 gene was also mapped to chromosome 2 at q12-q14.1 (Fig 2, Paper IV).

To sublocalise APC1 precisely on chromosome 2, a radiation hybrid panel was used and further mapped

the APC1 to the area 2q13. In the OMIM (Online Mendelian Inheritance in Man) database, two other

genes involved in cell division are found in the vicinity: the hBUB1 gene, which is a spindle checkpoint

member (2q14), and the homologue of the Drosophila barren gene, which encodes a protein involved

in chromosome condensation (2q11.2).

To try to find out whether APC/C components are expressed at the same levels in normal human tissue

and human cancer cells, probes from hsAPC1, hsAPC2, hsAPC6 and hsAPC8 were hybridised to

filters containing mRNA from different human tissues or different human cancer cell lines. All of the

tested APC/C components seem to be ubiquitously expressed in most tissues and in the cancer cell

lines analysed (Fig. 3, Paper IV). The individual APC/C components were expressed at slightly different
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levels in different tissues, but if one of them was expressed more strongly in a cell type, the amounts

of the others also increase, supporting the idea that the APC/C components function in the context of

the APC/C complex in all cell types. Protein levels of APC/C components in mouse tissue also seem

to show the same co-variation (Gieffers et al., 1999). A notable difference to the above mentioned

interdependence of RNA expression was seen for APC6 in a few cancers and tissues, and the relative

increase in expression could perhaps indicate a special function for this RNA in these cell lines and

tissues.

To complement the RNA blot data, the expression of all known human APC/C components was

studied using Expressed Sequence Tag (EST) data from the public databases. BLAST 2.0 searches

were made and ESTs with more than 95% identity to the search sequence were grouped according to

tissue (Table 1, Paper IV). Although there are inherent problems in analysing EST data, such as biased

representation of different tissues, some cDNA libraries being normalised while others are not and

choosing the cut-off level of identity at which ESTs are considered to still represent the same gene, the

data however shows some interesting features and also supports the Northern blot results. APC6 seems

to be more highly expressed than e.g. APC1, APC2 and APC8, and judging by the EST data, APC5,

APC6 and APC11 are the most strongly expressed APC/C components, whereas the others are expressed

at lower levels. This pattern also seems to be true for most tissues represented in the EST database,

again suggesting that variation in the levels of APC/C components is interdependent. A difference in

this pattern is however seen in the relative increase in expression of APC6 in e.g. colon, liver/spleen

and white blood cells, suggesting a special function for this protein in these tissues. All the known

APC/C components are expressed in brain, results supporting a previous finding by Gieffers et al.,

1999. The APC/C components are also well represented among ESTs from e.g. lung, kidney and white

blood cells. The absence of ESTs for some of the APC/C components in certain tissues can most

probably be explained by the lack of sufficient sequence data from these libraries in the database. The

APC/C components thus seem to be present in most tissues and the levels of APC/C components

relative to each other seem to be fairly constant in most tissues. This supports the idea that the APC/

C is necessary in all tissues, and that all subunits are required.

Protein expression of APC/C components was also investigated. Antibodies against the human Apc1

and the human Apc4 protein were used to perform Western blots on extracts from different human

cancer cell lines (Fig. 4, Paper IV). Both the hsApc1 and hsApc4 proteins are strongly expressed in all

the all cancer cell lines tested, and protein levels vary only slightly between the different cell lines,

suggesting that the APC/C is needed to the same extent not only in normal cells but also in different

cancers cell lines. It has been suggested that the APC/C may perform functions outside of the cell

cycle (Gieffers et al., 1999). In view of the fact that the APC/C is expressed in most tissues, even

though the majority of cells in most tissues are differentiated and no longer divide, that all APC/C

components seem to be required, and that the APC/C is a lot more complex than most ubiquitin

ligases, it would not be surprising to find that the APC/C components were involved in ubiquitination

also of several non-cell cycle targets.



31

The 3F3/2 antibody binds the mitotically phosphorylated APC/C (Paper V)

In this paper it is shown that the 3F3/2 anti-phosphoepitope antibody, which recognises a phosphoepitope

present on unattached kinetochores sensitive to mechanical tension imparted by microtubule binding

(Gorbsky and Ricketts, 1993; Nicklas et al., 1995,1998), binds two mitotically phosphorylated

components of the APC/C. Extracts from mammalian cells, arrested in S phase with hydroxyurea or in

mitosis with microtubule inhibitors, were immunoprecipitated with anti-Cdc27 (Apc3) antibody and

3F3/2 antibody (Fig. 1, Paper V). The anti-Cdc27 antibody immunoprecipitates the APC/C complex

from both interphase and mitotic cell extracts, and in mitotic extracts both Apc3 (Cdc27) and Apc6

(Cdc16) protein exhibited reduced mobilities. Treatment of the mitotic APC/C with phosphatase

increased the mobilities to those of the S phase extract, indicating that the reduced mobilities of

mitotic Apc3 and Apc6 are likely due to M phase-specific phosphorylation. The 3F3/2 antibody

quantitatively immunoprecipitated mitotic APC/C proteins and immunoprecipitated associated M phase

specific regulatory proteins Cdc20 and Mad2. The 3F3/2 antibody preferentially precipitated the reduced

mobility (phosphorylated) forms of APC/C components, and the 3F3/2 antibody did not

immunoprecipitate the APC/C from S phase extract. Thus, the 3F3/2 antibody recognises M phase-

specific phosphorylations on one or more components of the APC/C.

Western blotting of mitotic APC/C with the 3F3/2 antibody revealed no bands (data not shown)

suggesting that the phosphoepitope recognised by the 3F3/2 antibody is affected by this method. To

identify prospective targets of the 3F3/2 within the APC/C, the APC/C was first immunoprecipitated

from mitotic cell extracts using anti-Cdc27 antibody, and 3F3/2 antibody, which had been covalently

modified by binding a trifunctional crosslinking reagent (Sulfo-SBED) to transfer biotin to the target

protein of the APC/C, was applied (Fig. 2, Paper V). In addition to the 3F3/2 antibody heavy and light

chains only one specific protein at 210 kD, identified as Apc1, was biotinylated. Mitotic cell extracts

were also treated with an intermediate concentration of SDS (0.5%) to disrupt the APC/C and then

immunoprecipitated with 3F3/2 antibody. Apc1 and Cdc27 were independently immunoprecipitated

by the 3F3/2 antibody (Fig. 2, Paper V).

Since at least the APC/C components Apc1 and Apc3 localise to the centromere (Paper I), the changes

of 3F3/2 phosphoepitope labelling at kinetochores may reflect, at least in part, changes in

phosphorylation of the APC/C components present there. Based on the observed dynamic association

of other checkpoint protein binding and the changes in kinetochore phosphorylation, it has been

proposed that the kinetochore is a catalytic site for the generation of an inhibitor of the APC/C (Gorbsky,

1995; Fang et al., 1998a; Howell et al., 2000). One element in down regulating APC/C activity is

inhibitory phosphorylation of APC/C components (Paper II; Yanagida et al., 1999), and studies by

Waters et al. (1999) have demonstrated that Mad2, the inhibitor of Cdc20-directed APC/C activity,

binds only to mitotic kinetochores that are phosphorylated and exhibit the 3F3/2 phosphoepitope. It is

possible that at unattached kinetochores active kinases may catalyse phosphorylations that directly

inhibit APC/C activity or indirectly inhibit it by enhancing the binding of Mad2 to the APC/C. Further

elucidation of the controls for APC/C ubiquitin ligase activity and the mechanisms by which the APC/

C targets specific substrates should provide important new insights into cell cycle regulation of M

phase.
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Localisation and interaction studies of the subunits of the APC/C (Paper VI)

In this paper localisation and interactions of APC/C subunits have been investigated. APC/C components

were tagged C-terminally with green fluorescent protein and overexpressed in PLC cells. The only

two APC/C components showing a distinct subcellular localisation were Apc2 and Apc8, which

localised to the centrosome in both interphase and mitotic cells (Fig. 4, Paper VI). For Apc8 even the

centrioles of cells preparing to divide could occasionally be seen. Apc2 and Apc8 also showed general

staining of the nucleus and cytoplasm. This result would support the idea that the APC/C is present at

the centrosome, which is also indicated in immunofluorescence experiments performed by Tugendreich

et al. (1995) using antibodies against Apc3 (Cdc27) and Apc6 (Cdc16), localising these proteins to the

centrosome and mitotic spindle. It is difficult to tell whether the Apc2 and Apc8 were present also on

the mitotic spindle, due to the very strong staining of the cytosol surrounding the chromatin, although

it is not unlikely. In view of the results of Tugendreich et al. (1995) it would also be expected to find

the Apc3 and Apc6 at the centrosome. The Apc6 could however not be detected at centrosomes, and

showed just diffuse nuclear and cytoplasmic staining. The Apc3-GFP or FLAG-Apc3 could not be

detected at all in transfected cells, which might indicate that the fusion protein is for some reason

degraded. We know that at least the FLAG construct is capable of producing full length protein in in

vitro translation reactions (data not shown), suggesting that the protein is produced also in transfected

cells, but may be degraded or the epitope somehow masked. Alternatively, the cells exposed to high

levels of Apc3 protein do not survive. The other APC/C components tested, Apc4, Apc5 and Apc7,

showed general nuclear and cytoplasmic staining, slightly stronger in the cytoplasm, especially close

to the nuclear membrane. Mitotic cells all showed cytosol staining excluding the chromatin. Apc7

sometimes but not consistently showed centrosomal staining in interphase cells (data not shown). A

transfected APC/C regulator, Cdc20, was also used, and seems to polymerise into large structures

when over-expressed (Fig. 4, Paper VI). Whether this has any relevance for its function or is just an

effect of the massive over-expression is hard to tell. The fact that not all APC/C components are seen

at the centrosome or the mitotic spindle could be explained in a number of ways. There could e.g. be

epitope masking or the fusion protein might not be correctly folded because chaperones or some other

factor required is in short supply, leaving it to assemble in the nucleus and cytoplasm. In summary,

however, these results suggest that APC/C components other than Apc3 and Apc6 are present at the

centrosome, which further confirms the need for APC/C activity at specific cellular locations during

mitosis.

Several protein-protein interaction methods were also used: the yeast two-hybrid system, in vitro

interactions studies, and Far Western. The two hybrid system (described by e.g. Mendelsohn and

Brent, 1994; Brent and Finley, 1997) was used with different parts of the murine Apc1 (also called

Tsg24) protein fused to LexA as bait. The reason for not using the full-length Apc1 protein was that

Western blots showed it to be degraded in the yeast cells. An N-terminal and a C-terminal part of the

Apc1 protein, that were reasonably intact when expressed in yeast, were used to screen a 3T6 or HeLa

cell library for interacting proteins. Several clones were isolated and sequenced, but unfortunately, no

protein was over-represented among the clones, nor were any interesting matches found in the databases

(data not shown).
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As the two-hybrid effort had not yielded any interesting candidate proteins interacting with the Apc1,

in vitro interaction studies of the interactions among the APC/C components themselves were instead

made. All APC/C components known at that point were cloned into both a bacterial expression vector

(pGEX) and a vector permitting in vitro translation (pCMX). The bacterially produced glutahione-S-

transferase (GST) fusion was affinity purified, mixed with in vitro translations of different radiolabelled

APC/C components and washed. Binding proteins were separated on a polyacrylamide gel. GST fusions

of Apc2, Apc5, Apc7 and Apc8 were used. The binding of GST-Apc8 to other APC/C components is

shown in Fig. 2, Paper VI. Other GST-Apc fusions show roughly the same binding pattern (data not

shown). Increasing the salt concentration in the washing buffer had no effect on the pattern of binding

proteins (data not shown). GST without any APC/C component was also used (Fig. 2, Paper VI) and

shows a similar binding pattern, although a lot more weakly. Since this surprisingly enough would

indicate that all the APC/C components interacted with all the others as well as with an APC/C regulatory

protein, Cdc20, and the spindle checkpoint protein, Mad2, several other proteins were used as controls.

Most of these however also seemed to interact with the APC/C component. Weaker interactions were

also observed between only GST and the control proteins. GST fused to hsRARα or hsRXRα (used as

positive controls against each other and negative controls against other proteins) also showed weak

interactions with the other control proteins. The APC/C components thus seem to interact unspecifically

with a number of proteins perhaps because they are not correctly folded.

Considering that the in vitro translation extracts seem to contain many different proteins, including

endogenous APC/C, which might interfere in the analysis of interactions, both parties of a potential

interaction were next produced in bacteria. The Far Western method of probing interactions with

proteins that have been separated by gel electrophoresis and subsequently renatured, had previously

been used to screen different fractions of tissue culture cells with different parts of the mApc1 protein,

although without finding any reproducible interactions (data not shown). This method was now used

in a different way, expressing GST-APC/C component fusions in bacteria, running extracts from these

on a SDS-PAGE gel, renaturing the proteins on a membrane and probing it with radiolabelled purified

GST-APC/C component fusion. GST fusions to hsApc2, hsApc3, hsApc5, hsApc7, hsApc10, hsApc11

and hsRXRα were used as probes. The result using hsApc3 and the control hsRXRα are shown in Fig.

3, Paper VI. The other probes show the same pattern of stronger and weaker bands (data not shown),

indicating that the interactions are unspecific.

Interaction studies of another ubiquitin ligase complex important for the cell cycle, the SCF (for

Skp1-cullin-F-box protein) have been performed and have determined how the different components

bind each other and which component is responsible for substrate binding (Feldman et al., 1997;

Skowyra et al., 1997; Patton et al., 1998; Kamura et al., 1999; Skowyra et al., 1999). This raises the

question what is different about the APC/C and why it is so difficult to study, that in the same time

several articles have been published about the interactions of the SCF complexes, nothing in the same

line has been published for the APC/C. It seems that it is for some reason quite difficult to get the

APC/C components to fold correctly in an in vitro situation, perhaps because chaperones are needed,

perhaps because several APC/C components need to be expressed at the same time or because some

post-translational modification is needed for a correct fold. It might also be possible that the APC/C,
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being a ubiquitin ligase, needs to be modified by ubiquitination or addition of other ubiquitin-like

proteins (e.g. Sumo or Rub1) itself. Several ubiquitination ligases are known to be affected by such

modifications (reviewed by Hochstrasser, 2000). The cullin subunit of the E3 ligase must for example

be conjugated to Rub1 to ensure the ubiquitination and degradation of I-kB, the inhibitory partner of

NF-kB. Addition of Rub1 to the cullin subunit in this case appears to depend on Rub1 ligase activity

within the ubiquitin ligase itself, which might be related to a property of another protein, Rbx1. Rbx1,

like the APC/C subunit Apc11, contains a RING finger motif, and this motif is required for the

ubiquitination activity of Rbx1. In many cases, RING-finger E3 ligases exhibit strong self-ubiquitination

activity in vitro. Hochstrasser suggests that the RUB1 pathway may regulate e.g. E3 self-ubiquitination,

which may down-regulate E3 activity, or help trigger a conformational switch that stimulates addition

of multiple ubiquitin molecules to target proteins. There is also genetic data to suggest that another

modification, sumoylation, may be required for the import of at least some proteins into the nucleus

(Hochstrasser, 2000), suggesting that addition of these ubiquitin-like proteins may regulate the behaviour

of proteins in a number of different ways. Whatever pieces are still missing in the puzzle, the APC/C

will no doubt eventually reveal its composition, and it will be most interesting to see what factors

affect it and decide its behaviour.
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Conclusions

1. The Apc1 (also called Tsg24) protein is a centromere-associated protein. It localises to

centromeres during the prophase to anaphase stages of mitosis in hamster cells, while it is

constitutively associated with the centromeres in murine cells. These differences in localisation

pattern are presumably due to the presence in murine centromeres of large γ-satellite regions

absent from CHO centromeres.

2. The Apc1 exists in two forms in mammalian cells, a soluble form associated with other

components of the APC/C and a centromere-bound form, which may or may not be associated

with other APC/C components.

3. Both the Apc1 (Tsg24) and the Apc3 (Cdc27) proteins are bound to isolated mitotic chromosomes,

suggesting that more APC/C components than can be observed by immunofluorescence are

present on mitotic chromosomes. The Apc1 and Apc3 are also likely targets for APC/C regulatory

phosphorylation recognised by the 3F3/2 antibody at the centromere.

4. The Apc2 and Apc8 proteins localise to the centrosome in both interphase and mitotic cells,

confirming the presence of the APC/C at this cellular location.

5. Cdc2-cyclin B-activated Polo-like kinase (Plk) specifically phosphorylates at least three

components of the APC/C, Apc1, Apc3 and Apc6, and activates the APC/C activity. Protein

kinase A (PKA) phosphorylate two subunits of APC/C, Apc1 and Apc3, but instead suppresses

APC/C activity. PKA is superior to Plk in regulation of the APC/C. Plk activity peaks in metaphase,

at the same time that PKA activity decreases, suggesting that Plk and PKA regulate the progression

of mitosis by regulating APC/C activity.

6. APC/C subunits are expressed in most tissues and cell types at fairly constant levels relative to

each other, suggesting that they always perform their functions as part of a complex. Their

presence in non-dividing cells also suggests the possibility of additional APC/C functions outside

the cell cycle.
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