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Abstract

Cyclins and cyclin dependent kinases (Cdk) are key regulators of the cell cycle. 
Cyclin E binds to and activates Cdk2, and is required for cells to enter S-phase. In 
somatic cell cycles, restriction of the activity of cyclin E/Cdk2 to the Gl/S transition 
is mediated by cell cycle stage-specific expression of cyclin E, whose levels rise late 
in G1 and decline rapidly once cells have entered S-phase. During the first twelve 
cell cycles of the frog Xenopus laevis, however, cyclin E is extremely stable. After 
the twelfth division, the midblastula transition occurs, the cell cycle slows down, 
and cyclin E protein is rapidly degraded. The aim of these studies was to investigate 
the control of cyclin E stability before and after MBT.

Measurements of the half-life of cyclin E showed that it was very stable in 
Xenopus embryos and egg extracts, suggesting that the disappearance of cyclin E at 
the midblastula transition is due to proteolysis, which is activated at this stage of 
development. Binding to Cdk2 appears to be required for this proteolysis, as mutant 
versions of cyclin E, unable to form stable complexes with Cdk2, failed to be 
degraded at the MBT. Deletion of residues in the N-terminus of cyclin E stabilized 
the protein, although these versions still bound to Cdk2 and formed active protein 
kinases.

Cyclin E is phosphorylated on several sites in vitro. Two major sites were 
identified as serine 67 and threonine 76. Mutation of all six canonical Cdk sites in 
cyclin E to alanine did not interfere with its activity or localization but stabilized the 
protein when expressed in monkey COS-1 cells. Extensive efforts to develop a cell- 
free system from frog eggs and embryos, which could degrade cyclin E, were not 
successful.
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Chapter 1

Introduction

1.1 The cell cycle

In 1974, Arthur Pardee wrote that “normal animal cells possess a unique regulatory 
mechanism to shift them between proliferative and quiescent states” (Pardee, 1974). 
When cells enter ‘the proliferative state4 they generally, although not invariably, 
grow and the vast majority of growing cells divide, thereby maintaining their size 
and their ratio of DNA to cytoplasm within fairly well-defined limits. The cell cycle 
is the set of events responsible for the duplication of the cell. Cancer cells 
proliferate under conditions when their normal counterparts would not, but their cell 
cycles are probably no different from those of normal cells, despite the often-stated 
or implied idea that ‘Cancer is a disease of the cell cycle’.

In eukaryotes, the cell cycle usually consists of the four ‘phases’ first 
defined by Howard and Pelc (1953), who discovered that DNA replication was 
confined to a discrete period in interphase, separated from mitosis by two gap 
phases. Whereas previously there had been a problem to understand how entry into 
mitosis was regulated or timed, now an additional problem concerning the timing of 
entry into S-phase had emerged. Little real progress in understanding either of these 
points was to be achieved until the end of the 1960s, when the cell fusion 
experiments of Rao and Johnson began to define certain cell cycle rules (Rao and 
Johnson, 1970). Thus, mitotic cells induced cells in any other cell cycle phase to 
break down their nuclei and condense their chromosomes. This observation 
supported the embryologist's view that distinct mitotic and interphase states existed, 
with the mitotic state being dominant. On the other hand, Rao and Johnson also 
observed that in any fusion between two interphase cells at different stages of the 
cell cycle, the advanced nucleus waited for the completion of events in the retarded 
nucleus before progression occurred, supporting the idea that the cell cycle 
consisted of a dependent set of reactions. They also observed that a G2 nucleus, 
unlike a G1 nucleus, did not respond to the presence in the same cytoplasm of an S- 
phase nucleus by initiating a new round of replication.

The experiments which ultimately led to a biochemical approach to the 
study of cell cycles were conducted in 1971, when Masui and Markert (1971) 
investigated the progesterone-induced maturation in amphibian oocytes. They found 
that shortly before germinal vesicle breakdown, a factor appeared in the cytoplasm
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that could induce maturation in a recipient oocyte to which it was transferred by 
microinjection, even though the recipient oocyte had never been exposed to 
progesterone. This ‘maturation-promoting factor4 is now generally referred to as 
MPF (for review of MPF see Masui and Shibuya, 1987). Somewhat analogous 
experiments had been performed three years earlier by Gurdon (1968), who injected 
nuclei from somatic cells into frog eggs and observed that the chromosomes 
condensed and aligned on what appeared to be mitotic spindles, suggesting the 
existence of a mitosis-promoting state in the meiotic egg cytoplasm. Gradually, it 
became clear that MPF is found in mitotic cells as well as meiotic ones, when 
Wasserman et al. (1978) found that cytoplasm removed from cleaving frog embryos 
was able to promote oocyte maturation. This was confirmed in many other studies 
which demonstrated the existence of MPF even in somatic human cells arrested in 
mitosis (Sunkara et al., 1979). However, MPF was not purified for many years and 
only when the assay was changed from the classical oocyte maturation test to a cell- 
free system were Lohka and Mailer able to obtain a good purification (Lohka et al, 
1988b).

Genetic studies of the cell cycle in the budding yeast Saccharomyces 
cerevisiae by Hartwell et al. (for review see Hartwell et al., 1974) revealed the 
existence of genes that controlled cell cycle transitions (Cell division cycle or Cdc 
genes) such as entry into S-phase and completion of mitosis. One gene, CDC28, 
was notable because it controlled the initiation of more than one process at a point 
in the cell cycle which Hartwell and his colleagues called ‘Start4. Analysis of these 
Cell division cycle genes suggested that the cell cycle consisted of a set of 
dependent reactions where the initiation of each step depended on the completion of 
preceding events. Thus, yeast mutants with unreplicated DNA failed to enter 
mitosis, as judged by failure of the correct assembly of the mitotic spindle. This 
view was later revised as a result of the discovery of mutants in which the 
dependence of later cell cycle events on the completion of previous processes in the 
cell cycle was lost. The control mechanisms implied by the dependencies and the 
genes that controlled them were called checkpoints by Hartwell and Weinert (1989).

Whereas budding is the defining morphological feature of the growth and 
division of S. cerevisiae, the fission yeast Schizosaccharomyces pombe grows more 
like a bacterium, adding material to either one or to both ends of a cylindrical cell 
and laying down a medial septum in order to divide. This made it an ideal subject to 
study the relationship between cell size and the cell division cycle and it was not 
long before a number of Cdc mutants had been isolated; Attention focussed on Cdc2 
because not only was it required for entry into mitosis, but certain mutant alleles
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allowed cells to divide at smaller than normal sizes, implying that it was a regulator 
that could be stimulated as well as impaired (for review see Nurse et a l , 1976).

Real progress in understanding the molecular physiology of the cell cycle 
emerged gradually as genes were cloned and sequenced. It was found that CDC28 
and cdc2+ were interchangeable, that human cells contained Cdc2 (Lee and Nurse, 
1987), and that the biochemical entity MPF contained Cdc2 as one of its subunits. 
Since the amino acid sequence of Cdc2 suggested that it was a protein kinase 
(Hindley and Phear, 1984; Lohka et al, 1988a; Labbe et a l,  1989), and it was 
known from work on MPF in frogs and starfish that there were large changes in 
protein phosphorylation as cells entered M-phase (Doree et al,  1983; Peaucellier et 
al,  1984), the simple idea that changes in the phase of the cell cycle were catalysed 
by changes in the activity of a protein kinase was born.

1.2 Proteolysis as a cell cycle regulator

It did not take long before changes in the activity of Cdc2 and Cdc28 were linked to 
proteolysis. Ubiquitin-mediated degradation was already a well defined process by 
1981 (Hershko, 1985), but a report on the mouse cell cycle mutant ts85 
(Ciechanover et a l, 1984; Finley et al, 1984), which was found to be deficient in 
the El ubiquitin-activating enzyme (see 1.3.3), established a direct connection 
between proteolysis and the cell cycle. At the non-permissive temperature these 
cells were blocked in G2-phase. A little later, the budding yeast cell cycle mutant 
CDC34 was identified as a ubiquitin-conjugating enzyme (E2; Goebl et a l, 1988). 
Mutants in the CDC34 gene arrest in G1-phase, but only with the discovery of the 
SCF-pathway in the last four years or so was the true role of Cdc34 discovered as 
being required for the proteolysis of the Cdk inhibitor, Sicl (Schwob et al, 1994).

Just before ubiquitin-dependent degradation was linked to the cell cycle 
cyclins A and cyclin B were discovered in cleaving sea urchin and clam embryos. 
These proteins were continuously synthesized and accumulated in interphase, but 
disappeared abruptly during mitosis (Evans et a l,  1983; Hunt et a l,  1992). These 
striking oscillations suggested that cyclins might be involved in the regulation of 
cell division and this was later demonstrated in several ways. Microinjection of 
cyclin mRNA induced the meiotic maturation of amphibian oocytes (Swenson et 
a l ,  1986; Pines and Hunt, 1987) and ablation of cyclin B mRNA prevented 
Xenopus interphase egg extracts from entering mitosis (Minshull et a l, 1989), 
whereas addition of sea urchin cyclin B mRNA drove multiple cells cycles in frog 
egg extracts (Murray and Kirschner, 1989). When cyclin B was identified as the 
second subunit of the MPF (Lohka et al, 1988a; Labbe et al, 1989), it became clear 
that this protein was responsible for the cell cycle phase-specific activation of Cdc2.
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Subsequently cyclin B was shown to activate Cdc2 and consequently drive cells 
through mitosis; it was also shown that the ubiquitin-dependent destruction of 
cyclin B at the end of mitosis was essential for cells to get out of mitosis.

The identification of cyclins in yeast and the role of proteolysis in their 
regulation followed more slowly. The G1-cyclin Cln3 was first to be recognized 
(Nash et a l, 1988) by the identification of a truncated version that accelerated 
passage through Start, as is now known because of its stabilization. The discovery 
of Clnl and Cln2 soon followed (Hadwiger et a l, 1989). In budding yeast, B-type 
cyclins were not reported until 1991 (Bueno et al, 1991; Ghiara et a l,  1991), 
whereas cdcl3+ was recognized as the fission yeast homologue of cyclin B in 1988 
(Hagan e ta l ,  1988).

The thought that the degradation of G1-cyclins at the end of G1 triggered the 
initiation of S-phase, like the proteolysis of mitotic cyclins allows exit into Gl, 
delayed the elucidation of the role of Gl-cyclins in the cell cycle. Although Sicl 
was cloned as early as 1985 (Reed et al, 1985) it was linked to the cell cycle only 
about a decade later. Nugroho and colleagues first reported that Sicl was involved 
in the negative regulation of Cdc28 activity and that it was important for faithful 
segregation of chromosomes to daughter cells (Nugroho and Mendenhall, 1994).

1.2 Cyclins

While cyclins were originally classified according to their expression pattern during 
the cell cycle, it later became clear that not all cyclins saw changes in their protein 
levels as the cell cycle progressed. Subsequent additions to the cyclin protein family 
were therefore based upon amino acid sequence conservation. All cyclins contain a 
conserved region of about 100 amino acids, called the ‘cyclin-box‘, that resides at 
the interface between the cyclin and the Cdk in cyclin/Cdk complexes (Nugent et 
a l,  1991; see also Figure 3.7.III). The cyclin family includes, besides the A-type 
and B-type cyclins (each composed of several cyclins showing slight variation in 
their amino acid sequence), cyclin C (Leopold and O'Farrell, 1991), the D-type and 
E-type cyclins, as well as cyclin F (Bai et al, 1994), G-type cyclins (Tamura et al,
1993) and cyclin H. A putative cyclin of a novel class, called cyclin I, has been 
cloned from a human forebrain cortex cDNA library (Nakamura et al, 1995).

Human cyclin E was originally cloned by complementation of a Gl-cyclin 
defective yeast mutant (Koff et al, 1991; Lew et a l,  1991). An additional family 
member, cyclin E2 (Lauper et al, 1998) as well as splice variants of human cyclin E 
(Sewing et al, 1994; Ohtsubo et a l,  1995) were also isolated. Homologues of 
cyclin E were later isolated from many organisms such as Caenorhabditis elegans, 
Drosophila melanogaster (Richardson et a l, 1993), zebrafish (Yarden and Geiger,
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1996), chicken, sea urchin (Kurokawa et a l , 1997), mouse (Damjanov et a l , 1994), 
rat (Tamura et a l , 1993) and the frog Xenopus laevis.

So far, three different cyclin E genes have been identified in Xenopus laevis, 
cyclin El A, E1B and E2 (Rempel et a l , 1995; Chevalier et al, 1996). Cyclin E1A 
and B have identical coding sequences and differ only in their untranslated regions 
(UTRs). The amino acid sequence of cyclin E2 shows 91% identity to that of 
cyclins El A and B.

1.2.1 Cyclin dependent kinases

In contrast to yeast, multi-cellular organisms use several Cdks to regulate their cell 
cycles in order to coordinate cell division during development and organogenesis. 
These additional kinases will be introduced here, however, the focus lies on Cdk2, 
as this kinase and its partner cyclin E are the topic of these studies.

Cdk2 was first detected in Xenopus laevis and originally called Egl (Paris et 
al,  1991). Unlike human Cdk2, frog Cdk2 is unable to complement cdc28 deficient 
yeast strains (Elledge and Spottswood, 1991; Ninomiya-Tsuji et al, 1991; Paris et 
al,  1991) or rescue a Gl/S block in a temperature sensitive cdc2' mutant (Paris et 
al,  1991). That Xenopus and human Cdk2 are different is further illustrated by the 
cyclins with which they associate during the cell cycle progression. Besides cyclin 
E, human Cdk2 has been found associated with cyclins A, D l, D2 and D3 (Dulic et 
a l ,  1992; Elledge et a l,  1992; Koff et a l,  1992; Dulic et a l,  1993; Ewen et al, 
1993; Bates et a l, 1994). In contrast, frog Cdk2 associates only with cyclins E or 
A2 (Howe e ta l,  1995; Rempel et al, 1995).

In the somatic cell cycle, human Cdk2 is complexed to cyclin E during Gl 
and early S-phase and to cyclin A in late S- and G2-phase after the peak of DNA 
synthesis (Dulic et a l ,  1992; Koff et a l,  1992; Rosenblatt et a l ,  1992). In 
agreement with a role at the Gl/S transition, the kinase activity of the cyclin E/Cdk2 
complex peaks at the Gl/S transition, and this correlates with an increase in the 
levels of cyclin E mRNA and protein (Dulic et al, 1992).

In the frog, cyclin E is the only partner of Cdk2 during early development 
and the levels of this cyclin remain more or less constant throughout the cell cycles 
of the early embryo (Rempel et al, 1995; Hartley et al, 1996). Even though cyclin 
A l is expressed throughout these early stages, it is mainly found in association with 
Cdc2 (Minshull et al, 1990). At the midblastula transition (MBT), the switch from 
the embryonic to the somatic cell cycle, cyclin E disappears (see 1.7). Soon 
afterwards, at the onset of gastrulation, another cyclin, cyclin A2, appears that then 
associates with Cdk2. Cyclin Al is degraded at the early gastrula stage (see below; 
Howe e ta l,  1995; Hartley e ta l,  1996).

15



The Xenopus cyclin E/Cdk2 complex is involved in regulating the Gl/S- 
phase transition as well as the initiation of DNA replication as its depletion from 
egg extract inhibits DNA synthesis (Fang and Newport, 1991; Strausfeld et al., 
1996). Additionally, cyclin E/Cdk2 has been reported to positively regulate the 
activity of the cyclin B/Cdc2 complex in egg extracts, possibly through the 
phosphatase Cdc25 (see 1.3.1; Guadagno and Newport, 1996). However, the 
mechanisms underlying this regulation are not known.

The cyclin partner of Cdk3 has not been identified yet. Overexpression of a 
dominant-negative mutant of Cdk3 arrests human cells in Gl-phase possibly 
through the inhibition of the transcription factor E2F, suggesting a role for this 
kinase in the Gl/S transition (Meyerson et al., 1992; van den Heuvel and Harlow, 
1993; Hofmann and Livingston, 1996).

Cdk4, Cdk5 and Cdk6 mainly associate with D-type cyclins and are required 
for differentiation processes. Some of these complexes have been implicated in Gl 
re-entry from the quiescent state (see 1.4).

Cdk7, originally called M015, was first identified in Xenopus by 
Shuttleworth et al (1990). It binds to cyclin H (Fisher and Morgan, 1994; Makela et 
a l,  1994) and this complex has been shown to regulate the activity of other 
cyclin/Cdk complexes (see 1.3.1).

Cdk8 binds to cyclin C (Tassan et al, 1995) and in Drosophila this complex 
appears to phosphorylate the C-terminal domain of RNA polymerase II (Leclerc et 
al, 1996).

1.3 The regulation of cyclin/Cdk complexes

Cell cycle transitions depend upon the activity of cyclin/Cdk complexes and these 
complexes in turn are regulated through sequential formation, activation and 
subsequent inactivation. The mechanisms underlying these regulations are now 
fairly well understood and include phosphorylation events, inhibition through 
Cyclin-dependent Kinase Inhibitors (CKI) and cell cycle stage-specific proteolysis 
(see Figure 1.3).

1.3.1 The kinases and phosphatases regulating Cdk activity

The activities of Cdc2 and Cdk2 are not only regulated through association with 
their cyclin partners but also by phosphorylation on three different residues: 
threonine 14, tyrosine 15 and threonine 160/161. Comparison of the crystal 
structures of the inactive Cdk2 monomer and the active cyclin A/Cdk2 complex (see 
Figure 1.3) have helped to elucidate the molecular basis for this regulation (De 
Bondt et al, 1993; Jeffrey et al,  1995; for review see Pines, 1995a).
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Figure 13 An overview of a selection of the pathways involved in regulating the activity of the 

cyclin A/Cdk2 complex

The crystal structure o f the human cyclin A/Cdk2 com plex is shown. Among the pathways 

regulating the activity o f the com plex are kinases (W eel, M ikl; CAK) and phosphatases (Cdc25) 

which target Cdk2, and also inhibitory molecules as p27KiP1, whose binding inhibits the complex. 

In addition, the expression o f p27KiP' as well as cyclin A is regulated by transcription and 

proteolysis (see text for further details). Processes which activate the com plex are colored in 

orange, while inhibitory processes or molecules are colored in blue.
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T160

Cdk2 is inactive as a monomer. Association with cyclin A induces several 
conformational changes in the kinase including an opening of the active site and a 
rearrangement of the ATP to allow nucleophilic attack on the y-phosphate. At the 
same time, the hydroxyl group of the regulatory phosphorylation site T 160 in Cdk2 
becomes exposed the surface. All these conformational changes induce catalytic 
activity of the complex at a low level. A further 300 fold stimulation of activity is 
achieved by phosphorylation of T160 (Connell-Crowley et al., 1993) which is 
thought to stabilize the complex.

T160 phosphorylation is required for the activation of Cdk2, Cdk4 and Cdc2 
(T161) and the protein kinase responsible has been identified as the cyclin H/Cdk7 
complex (Fesquet et al, 1993; Poon et al., 1993; Solomon et al, 1993; Fisher and 
Morgan, 1994; Makela et al, 1994) which is present and active throughout the cell 
cycle (Brown et a l,  1994; Poon et a l,  1994; Tassan et a l,  1994). Besides the 
activation of cyclin/Cdk complexes, cyclin H/Cdk7 also has roles in other cellular 
mechanisms; it has been found associated with a complex containing the 
transcription factor TFIIH which is involved in transcription-initiation and DNA 
repair (Feaver et al, 1994; Roy et a l ,  1994). Another member of the TFIIH 
complex is Matl (Yee et a l, 1995). Matl, like Cdk7 and cyclin H, is thought to 
participate in cell cycle regulation and the three proteins can be found in a ternary 
complex either free or associated with TFIIH (Adamczewski et al, 1996).

T14 and Y15

Once the cyclin/Cdk complex is formed, its activity can be further regulated by 
phosphorylation of T14 and Y15. Phosphorylation of these two residues, which lie 
in the ATP-binding region of the Cdk, interferes with phosphoryl-transfer to 
substrates (Atherton-Fessler et al, 1993). Three kinases have been identified which 
phosphorylate these residues. The Weel kinase phosphorylates Y15 in human Cdc2, 
and Y15 as well as T14 in fission yeast Cdc2 in G2-phase (Parker et a l, 1991; 
1992; McGowan and Russell, 1993). In fission yeast, a second kinase called Mikl 
has been found to cooperate with Weel in that process (Lundgren et a l ,  1991). 
Substitution of Y15 with a phenylalanine in fission yeast Cdc2 resulted in premature 
mitosis (Gould and Nurse, 1989). Similarly, T14 and Y15 phosphorylation also 
inhibit human Cdc2 activity (Gu et al, 1992). The kinase(s) which phosphorylate(s) 
T14 in Cdc2 in human cells is (are) at present unknown (Krek and Nigg, 1991; 
Norbury et a l, 1991). In the frog, two protein kinases have been identified which 
phosphorylate Y15 and T14 in Cdc2: Weel and Mytl (Mueller et al, 1995; Fattaey
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and Booher, 1997). Human Cdk2 is also phosphorylated on residues T14 and Y15 
(Gu et al., 1992) but the kinases involved are at present unknown.

Removal of the inhibitory phosphate group from Y15 in Cdc2 is 
accomplished by the product of the CDC25C gene (Dunphy and Kumagai, 1991; 
Gautier et al., 1991; Kumagai and Dunphy, 1991; Strausfeld et al., 1991). Both 
Cdc25C and Weel are themselves regulated and become phosphorylated on 
multiple new sites upon entry into mitosis. This causes the activation of Cdc25C 
phosphatase and the inactivation of Weel kinase (Izumi et al., 1992; Kumagai and 
Dunphy, 1992; Tang et al., 1993). In fission yeast, phosphorylation of Weel is 
catalysed by the product of the niml+ gene (Russell and Nurse, 1987; Parker et al.,
1993). Cdc25C has also been implicated as a major effector of the checkpoint which 
monitors completion of DNA synthesis before entry into mitosis (Enoch and Nurse, 
1990; Forbes et al, 1998; Zeng etal., 1998).

While Cdc25C regulates the entry into mitosis by dephosphorylating Y15 
from Cdc2, thereby activating the cyclin B/Cdc2 complex, there is some evidence 
that another member of the human Cdc25 family, Cdc25A, is involved in the 
regulation of S-phase initiation (Gu et al., 1992; Hoffmann et al., 1994). Cdc25A 
may be activated in late Gl-phase through phosphorylation by the cyclin E/Cdk2 
complex. Activated Cdc25A may in turn act to further stimulate Cdk2 associated 
kinase activity to enable entry into S-phase.

1.3.2 Cyclin dependent kinase inhibitors (CKI)

Cells contain several types of CKIs and, because different inhibitors often share the 
same target, it has been suggested that these proteins are involved in independent 
regulatory networks acting upon a common target to control the cell cycle. Most of 
these inhibitors arrest the cell cycle in Gl-phase or regulate entry into S-phase (for 
review see Peter and Herskowitz, 1994).

CKIs in yeast

Among the first Cdk inhibitors identified in yeasts are Farl and Ruml. In response 
to anti-proliferative signals such as alpha factor, S. cerevisiae Farl prevents entry 
into S-phase by inhibiting the Cln/Cdc28 kinases (Chang and Herskowitz, 1990; 
Peter and Herskowitz, 1994a). Also, Ruml in fission yeast can block cell cycle 
progression in response to extracellular signals as ruml' mutants are unable to halt 
cell cycle progression in response to nutrient deprivation (Moreno and Nurse,
1994). Sicl, isolated from S. cerevisiae, was the first CKI which was identified as 
an intrinsic part of the basic cell cycle machinery (for review see Mendenhall et al.,
1995). Its expression was found to be cell cycle regulated at both the transcriptional
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level and through proteolysis. Sicl binds to and inhibits the cyclin/Cdk complexes 
Clb5/Cdc28 and Clb6/Cdc28 which initiate DNA replication. This inhibition is 
released at the Gl/S transition when Sicl is destroyed see 1.3.3; (Schwob et a l ,
1994).

The p21Cipl family

CKIs isolated from mammalian cells belong to two families; the p21c,pl and the Ink4 
families. Both of them function to arrest the cell cycle in Gl or S-phase (for review 
see Elledge and Harper, 1994).

The p21cipl family comprises three members: p21cipl (Xiong et al., 1992; 
Zhang et a l , 1993), p27kipI (Polyak et a l , 1994; Toyoshima and Hunter, 1994) and 
p57lcip2 (Lee et al, 1995; Matsuoka et a l,  1995). Their N-terminal domains, which 
are required for binding and inhibiting the Cdks, are conserved but the C-terminal 
domains differ considerably.

p21cipl has been reported to bind to and inhibit several cyclin/cdk complexes, 
but preferentially those involved in the Gl/S transition. p21c,pl has been detected 
together with proliferating cell nuclear antigen (PCNA), an auxiliary factor of DNA 
polymerase-8, in association with active cyclin/Cdk complexes such as cyclin A, E 
or D and Cdk2, 3, 4 or 6 (Xiong et a l,  1992; 1993a). Inhibition of the kinase 
activities within these quaternary complexes has been reported to require the 
binding of an additional p21cipl molecule (Zhang et al, 1994), however, this issue is 
still controversial. p21clplContain a dimerization domain (Chen et a l,  1996). It has 
also been reported to contain two cyclin binding domains within its N-terminus 
(Chen et al, 1996; Fotedar et al, 1996). Besides Gl-cyclin/Cdk complexes, p21cipl 
can also inhibit cyclin B/Cdc2 at higher concentrations (Xiong et a l,  1993a; Harper 
e ta l ,  1995).

One of the roles of p21cipl in the cell cycle is to inhibit DNA replication in 
response to UV irradiation, a process that requires the transcriptional activation of 
p21cipl gene expression by the DNA damage-induced p53 protein (El-Deiry et al,
1993). Besides the inhibition of Gl-cyclin/Cdk complexes through its N-terminal 
domain, p21c,pl is also capable of blocking DNA replication through interaction of 
its C-terminus with PCNA (Waga et al, 1994; Chen et al, 1995; Luo et al, 1995; 
Nakanishi et al, 1995; Warbrick et al, 1995; Waga et al, 1997). p21cipl, however, 
does not interfere with PCNA-mediated DNA repair (Shivji et al, 1994).

In contrast to p21cipl, neither the expression of p27kipl or p57kip2 depends on 
p53 (Sherr and Roberts, 1995). p27kipl expression is induced by anti-proliferative 
signals and regulated at the translational level and by ubiquitin-dependent 
degradation (see Figure 1.3; Coats et al,  1996; Sheaff et a l ,  1997). The latter
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requires phosphorylation of T187 by cyclin E/Cdk2. p57kip2 has been linked to cell 
proliferation arrest in certain embryonic and adult tissues as well as to cell 
differentiation (Lee et al., 1995; Matsuoka et al., 1995). Changes in the gene locus 
of the human p57 101)2 gene are linked to many human cancers (Matsuoka et a l,
1995).

A developmentally-regulated Cdk inhibitor was identified in Xenopus by 
Shou et al. (1996). p28kixl inhibits Gl-cyclin complexes such as cyclinE/Cdk2 and 
cyclin A/Cdk2, but not the mitotic cyclin B/Cdc2 complex. Yet, it inhibits both 
DNA replication and mitosis upon addition to egg extracts. Kixl protein is present 
at very low levels in Xenopus oocytes, eggs and embryos up to stage 11, but its 
levels increase about 100 fold during the late gastrula stages (Shou and Dunphy,
1996). A second inhibitor identified in frog, Xicl, shares high amino acid sequence 
conservation with Kixl and is also capable of inhibiting cyclin E and cyclin A 
associated kinase activities. However, it has been reported to show a preference for 
cyclin E/Cdk2 (Su et a l,  1995). The expression pattern of p21ucX is at present 
unknown.

The Ink4 family

The Ink4 family of Cdk inhibitors consists of four proteins: pl6 'nk4a (Serrano et a l, 
1993; Xiong et a l, 1993b), p l5 ink4b (Guan et a l, 1994; Hannon and Beach, 1994), 
p l8 ink4c (Hirai et a l, 1995) and pl9ink4d (Chan et a l, 1995; Hirai et a l, 1995) whose 
expression pattern is tissue- and cell cycle phase-specific (for review see Sherr and 
Roberts, 1995). Expression of these four proteins inhibits cyclin D/Cdk4 as well as 
cyclin D/Cdk6 kinase activities and induces a Gl arrest (see below; Lukas et a l, 
1995b; Medema et a l,  1995). The recent elucidation of the structure of a cyclin 
D/Cdk6/pl9ink4d crystal (Brotherton et a l, 1998) shows that the Ink protein induces 
conformational changes in the kinase subunit, and that these in turn inhibit 
productive binding of ATP and hinder additional structural changes required for 
kinase activity.

1.3.3 Proteolysis in the cell cycle

Although there are many proteolytic processes inside and outside of cells, the ones 
known to be important for cell cycle progression rely on the assembly of a ubiquitin 
chain on the substrate, which targets it for ATP-dependent degradation by the 26S 
proteasome (Ciechanover and Schwartz, 1994; Peters, 1994; Hochstrasser, 1995; 
Hochstrasser, 1996). Besides cell duplication, ubiquitinylation is required for other 
processes, including endocytosis and protein targeting to the endosomes (for revies 
see Hershko and Ciechanover, 1998 or Hodges et a l, 1998).
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The conjugation of ubiquitin, a small, highly conserved protein, involves a 
series of enzymatic steps. Ubiquitin is activated in an ATP-dependent reaction at its 
C-terminus by formation of a thio-ester bond with a cysteine in the active site of the 
ubiquitin-activating enzyme E l, which in turn transfers ubiquitin to a member of a 
family of E2 or UBC (ubiquitin-conjugating) enzymes. Finally, ubiquitin is 
transferred from the E2 to a lysine residue or in rare cases on the first N-terminal 
residue of the target protein (Bachmair et al., 1986; Varshavsky, 1996; Breitschopf 
et a l , 1998; Hershko and Ciechanover, 1998). This occurs either directly or with the 
assistance of a ubiquitin-protein ligase (E3). An E3 enzyme is generally required for 
the formation of the multi-ubiquitin chains which ensure efficient recognition of the 
substrate by the 26S proteasome. E3 is also the component of the ubiquitin 
conjugation system that provides substrate recognition in the ubiquitinylation 
cascade, as some E3s have been shown to directly bind substrates (Hochstrasser, 
1996; Hershko and Ciechanover, 1998).

Two distinct ubiquitin-dependent proteolytic pathways are directly involved 
in cell duplication. While both lead to the destruction of proteins through the 26S 
proteasome, they differ broadly in two aspects; the stages at which they are active 
during the cell cycle and the nature of the substrates they recognize (for review see 
King et al, 1996a).

The first pathway involves the anaphase-promoting complex also known as 
the cyclosome (APC/C) which uses an as yet unknown mechanism to catalyse the 
ubiquitinylation of proteins displaying a 9 amino acid motif called the destruction- 
box at their N-terminus. (Imiger et al, 1995; King et al, 1995; Sudakin et al, 1995; 
for review see Pagano, 1997). The APC-mediated pathway is active from the 
metaphase-anaphase transition in mitosis until the end of Gl.

The second pathway, called SCF (Skpl, Cullins (of whose family Cdc53 is a 
member), F-box protein) requires the E2 enzyme Cdc34 and specifically recognizes 
the phosphorylated forms of its substrates. These mainly consist of cell cycle 
regulatory proteins acting at the Gl/S-phase transition. Because the SCF machinery 
is active throughout the cell cycle, it is the phosphorylation step that dictates when a 
given substrate is destroyed (for review see Pagano, 1997). A set of adapters called 
the F-box proteins confer substrate specificity and act in concert with Cdc53 and 
Skpl to target the substrates for ubiquitinylation through Cdc34 (Bai et a l,  1996; 
Skowyra et al, 1997; Patton et al, 1998a; for review see Patton et al, 1998b).

The Anaphase promoting complex

The APC contains a ubiquitin ligase activity specific for cell cycle regulatory 
proteins harboring a destruction-box. Among its substrates are mitotic cyclins, some
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anaphase inhibitors and proteins associated with the spindle apparatus, all of which 
are degraded at specific stages of mitosis (Glotzer et al., 1991; Kobayashi et al., 
1992; Amon et al., 1994; Pellman et a l, 1995; Cohen-Fix et a l, 1996; King et al., 
1996b; Klotzbucher et al., 1996; Zachariae and Nasmyth, 1996; Shirayama et al., 
1998). The APC was discovered in embryonic cell-free systems developed to 
recapitulate cell cycle related processes (Hershko et al., 1994). Fractionation of 
clam oocyte extracts showed that the E3-like activity of the APC fluctuated during 
the cell cycle. It was inactive in interphase, allowing the accumulation of mitotic 
cyclins and cohesion of sister chromatids, but became active at the end of mitosis 
causing sister chromatid segregation and cyclin B degradation (Amon et al., 1994; 
Hershko et al., 1994). In embryonic extracts, the APC is activated by 
phosphorylation towards the end of mitosis in a process that involves the cyclin 
B/Cdc2 complex (Lahav-Baratz et al., 1995; Sudakin et al., 1995). The substrate 
specificity of the APC is additionally regulated by proteins such as Cdc20 or Hctl 
in yeast and Fizzy or Fizzy-related proteins in fly and frog. These proteins ensure 
that the proteolysis of destruction-box containing proteins during mitosis happens in 
a sequential order. Spindle-associated proteins like Pdsl are degraded before the 
mitotic cyclins to ensure that cytokinesis occurs only after successful chromatid 
segregation (Dawson et al., 1995; Sigrist and Lehner, 1997; Lorca et al., 1998; 
Shirayama et al., 1998).

Of the eight subunits that make up the Xenopus APC, three are homologous 
to S. cerevisiae Cdc 16, Cdc23 and Cdc27 which are known to be required for 
mitosis and B-type cyclin degradation in yeast (Irniger et al., 1995; King et al., 
1995; Peters et al., 1996). While tetratrico-peptide motifs, thought to be involved in 
protein-protein interactions, have been identified in these three subunits (Lamb et 
al., 1994), the subunit(s) of the APC involved in ubiquitin ligase functions, such as 
substrate recognition and binding to the E2 partner(s) (E2-C, Ubcx and Ubc4; 
Aristarkhov et al., 1996; Arvand et al., 1998; Yu et al., 1998), have yet to be 
identified. A fourth subunit of the APC is homologous to Aspergillus nidulans 
BimE, a protein essential for completion of mitosis in this mould (Peters et al.,
1996).

The SCF pathway

The SCF pathway has been best characterized in budding yeast where the 
degradation of Sicl, an inhibitor of Cdks, is required for the onset of S-phase 
(Mendenhall, 1993; for review see Mendenhall et al., 1995). Sicl degradation is 
triggered through its phosphorylation by Cdc28-associated kinase activities late in 
Gl-phase (Schneider et al., 1996). The products of the CDC34, CDC53, CDC4
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(Schwob et al., 1994; Mathias et al., 1996; Feldman et al., 1997) and SKP1 (Bai et 
al., 1996) genes are required for ubiquitinylation and proteolysis of the marked 
Sicl. Phosphorylated Sicl is recognized by the F-box protein Cdc4. This complex is 
in turn captured by Skpl and delivered to the E2 enzyme Cdc34. This process is 
mediated by specific recognition of the F-box motif by Skpl (for review see Krek, 
1998).

Homologues of yeast Cdc34 (Plon et al., 1993), Cdc53 (Kipreos et al., 1996; 
Lyapina et al., 1998) and Skpl (Zhang et al., 1995; Bai et al., 1996) have been 
isolated in several other organisms, and in the frog Cdc34 has been shown to be 
required for the degradation of the cyclin E/Cdk2 inhibitor Xicl (Yew and 
Kirschner, 1997).

Besides the degradation of Cdk inhibitors, the proteolysis of yeast Cln 
cyclins at the end of Gl phase has also been linked to the SCF pathway. 
Degradation of these cyclins requires the proteins Cdc34, Cdc53 and Skpl, but not 
Cdc4. Instead, a Cln-specific F-box protein is involved. This protein was identified 
in genetic screens as the product of the GRR1 gene (Barral et al., 1995; Kishi et al., 
1998). The phosphorylation of Clns at the end of G l, which triggers their ubiquitin- 
tagging, is catalysed by Cdc28 itself (Yaglom et a l, 1995; Lanker et al., 1996).

Phosphorylation also triggers the ubiquitin-mediated proteolysis of proteins 
in mammalian cells. Site-specific phosphorylation of cyclin D1 (Diehl et al., 1997), 
cyclin E (Clurman et al., 1996; Won and Reed, 1996) and Kipl (Pagano et al., 
1995; Sheaff et al., 1997; Vlach et al., 1997) initiates their poly-ubiquitinylation. In 
the case of cyclin E, it is thought that the phosphorylation is mediated by its kinase 
partner Cdk2 (Clurman et al., 1996; Won and Reed, 1996). At the present it is 
unclear whether the degradation of these proteins in mammalian cells involves 
factors homologous to the yeast SCF complex.

The recognition of target proteins by F-box proteins involves 
phosphorylation of specific residues within these substrates. These residues often 
reside within PEST elements, regions that were initially discovered in proteins with 
short half-lives (Rogers et al., 1986; Rechsteiner and Rogers, 1996) and later shown 
to contain S/TP sequences, the minimum consensus sites for Cdks and other protein 
kinases (Yaglom et al., 1995). Multiple phosphorylations within PEST elements are 
required for the ubiquitinylation and degradation of the yeast Gl-cyclins Cln3 
(Yaglom et al., 1995) and Cln2 (Lanker et al., 1996) as well as the Gcn4 
transcriptional activator (Kornitzer et al., 1994). Similarly, degradation of human 
cyclin E and cyclin D1 require phosphorylation within PEST motifs (Clurman et a l, 
1996; Won and Reed, 1996; Diehl et a l, 1997).
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1.4 Cancer and the cell cycle

Damage or misregulation of genes that control the complex events governing the 
cell cycle can result in uncontrolled cell proliferation, the hallmark of cancer. Such 
oncogenic processes often target regulators of G1-phase (Hunter and Pines, 1994). 
During this phase, cells monitor extracellular signals and respond by either 
continuing to divide or withdrawing from the cell cycle into a resting state, GO 
(Pardee, 1974 and 1989). Unlike transit through S, G2 and M-phase, the G1 
progression normally relies on stimulation by cytokines and can be blocked by 
growth-inhibitory factors. The ‘decision4 of a cell to divide occurs as cells pass the 
restriction point late in Gl, after which they become insensitive to extracellular 
signals.

Passage through the restriction point into and through S-phase requires the 
sequential activation of D-, E- and A-type cyclins. D-type cyclins are considered as 
growth factor sensors as their expression is regulated, not by the position of the cell 
in the cycle, but by extracellular signals. Indeed, when cells re-enter the cycle after 
a period of quiescence, one or more D-type cyclins (Dl, 2 and 3) are induced and 
assembled with their catalytic partners Cdk4 and Cdk6 as part of a Ras-mediated 
‘delayed early response4 to growth factors (Filmus et a l , 1994; Mittnacht et al, 
1997; Peeper et al., 1997). Thus, the activities of cyclin D/Cdk complexes appear at 
mid-Gl, peak near the Gl/S transition and persist through the first and subsequent 
cycles as long as mitogenic stimulation continues. On the other hand, de-novo 
synthesis of cyclin D stops upon mitogenic withdrawal and the subsequent 
degradation of existing stocks of D-type cyclins leads to a rapid exit from the cell 
cycle.

Misregulation of the restriction point in oncogenesis can lead to a loss of the 
ability of cell growth and division to be regulated by cytokines. Thus, disruption of 
D-type cyclins as well their inhibitors, members of the Ink4 family, has been linked 
to cancer. That D-type cyclins are required for the regulation of the restriction point 
was demonstrated by the observation that inhibition of cyclin Dl dependent kinase 
activity before the restriction point prevented many cultured cell lines from entering 
S-phase, whereas its inhibition later on in the cell cycle had no effect (Baldin et a l , 
1993; Quelle et a l, 1993). The requirement of D-type cyclins for progression into 
S-phase stems from their activity as inhibitors of the retinoblastoma protein (Rb), a 
tumor suppressor which inhibits S-phase specific transcription by sequestering the 
E2F family of transcription factors (Lukas et al, 1994; Tam et al,  1994; Lukas et 
al, 1995a and 1995b; for reviews see Helin, 1998; Mittnacht, 1998).
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1.5 The Gl/S-phase transition

Rb and other Rb-like proteins (p i30 and p i07) control a family of heterodimeric 
transcription regulators, termed E2Fs (for reviews see Dyson, 1998; Helin, 1998), 
which control the expression of genes whose products are important for S-phase 
entry such as cyclin E (Johnson et al, 1994; DeGregori et al, 1995; Duronio et al, 
1995; Botz et a l,  1996; Geng et al, 1996). When Rb is hypophosphorylated it 
associates with a subset of E2F complexes thereby blocking their transcriptional 
activities (Flemington et a l, 1993; Lam and Watson, 1993; Weintraub et al, 1995). 
The hyperphosphorylation of Rb triggers the dissociation of Rb from the E2F 
proteins, restoring their transcriptional activity (Hinds et al, 1992; Hatakeyama et 
a l ,  1994; Mittnacht et a l, 1994; Weinberg, 1995 and 1996; Zarkowska and 
Mittnacht, 1997).

The inactivation of Rb by phosphorylation requires both cyclin D/Cdk 
activity as well as the cyclin E/Cdk2 complex. In Drosophila, where cyclin E is 
essential for this process (Duronio et al, 1996), expression of the cyclin E gene 
itself is under the control of E2F, and as a result Rb phosphorylation and E2F 
release depend on a positive feedback loop (Johnson et al, 1994; DeGregori et al, 
1995; Botz et al, 1996; Geng et al, 1996).

In addition to regulating E2F-dependent transcription, the cyclin E/Cdk2 
complex is also essential for cell cycle progression in Rb-deficient cells (Ohtsubo et 
a l ,  1995). Moreover, the overexpression of cyclin E in fibroblasts causes G1 
acceleration (Ohtsubo and Roberts, 1993; Resnitzky et a l, 1994; Wimmel et al,
1994) without affecting the kinetics of Rb phosphorylation (Resnitzky and Reed,
1995).

Like cyclin D/Cdk complexes, the kinase activity of cyclin E/Cdk2 can be 
stimulated by growth factors. Although the molecular details are currently unclear, 
the activation of cyclin E/Cdk2 by the oncogene c-Myc offers clues to the complex 
series of events triggered by an oncogene in response to a growth factor (for review 
see Amati et al, 1998 Mittnacht, 1998). Thus, c-Myc can activate transcription of a 
battery of genes among which are Cdc25A (Galaktionov et al, 1996) and cyclin E 
itself (Steiner et al, 1995; Perez-Roger et al, 1997). In addition, c-Myc represses 
transcription of Kipl, a protein that associates with and inhibits cyclin E/Cdk2 
complexes in quiescent cells (Steiner et al, 1995; Vlach et al, 1996). As a result, 
the newly synthesized cyclin E associates with Cdk2. These complexes, possibly 
activated with the help of Cdc25A (Steiner et al, 1995), release the inhibited cyclin 
E/Cdk2 from the bound Kipl by triggering Kipl degradation. This process is 
accomplished by marking the inhibitor for ubiquitin-tagging by phosphorylation 
(Sheaff et al, 1997).
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The Gl/S transition can also be regulated in response to growth-inhibitory 
signals by factors that down-regulate cyclin E/Cdk2 activity. In response to DNA 
damage p53 inhibits the cyclin E/Cdk2 complex by upregulating p21cipl levels (for 
reviews see Elledge and Harper, 1994; Peter and Herskowitz, 1994b; Hensey and 
Gautier, 1995).

1.6 The role of cyclin E in initiating DNA replication

DNA replication-initiation requires the assembly of many proteins into a pre- 
replicative complex at the origins of DNA replication (Bell and Stillman, 1992; 
Marahrens and Stillman, 1992; Rao et a l, 1994; Bell, 1995). At the heart of this 
complex are members of the origin recognition complex family (ORC; Bell and 
Stillman, 1992; Foss et a l, 1993; Micklem et a l, 1993). After the assembly of a 
multi-protein complex on the origin, replication forks are initiated and elongate (for 
review see Stillman, 1996).

Essential features of the in vivo cell cycle regulation of DNA replication can 
be reconstituted in a cell free system using Xenopus egg extracts: sperm nuclei 
added to the extract initiate and complete DNA replication in vitro (Lohka and 
Masui, 1983; 1984; Blow and Laskey, 1986). Replication occurs only once per cell 
cycle (Blow and Laskey, 1986) and the nuclei must pass through mitosis in order to 
be ‘relicensed’ for a subsequent round of replication. This mechanism ensures that 
DNA is not re-replicated (Blow and Watson, 1987; 1988). Replication in these 
extracts is associated with the formation of replication foci and depends on the 
formation of a nuclear membrane (Sheehan et a l, 1988; Mills et a l,  1989; Cox, 
1992; 1992; Leno etal., 1992).

The development of cell free extracts to reconstitute DNA replication has 
underlined the importance of Cdks for replication-initiation. Antibody depletion of 
Cdk2 or cyclin E from these extracts or the specific inhibition of cyclin E blocked 
the initiation of DNA replication but allowed nuclear assembly and replication fork 
elongation (Blow and Nurse, 1990; Fang and Newport, 1991). DNA replication- 
initiation could be restored by addition of either recombinant cyclin E or cyclin A 
proteins or by mRNAs encoding CDC2 or CDK2 (Chevalier et a l, 1995; Jackson et 
a l, 1995; Strausfeld e ta l,  1996). The targets of these cyclin/Cdk complexes as well 
as their function in the initiation of DNA replication have yet to be determined.

One such protein could be NPAT (nuclear protein mapped to the AT locus; 
Imai et a l, 1996) one of the few known substrates of cyclin E/Cdk2 (Zhao et a l, 
1998). Some evidence suggests that NPAT plays a role at the Gl/S-phase boundary. 
Although NPAT is present throughout the cell cycle, its levels peak at the Gl/S- 
phase transition. In addition, like cyclin E, overexpression of NPAT accelerates S-
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phase entry suggesting that it may function in initiating this phase. Whether it lies 
downstream of cyclin E in the steps that lead to DNA replication is at present 
unclear.

The nuclear localization pattern of Xenopus cyclin E is consistent with its 
proposed function in the initiation of S-phase and/or DNA replication. Cyclin E 
associates with chromatin before S-phase and redistributes to the nucleoplasm after 
S-phase (Chevalier et a l, 1996).

1.7 Somatic versus embryonic cell cycles

In contrast to the cell cycle stage-specific expression of cyclin E in human cells, the 
expression of frog cyclin E is developmentally regulated. Xenopus cyclin E is 
present at high levels during the rapid embryonic cleavages of development and 
disappears with the onset of the somatic cell cycle. This pattern of expression 
reflects the changes that occur in the cell cycles at this transition. In contrast, the 
expression of A- and B-type cyclins is cell cycle-regulated and peaks at every 
mitosis (see Figure 1.7).

During the first phase of embryogenesis in Xenopus, the fertilized egg 
divides many times to produce the large number of cells needed for subsequent 
morphogenesis. These early divisions last about 30 minutes and no gap-phases are 
detected during this time (Signoret and Lefresne, 1971). The developing embryo 
relies on stockpiles of maternal RNAs and proteins which enable it to divide in the 
absence of growth while the cell cycle oscillates between mitosis and S-phase.

The situation is similar in Drosophila melanogaster, where the first 13 cell 
cycles occur synchronously and extremely rapidly, as often as every 8 minutes (Foe, 
1989). This is possible because the Drosophila embryo omits the final stage of 
mitosis, cytokinesis, and develops as a syncytial collection of nuclei until the 14th 
cell cycle. In Xenopus laevis, where cytokinesis occurs during the early cell cycles, 
the first twelve divisions after fertilization last on average 30 minutes. In contrast, 
the average division time of a somatic cell is about 24 hours. The early embryonic 
cleavages of the Xenopus embryo are synchronous with few controls on entry into S 
and M-phase (Newport and Kirschner, 1982b; Newport and Kirschner, 1984; 
Kimelman et al., 1987; Dasso et al., 1992). The first 12 cleavage divisions are 
followed by an extended interphase, called the midblastula transition, or MBT 
(Newport and Kirschner, 1982a; 1982b). Cyclin E disappears at this time.

1.8 The regulation of the midblastula transition (MBT)

Several other events occur at the MBT. In the extended interphase after division 12, 
zygotic transcription starts. Then G-phases appear gradually, cell divisions become
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increasingly asynchronous (Kimelman et al., 1987) and the cells acquire motility. 
As the cell cycle becomes longer, feedback mechanisms become fully activated 
which prevent entry into mitosis with unreplicated or damaged DNA (Dasso and 
Newport, 1990) and entry into mitotic anaphase before spindle assembly is 
complete (Minshull et al., 1994). It is still unclear how the embryo ‘knows4 when to 
undergo MBT and to what extent the events associated with the MBT are dependent 
on previous cell division. In this regard a survey of the literature is confusing, as 
people have too often diagnosed MBT solely based on one of its aspects. However, 
several lines of evidence suggest that the DNA content of an embryo governs the 
appearance of MBT.

Early reports suggested that MBT associated events occurred independently 
of each other but at the same time; it was shown that their initiation did not depend 
on i) the number of divisions since fertilization, ii) the time elapsed since 
fertilization, iii) the number of rounds of DNA synthesis or iv) the activation of 
zygotic transcription at the MBT. However, zygotic transcription was found to 
occur early in polyspermic eggs, indicating that MBT was initiated prematurely in 
these eggs and suggesting that a critical number of nuclei was required to trigger 
MBT (Newport and Kirschner, 1982a; Newport and Kirschner, 1982b).

This conclusion was further supported by the following experiments 
(Newport and Dasso, 1989). The authors treated eggs with the DNA-synthesis 
inhibitor aphidicolin shortly after fertilization and went on to show that DNA 
replication was blocked and nuclei did not accumulate. However, these embryos 
continued to divide after the 12th division but no gap-phases appeared and the cell 
cycle did not slow. They therefore speculated that it is the accumulation of a critical 
number of nuclei that causes MBT. Newport and Dasso (1989b) confirmed these 
results by showing that addition of a high concentration of nuclei to an egg extract 
slowed the duration of the cycle phases.

Kimelman and colleagues conducted similar experiments (1987), but they 
monitored the onset of transcription rather than the lengthening of the cell cycle as a 
marker for MBT. They found that inhibition of DNA synthesis in embryos with 
aphidicolin activated transcription prematurely. The same observation was made 
when protein synthesis was blocked with cycloheximide (Kimelman et al., 1987). 
Cycloheximide also arrested cell division in the embryo, presumably because of the 
inhibition of new cyclin synthesis, which is required for cells to enter mitosis. These 
results demonstrated that the pre-MBT egg is fully competent for transcription and 
motility and suggests that certain features of the rapid early cell cycles normally 
suppress these events.
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1.9 Cyclin E in frog embryos

Xenopus cyclin E accumulates in response to progesterone during oocyte 
maturation. Its level then remains constant throughout the first 12 cell cycles until it 
disappears at the MBT. Transcripts encoding cyclin E can still be detected at the 
early gastrula stages (Rempel et a l , 1995; Chevalier et a l, 1996), suggesting that its 
disappearance may be caused by specific proteolysis. Failure to detect cyclin E 
during the somatic cell cycle of Xenopus might indicate that it plays no role in the 
later stages of frog development, that its expression has escaped detection or that 
novel forms appear at this time.

The role of cyclin E during the first 12 cell cycles of frog embryos has been 
studied in several laboratories. Cyclin E associates exclusively with Cdk2 in 
Xenopus embryos (Rempel et a l , 1995). While the protein levels of cyclin E and 
Cdk2 were found to be constant in cycling egg extracts, according to Hartley et a l
(1996) the activity of the cyclin E/Cdk2 complex fluctuated in these extracts 
indicating that the complex underwent post-translational regulations (Hartley et a l ,
1996). However, Patrick Descombes in the laboratory could not confirm these 
findings (Descombes and Hunt, unpublished data).

In the early embryonic cell cycle of Xenopus, S-phase is initiated 
immediately after exit from mitosis. The absence of gap-phases during these early 
stages has been postulated to result from the activity of an as-yet-unidentified factor 
suppressing gap-phases and promoting S-phases and DNA replication-initiation. 
The pattern of expression of cyclin E during frog development makes this cyclin a 
prime candidate for such a factor (Rempel et al., 1995; Strausfeld et a l, 1996).

A similar situation exists in Drosophila. Fruit fly embryos express high 
levels of maternal cyclin E throughout the early rapid cell cycles (which lack gap- 
phases) until division 16, when a series of events similar to frog MBT occur and the 
expression of cyclin E in the somatic cells starts to follow different patterns 
according to the cell types (Knoblich et a l, 1994). Experiments with Drosophila 
mutants homozygous for a loss of function mutation in the cyclin E gene have 
demonstrated that cyclin E is essential for the initiation of S-phase. Indeed, such 
mutants develop normally during the embryonic cell cycles, when maternal cyclin E 
is present. However, when maternal cyclin E stocks are exhausted after division 16, 
the absence of zygotic cyclin E causes them to arrest in G1 as they fail to enter S- 
phase (Knoblich et a l, 1994). Finally, overexpression of exogenous cyclin E after 
division 16 is sufficient to drive G1 cells, but not G2-arrested cells, into S-phase and 
through a complete additional cell cycle (Knoblich et a l, 1994). All this evidence 
suggest that constitutive expression of cyclin E suppresses G1-phases during the
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embryonic cycles and that cyclin E functions to promote rapid entry into S-phase as 
soon as mitosis has ended.

It has also been suggested that high levels of cyclin E suppress G2-phases by 
controlling the activity of Cdc2 during early development. Phosphorylation of 
residue Y15 in Cdc2 normally keeps this kinase inactive throughout the G2-phase of 
a somatic cell cycle, until Cdc25-catalysed dephosphorylation of this residue occurs 
at the beginning of mitosis. In Xenopus embryos, phosphorylation of Y15 in Cdc2 is 
not detected, possibly because cyclin E/Cdk2 has been shown to activate Cdc25 in 
Xenopus egg extracts (Izumi and Mailer, 1995) as well as in human cell lines 
(Hoffmann et a l , 1994). Indeed, phosphorylation of Y15 in Cdc2 correlates with the 
disappearance of cyclin E at MBT.

Additionally, genetic evidence suggests that cyclin E might be required to 
stabilize B-type cyclins in S-phase by inhibiting their degradation (Knoblich et al., 
1994). Thus, in Xenopus embryos, cyclin E might facilitate the immediate 
accumulation of mitotic cyclins after the end of mitosis possibly by suppressing Gl- 
phase.

1.10 The degradation of cyclin E at the midblastula transition

Our current knowledge about the degradation of cyclin E at the MBT in Xenopus 
comes from two studies. Howe and Newport showed that treatment of embryos with 
hydroxyurea blocked cell cycle progression after division 12 but did not affect 
degradation of cyclin E protein at MBT. In addition, they used cycloheximide to 
inhibit protein synthesis shortly after fertilization and demonstrated that the patterns 
of cyclin E degradation were identical in the absence or presence of the inhibitor. 
Taken together, these results suggested that degradation of cyclin E at MBT is 
triggered by a ‘developmental timer’ which activates an already present proteolytic 
system (Howe and Newport, 1996). However, careful examination of the data 
presented by these authors reveals that cyclin E is degraded prematurely in the 
presence of cycloheximide (see Chapter 5), in agreement with data published by 
Kimelman etal. (1987; see also 1.8).

As an alternative to cycloheximide for arresting the cell cycle before MBT 
Howe et al. (1996) injected fertilized eggs with recombinant Mos protein kinase, an 
upstream activator of MAPK (Mitogen-activated Protein Kinase) whose normal 
function is to mediate the meiotic metaphase II arrest in unfertilized eggs and 
stabilize cyclin B/Cdc2 (Sagata et al., 1989; Watanabe et al., 1989). As expected 
from its role in the stabilization of the cyclin B/Cdc2 complex, the injection of Mos 
kinase caused embryos to arrest in mitosis but it had no effect on the levels of cyclin 
E protein before MBT. However, from MBT onwards the levels of cyclin E were
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stabilized in injected embryos compared to controls, suggesting that Mos perturbed 
the pathway leading to cyclin E degradation.

A similar result was achieved when a dominant negative mutant of MAPKK 
(Mitogen-activated Protein Kinase Kinase) which, like Mos, participates in the 
MAPK pathway was injected into fertilized eggs. Howe et a l  (1996) interpreted 
these data as showing: “(that) inhibition of the MAPK pathway inhibits the timing 
mechanism that normally controls turnover of cyclin E protein after MBT. Mos or 
activated MAPKK might inhibit this degradative program possibly by inhibiting or 
resetting the (developmental) timer when reintroduced into eggs”. However, Howe 
et al did not mention the possibility that at mitosis, when cells injected with Mos 
would arrest, the machinery degrading cyclin E at MBT might simply not be active 
(for review of the MAPK pathway see Gotoh and Nishida, 1995).

The toxic side effects of drugs like hydroxyurea and cycloheximide 
complicates the interpretation of cell cycle studies, as illustrated by Sible et al.
(1997) and Hensey e ta l  (1997). These authors observed abnormal development 
and cell death in Xenopus embryos treated with cycloheximide or oc-amanitin 
shortly after fertilization. Closer investigation showed that these phenotypes were 
due to apoptosis. Thus, apoptosis could provide an alternative explanation for the 
slightly premature degradation of cyclin E observed in cycloheximide treated 
embryos.

In conclusion, it remains unclear how cyclin E is degraded at the MBT and 
the possibility that protein synthesis or one of the events occurring at MBT are 
required for its proteolysis cannot be excluded.

1.11 The degradation of human cyclin E

Unlike frog cyclin E, the degradation of human cyclin E is better understood. 
Although there is still no direct evidence that the SCF pathway is involved in cyclin 
E degradation, it was shown that phosphorylation of residue T380 in the C-terminal 
region of the cyclin triggers its degradation (Won and Reed, 1996). This mutant was 
isolated in a yeast screen developed to identify mutations in human cyclin E that 
lead to the stabilization of the protein. The fact that T380 lies within a potential Cdk 
consensus site (S/TP) and that phosphorylation of cyclin E in cell lysates is 
inhibited in the presence of the CKIs Kipl and Cipl, indicated that this 
phosphorylation was due to Cdk2 itself (Won and Reed, 1996).

Studies by Clurman et a l (1996) have shown that when cyclin E associates 
with a ‘kinase dead’ version of Cdk2, which is unable to phosphorylate its partner, 
no ubiquitinylation of the bound cyclin could occur. Their interpretation was that, in 
a cyclin E/Cdk2 complex, cyclin E is protected from ubiquitinylation until its
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phosphorylation by Cdk2 on T380 triggered its destruction. Additional evidence for 
this mechanism was provided by the observation that cyclin E could not be tagged 
for destruction by Cdk2 when its kinase partner was inhibited by Kipl. It is not 
clear whether cyclin E has to dissociate from Cdk2 to become ubiquitinylated. In 
this regard, it is interesting to note that a mutant of cyclin E (R130A) unable to bind 
to Cdk2, is still ubiquitinylated (Clurman et al., 1996). However, because 
phosphorylation of this mutant by Cdk2 was not investigated, and because the 
equivalent mutation has been shown to severely impair the structure of Xenopus 
cyclin A (Kobayashi et al., 1992), it is not clear whether the mechanisms leading to 
the degradation of mutant R130A follow those of wild-type cyclin E. These points 
are discussed in further detail in Chapters 4 and 7.

1.12 This Thesis

This introduction has discussed the importance of cyclins and their partner Cdks in 
the regulation of the complex events that are associated with the cell cycle. It has 
emphasized the role of cyclin E in somatic cell divisions. I set out to investigate the 
control of proteolysis of cyclin E in Xenopus embryos, in particular the molecular 
details of its degradation at the MBT with the aim of developing a model system for 
studying the degradation of E-type cyclins in S-phase. Thus my efforts during this 
thesis have been devoted to the development of an in vitro assay for the study of 
Xenopus cyclin E proteolysis.

Firstly, in an attempt to understand the stability of frog cyclin E before 
MBT, I carefully investigated the expression of cyclin E protein during the early 
cell divisions and monitored de-novo synthesis of cyclin E in egg extracts. I found 
that synthesis of cyclin E occurred at a low level and that the protein had a long 
half-life, which accounted for its stability prior to MBT .

Secondly, I explored the mechanisms leading to destruction of cyclin E at 
MBT by identifying the domains of cyclin E required for its degradation and testing 
whether binding to Cdk2 was a prerequisite for cyclin E destruction. For this 
purpose, I constructed a set of deletion and point mutants of cyclin E and tested 
their ability to form active complexes with Cdk2, or to undergo proteolysis in 
embryos. A 33 amino acid domain was identified within the N-terminus of cyclin E 
which is required for its destruction. This region contains a nuclear localization 
signal as well as several lysines and phosphorylation sites that could play a role in 
the ubiquitinylation of cyclin E.

Finally, I tried to address the role of phosphorylation in the degradation of 
cyclin E by analysing the phosphorylation pattern of cyclin E variants bearing 
mutations of specific phosphorylation sites. I found that cyclin E/Cdk2
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phosphorylates itself. Furthermore, Xenopus cyclin E isolated from egg extracts is 
phosphorylated by Cdk2 at two residues located within exact Cdk consensus 
sequences (S/TPXK) in its N-terminus. In addition to these predominant 
phosphorylation sites, Cdk2 also phosphorylates cyclin E on several residues which 
do conform to conventional consensus sequences. Whether these phosphorylated 
residues play a role in the regulation of cyclin E activity or stability is not yet clear. 
Mutation of all potential Cdk2 consensus sites, however, increased the half-life of 
cyclin E when expressed in COS-1 cells, indicating that their phosphorylation might 
be required for the degradation of the cyclin in Xenopus cells.
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Chapter 2

Materials and Methods

2.1 Reagents and enzymes

Reagents were purchased from Merck or Sigma, unless otherwise stated and were of 
AnalaR (Merck) or the highest grade available.

Enzymes for use in molecular biology were purchased from New England 
Biolabs, unless otherwise stated.

2.2 Oligonucleotides

Oligonucleotides were synthesized by the ICRF oligonucleotide unit and purified by 
ethanol precipitation.

2.3 Donated reagents

Purified human Cdk2 expressed in baculovirus-infected insect cells was a gift from 
Jane Endicott (Laboratory of Molecular Biophysics, Department of Biochemistry, 
University of Oxford).

2.4 Donated constructs

The frog cyclin E2 gene in pEPEX (Chevalier et al., 1996) was a gift from Stephane 
Chevalier. The plasmid pLXSN encoding human cyclin E (Koff et al., 1992) was 
received from Jim Roberts. Frog cyclin Al and cyclin B1 in pGEMl, as well as 
cyclin B2 in pGEM2 were from Jeremy Minshull (Minshull et al., 1990); cyclin Dl 
in a pGEM based plasmid was from Matthew Cockerill.

The hamster genes encoding the long and the short form of Cdk2 fused to a 
triple c-myc tag in a pGEM2 based plasmid were received from Claudia Ellenrieder 
(Ellenrieder et al., submitted).

Xenopus Xicl (Su et al., 1995) in pGEX-KG was from Jim Mailer. The frog 
gene encoding fizzy-related (Sigrist and Lehner, 1997; Kitamura et al., 1998) was 
provided by Christian Lehner and subcloned into pGEMl by Chizuko Tsurumi in 
the laboratory. PSVT7 constructs expressing rat ornithine decarboxylase and the 
ornithine decarboxylase mutant (Murakami et al., 1992; Miyazaki et al., 1993) as 
well as pGEM4Z expressing rat antizyme (Murakami et al., 1993) were donated by 
Dr. Murakami.
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Plasmid pGEX-KG encoding the human CDC2 gene with an N-terminal 
glutathione-S-transferase (GST) tag and a C-terminal hexa-histidine tag was 
constructed by Randy Poon. A similar construct of human CDK2 in pGEX-KG was 
a gift from Katsumi Yamashita.

The plasmid pGEX-2T expressing a GST-Rb fusion of the ‘pocket’ fragment 
of human retinoblastoma protein (amino acids 372-928, called GST-Rb in this 
study; Kaelin et al., 1991), was donated by Bill Kaelin (Dana-Faber Cancer 
Institute, Boston, MA).

2.5 Donated antibodies

Anti-cyclin E polyclonal antibody raised against an N-terminal fragment of the 
protein was supplied by Patrick Descombes (see Appendix II). Protein A-purified 
monoclonal anti-c-rayc antibody, 9E10 (Evan et al., 1986), was supplied by the 
ICRF hybridoma unit. Anti-cyclin B 1 antibody was supplied by Helfrid Hochegger 
(ICRF), anti-Orel polyclonal antibody by Tamara Tugal (ICRF) and anti-GFP 
mono and polyclonal antibodies and a polyclonal antibody against Kipl by Stephan 
Geley (ICRF). Anti-cyclin Al monoclonal antibody, XLA1-3, was prepared by 
Dolores Harrison (ICRF) and recognizes an epitope lying between residues 88 and 
106 of frog cyclin Al (Harrison and Hunt, unpublished data). Xenopus anti- 
Brachyury polyclonal antibody was supplied by Jim Smith (Smith et al., 1991a).
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2.6 Buffers, solutions and media

Commonly used buffers and media are detailed here; more specialized ones will be 
described where appropriate.

Name

IP buffer

Kinase buffer

PBSA

SDS-sample buffer

TAE buffer 
TE buffer 
TBE 
TBST

GTE

Denaturing solution 
Neutralization solution 
IMAC5/ 25/ 50/ 150

IMAC25/TxlOO

Composition

80 mM sodium p-glycerophosphate, 20 mM 
ethylene giycol-bis(p-aminoethyl ether)-N,N,N',N'- 
tetraacetic acid (EGTA), 50 mM sodium fluoride, 
250 mM NaCl, 0.25 mM phenylmethylsulphonyl- 
fluoride (PMSF)
[50 mM sodium P-glycerophosphate, 5 mM sodium 
fluoride, 0.3 mM ethylene diaminetetraacetic acid 
(EDTA), 15 mM magnesium acetate, 1 mM 
dithiothreitol (DTT)] adjusted to pH 7.3 with 
phosphoric acid
170 mM NaCl, 3 mM KC1, 10 mM Na2HP04, 2 
mM KH2P04

2 % (w/v) sodium dodecyl sulfate (SDS), 80 mM 
Tris-Cl pH 6.8, 10 % (v/v) glycerol, 0.02 % (w/v) 
bromophenol blue, 50 jil/ml 2-mercaptoethanol 
added just before use
40 mM Tris-acetate, 2 mM EDTA
10 mM Tris-Cl pH 8.0, 1 mM EDTA
90 mM Tris-borate, 2 mM EDTA
10 mM Tris-Cl pH 8.0, 150 mM NaCl, 0.05 % (v/v)
Tween-20
50 mM glucose, 25 mM Tris-Cl pH 8.0, 10 mM 
EDTA
1 % (w/v) SDS, 0.2 M NaOH
3 M potassium acetate, 2 M acetic acid
20 mM Tris-Cl pH 8.0, 0.5 M NaCl and 5/ 25/ 50 or 
150 mM imidazole
20 mM Tris-Cl pH 8.0, 1 M NaCl, 25 mM 
imidazole, 0.5 % (v/v) Triton X-100, 0.5 % (v/v) 
Tween-20
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pGEX lysis buffer 50 mM Tris-Cl pH 7.5, 2 mM EDTA, 1 mM DTT,
0.25 mM PMSF, 2 mg/ml lysozyme 

2xTY 1 % (w/v) bactotryptone, 1 % (w/v) yeast extract,
0.5 % (w/v) NaCl

L-broth 1 % (w/v) bactotryptone, 0.5 % (w/v) yeast extract,
1 % (w/v) NaCl

1 x MBS [88 mM NaCl, 1 mM KC1, 0.41 mM CaCl2, 0.33
mM Ca(N03)2, 0.82 mM M gS04, 2.4 mM 
NaHC03, 10 mM N-[2-Hydroxyethyl]piperazine- 
N’-[2-ethanesulfonic acid] (HEPES)] adjusted to 
pH 7.4 with NaOH

Table 2.6 The composition of commonly used buffers, solutions and media
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Molecular biology techniques

Most molecular biology techniques were performed according to Sambrook et al. 
(1989) and Ausubel et al. (1991). Only modified or more specialized methods are 
described in this section.

2.7 Preparation and analysis of DNA

Several methods have been used to prepare and purify DNA throughout this thesis 
to meet the requirement of each application. These are summarized in the Table 
below.

DNA preparation
Alkaline Lysis - large scale

Alkaline Lysis - small scale

Boiling method - small scale

Qiagen mini prep. - small scale 
PEG-precipitation 
Cesium chloride gradient 
Gravity flow on Qiagen Columns

Application
Cloning, transformation, in vitro 
transcription, sequencing 
Restriction enzyme analysis of trans
formants, DNA sequencing, cloning 
Restriction enzyme analysis of trans
formants, DNA sequencing, cloning 
DNA sequencing 
Preparative purposes 
Large scale preparation of pure DNA 
Fast purification of DNA

DNA purification
Glass bead extraction 
Qiagen gel extraction kit 
NA45 paper

Application
Purification of DNA fragments 
Purification of DNA fragments 
Purification of small sized DNA 
fragments

Table 2.7 The methods used to prepare and purify DNA are listed 

as well as the applications for which they were required

2.7.1 Large-scale DNA preparation by alkaline lysis

A 2-3 ml overnight bacterial culture, grown in selective medium, was inoculated 
into 400 ml of L-broth containing 50 fig/ml ampicillin. Once stationary phase was 
reached, bacteria were pelleted by centrifugation at 3000 rpm for 5 minutes in a 
Sorvall GS-3 rotor and resuspended in 20 ml GTE. The bacteria were lysed by 
addition of 40 ml denaturing solution and gentle mixing followed by a 5 minute
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incubation at room temperature. Then 30 ml of potassium acetate neutralization 
solution were added and the tube was again gently mixed. The bacterial debris and 
chromosomal DNA was pelleted by centrifugation at 5000 rpm in a Sorvall GSA 
rotor for 5-10 minutes and the supernatant filtered through four layers of 
cheesecloth. Plasmid DNA was precipitated by adding 56 ml of isopropanol and 
pelleted by centrifugation at 8000 rpm in a Sorvall GSA rotor for 10 minutes. The 
pellet was resuspended in 10 ml of TE buffer and the RNA was precipitated by 
adding 4 ml 10 M LiCl and incubated on ice for 10-15 minutes. The RNA was 
pelleted by centrifugation at 10000 rpm in a Sorvall SS-34 rotor for 10 minutes. The 
plasmid containing supernatant was transferred to a new tube and precipitated by 
adding 8.6 ml isopropanol. The DNA was then pelleted by centrifugation at 10000 
rpm in a Sorvall SS-34 rotor for 10 minutes, washed with 70 % (v/v) ethanol, dried 
in a vacuum dessicator for 5 minutes and finally resuspended in 750 pi TE buffer 
containing 40 pi of 10 mg/ml boiled RNase A. After a 15 minute incubation at 
37°C, proteinase K was added to a final concentration of 50 pg/ml (500 pg/ml 
proteinase K, 5 % (w/v) SDS, 100 mM Tris-Cl pH 7.5, 50 mM EDTA), and the 
mixture was incubated at 37°C for a further 30 minutes. This was then extracted 
three times with a 1:1 (v/v) mixture of phenol and chloroform. The DNA was 
precipitated by the addition of 0.1 volume of 4 M ammonium acetate and 0.6 
volumes of isopropanol, pelleted by microcentrifugation for 15 minutes at room 
temperature, washed with 70 % (v/v) ethanol, and resuspended in 200 pi TE.

2.7.2 Polyethyleneglycol (PEG) - precipitation of DNA

Following alkaline lysis, the pellet obtained after isopropanol precipitation of the 
crude lysate was washed in 70 % (v/v) ethanol and resuspended in 1 ml TE. RNase 
A was added to a final concentration of 40 pg/ml, and the tube was incubated at 
37°C for 15 minutes. Then 0.5 volume of 20 % (w/v) PEG (3000) in 2.5 M NaCl 
was added and the tube inverted several times and allowed to stand on ice for 20 
minutes. The DNA was then pelleted by microcentrifugation at maximum speed for 
20 minutes. The supernatant was removed and the pellet resuspended in 600 pi TE 
buffer. The DNA was then extracted once with phenol and twice with chloroform 
and finally precipitated with 0.3 M sodium acetate and 2.5 volumes of 96 % (v/v) 
ethanol at -80°C for 30 minutes. The pellet was washed with 70 % (v/v) ethanol 
and then resuspended in TE buffer.

2.7.3 Cesium chloride equilibrium centrifugation

The DNA pellet obtained after precipitation of crude lysate with isopropanol was 
dissolved in 4 ml TE buffer and adjusted to a final volume of 4.85 ml. Five grams of
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CsCl and 150 |il of 10 mg/ml ethidium bromide were added. A clearing spin at 3 k 
was performed and the supernatant filled into quickseal Beckmann ultracentrifuge 
tubes and spun overnight at 50000 rpm and 20°C in a VTi-65.2 rotor in a Beckmann 
ultra centrifuge. The plasmid DNA, visible as a red band (usually 1-2 ml), was 
collected by sidepuncture and extracted five times with water-saturated butanol to 
remove the ethidium bromide. The DNA was dialysed overnight against 2 liters of 
TE and then precipitated with 0.3 M sodium acetate and 2.5 volumes 96 % (v/v) 
ethanol as described above.

2.8 Recovery of DNA fragments from agarose

2.8.1 Glass bead extraction

Following separation by electrophoresis on a 1 % (w/v) TAE agarose gel (SeaKem 
ME agarose, FMC) containing 0.5 |ig/ml ethidium bromide, the DNA band of 
interest was excised and cut into small pieces. Two to three jil of Nal solution (6 M 
Nal, 120 mM Na2S03, stored at 4°C in the dark) were added per mg of agarose and 
the gel was allowed to dissolve at 55°C for 5-10 minutes. Two |il of glass bead 
slurry were added and the mixture was further incubated at room temperature for 10 
minutes with shaking. The beads were pelleted by a 20 sec centrifugation and the 
supernatant was discarded. The beads were washed twice in ethanol wash buffer (50 
% (v/v) ethanol, 100 mM NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA). After the 
last wash any excess fluid was removed. The bead pellet was resuspended in 10 (il 
of water and incubated at 55°C for 5 minutes to elute the DNA. The beads were 
pelleted and the supernatant collected in a clean tube. The elution step was repeated 
and the supernatants were pooled.

To prepare the glass beads, 250 ml of silica 325 mesh were washed in 500 
ml of water for 1 hour with stirring. Once the beads had settled excess water was 
removed and the pellet was resuspended in a 400 ml of 8 M nitric acid. The solution 
was heated to just below boiling point in a fume hood. Once the glass beads had 
settled again, they were washed four times with water. Finally a 50 % slurry was 
made in water and small aliquots were stored at 4°C.

2.8.2 NA45 paper

Small sized DNA fragments were purified on DEAE (NA45, Schleicher and 
Schuell) paper. Digested DNA was run out on an agarose gel as before. A piece of 
untreated NA45 membrane was then inserted into the agarose just below the band of 
interest. The electrophoresis was resumed until the DNA bound onto the paper strip. 
The paper was removed, washed with TAE buffer and incubated in 300 |il of 50
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mM arginine in 1 M NaCl at 70°C for 1 hour to elute the DNA. The eluate was 
precipitated with 2 volumes of 96 % (v/v) ethanol and centrifuged. The DNA pellet 
was resuspended in 0.2 M NaCl, re-precipitated, washed with cold 70 % (v/v) 
ethanol, air dried and taken up in 10 pi of TE buffer.

2.8.3 Gel extraction on Qiagen columns

The Qiagen gel extraction kit was used as an alternative to glass bead extraction. 
The kit was used as detailed in the user protocol (QIAquick Spin Handbook).

2.9 PCR based techniques

2.9.1 Polymerase Chain Reaction (PCR)

All PCR reactions were carried out in a Perkin Elmer Cetus Thermal Cycler. 
Analytical PCR reactions were performed with Taq polymerase in 100 pi reaction 
volumes containing: 100 ng/ml template DNA, 200 nM oligonucleotide primers, 
200 pM of each dNTP, 20 U/ml Taq DNA polymerase (Perkin Elmer Cetus), 10 
mM Tris-Cl pH 8.3, 50 mM KC1, 1.5 mM MgCl2 and 0.001 % gelatin (Perkin Elmer 
Cetus PCR buffer). PCR reactions carried out for plasmid construction were 
performed with Pfu polymerase (Stratagene; 25 U/ml). Pfu required the same 
reaction conditions with the exception of the reaction buffer (10 mM KC1, 10 mM 
(NH4)2S04, 20 mM Tris-Cl pH 8.75, 2 mM Mg2S04, 0.1 % Triton X-100, 100 pg/ml 
BSA).

The DNA template, primers, buffer and dNTPs were mixed first. The DNA 
polymerase was added either last or once the reactions had been placed in a Perkin 
Elmer Cetus thermal cycler and reached 94°C. The following temperature profile 
was generally used:

Denaturation
Annealing
extension with Taq 

with Pfu

94°C
50-60°C
72°C
75°C

for 30 seconds 
for 30 seconds 
for 90 seconds 
for 90 seconds

At the end of the last cycle, the reactions were incubated at 4°C until 
removed from the machine. The temperature of annealing was calculated using the 
formula described by Baldino et al. (1989). When the annealing temperature of a 
pair of primers differed greatly, the lower one was used.
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2.9.2 Screening E. coli colonies for the presence of a plasmid by PCR

E. coli transformants were screened for the desired plasmid construct by PCR. For 
this purpose some bacteria from each colony to be tested were transferred into PCR 
tubes containing a mix of buffer and primers and were boiled for two minutes prior 
to addition of the nucleotides and the polymerase. The PCR reaction was then 
carried out as described above.

2.9.3 Site-directed mutagenesis by PCR

Site-directed mutagenesis was carried out using a protocol adapted from Horton et 
al. (1991) as shown in Figure 2.9.3. Briefly, two complementary mutagenic 
oligonucleotides were constructed and used in two separate PCR reactions. In each 
PCR reaction the mutagenic primer was used in combination with a 3' or 5' flanking 
primer, respectively, so that DNA fragments were generated that extended upstream 
and downstream of the mutation, but overlapped at the mutation site. These two 
PCR fragments were then directly mixed and diluted 100-fold. One fil of this 
mixture was used as template for a subsequent PCR reaction with the flanking 3' 
and 5' primers only.

The ‘QuickChange Site-Directed Mutagenesis Kit’ from Stratagene was also 
used according to the manufacturer’s instructions.

2.9.4 Reverse Transcriptase PCR

Amplification of mRNA by PCR was achieved using Moloney Murine Leukemia 
Virus Reverse Transcriptase (MMLV-RT, Promega). The cDNA synthesis was 
carried out in a 25 pi reaction volume containing 1-15 pg of mRNA template, 200 
pM dNTPs, 10 pM DTT, 2 U/pl RNAguard (Pharmacia), 10 ng/ml of primer, 1 x 
MMLV RT buffer (25 mM Tris-Cl pH 8.1, 3 mM MgCl2, 5 mM DTT) and 10 U/pl 
of Moloney Murine Leukemia Virus Reverse Transcriptase (Promega). The dNTPs, 
DTT, RNAguard, primers and mRNA template were first mixed, heated to 70°C for 
5 minutes and kept on ice. Then the buffer and the reverse polymerase were added 
and the reactions incubated at 37°C for 1 hour followed by a further incubation at 
90°C for 5 minutes. The reactions were then kept on ice until used as template for 
the subsequent PCR reaction.

2.10 Restriction enzyme analysis

As restriction enzymes were purchased from NEB Labs, the digests were performed 
in the appropriate buffer supplied with the enzyme. Typically, 1-2 units of enzyme 
were used per pg of DNA. For double digests the buffer recommended by NEB was
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Site of mutagenesis

Wild type DNA

First PCR

5' flanking 
primer

PCR reaction A

anti-sense 
mutagenic primer

PCR reaction B 

mutagenic primer

3' flanking 
primer

Purify DNA fragments, mix, denature and allow to anneal;

Second PCR

5' flanking 
primer
 ►

? — :---- =  = ___:------------- 31
3  4________________5 '

3' flanking 
primer

Mutated DNA ^ ^ ^ Z Z H m Z Z Z H Z Z I  2!o o

Figure 2.9.3 Site-directed mutagenesis by PCR

A scheme for making internal point mutants in DNA is shown. Wild-type 

DNA is first used as template in two separate amplification reactions (A 

and B) with complementary mutagenic primers. Reaction A contains the 

sense mutagenic primer and a 3' Banking primer; reaction B contains the 

anti-sense mutagenic primer and a 5' flanking primer. Thus two  

overlapping DNA fragments are created. After purification, these DNA  

fragments are mixed, denatured and allowed to anneal. The resulting 

product is then used as a template in a second round PCR reaction with 

the two flanking primers to obtain a full length DNA fragment carrying 

the desired mutation(s).
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used. When reaction conditions amenable to both restriction endonucleases could 
not be provided, the digests were done sequentially. To ensure detection of small 
sized DNA fragments on the gel, contaminating RNAs were digested by including 
boiled RNase A at 10 pg/ml in the reaction.

2.11 Vector dephosphorylation

Digested vector DNA was dephosphorylated routinely before the ligation reaction to 
prevent self-ligation. The 5' terminal phosphate was removed using calf alkaline 
phosphatase (CAP, Boehringer BCL, molecular biology grade). For the last half 
hour of the restriction enzyme reaction CAP buffer was added to a final 
concentration of 1 x (100 mM Tris-Cl pH 9.5, 10 mM spermidine, 1 mM EDTA) 
and 0.5 U of phosphatase was added per pg of DNA.

2.12 Ligation of DNA fragments

For ‘Sticky end’ ligations 50-100 ng of dephosphorylated vector and a 1:2 or 1:5 
molar excess of DNA fragment were used. For ‘Blunt end’ ligations, 200 ng 
dephosphorylated vector and a 1:1 or 1:2 molar excess of DNA fragment were used. 
Ligations were performed in 10 pi volumes using 0.2 pi of T4 DNA Ligase and the 
buffer provided by the manufacturer (NEB Labs.).

Alternatively, the ‘Rapid ligation kit’ from Boehringer Mannheim was used 
according to the instructions.

2.13 DNA sequencing

Double-stranded DNA was routinely used for sequencing. Denaturation of duplex 
DNA and primer annealing were performed as follows: One pi of 1M NaOH was 
added to a 9 pi reaction volume containing approximately 4 pg of duplex DNA and 
10 to 50 ng of primer, and the mixture was incubated at 68°C for 10 minutes. Then 
4 p i of TDMN (280 mM N-tris[Hydroxymethyl]-methyl-2-aminoethane-sulfonic 
acid (TES), 120 mM HC1, 80 mM MgCl2, 200 mM NaCl, 50 mM DTT) were 
added, the reaction mixed and left to stand at room temperature for 10 minutes. This 
mixture was immediately used for sequencing with Sequenase version 2 (USB) 
following the manufacturer’s instructions.

For automatic cycle sequencing the ABI Prism Dye Terminator Cycle 
Sequencing Ready Reaction Kit was used. The reactions were analysed by the ICRF 
automatic sequencing unit.
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2.14 Preparation of mRNA for translation

A protocol based on that of Nielsen et al. (1986) was used to produce capped 
mRNA for in vitro translations. Briefly, DNA plasmids were linearised downstream 
of the 3' UTR with the appropriate restriction enzyme and used as templates for 
transcription using T7 RNA polymerase. Run off transcription and capping were 
carried out using 5 pg of DNA template in a 100 pi reaction volume containing 1 
mM rATP, 1 mM rCTP, ImM rUTP, 100 pM rGTP, 5 mM DTT, 15 mM MgCl2, 10 
mM Tris-Cl pH 8.0, 250 U/ml RNAguard (Pharmacia), 0.5 mM RNA Cap Structure 
Analogue 7mG(5')ppp(5')G (New England Biolabs) and 40 pl/ml T7 RNA 
polymerase. After a 30 minute incubation at 37°C, GTP was added to a final 
concentration of 1 mM and the reaction was continued for another hour. The 
synthesized mRNA was extracted twice with a 1:1 (v/v) mixture of phenol and 
chloroform, once with chloroform alone, and was then precipitated with an equal 
volume of 4 M ammonium acetate and 5 volumes ethanol. After mixing well, the 
tube was microcentrifuged for 20 minutes at 4°C and the pellet washed with 70 % 
(yN) cold ethanol. The mRNA was air dried and resuspended in 50 pi of 0.2 mM 
EDTA. This resulted usually in an mRNA concentration of about 1 mg/ml.

As an alternative to the procedure described above, mRNA for 
microinjections was also prepared with the mMESSAGEmMACHINE Ambion kit 
according to the manufacturer’s instructions.
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Cloning and Manipulation o f Cyclin E

2.15 The frog cyclin E gene family

Prior to these studies the sequences of four Xenopus cyclin E clones had been 
deposited in the databases: two encoding cyclin El A (accession numbers L23857 
and L43512), one encoding cyclin E1B (Z13966) and the fourth encoding cyclin E2 
(L43513).

The two cyclin El A clones were cloned in separate laboratories, cyclin El A 
clone L23857 in Jim Mailer’s laboratory (Rempel et al., 1995), clone L43512 in 
Michele Philippe’s laboratory (Chevalier et al., 1996). Although the sequences of 
both clones were reported to be identical with the exception of longer 3' and 5' 
UTRs, they differ by one amino acid (data not shown). An alanine is present at 
position 33 in clone L43512 while a threonine occupies this position in clone 
L23857.

In addition to cyclin El A, Chevalier et al. (Chevalier et al., 1996) identified 
two more cyclin E clones. The coding sequence of cyclin E1B (Z13966) is identical 
to that of cyclin El A (L43512), but its UTRs are different. Thus cyclin E1B could 
be an alternatively spliced version of cyclin El A. Cyclin E2 (L43513) is 91 % 
identical to the coding sequence of cyclin E1A/B (L43513, Z13966).

The cyclin E used in these studies and this laboratory has been cloned by 
PCR (Howell and Hunt, unpublished data). The coding sequence of this gene is 
identical to that of cyclin El A (L43512) with the exception of amino acids at 
positions 33, 313 and 343, which are occupied by threonine, proline and proline, 
respectively, in Michael Howell’s clone. It is not clear whether these changes are 
PCR-artifacts or whether this clone represents another allele of cyclin El A or B. To 
avoid confusion with cyclin El A and E1B, this cyclin E clone was called cyclin El-
I. An amino acid alignment of the El-I and the other cyclin E clones is presented in 
Figure 2.15.1.

All the frog cyclin E genes described above are expressed in embryonic 
stages of development. Their products are detected before MBT or early gastrula 
stages (Rempel et al., 1995; Chevalier et a l, 1996). Cyclin E mRNA has also been 
detected in Xenopus tissue culture cells (Rempel et a l, 1995), suggesting the 
possible existence of a somatic form. Additional evidence for the expression of a 
somatic form(s) of cyclin E was obtained using sepharose-bound p l3sucl, a protein 
known to bind Cdks (Hindley et al., 1987; Brizuela et al., 1989; Draetta et a l, 1989; 
Pondaven et a l, 1990), to pull down protein/Cdk complexes from Xenopus tissue 
culture cell extract. Indeed, when the protein complexes were probed with a battery
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The Frog Cyclin E Family
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Figure 2.15.1 A m u ltip le  seq u en ce a lignm en t o f cyc lin  E p rote in s

The full length protein sequences o f cyclin E l-I , 1A, IB and cyclin E2 have been 

aligned using ClustalX. Am ino acid changes between the three El cyclins and cyclin 

E2 are highlighted in blue. Differences between cyclin El-I and cyclins E 1A, IB and 

2 are highlighted in yellow . The additional residue o f cyclin E l-I at the N-terminus 

which is due to subcloning is marked in pink.
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of anti-Xenopus cyclin E antibodies raised against either full length cyclin E (BB1) 
or the first 186 amino acids (PDA1 and 2), a series of bands with an apparent 
molecular weight consistent with that of cyclin E in egg extracts was consistently 
detected, as shown in Figure 2.15.11. However, attempts to identify candidates for 
somatic versions of cyclin E in Xenopus cDNA libraries were unsuccessful (Kirk 
and Hunt, unpublished data). Instead, cyclin El A was repeatedly isolated from these 
cDNA libraries (L43512) and cloned into pGEMl. As it was the second cyclin E 
clone used in this lab, it is called cyclin El-II.

To summarize, the cyclin El A clones used in this study were the following: 
Cyclin El-I, which is identical to cyclin El A L43512 with the exception of three 
residues (positions 33, 313 and 343); Cyclin El-II, which is identical to cyclin El A 
L43512. The three amino acid changes between cyclin El-I and cyclin El-II did not 
result in any detectable difference in binding and associated kinase activities of 
those two cyclins.

2.16 Plasmid construction

The expression plasmid in which all cyclin E constructs were made is E sp ll 
(Kobayashi et al., 1992), a plasmid originally constructed in the laboratory to 
express Xenopus cyclin Al and based on the commercially available pGEM2 vector 
(Promega). Construction of the various cyclin E plasmids involved the replacement 
of cyclin Al in E sp ll by wild-type cyclin E or its mutants. The sequences 
controlling expression of cyclin Al in Espll are the 5' UTR of the influenza virus 
NS protein (Dasso and Jackson, 1989a) as well as the 3' UTR of frog cyclin Al 
itself. Because these UTRs are known to increase the protein expression levels in 
frog egg extracts (Sheets et a l , 1994), all cyclin E constructs were made so that the 
cyclin E genes replacing cyclin Al would fall under the control of these UTRs. 
Vectormaps of Espl 1 and Espl 1-based cyclin E plasmids are shown in Figure 2.16.

2.16.1 The construction of untagged cyclin El-I: EspEl-I

A 1.18 kb BarnR I /Bel I fragment of E sp ll encompassing all of the coding 
sequence of cyclin Al and its N-terminal c-myc tag, with the exception of the ATG 
codon was replaced by a 1.28 kb BamR 1/BamR I fragment containing cyclin E l-I 
to create EspEl-I. The nucleotide sequence of cyclin El-I in EspEl-I is shown in 
Figure 2.16.1.

2.16.2 The construction of c-myc tagged cyclin El-I: EspBEl-I

The 16mer oligonucleotide 5'GATCTGAATGATCATG and the lOmer 
oligonucleotide 5'TGATCATTCA were annealed and ligated into E sp ll, cut with

50
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PDA1 PDA2 BB1
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for Suc1-IP:
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Figure 2.15.11 Different anti-cyciin E antibodies recognize the same 

proteins in Sucl-immunoprecipitates from WAK cell extracts

The polyclonal anti-cyclin E antibodies PDA1, PDA2 (both raised 

against an N-terminal fragment o f cyclin E l-I comprising the first 186 

amino acids ) and BB1 (raised against a mixture o f this N-terminal 

fragment and w ild-type cyclin  E l-I)  were used to probe Suc-1 

immunoprecipitates from WAK cell extracts and frog egg  extracts. 

Arrows indicate putative cyclin E bands immunoprecipitated from WAK 

cell extract.
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82 BamH I
115 Bgl

c-myc tag

Esp11 

4453 bp

1357 Bel I

1808 EcoR I

82 BamH I
257 Nco I

395 PfIM

771 Bel I 
799 Afl II 

_ 890 Bsu36 I

EspE1-l 

4460 bp
1164 Dra

1385 Hind

1815 EcoR I

82 BamH I 115 Bgl
124 Bel I

c-myc tag

EspB 

4479 bp

1357 Bel I

1808 EcoR I

82 BamH I
115 Bgl

437 PfIM
c-myc tag

813 Bel I 
841 Afl II

„  932 Bsu36 I
EspBE1-l 

4502 bp 1206 Dra

1427 Hind

1857 EcoR I

Figure 2.16 The restriction maps of plasmids E spll, EspB, EspEl-I 

and EspBEl-1

The graphic maps of Espl 1 (A) and EspB (B), as well as EspEl-I (C) and 

EspBEl-I (D) are shown. Graphic maps have been made using DNA 

strider and were coloured manually. The cyclin Al coding sequence is 

highlighted in blue (panels A and B), the 3' UTR of cyclin A l in gray, the 

c -myc tag in red and the cyclin El-I coding sequence (panels C and D) in 

deep purple. Only the relevant restriction sites used for subcloning have 

been indicated.
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A Listing of Frog Cyclin EspE1-l

T7 promoter cyclin E 1A (L23857) sequences M
TAATACGACTCACTATAGGGAGACCGGAAGCTAGCTTGGGCTGCAGGTCGACAGCAAAAGCAGGGTGACCAAAGACATAATG 

10 20 30 40 50 60 70 80
cyclin E 1-1 sequence: M

BamH I
I p v

CHSECCCGTGATAAGCAATCCTGCAGTTGAGAAAAGCACAAAGGATGAGGGGACAGCAAGCTGTAGTGTGCGCTCCAGAAAGA 
90 100 110 120 130 140 150 160

| p v i s n p a v e k s t k d e g t a s c s v r s r k

1
g a a a g g c a g a t g t | a c t a t t t t c t t g c a a g a c c c a g a c g a g a c c t t g g a t a g c t t g g a a a t g a c c a a g a a a a a a c a a t a t c a  

170 180 190 200 210 220 230 240
R K A D v f l F L Q D P D E T L D S L E M T K K K Q Y Q

N c o I
g g a c a g g g g a c c a t g g a g c a a t g a a a t g a c a t g c a a a a c - c c c c c a c a a a t t g a t t c c t a c a c c a g a a a a a g a g g a a c a c g a g  
250 260 270 280 290 300 310 320 3

D R G P W S N E M T C K S P H K L I P T P E K E E H E

PfIM I
CCAAACCCTACCAACTACTCACACTTTGCTTCTCTCCGGTTCAGCCCAGTCAGCGTTTCTCCTCTTCCACGTCTTGGGTGGG 
30 340 350 360 370 380 390 400 410

P N P T N Y S H F A S L R F S P V S V S P L P R L G W

A f l  1 1 1
CTAATCAGGATGATGTCTGGAGGAACATGTTAAACAAAGACCGAATTTACCTGAGAGACAAGAATTTCTTTCAGAAACATCC 

420 430 440 450 460 470 480 490
A N Q D D V W R N M L N K D R I Y L R D K N F F Q K H P

CCAGCTGCAACCTAATATGAGGGCAATCCTCCTAGATTGGCTAATGGAGGTTTGTGAAGTATACAAACTTCACAGAGAAACA 
500 510 520 530 540 550 560 570

Q L Q P N M R A I L L D W L M E V C E V Y K L H R E T

TTTTATCTAGCACAAGATTTCTTTGATCGGTTTATGGCGACTCAAAAAAATGTGATTAAAAGTCGACTGCAGCTTATTGGAA 
580 590 600 610 620 630 640 650

F Y L A Q D F F D R F M A T Q K N V I K S R L Q L I G

TCACATCTTTGTTCATTGCTGCTAAGCTGGAGGAAATATACCCTCCAAAGCTGCATCAGTTCTCATTTATCACAGACGGTGC 
660 670 680 690 700 710 720 730 7

I T S L F I A A K L E E I Y P P K L H Q F S F I T D G A

B e l  I  Afl II
CTGTACAGAAGACGAAATTACAAGGATGGAGTTGATCATAATGAAGGATCTTGGTTGGTGCTTAAGTCCGATGACTATAGTT 
40 750 760 770 780 790 800 810 820

C T E D E I T R M E L I I M K D L G W C L S P M T I V

TCTTGGTTTAATGTCTTCTTGCAAGTTGTGTATATAAGGGAACTGCAGCAGTTCCTGCGCCCACAGTTCCCTCAGGAAATTT 
830 840 850 860 870 880 890 900

S W F N V F L Q V V Y I R E L Q Q F L R P Q F P Q E  I

ATATACAGATCGTGCAGCTGCTGGATTTGTGTGTGCTTGATATTTGTTGCCTGGAGTATCCATATGGAGTTCTCGCAGCTTC 
910 920 930 940 950 960 970 980

Y I Q I V Q L L D L C V L D I C C L E Y P Y G V L A A S

8
t g c c a t g t a t c a t t t t t c t t g t c c t g a g c t a g t g J a a a a a g t t t c a g g g t t t a a g g t g a c a g a g t t a c a a g g g t g c a t a a a g  

990 1000 1010 1020 1030 1040 1050 1060
a m y h f s c p e l v | k v s g f k v t e l q g c i k
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Dra III |
tggc t t g t t c c t t t t g c a a t g g c c a t a a a a g a a g g t g g a a a a§c a a a g t t a a a t t t t t t t a a a g g t g t t g a t a t a g a a g a t g 
1070 1080 1090 1100 1110 1120 1130 1140 11
w l v p f a m a i k e g g k I k l n f f k g v d i e d

CACACAATATACAGACACATAGTGGTTGTTTGGAACTGATGGAAAAGGTTTACATCAACCAGGCTCTGTTAGAGGAGCAGAA 
50 1160 1170 1180 1190 1200 1210 1220 1230
A H N I Q T H S G C L E L M E K V Y I N Q A L L E E Q N

TAGGACCTCACCTATACCTACTGGTGTTCTGACTCCTCCCCAGAGTAACAAGAAACAGAAATCTGATCGAGCAGACTAACAG 
1240 1250 1260 1270 1280 1290 1300 1310

R T S P I P T G V L T P P Q S N K K Q K S D R A D *
BamH 1/ Bel I fusion

TGCTTTGACTCTGTGCATCACACTTGTCCTTTAAATGGAGACTGTAAGCTTggatcAACAGTGTTGGTCTTTTTATGAAGAC 
1320 1330 1340 1350 1360 1370 1380 1390

Cyclin Al 3' UTR ->
ACTGCAGGCCAAGTGGCCAATGGAGCTATTTTATTTATTGACCTTCATACCAAGACTCCTGTGCTTTTATAATGTACTTTTT 

1400 1410 1420 1430 1440 1450 1460 1470

ATTCTGTGTAAACTATAGGACCTTATTTATAACAAAGCCTCAGATTGGACACTAGTTGCTGACTGTGGGATTTAGTCTATGG 
1480 1490 1500 1510 1520 1530 1540 1550 15
ACATCAATCATGTCTAAAAGTCACTTAGTTGGGATGTACTACTACAAATCAGAACTCTATTGGTAGTGCACTGGTTAACAGA 
60 1570 1580 1590 1600 1610 1620 1630 1640
CATCAGTATTCTATTAGACTTGGACAATCCTGACTGTCTCTCCTACAGTCGAGCTTCTCCAGGAAATTAAGTGTTTTTTTGT 

1650 1660 1670 1680 1690 1700 1710 1720
TAAACATCGTCGACATTGAACTGCTTCATTTTCCCAGGTTCTTAACTTGTGATGGTGTTAAGTGTTTTTAATAAACTGACTT 

1730 1740 1750 1760 1770 1780 1790 1800
EcoR I

TACTCAAAAAGAATTCATATGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAA 
end of 3'prime UTR 1830 1840 1850 1860 1870 1880 1

T7 terminator
TAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTTGCTGAAAGGAGGAACTATATCCGGATGCCAC 
890 1900 1910 1920 1930 1940 1950 1960

Figure 2.16.1 The complete sequence of Xenopus cyclin El-I in Espll

The amino acid sequence of cyclin El-I, in one letter code, is shown underneath its nucleotide 

sequence. Highlighted in blue are the nucleotide changes observed between cyclin E1A 

(L23857) and cyclin El-I as well as the corresponding amino acid changes. The recognition 

sites of some of the restriction enzymes used for constructing mutants are shown in bold 

above the nucleotide sequence. The sequence of the T7 promoter and terminator are 

underlined. The 3' prime UTR of cyclin A 1 is indicated under the sequence.
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Bgl II and BsmH I, to create a Bel I site at the 3' end of the c-myc tag, as shown in 
Figure 2.16.2. The resulting plasmid EspB was cut with Bel I, and the 1.13-kbp 
fragment containing all of the cyclin Al coding sequence with the exception of its 
first 47 nucleotides corresponding to the c-myc tag, was replaced by a 1.28-kbp 
BamH VBamH I fragment containing cyclin El-I. This created plasmid EspBEl-I, 
which expresses cyclin El-I fused to an N-terminal c-myc tag.

2.16.3 Construction of untagged deletion mutants of cyclin El-I

All cyclin E deletion mutants were constructed using PCR with EspEl-I DNA as 
template. The oligonucleotides were designed to amplify the cyclin E sequence 
from various positions. The sequences of these primers together with their positions 
within the cyclin E sequence and their directions and use are listed in Table 2.16.3 
and Figure 2.16.3. The primers contained restriction sites to allow subcloning of the 
PCR products and when necessary a stop codon was also included. All constructs 
were confirmed by sequencing.

2.16.3.1 N-terminal deletion mutants: AN26, AN59, AN95, AN124 
and AN139

To produce plasmids EspEl-I AN26, AN59, AN95, AN124 and AN139, which 
expressed cyclin El-I versions with the first 25, 58, 94, 122 or 139 amino acids 
missing, 5' primers 5 to 9, respectively, were used in a PCR reaction in combination 
with the 3' oligonucleotide primer 4. This 3' primer is complementary to the last 21 
bases of the cyclin E coding sequence to which it adds a stop codon. To create 
plasmids expressing untagged deletion mutants, the PCR products were digested 
with Nco I and BamH I and ligated into Espl 1 cut by Nco l/Bcl I.

2.16.3.2 C-terminal deletion mutants: AC27 and AC42

To obtain the deletion mutants AC27 and AC42 5' oligonucleotide 11 was used as 5' 
primer in a PCR reaction in combination with 3' primers 12 and 13, respectively. 
The PCR products were digested with BamH I and Nco I and cloned into Espl 1 cut 
with Nco l/Bcl I. The resulting plasmids, EspEl-I AC27 and AC42 express versions 
of cyclin El-I, with truncations of 27 and 42 amino acids of its C-terminus.

2.16.3.3 Internal deletion mutant: AN59-107

To construct cyclin El-I AN59-107 a 140-bp Nco VPflM I fragment, internal to the 
cyclin El-I sequence, was removed from EspEl-I. The EspEl-I vector was digested 
with the restriction enzymes Nco I and PfIM I, and the vector purified. The
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A diagram showing the c-myc tag and the beginning of the cyclin A1 coding sequence of Esp11

BamH I Bgl II Bsm I

c-myc tag------------------------------1 i—  cyclin A1 coding sequence

The two linkers 5'GATCTGAATGATCATG and 5'TGATCATTCA, containing a Bel I site, were cloned 
into Esp11 digested with Bgl II and Bsm I

Bel I
GATC TGAATGATCATG 

ACTTACTAGT

The resulting plasmid EspB contains a Bel I site in frame with the c-myc tag

Bgl II Bel I
H g a t c  t g  aa t g a t c  atcT  
I M a c  t t a c t a g t c L

c-myc tag ------------------------- 1

Figure 2.16.2 The construction of EspB

Espll was digested with Bgl II and Bsm I to create 3' prime overhangs. The 

primers 5'GATCTGAATGATCATG and 5TGATCATTCA, encoding a Bel I site in 

frame with the c-myc tag of Espll were then cloned into the overhangs. The 

newly created Bel I site in the resulting plasmid, EspB, was used to construct c- 

myc tagged versions of cyclin El-I. See text for details.
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I. Oligonucleotides used for constructing mutant versions of
cyclin E 1-1

# O ligonucleotides  
(5' to 3')

Coordinates S ite
usage

Direction and use 
of primer

1 GATCTGAATGATCATG Bel I (+) linker, Bel I into 
Espll

2 TGATCATTCA Bel I (- )  linker, Bel I into 
Espl 1

3 GCTCCATTGGCCACTTGGCCTGCAGT 1421-1394 “ (-) anneals in UTR of 
Espl 1

4 CGCGG AT C CTCAGTCTGCTCGATCAGATTT 1305-1288 BamH I (- )  ANs

5 GGGGGATCC C A T G GGAAAGAGAAAGGC AGATGT
P

158-178 Nco I (+) AN26

6
\J
GGGGC C A T G GCATGGAGCAATGAAATGACA 258- 277 Nco I (+) AN589

7 GGGGC C A T G GGGTTCAGCCC AGTCAGCGTT 366-385 Nco I (+) AN95

8 GGGGC C A T G GGAATTTACCTGAGAGACAAG 453- 472 Nco I (+) AN 124

9 GGGGC C A T GGTGCAACCTAATATGAGGGCA 497-518 Nco I (+) AN 139

10 CATGTGGTC - (+) AN59-107

11 TGACCAAAGACAC CAT GGATCCCGTG Nco I (+) ACs

12 CGCG G AT C CGGGCCCTAC TCCTCTAACAGAGCC 
TG

1224-1208 BamH I (- )  AC27

13 CGCG G A T C CGGGCCCTAACAACCACTATGTGTC 
TG

1178-1159 BamH I (-)  AC42

14 CCTAATATGGCGGCAATCCTC 502- 524 - (+) RI45A

15 GAGGATTGCCGCCATATTAGG 524-502 - (-) R145A

16 GACATGCAAAGCCCCCCACAAA 275- 295 - (+) S67A

17 TTTGTGGGGGGCTTTGCATGTC 295-275 - (-) S67A

18 TTGATTCCTGCACCAGAAAAAGAG 295-319 - (+ ) T76A

19 CTCTTTTTCTGGTGCAGGAATCAA 319-295 - ( - )  T76A

20 GCTTCTCTCCGGTTCGCACCGGTCAGCGTTTCT
CC

355- 390 - (+ ) S98A

21 GGAGAAACGCTGACCGGTGCGAACCGGAGAGAA
GC

390-355 - ( - )  S98A

22 GCCCAGTCAGCGTTGCACCTCTTCCTCGTCTTGG
GTGGGC

372- 409 - (+ ) S103A

23 GCCCACCCAAGACGAGGAAGAGGTGCAACGCTGA
CTGGGC

409-372 - ( - )  SI03A

24 GCTTCTCTCCGGTTCGCACCGGTCAGCGTTGCA
CCTCTTCCACG

355- 399 - (+) S98S103A

25 CGTGGAAGAGGTGCAACGCTGACCGGTGCGAAC
CGGAGAGAAGC

399-355 - (-) S98S103A

26 GGATCTTGGTTGGTGCTTAGCCCCGATGACTATA
GTTTCTTGG

784- 826 - (+) S242A

27 CCAAGAAACTATAGTCATCGGGGCTAAGCACCAA
CCAAGATCC

826-784 - (-) S242A

28 AATAGGACCGCACCTATACC 1229-1248 - (+) S387A
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29 GGTATAGGTGCGGTCCTATT

3 0  GGTGTTCTGGCTCCTCCCCAG

31 CTGGGGAGGAGCCAGAACACC

1248-1229

1253-1273

1273-1253

(-) S387A 

(+) T395A 

(-) T395A

II. Oligonucleotides used for constructs other than cyclin E 1-1

32 CAGACACATAGTGGTTGTT 1159-1179 D r a in (+) GFP EspEl-I

33 GCAGACGCCATGGGTAAAGGAGAAG - - (+) GFP — EspEl-I

34 CTCCTTACCCATGGCGTCTGCTCGATCAGATTTC - - (-)  GFP -> EspEl-I

35 GGCGGGAATTCTAGAAGCTTTTG - EcoR I (-)G FP — EspEl-I

36 CGGGATGATCAGAAGGAGGACGGCGGCGCGG - Bel I (+) Hs cyc.E -*> Espl 1

37 GGGGTGATCACGCCATTTCCGGCCCGC - Bel I (-) Hs cyc.E -*■ Espl 1

38 CAACATATGGCTGCTTTCCACATCGCCCT - Nde I (+) Xicl — pGEM

39 GCCGGATCCTCATCGAATCTTTTTCCTGGGGGT - BamH I (-)X ic l -* pGEM

40 CGGGTACCTCGAGCTTCTCAGAAGGTTCTTTGC
ATTCT

- X h o l (+) stathmin -*  pET

41 GGGGTACCATATGTGTGACTCTGATATTAAAGT - Nde I (- )  stathmin -*• pET

Table 2.16.3 A list of all oligonucleotides used in these studies

The sequences of the oligonucleotides mentioned in the text are shown. Mutagenic 

residues as well as restriction enzyme sites used for cloning are in bold. Underlined 

in section I are basepairs incorporated in the oligonucleotides to create restriction 

sites or stop codons. The coordinates of each primer within the cyclin EspEl-I clone 

(see Figure 2.16.1) are denoted in the 3rd column. The restriction enzyme sites used 

in combination with each primer are listed in the 4th column. The last column 

indicates the direction of the primers (+ anneals to coding strand, - anneals to 

complementary strand) and the mutant construct they were used for.
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linearised plasmid was then religated onto itself using the 9 nucleotide long, 
phosphorylated oligonucleotide 5' CATGTGGTC as a tether to bring together the 3' 
prime overhangs left by the restriction enzymes. The resulting plasmid encoded a 
cyclin El-I mutant missing residues 59 to 107.

2.16.4 Construction of c-myc tagged deletion mutants of cyclin El-I

Deletion mutants with an N-terminal c-myc tag were created by subcloning BamH 
UEcoR I fragments of plasmids EspEl-I AN26, AN59, AN95, AN124, AN139, 
AC27, AC42 and AN59-107 into EspB, digested with Bel I and EcoR I. This resulted 
in plasmids EspBEl-I AN26, AN59, AN95, AN124, AN139, AC27, AC42 and 
AN59-107, respectively.

2.16.5 Construction of cyclin El-I point mutants

Cyclin El-I point mutants were created by site-directed mutagenesis using the 
mutagenic primers in PCR reactions (Horton and Pease, 1991). These 
oligonucleotide primers were designed so that the PCR products could be 
exchanged against their wild-type counterparts in EspEl-I following restriction 
enzyme digestion. The mutagenic primers used in the PCR reactions, together with 
the relevant restriction sites and the names of the resulted plasmids are summarized 
in Table 2.16.5. In all cases the T7 primer and oligonucleotide 3 were used as 5' and 
3' flanking primers in the PCR reactions.

Cyclin El-I versions carrying multiple point mutations were constructed as 
follows: The plasmid EspEl-I CD was constructed as describe above using 
oligonucleotides 23 and 24, which contained both mutations.

To construct plasmid EspEl-I AB, plasmid EspEl-I A was used as a 
template in a PCR reaction with mutagenic oligonucleotides 17 and 18, and the 
resulting PCR fragment, cut with PfIM UBamH I containing both mutations was 
used to replace the corresponding wild-type sequence in EspEl-I. Similarly, 
plasmid EspEl-I FG was created by PCR using plasmid EspEl-I F as template in 
combination with oligonucleotides 27 and 28, followed by subcloning using Bsu36 
I/Hind III. Plasmid EspEl-I ABCD was constructed by PCR using plasmid AB as 
template in combination with oligonucleotides 23 and 24, followed by subcloning 
using Nco VBsu361.

Plasmids EspEl-I ABFG, ABCDFG and ABCDEFG were constructed by 
sequentially replacing the wild-type cyclin E sequences with PCR fragments 
containing the desired mutations using restriction enzyme digestion.

A schematic of all cyclin E l-I mutants is shown in Chapter 3, Figure 3.1.1.
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Name # of mutagenic primers
(ref. to table 2.16.3)

Point
mutation

Restriction
usage

EspEl-I R145A 13 14 R145A BamH I, Bel I

EspEI-I A 15 26 S67A Bgl II, Bsu 36 I

EspEl-I B 17 18 T76A Bgl II, Bsu 36 I

EspEl-I C 19 20 S98A Bgl 11, Bsu 36 I

EspEl-I D 21 22 S103A Bgl II, Bsu 36 I

EspEl-I CD 23 24 S98A, S103A Bgl II, Bsu 36 I

EspEl-I E 25 26 S242A Bsu 36 I, Dra III

EspEl-I F 27 28 S387A Afl II, Hind III

EspEl-I G 29 30 T395A Afl II, Hind III

Table 2.16.5 Primers and restriction enzymes used to create point mutants of 
cyclin E 1-1

The names of the point mutants, as referred to in the text, are listed in column 1. The reference 
number of the primers used for each mutation are listed in column 2 and the according sequences can 
be found in Table 2.16.3. The mutated residues are specified in column 3. The enzymes used to 
exchange the PCR fragments carrying the mutations with wild-type sequence in cyclin El-I are listed 
in column 4.

2.16.6 Construction of GFP tagged cyclin E: EspEl-I-GFP

The plasmid EspEl-I-GFP expressing cyclin El-I with a GFP tag fused to its C- 
terminus was constructed by PCR as follows: Primers were designed and used in a 
PCR reaction to amplify a 162-bp C-terminal fragment of cyclin E fused to the first 
16 base pairs of GFP (Primers 32, 34 in Table 2.16.3, Figure 2.16.3). Similarly 
primers 33 and 35 were used in a PCR reaction to amplify the last 9 bp of cyclin E 
in frame with GFP. These two overlapping DNA fragments were then combined 
and used as templates for a second PCR using primers 32 and 35. The resulting 884- 
bp product, encoding the last 47 amino acids of cyclin E fused to GFP was cut with 
Dra III and EcoR I and used to replace the corresponding Dra Ul/EcoR I fragment 
of plasmid EspEl-I, thus creating EspE-I-GFP.

2.16.7 Construction of a cyclin El-I expression vector: TSING2E1-I

To construct TSIGN2E1-I, EspBEl-I was digested with BamH 1 and EcoR I and the 
1733-bp fragment of cyclin El-I including its N-terminal c-myc tag removed. This 
fragment was then cloned into TSIGN2 (Stefan Geley, ICRF), which had been cut 
with the same enzymes. The mammalian expression vector TSIGN2 is derived from 
pEF-BOS (Mizushima and Nagata, 1990) and under the control of the human E Fla 
promoter, which is followed by the 5' UTR of the influenza virus NS protein (Dasso
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and Jackson, 1989a). Downstream of the cloning cassette but upstream of the 
polyadenylation site TSIGN2 carries an EMLV-internal ribosomal entry site 
followed by the coding sequence for the GFP-neomycin fusion protein.

2.17 Construction of other plasmids than cyclin El-1

2.17.1 Construction of the plasmid pET21Dstathmin

To construct pET21Dstathmin, expressing Xenopus Stathmin fused to a C-terminal 
His6-tag, primers 40 and 41 and between 0.9 up to 13.5 |ig of mRNA as template 
were used in an RT-PCR reaction. The reverse transcribed cDNA was then used as 
template in a PCR reaction using Taq polymerase and the same primers. Primer 40 
was designed to create an Xho I site at the ATG of stathmin and oligonucleotide 41 
added an Nde I site in frame with the His6-tag of pET21D. The resulting 428-bp 
fragment was digested with Xho I and Nde I and cloned into pET21D, which had 
been cut with the same enzymes.

2.17.2 Construction of the plasmid EspBhsE

To construct EspBhsE, expressing human cyclin E with an N-terminal c-myc tag, 
plasmid pLXSN containing human cyclin E was used as a template in a PCR 
reaction with oligonucleotide primers 36 and 37. The PCR product was cut with Bel 
I and cloned into EspB digested with Bel I.

2.17.3 Construction of the plasmid pGEM Xicl

To construct pGEM Xicl, 5' oligonucleotide 38 designed to create an Nde I site at 
the ATG of Xicl and oligonucleotide 39 that introduced a stop codon followed by a 
BamH I site were used in a PCR reaction with Xicl in pGEX-KG as template. The 
amplified product was digested with Nde I and BamH I and cloned into pGEM 
(Yamano et a l , 1996), digested with the same enzymes.



Separation and detection of proteins

2.18 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

The method of SDS-PAGE was based on (Anderson et a l, 1973) with the main 
difference being that neither the stacking nor resolving gel mixes contained SDS. 
All polyacrylamide gels described here were 15 % resolving gels. 100 ml of the 
resolving gel mix contained 50 ml 30 % (w/v) acrylamide, 8.6 ml 1 % (w/v) 
bisacrylamide, 25 ml 1.5 M Tris-Cl pH 8.8 and 16.4 ml H20. 150 ml of the stacking 
gel mix contained 25 ml 30 % (w/v) acrylamide, 20 ml 1 % (w/v) bisacrylamide, 
18.8 ml 1 M Tris-Cl pH 6.8 and 86.2 ml H20. Stocks of 30 % (w/v) acrylamide and 
1 % (w/v) bisacrylamide were deionized with MB5113 mixed bed ion exchange 
resin (BDH) and filtered through a 0.22 J im  filter (Millipore) and kept at 4°C. 
Resolving gel mixes were polymerized with a final concentration of 0.05 % (v/v) 
TEMED (N,N,N',N'-tetramethyl-ethylenediamine) and 0.05 % (w/v) ammonium 
persulphate; stacking gel mixes with a final concentration of 0.1 % (v/v) TEMED 
and 0.1 % (w/v) ammonium persulphate. Both mini (plates 12 x 8 cm) and standard 
size (plates 20 x 13 cm) gels were cast and run using apparatus purchased from 
Cambridge Electrophoresis. Samples to be analysed by SDS-PAGE were 
resuspended in SDS-sample buffer and incubated in a boiling water bath for 2 
minutes. Bead-bound proteins were eluted in SDS-sample buffer by boiling for 5 
minutes. SDS-PAGE was carried out in SDS-PAGE running buffer (25 mM Tris 
base, 192 mM glycine, 0.1 % (w/v) SDS). Mini gels were typically run with a 
limiting voltage of 230 V at the beginning of the run and with current limiting at 20 
mA during the second half of the run; standard gels were run at 250 V and at 30 
mA, respectively. Electrophoresis was continued until the bromophenol blue dye 
front had just run off the bottom of the gel.

2.19 Detection of proteins by coomassie blue staining

Gels for autoradiography were stained for 5 minutes with Coomassie blue (5 g/1 
Coomassie blue R250, 45 % (v/v) methanol, 45 % (v/v) glacial acetic acid); gels for 
analysis by scanning densitometry were stained for 20 minutes. Gels were destained 
in hot destain (25 % (v/v) methanol and 7 % (v/v) glacial acetic acid).
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Immunoblotting, Immunoprecipitations and GST-pull down 
experiments

2.20 Immunoblotting

For immunoblotting protein samples, separated by SDS-PAGE, were soaked in 
transfer buffer (20 mM Tris base, 150 mM glycine, 0.1 % (w/v) SDS, 20 % (v/v) 
methanol) for 10 minutes and then transferred onto a 0.2 Jim nitrocellulose 
membrane (Hybond C-super). After transfer, proteins on the membrane were 
visualized by staining with 0.2 % (w/v) Ponceau S in 3 % (w/v) trichloroacetic acid 
and destained with distilled water. The positions of the molecular weight markers 
and the positions of the lanes were marked on the membrane with a soft pencil and 
the protein staining was washed off again using 1 x TBST. The membrane was 
blocked with TBST containing 4 % (w/v) skimmed milk powder at 4°C overnight 
on a shaker. The membrane was then incubated with the primary antibody in TBST, 
4 % (w/v) skimmed milk powder for one hour at room temperature. The membrane 
was then washed twice for 10 minutes with TBST, 4 % (w/v) skimmed milk powder 
and then twice with TBST containing 2 % (w/v) skimmed milk powder at room 
temperature. The primary antibody was detected by probing the membrane with a 
secondary anti-mouse or anti-rabbit antibody conjugated to horseradish peroxidase 
(Dako) diluted 4000 fold in TBST containing 2 % (w/v) skimmed milk powder for 1 
hour at room temperature. The membrane was washed twice with TBST containing 
2 % (w/v) skimmed milk powder and then twice with TBST alone at room 
temperature to remove unspecifically bound antibodies. Binding was detected using 
the enhanced chemiluminescence system (ECL, Amersham) according to the 
manufacturer’s instructions.

2.21 Bacterial expression and purification of GST-fusion proteins

Recombinant GST-fusion proteins (usually in pGEX-KG or pGEX-2T; Guan and 
Dixon, 1991) were expressed in E. coli strain BL21(DE3) and purified using a 
protocol adapted from Smith et al (1988). Two ml of an overnight LB-ampicillin 
(50 (ig/ml) culture were inoculated into 400 ml of 2xTY-ampicillin (50 (Xg/ml) and 
incubated at 37°C until an OD600 of 0.5-0.6 was reached. At this point the culture 
was cooled down to room temperature and isopropyl-(3-D-thiogalactopyranoside 
(IPTG) was added to a final concentration of 100 pM to induce expression of the 
required protein. Following induction which varied from protein to protein (e.g. 
GST-Cdk2 -16 hours), the cells were harvested by centrifugation and resuspended 
in 60 ml of ice-cold lysis buffer (50 mM Tris-Cl pH 7.5, 2 mM EDTA, 1 mM DTT,
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2 mg/ml lysozyme (Sigma)). This buffer was supplemented with Triton X-100 to a 
final concentration of 0.5 % if the proteins were known to be poorly soluble. Cells 
were lysed for 30 minutes. All subsequent steps were carried out at 4°C to prevent 
proteolysis. After sonication and centrifugation at 18000 g for 20 minutes, the 
supernatant was passed through a 0.45 |im filter (Millipore). The filtrate was 
transferred into a 50 ml Falcon tube and mixed with 1 ml of GSH-Sepharose 4B 
(Pharmacia) bead slurry and rotated for 1-2 hours. The beads were then transferred 
into a disposable column, washed with 10 bed volumes of PBS A, 0.25 M KC1, 0.1 
% Tween 20, 1 mM DTT and leupeptin, pepstatin A and chymostatin at 1 |ig/ml 
each and 3 bed volumes of PBSA, 0.25 M KC1, 1 mM DTT and leupeptin, pepstatin 
A and chymostatin at lpg/ml each. The GST-fusion protein was finally eluted in 10 
half bed volumes of a buffer containing 5 mM glutathione (reduced form), 50 mM 
Tris-Cl pH 8.1, 1 mM DTT and the above protease inhibitors. The fractions 
containing the GST-fusion protein were identified by SDS-PAGE or the Bradford 
Assay (Protein Reagent, Biorad), pooled and dialysed overnight against 20 mM 
Tris-Cl pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, PMSF) 
and stored at -80°C. If necessary the protein was concentrated with a Microsep 
concentrator (Flowgen) according to the manufacturer’s instructions.

2.22 Bacterial expression and purification of hexa-histidine (His6) tagged 
proteins

Recombinant proteins with a hexa-histidine (His6) tag at either the N- or C-terminus 
were produced using the expression vectors pET16 or pET21 (Novagen), 
respectively. Induction with IPTG was performed as described above, and the cells 
were harvested and resuspended in IMAC5 buffer (Hoffmann and Roeder, 1991) 
followed by addition of a further 1/10 volume of IMAC5 buffer containing 50 
mg/ml lysozyme for lysis. After a 30 minute incubation at 4°C, the bacterial lysate 
was sonicated, centrifuged and filtrated as described for GST-fusion proteins. The 
His6-tagged proteins were batch-bound to Ni2+-NTA agarose (Qiagen) for 1-2 hours 
at 4°C. The bead slurry was then transferred onto a column and washed with 5 bed 
volumes of IMAC5 followed by two 5 bed volume washes with IMAC25/TxlOO, 
and one 5 bed volume wash with IMAC25 containing l(ig/ml each leupeptin, 
pepstatin A and chymostatin. The His6-tagged protein was then eluted in 10 half-bed 
volumes of IMAC150.
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2.23 Glutathione Sepharose affinity purification

Throughout these studies, mainly affinity chromatography on GSH-Sepharose was 
used for the purification of proteins since immunoprecipitations via specific 
antibodies was not as efficient (data not shown).

Cyclins were translated in the presence of a glutathione-transferase tagged 
Cdk protein usually in a volume of 10 pi. After the translation reaction, 10-20 pi of 
GSH-Sepharose bead slurry was added; the reaction volume adjusted to 200 j l l I  with 
IP buffer and the tube rotated at 4°C for 1.5 to 2 hours. Longer incubation did not 
cause unspecific binding or background problems. The beads were then washed 4 
times with IP buffer and, during the final wash, transferred to a clean Eppendorf 
tube. The proteins were eluted from the beads by boiling in SDS-sample buffer for 5 
minutes before analysis by SDS-PAGE and autoradiography.

Immunopurification via specific antibodies was used to differentiate 
translated cyclin E from endogenous cyclin E, contained in frog egg extract at about 
20 to 60 nM (Rempel et al., 1995; Descombes and Hunt, unpublished data). Then c- 
myc tagged translation products of cyclin El-I were immunoprecipitated with the 
9E10 antibody (Evan eta l, 1986), as described below.

Depending on whether the purified cyclin/Cdk complexes were radiolabelled 
or not, they were analysed by either autoradiography or immunoblotting, as 
individually mentioned in the text.

2.24 Immunoprecipitation

Immunoprecipitations were usually carried out using polyclonal sera against cyclin 
E, Orel and cyclin B2. Protein A purified monoclonal 9E10 antibody was also 
employed.

One pi of polyclonal antisera or 3-10 pg of protein A purified monoclonal 
antibody (between 1.5-5 pi) were incubated with 10 pi of translation reactions or 
frog egg extract for 20 minutes with gentle mixing. Ten pi of protein A affiprep 
beads (Biorad) were then added and the volume was adjusted to 200 pi with IP 
buffer. Following a two hour incubation at 4°C on a rotating wheel, the protein A- 
bound complexes were washed 4 times with IP buffer and transferred to new 
Eppendorf tubes. If subsequently used in a kinase assay, the beads were washed two 
more times in kinase buffer. One half was then used for the kinase assay, while the 
other half was analysed by SDS-PAGE.
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Techniques involving Xenopus oocytes and eggs

2.25 In vitro maturation of oocytes

Stage VI Xenopus oocytes were defolliculated in 1 x modified Barth’s medium 
(MBS). Maturation was induced by adding 5 Jig/ml progesterone. To label the 
proteins during maturation, [35S]methionine was added to 56 (J.Ci/ml to the 
incubation medium immediately after progesterone addition. Oocyte maturation was 
assessed by the appearance of the characteristic white spot on the animal pole 
(Smith et a l, 1991b). Protein extracts were prepared as described for embryos 
below.

2.26 Fertilization and mRNA inicroinjections

Xenopus eggs from frogs, induced to ovulate by injection of pregnant mare serum 
gonadotrophin (Intervet) and human chorionic gonadotrophin (Sigma), were 
fertilized and dejellied for about 5 minutes at room temperature with a buffer 
containing [2 % (w/v) cysteine in 100 mM KC1, 5 mM EGTA, 2 mM MgClJ 
adjusted to pH 7.8-8.1 with NaOH. Embryos were then kept in 0.1 x MBS 
containing 4 % (w/v) ficoll, 10 p,g/ml streptomycin and 10 Jig/ml penicillin G until 
they were injected with 2.5-10 ng mRNA in volumes between 5-20 nl using a 
Narishige IM200 microinjector (Vize et al, 1991) set as follows: injection pressure 
150 kPa, clearance pressure 500 kPa and injection time 200-500 msec. To enable 
gastrulation, the embryos were later transferred into a high salt buffer (1 x MBS). 
Samples were staged according to Nieuwkoop (1967) and collected by snap- 
freezing in liquid nitrogen for further analysis. Once the time-course was 
completed, the embryos were thawed on ice and 5 |il of ice-cold IP buffer was 
added per embryo. The embryos were homogenized by pipetting up and down with 
a PI00 tip and then centrifuged at 4°C at maximum speed in a bench top centrifuge. 
The supernatant was analysed by SDS-PAGE and immunoblotting. The equivalent 
of 0.5 embryos was typically loaded per lane on a polyacrylamide gel.

2.27 Treatment of Xenopus embryos with cycloheximide and 
hydroxyurea

Eggs were fertilized, dejellied and incubated in O.lx MBS as described above. 
Three or four hours after fertilization embryos were then transferred to O.lx MBS 
containing either cycloheximide at a concentration of 100 pig/ ml or hydroxyurea at 
30 mM.
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For drug treatment of dissociated embryos, eggs were fertilized, dejellied 
and kept as above. Four hours after fertilization, embryos were transferred into 
dissociation buffer containing [53 mM NaCl, 10 mM Na2C03, 4.25 mM potassium 
gluconate, 1 mM MgS04, 6 mM bicine, 1 % (v/v) BSA] adjusted to pH 8.3 with 
bicine. Cycloheximide and hydroxyurea were added as described above.

2.28 Preparation of Xenopus egg extracts

Cytostatic factor (CSF)-arrested Xenopus egg extracts (CSF) were prepared as 
described by Murray (1991). Eggs were dejellied at room temperature with a 5 
minute incubation in a buffer containing [2 % (w/v) cysteine in 100 mM KC1, 5 mM 
EGTA, 2 mM MgCl2] adjusted to pH 7.8-8.1 with NaOH. The eggs were then 
washed four times in 1 x XB buffer [100 mM KC1, 5 mM EGTA, 2 mM MgCl2, 50 
mM sucrose, 10 mM HEPES] adjusted to pH 7.7 with KOH, at 16°C and twice 
more in 1 x XB buffer containing the protease inhibitors leupeptin, pepstatin and 
chymostatin at 10 (ig/ml each. The eggs were transferred into a SW50 centrifuge 
tubes and spun at 16°C for about 1 minute at low speed (1400 rpm) to avoid 
crushing the embryos. Because the extracts are sensitive to dilution, excess buffer 
was removed, and the eggs were crushed at 4°C by spinning at 10000 rpm in a 
Sorvall HB4 rotor for 10 minutes. This resulted in the separation of a cytoplasmic 
fraction from other layers containing lipids, yolk and membranes with cell debris. 
The cytoplasmic fraction was removed by sidepuncture and supplemented with the 
following components to a final concentration: 10 |Lig/ml of leupeptin, pepstatin, 
chymostatin, cytochalasin B, 200 mM sucrose and 1 x energy mix (7.5 mM creatine 
phosphate, 1 mM ATP, 0.2 mM EGTA, 1 mM MgCl2). The extract was mixed well 
by gentle inversion and was recentrifuged at 4°C at 20000 rpm in a Sorvall HB4 
rotor for 10 minutes to remove residual debris. The cytoplasmic fraction was 
carefully removed and snap-frozen by dropping aliquots directly into liquid 
nitrogen.

Interphase egg extracts were prepared as follows: eggs were dejellied for 5 
minutes in a buffer containing [2 % (w/v) cysteine in 100 mM KC1, 0.1 mM CaCl2, 
1 mM MgCl2], adjusted to pH 7.8 - 8.1 with NaOH. The eggs were washed 3 times 
in 1 x XB buffer ([100 mM KC1, 0.1 mM CaCl2, 1 mM MgCl2, 50 mM sucrose, 10 
mM HEPES] adjusted to pH 7.7 with KOH) at 16°C and then activated with the 
Calcium Ionophore A23187 (Sigma, 10 mg/ml in DMSO, 10 (il per 30 ml wash 
buffer) for 5-10 minutes at room temperature. Once the eggs had contracted and 
rotated the animal pole upwards, they were washed 4 times in 1 x XB buffer and 
twice more in 1 x XB buffer containing the protease inhibitors leupeptin, pepstatin
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and chymostatin at 10 pg/ml and they were then crushed and processed exactly as 
CSF-arrested extract.

2.29 Preparation of embryonic extracts

Embryos were washed three times in 1 x XB buffer ([100 mM KC1, 0.1 mM CaCl2, 
1 mM MgCl2, 50 mM sucrose, 10 mM HEPES] adjusted to pH 7.7 with KOH), spun 
in a microcentrifuge at 4°C at 1000 k to remove excess buffer. Then l/5th volume of 
1 x XB buffer, additionally containing 10 pg/ml each leupeptin, pepstatin and 
aprotinin (10 pg/ml in DMSO), were added. The embryos were crushed using a 
Dounce homogenizer and the homogenate spun in an ultracentrifuge in a SW55 
rotor at 20000 rpm at 4°C for 20 minutes. The cytoplasmic layer, embedded 
between the membrane fraction at the bottom and lipids on top was removed by 
sidepuncture and supplemented with 10 |Lig/ml of leupeptin, pepstatin, chymostatin, 
cytochalasin B, 200 mM sucrose and 1 x energy mix. The extract was then flash- 
frozen in liquid nitrogen.

2.30 Translation in the presence of Xenopus egg extracts

Translations were usually carried out in pure reticulocyte lysate or in a mixture of 
reticulocyte lysate and nuclease-treated Xenopus egg extract.

Translation reactions using pure reticulocyte lysate were carried out 
according to (Pelham and Jackson, 1976; Jackson and Hunt, 1983; Dasso and 
Jackson, 1989b). Briefly, 0.5-1 pg of mRNA (typically 0.5 pi) were incubated at 
30°C for 1.5 hours with 8 pi reticulocyte lysate, 0.5 pi KM salts (2 M KC1, 10 mM 
MgCl2), 0.5 pi amino acid mixture (3 mM L-Leucine and L-Valine, 2 mM of all 
other essential amino acids, except L-methionine and L-cysteine in H20, pH 7.2), 
0.5 pi 0.2 M creatine phosphate and 0.5 pi Promix or Trans [35S]label (Promix: 
Amersham; [35S]methionine and [35S]cysteine at 1000 Ci/mmol, 10 mCi/ ml; Trans 
[35S]label: ICN; a mixture of 70 % [35S]methionine and 15 % [35S]cysteine at 10 
mCi/ml; no difference has been found between the labels from Amersham and ICN 
(data not shown)).

In vitro translations that were carried out in the presence of 80 % 
reticulocyte lysate and either 20 % (v/v) nuclease-treated interphase or CSF-arrested 
egg extract were as follows: Firstly, a 20 pi aliquot of frog egg extract was 
incubated at 23°C with 1 pi of 10 pg/ml RNase A. The reaction was stopped by 
addition of 20 U of RNase Guard (0.5 pi, Pharmacia) and incubation at 23°C for an 
additional 5 minutes. For translation, 5-10 pg of mRNA were incubated at 30°C for
1.5 hours with a mixture of 20 pi nuclease-treated egg extract and 80 pi of the 
reticulocyte lysate based mixture described above. As shown in Figure 2.30, the
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RNAse A

Translation of cyclin E1-I 
Autoradiograph

1 2

Figure 2.30 Nuclease-treatment of frog egg extract eliminates 

background caused by translation of endogenous mRNAs

Cyclin El-I was translated in a mixture of 80% reticulocyte lysate and 

20% interphase frog egg extract. In lane 1, the egg extract was untreated 

and in lane 2 it was nuclease-treated as described in the text. The 

translations were allowed to proceed for 1.5 hours and were analysed by 

SDS-PAGE and autoradiography.

70



pretreatment of the frog extract with RNase dramatically reduced the background 
caused by translation of endogenous mRNAs.

Detection of [35S]methionine labelled proteins was achieved by analysis on 
SDS-PAGE and autoradiography. The gels were exposed to hyperfilm p-max 
(Amersham) at room temperature or to phospho-imager screens, which were 
analysed using ImageQuant software (Molecular Dynamics).

2.31 Coupled transcription/translation in the presence of Xenopus egg 
extracts

Coupled transcription/translation reactions were based on the protocol of Craig et 
al. (1992). Briefly, 100 to 500 ng cDNA template in a volume of 0.5 pi were 
incubated with 0.4 pi T7 RNA polymerase (purified in the laboratory) in 9.6 pi 
reticulocyte lysate, containing 130 pM L-Leucine and L-Valine, 84 pM of all other 
essential amino acids (but no L-methionine or L-cysteine), 8.4 mM creatine 
phosphate, 0.63 pCi/ml [35S] methionine, ImM rNTPs, 3.2 mM MgCl2 and 40 mM 
KC1.

When the presence of Xenopus egg extract was required in coupled 
transcription/translation reactions, the nuclease-treated frog egg extract was added 
to the above described coupled transcription/translation mix to 20 %.

2.32 Cyclin degradation in Xenopus egg extracts

To measure the ability of protein constructs to undergo degradation, 
[35S]methionine labelled proteins were synthesized as described in 2.30 and 2.31 
and incubated in the presence of Xenopus egg extracts. Reactions were carried out 
as follows: a 20 pi aliquot of interphase egg extract was thawed and supplemented 
with 1 pi CERAU (final concentrations: 18 mM creatine phosphate, 11.25 pg/ml 
creatine phosphokinase, 0.75 mM ATP, 0.65 mg/ml bovine ubiquitin and 0.25 
mg/ml cycloheximide). 0.5 pi of the radiolabelled substrate was then added; a 2 pi 
aliquot was removed to an Eppendorf tube containing 30 pi of SDS-sample buffer 
before the degradation time-course was started by placing the tube at 30°C. Two pi 
aliquots were then removed at various intervals, mixed with 30 pi of SDS-sample 
buffer and analysed by SDS-PAGE.

When CSF-arrested extracts were used to study Ca2+ dependent degradation, 
CaCl2 was also added to 0.4 mM to release the extracts from the metaphase II arrest.

The degradation of endogenous proteins was monitored by first incubating 
aliquots of Xenopus egg extracts with [35S]methionine for 30 minutes at 23°C (1 pi 
label per 10 pi egg extract). CERAU was added as above and a time-course of 
degradation was started. For detection 10 pi samples were immunoprecipitated

71



using PDA2, anti-Orel or anti-cyclin B antibodies and analysed by SDS-PAGE and 
autoradiography.

Because the high concentration of yolk in crude extracts disrupted protein 
separation by SDS-PAGE, all crude extract samples were spun for one minute in a 
benchtop centrifuge immediately before analysis; only the supernatant was analysed 
by SDS-PAGE. This procedure did not alter the concentration of the radiolabelled 
substrate in these samples, and therefore seemed a valuable approach.

2,33 Preparation of sperm nuclei

The preparation of sperm nuclei was adopted from (Murray, 1991) as follows: one 
frog testis was washed several times in EB buffer ([50 mM KC1, 5 mM MgCl2, 2 
mM DTT, 50 mM HEPES] adjusted to pH 7.6 with KOH), cleaned of any blood 
vessels and homogenized. The homogenate was filtered through a 25 |im Nitex 
membrane (Nybolt, UK), centrifuged at 3400 rpm for 5 minutes at 4°C and the 
pellet resuspended in 2 ml SUNASP solution (250 mM sucrose, 75 mM NaCl, 0.5 
mM spermidine, 0.15 mM spermine). The suspension was recentrifuged at 3400 
rpm and the pellet resuspended in SUNASP to give a volume of about 2 ml. Then 
100 pi of 2 mg/ml lysolecithine were added and the tube was incubated at room 
temperature for 5 minutes. The integrity of the sperm membranes was analysed by 
Hoechst 33259 staining. Pelleting and lysolecithine treatment were repeated until at 
least 95 % of all sperm nuclei stained. The suspension was then centrifuged at 3000 
rpm for 5 minutes. The pellet was resuspended in 2 ml SUNASP containing 3 % 
(v/w) BSA and recentrifuged at 3000 rpm for 5 minutes. Finally the pellet was 
washed 2 times in EB buffer and resuspended in 0.5 ml EB buffer containing 30 % 
(v/v) glycerol. The concentration of nuclei was adjusted to 130000 sperm/pl or 400 
ng/pl.
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Protein phosphorylation

2.34 Detection of [y^Pj-ATP labelled proteins

Unless otherwise stated, [y32P]-ATP labelled proteins were analysed by SDS-PAGE 
and autoradiography. For detection gels were exposed to either Fuji X-ray or 
hyperfilm (3-max MR/MS films. Alternatively, they were exposed to phospho- 
imager screens, which were analysed using ImageQuant (Molecular Dynamics) 
software. Weakly [y32P]-ATP labelled proteins were detected on hyperfilm p-max 
MS which was put in front of an intensifying screen and stored at -80°C.

2.35 Histone HI and GST-Rb kinase assays

The kinase activities of cyclin/Cdk complexes were assayed using histone HI or 
GST-Rb as substrates. Kinase activities in extracts were assayed by incubating 1 jllI 

of extract with 6.5 pi of kinase buffer containing 100 pM ATP, 0.1 pCi/pl [y32P]- 
ATP (Amersham) and 200 pg/ml substrate at 23°C for 40 minutes unless otherwise 
stated. Phosphorylation reactions were stopped by addition of SDS-sample buffer.

The kinase activities of cyclin/Cdk complexes bound to GST-Sepharose or 
protein A beads were assayed by incubating 10-15 pi of bead-bound proteins with 
15 pi kinase buffer as described above.

2.36 (Auto)Phosphorylation of cyclin/Cdk complexes

Unlabelled cyclin/Cdk complexes bound to GST-Sepharose or protein A beads were 
washed with kinase buffer and resuspended in 10 pi of the same buffer containing 
300 pM ATP and 0.1-0.2 pCi/pl [y32P]-ATP. The reactions were incubated at room 
temperature for 30 minutes and terminated by the addition of SDS-sample buffer.

2.37 Peptide mapping

The phosphorylated sites of cyclin E and its variants were identified by analysis of 
tryptic digests by two-dimensional separation on thin-layer cellulose plates. Briefly, 
mRNAs encoding the cyclin E constructs to be analysed were translated in a 
mixture of 80:20 (v/v) reticulocyte lysate and nuclease-treated frog egg extract 
containing GST-Cdk2 as described previously except [35S]methionine was omitted. 
Following purification of the GSH-Sepharose bound complexes, the beads were 
incubated with an equal volume of kinase buffer containing 0.1-0.2 pCi/pl [y32P]- 
ATP. The phosphorylated proteins were separated by SDS-PAGE and transferred 
on a PVDF membrane (Immobilon) using the semi dry system (Hoefer) according
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to manufacturer’s instructions. The membrane was washed extensively in water, air 
dried and exposed to p-max film overnight. The positions of the phosphorylated 
cyclin E bands were identified by aligning the autoradiograph with the membrane, 
and these were excised. The membrane-strips were rehydrated first in methanol and 
H20  and then blocked in 0.5 % (w/v) polyvinyl-pyrrolidone (PVP) in 100 mM 
acetic acid for 30 minutes at 37°C followed by five washes with large quantities of 
H20  and 2 washes with freshly made 50 mM NH4HC03. The membrane strips were 
cut into very small fragments and incubated in 100 pi 50 mM NH4HC03. Five pi of 
10 mg/ml trypsin were then added and proteolysis allowed to proceed for 3 hours at 
37°C followed by a second addition of trypsin and an overnight incubation at 37°C. 
The solution containing the peptides released by digestion was removed to a fresh 
tube; 300 pi of H20  were used to wash the membrane fragments and were combined 
with the peptide extract. The extract was lyophilized in a speed-vac, resuspended in 
1 ml of H20, and lyophilized again. This procedure was repeated twice. Finally, the 
peptides were resuspended in 10 pi pH 1.9 buffer (2.2 % (v/v) formic acid, 7.8 % 
(v/v) acetic acid) and spotted onto polygram TLC (thin-layer chromatography) 
plates (Macherey-Nagel). The plates were then subjected to electrophoresis in pH 
1.9 buffer using the thin-layer electrophoresis apparatus HTLE 7000 (CBS 
Scientific) followed by chromatography using phospho-chromatography buffer 
(37.5 % (v/v) n-butanol; 25 % (v/v) pyridine; 7.5 % (v/v) acetic acid) according to 
Boyle at al (1991). The positions of the phosphorylated peptides on the TLC plates 
were visualized by exposing the plates to autoradiography film.

2.38 Phosphoamino acid analysis of proteins

Samples for phosphoamino acid analysis were prepared exactly as for peptide 
mapping. Following transfer and rehydration, the PVDF membrane was cut into 
small pieces and placed in screw-capped Eppendorf tubes (screw caps were 
essential as other tubes could not withstand the high pressure during the hydrolysis 
step). 200 pi of 6 M HC1 were added and the tubes incubated at 110°C for 75 
minutes in an oven. The supernatant was removed and lyophilized in a speed-vac. 
The hydrolysed amino acids were resuspended in 10 pi of pH 1.9 buffer (2.2 % 
(v/v) formic acid, 7.8 % (v/v) acetic acid) and 1 pi of a 10 mg/ml stock solution of 
phospho-serine/threonine/tyrosine standard. This mixture was then separated by 
thin-layer electrophoresis on polygram TLC (thin-layer chromatography) plates 
(Macherey-Nagel) using pH 1.9 buffer in the first dimension and pH 3.5 buffer (5 % 
(v/v) acetic acid 0.5 % (v/v) pyridine) in the second. Following electrophoresis, the 
positions of the standards were revealed by staining the plates with 0.25 % (w/v) 
ninhydrin in acetone followed by heating. The positions of the radiolabelled amino
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acids were visualized by autoradiography and the amino acid type determined by 
comparison with the positions of the ninhydrin-stained standard phosphoamino 
acids (Boyle etal., 1991).
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Cell extracts, transient transfections and 
immunofluorescence

2.39 Cell extracts

Cell extracts of Xenopus WAK cells or mouse 3T3 fibroblasts were prepared as 
follows: Cells (unsynchronized, or arrested) were washed, rinsed with PBSA and 
twice with ice cold buffer containing [1.5 mM MgCl2, 5 mM KC1, 1 mM DTT, 20 
mM HEPES] adjusted to pH 7.5 with KOH, and 10 pg/ml each of leupeptin, 
pepstatin and chymostatin. The cells were scraped off the plates and transferred into 
an ice cold Dounce glass homogenizer. After a few strokes with the homogenizer, 
the homogenate was left on ice for 10 minutes to complete lysis and spun for 10 
minutes at 4°C at maximum speed in a bench centrifuge. The supernatant was 
aliquoted and snap-frozen in liquid nitrogen.

2.40 Transient transfections

Transient transfections were carried out using SuperFect (Qiagen) according to 
manufacturer’s instructions with COS-1 cells (SV40 transformed African Green 
Monkey Kidney cells, derived from CV1 cells).

Cells were transfected in a 6 well plate as follows: cells were grown up to 80 
% confluence in 6-well dishes or on cover-slips. COS-1 cells were rinsed once in 
PBSA prior to transfection. Per well 2 pg DNA were made up to a volume of 100 pi 
with E4 medium (Dulbecco’s modified Eagles’s medium) containing no antibiotics 
or fetal calf serum. Then 10 pi of SuperFect (Qiagen) were added and the tube 
gently mixed. After a 5 minutes incubation at room temperature, 600 pi E4 medium 
containing antibiotics and 10 % (v/v) fetal calf serum were added to the 
DNA/SuperFect mixture and the transfection solution applied to each well. The 
cells were returned to the incubator for two hours, and then 2 ml of normal E4 
medium containing 10 % (v/v) fetal calf serum were added. The cells were taken for 
analysis between 24 and 48 hours later.

2.41 Immunofluorescence

For immunofluorescence cells were grown on coverslips, transfected and treated as 
follows: the coverslips were washed in PBSA, and cells fixed into -20°C methanol 
for 4 minutes. The coverslips were then washed 3 times in PBSA. Next 50 pi drops 
of a buffer containing the primary antibody (1 % (v/v) fetal calf serum, 0.2 % (v/v) 
Tween 20 and 5-20 pg/ml primary antibody in PBSA) were placed onto parafilm 
and the coverslips were dropped on top with the cells facing down. After an
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incubation of 30 minutes at room temperature the coverslips were transferred back 
into PBSA, washed three times and then incubated for another 30 minutes at room 
temperature with 50 jil of a fluorescent secondary antibody in the same buffer as 
before. The coverslips were washed twice in PBSA and then stained in PBSA 
containing 10 |ig/ml Hoechst (33258) stain for 10 minutes. After three more washes 
in PBSA the coverslips were then mounted (Harlow and Lane, 1988) and examined 
by microscopy.
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Chapter 3

The domains of cyclin E required for binding and activating 
Cdk2 in vitro

The main aim of these studies was to identify the mechanism(s) and the factor(s) 
involved in the degradation of Xenopus cyclin E at the midblastula transition 
(MBT).

Cyclins were first recognized as proteins whose levels oscillate during the 
cell cycle due to specific proteolysis. In the case of the mitotic cyclins A and B 
(Evans et al, 1983; Pines and Hunter, 1989) a short peptide motif of 9 amino acids, 
known as the ‘destruction-box’, is absolutely required for programmed proteolysis 
(Murray et al, 1989; Holloway et al, 1993). For the degradation of cyclins Al and 
B2 other factors as well as the destruction-box are required, such as binding to Cdc2 
(Stewart et al, 1994; van der Velden and Lohka, 1994).

In contrast, the proteolysis of G1-cyclins, like human cyclin E or Cln2 have 
been reported to be triggered by (auto)phosphorylation on key sites (Clurman et al, 
1996; Lanker et al, 1996; Won and Reed, 1996). Additional cis-elements for 
degradation in these cyclins have not yet been identified, but as with the mitotic 
cyclins, complex formation with a Cdk seems to be required.

As a first step to identify the domains in cyclin E which are required for its 
degradation, its binding properties to Cdk2 were investigated. For this purpose a set 
of deletion mutants was constructed. To locate the domains required for interaction 
with Cdk2, the N- and C-termini of cyclin E were stepwise truncated. Wild-type and 
mutant forms were tested for their binding to Cdk2 in vitro. In Chapter 4 the 
stabilities of these mutants were assayed to identify the domain(s) which mediate 
degradation and also to analyse whether cyclin E binding to its kinase partner is 
necessary for degradation.

Additionally, we hoped to identify dominant negative mutants of cyclin E 
which bind to but do not activate Cdk2. Their use would facilitate the investigation 
of the role of cyclin E in frog development.

3.1 Construction of deletion and point mutants of cyclin El-I

To determine the functional domains of wild-type cyclin El-I (see Materials and 
Methods 2.15), deletion and point mutants were constructed and tested for their 
abilities to bind and activate Cdk2. Figure 3.1.1 shows a schematic drawing of all 
mutants in relation to the cyclin-box and the C-terminal PEST sequence of cyclin
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Cyclin box PEST

Wild-type 
cyclin E1-

AN26 

AN 59 

AN95 

AN 124 

AN139

AC27

R145A

■409
144 244 385-398

R145A 
MRAIL ►  MAAIL

Figure 3.1.1 A schematic scaled drawing of the deletion and point mutants of 

cyclin E l-I

The coding sequence of wild-type cyclin E l-I is shown on top with the cyclin box 

marked in green and the PEST sequence at the C-terminus marked in purple. Their 

lengths and positions are indicated. The deletion and point mutants used in this 

thesis are aligned below.
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El-I. The largest deletion in the N-terminus of cyclin El-I (cyclin El-I AN 139) 
leaves only four residues upstream of the MRAIL motif at the beginning of the 
cyclin-box. Similarly, the AC27 mutant retains 137 residues after the end of the 
cyclin-box, but has lost the PEST sequence containing two potential Cdk2 
phosphorylation sites.

A point mutant of cyclin El-I called R145A was also created. Arginine 145 
is conserved in the majority of known cyclin sequences including S. pombe cyclins 
cdcl3+ and cigl+ as well as S.cerevisiae CLN cyclins and lies at the beginning of 
the cyclin-box (Figure 3.1.II). In cyclin Al, the equivalent residue, R211, forms a 
salt-bridge with residue E240. This interaction is required for the tertiary structure 
of the cyclin and substitution by alanine abolishes binding of cyclin Al to Cdc2 and 
Cdk2 (Kobayashi et al, 1992). The cyclin El-I mutant R145A was used as a 
negative control for these binding studies.

3.2 Development of an in vitro assay to test the binding and activation of 
Cdk2 by cyclin E

To develop an assay to assess the binding and activation of Cdk2 by cyclin E, the 
constructs described above were transcribed and translated in vitro in the presence 
of bacterially-produced GST-Cdk2 protein. Translations of the cyclins in vitro were 
usually performed in a mixture of reticulocyte lysate and nuclease-treated Xenopus 
egg extract. Indeed, the presence of egg extract is necessary as it provides 
chaperones to ensure correct protein folding and the necessary Cdk-activating 
kinases (CAK) required for cyclin/Cdk complex activation (Solomon et al, 1992; 
Kato et al, 1994). To set up the in vitro binding assay it was first necessary to 
determine whether the cyclin E/Cdk2 complex required similar frog kinases for 
activation. To do this, cyclin El-I was translated in pure reticulocyte lysate or in an 
80:20 (v/v) mixture of reticulocyte lysate and nuclease-treated frog egg extract (see 
Materials and Methods 2.30 and 2.31). The products were tested for their ability to 
bind and activate a Glutathione-S-transferase (GST) fusion of Cdk2 in a histone HI 
kinase assay. For reasons which will be described later, translation of cyclin El-I 
was performed with the GST fusion protein already present in the translation 
reaction.

The results obtained in this experiment are shown in Figure 3.2.1. Cyclin El- 
I translated in pure reticulocyte lysate migrated as a single band (panels A and B, 
lanes 1-3), whereas a complex pattern of bands was obtained when cyclin El-I was 
synthesized in the presence of frog egg extract (lanes 4-6). The appearance of these 
bands depended on the presence of GST-Cdk2 in the translation reaction (see Figure 
3.2.II), suggesting that they required the formation of a cyclin E/Cdk2 complex.
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Reticulocyte lysate % 100 100 100 80 80 80

Frog egg extract % 0 0 0 20 20 20

Hs GST-Cdk2 + _ +
XI GST-Cdc2 ~ “ + -  -  +

A Translation .... ...... -------------

w r f l t s s  41

B Bound to
GSH-Sepharose

- m  *

C Kinase assay

Histone H1 —► •

1 2 3 4 5 6

Figure 3.2.1 Cyclin El-I specifically activates Cdk2 in vitro

Cyclin El-I was translated in a coupled transcription/translation reaction 

in pure rabbit reticulocyte lysate (panel A, lanes 1-3) or in a mixture of 

20% nuclease-treated frog egg extract and 80% reticulocyte lysate (lanes 

4-6) with either GST-Cdk.2 or GST-Cdc2 (see Materials and Methods 

2.31). An anti-cyclin E immunoblot of the translation is shown in panel A. 

An arrow indicates the shifted form(s) of cyclin El-I. Panel B shows an 

immunoblot of cyclin El-I after affinity chromatography purification on 

GSH-Sepharose (Materials and Methods 2.23), and panel C illustrates the 

phosphorylation of histone HI by the purified complexes (Materials and 

Methods 2.35).
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However, the number of cyclin E species detected varied with the conditions of 
electrophoresis (data not shown). The cyclin El-I/Cdk2 complex was only active 
when synthesized in the presence of frog egg extract (Figure 3.2.1, compare lanes 5 
and 2 in panel C). The binding of cyclin E to GST-Cdk2 appeared to be specific, as 
no cyclin El-I could be purified on GSH-Sepharose from translation reactions 
performed in the absence of GST-fusion protein or when GST-Cdc2 was added 
(lanes 1, 3, 4, and 6). In the experiment shown in Figure 3.2.1, higher amounts of 
cyclin El-I were obtained in the presence of Xenopus egg extract compared to those 
obtained in its absence (compare lanes 1-3 and 4-6). This was not due to co
purification of endogenous cyclin E protein, as all endogenous cyclin E is found in 
stable complexes with Cdk2 and is therefore unavailable to bind to GST-Cdk2 (data 
not shown).

As previously mentioned, translation of the cyclin El-I constructs was 
carried out in a reaction that already contained GST-Cdk2. Cyclin/Cdk2 complexes 
were purified using GSH-Sepharose beads and then tested for activities. If GST- 
Cdk2 was added after the translation reaction, followed by the immediate addition 
of GSH-Sepharose beads, an identical yield of cyclin El-I/GST-Cdk2 complexes 
was obtained. However, the first method resulted not only in retardation of the 
mobility of cyclin E but also in much higher kinase activity of the complexes 
(Figure 3.2.II, compare lanes 1 and 2) and was, therefore, used in the experiments 
described in this study.

To summarize, addition of GST-Cdk2 and egg extract to the translation 
mixture was necessary to obtain active cyclin E/Cdk2 complexes.

3.3 Specific binding of cyclin E to GST-Cdk2 in vitro

Before the activities of cyclin El-I mutants could be tested, it was important to 
establish whether the binding of cyclin El-I to Cdk2 was specific in the conditions 
used in the assay. For this purpose, the activities of cyclins known to bind to and 
activate Cdk2 were compared with cyclins that are unable to do so. As illustrated in 
Figure 3.3, lanes 6-8, all E-type cyclins tested were able to bind and activate Cdk2. 
Cyclin Al was also able to activate Cdk2 in vitro (lane 1), as found in previous 
studies (Kobayashi et al, 1992). In contrast, cyclin B1 and D1 failed to form active 
cyclin/Cdk2 complexes (Matsushime et al, 1992; Xiong et al, 1992; Bates et al, 
1994; Matsushime et al, 1994). Cyclin E mutant R145A was found to be inactive 
(lane 4), indicating that, like in cyclin Al (Kobayashi et al, 1992), the arginine 
residue of the MR AIL motif is essential for cyclin E associated kinase activity. 
From these data, we concluded that our assay could be used to specifically analyse 
the binding of cyclin El-I mutants to Cdk2.
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Addition of GST-Cdk2
before +
after - +
the translation reaction

Bound to 
GSH-Sepharose

•*  shifted
*  Cyclin E

B Kinase assay
Histone H1

Figure 3.2.II Several species of cyclin E are synthesized if GST- 

Cdk2 is present throughout the translation reaction

Cyclin El-1 was translated for 60 minutes in a mixture of 20% nuclease- 

treated frog egg extract and 80% reticulocyte lysate (Materials and 

Methods 2.30). In lane 1 GST-Cdk.2 was added to the translation mixture 

at the beginning of the translation, in lane 2 it was added afterwards. The 

samples were precipitated on GSH-Sepharose and used for a histone HI 

kinase assay. Panel A illustrates an anti-cyclin E immunoblot of the bead 

bound proteins with arrows indicating the different species of cyclin El- 

I. An autoradiograph of the histone HI kinase assay is shown in panel B.
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A Translation
kDa

57.5

Kinase assay ^

1 2 3 4 5 6 7

Figure 33  Cyclins El-I, El-II and E2 bind to and activate GST- 

Cdk2 in a specific manner

The mRNAs of cyclin A l, B l, D l, El-I R145A, El-1, El-II and E2 were 

translated in a mixture of 20% nuclease-treated frog egg extract and 80% 

rabbit reticulocyte lysate containing [35S]methionine in the presence of 

GST-Cdk2 and were analysed by SDS-PAGE and autoradiography 

(panel A). In lane 5, no mRNA was added to the translation mixture. 

Panel B shows the histone HI phosphorylation by the GSH-Sepharose 

purified complexes.



3.4 The concentration of GST-Cdk2 required for quantitative 
precipitation of cyclin El-I

Because the same amounts of cyclin mRNA were routinely translated in vitro, the 
minimal concentration of GST-Cdk2 required to quantitatively recover cyclin El- 
I/Cdk2 complexes from translation reactions was determined. For this purpose, 
cyclin El-I was translated in the presence of increasing amounts of GST-Cdk2 and 
the cyclin/Cdk2 complexes were purified using GSH-Sepharose beads. Figure 3.4 
shows that a minimal concentration of 0.4 |iM GST-Cdk2 was required to 
quantitatively recover cyclin El-I (panels A and B). This concentration was, 
therefore, chosen for all subsequent experiments.

3.5 The C-terminus, but not all of the N-terminus of cyclin E are 
required for binding and activation of GST-Cdk2 in vitro

Cyclin El-I mutants were translated in the presence of [35S]methionine and their 
ability to bind to GST-Cdk2 was tested by analysing the complexes recovered on 
GSH-Sepharose. A fraction of these complexes were also assayed for kinase activity 
using GST-Rb as a substrate. Histone HI was also tested as substrate and indeed 
worked as well as GST-Rb, but because it migrated at a position identical to that of 
two cyclin El-I deletion proteins in SDS-gels (data not shown), GST-Rb was 
chosen as substrate for the experiments shown here.

The N-terminal deletion mutants, AN26 and AN59 were fully recovered and 
exhibited wild-type kinase activity (Figure 3.5.1, lanes 4 and 5). Mutant AN95 was 
bound to GST-Cdk2 (panel B, lane 6), but the resulting complex was unable to 
phosphorylate GST-Rb (panel C, lane 6). Mutants AN124 and AN139 bound the 
kinase very poorly and no associated activities could be detected (panels B and C, 
lanes 7 and 8). Therefore, these results indicate that the deletion of residues between 
59 and 95 in the N-terminus of cyclin El-I allowed the cyclin to bind, but resulted 
in a complex without kinase activity. Further truncation abolished binding as well as 
associated kinase activity. The precise residue at which further deletion renders 
cyclin El-I unable to activate GST-Cdk2 (between residues 59 and 95) or unable to 
bind to GST-Cdk2 (between residues 95 to 124) cannot be inferred from these 
results. The C-terminal deletion mutant AC27 was poorly recovered as a complex 
with GST-Cdk2, and no kinase activity could be detected with this construct (panel 
B and C, lane 9).

To determine whether any of the deletions described above affected the 
residues responsible for the specificity of the binding of cyclin E to Cdk2, their 
ability to bind and activate GST-Cdc2 was tested. For this purpose, all constructs
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Hs GST-Cdk2 [pM]
Xi GST-Cdc2 [pM]

A Autoradiograph of E1 -I mRNA 
Translation
(1/10 of orignial reaction 
per lane)

B Autoradiograph of recovered 
protein on GSH-Sepharose 
(equivalent to 9/10th of 
original reaction)

0 04 0.4 0.8 4.2 8.3
4.2

C Quantitation

Translation

| | Bound to GSH- 
Sepharose

Hs GST-Cdk2 [pM] 
XI GST-Cdc2 [pM]

0.04 0.4 0.8 4.2 8.3
4.2

Figure 3.4 A concentration of 0.4 pM GST-Cdk2 is required for 

quantitative purification of cyclin El-I

Cyclin El-I mRNA was translated in a mixture of 20% nuclease-treated 

frog egg extract and 80% rabbit reticulocyte lysate containing 

[35S]methionine in the presence of varying amounts of GST-Cdk2 or GST- 

Cdc2. l/10th of the translation reaction was analysed by SDS-PAGE and 

autoradiography (panel A). The rest of the translated cyclin El-I was then 

purified on GSH-Sepharose (panel B). Panel C shows the quantitation of 

the translation reaction (black columns) and of the cyclin El-I fraction 

bound to GSH-Sepharose (white columns) for each amount of GST- 

Cdk2/Cdc2 used. The asterisk indicates a recovery of 0 for cyclin El-I/
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Figure 3.5.1 The C-terminus but not the first 59 to 95 amino acids of 

the N-terminus of cyclin El-I are required for binding and 

activating GST-Cdk2

The mRNAs of the indicated cyclin El-I constructs and cyclin A l were 

translated in a mixture of 20% nuclease-treated frog egg extract and 80% 

rabbit reticulocyte lysate in the presence or absence of GST-Cdk2 

protein. Panel A shows an autoradiograph of the translation reaction. The 

translated cyclins were then purified on GSH-Sepharose (panel B) and 

the complexes tested for their kinase activity using GST-Rb as substrate 

(panel C).
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were translated in the presence of GST-Cdc2 and the resulting complexes were 
isolated and assayed. Control reactions were performed with wild-type cyclin Al. 
Cyclin Al was found to bind to the GST-Cdc2 fusion (Figure 3.5.II, panel B), and 
the resulting complex exhibited a strong kinase activity (panel C). In contrast, none 
of the cyclin E constructs were recovered as cyclin/GST-Cdc2 complexes (lanes 3- 
10). Therefore, the binding of the cyclin El-I mutants to GST-Cdk2 in the previous 
experiment was specific and not mediated through the GST moiety or the resin.

To summarize the results presented above, binding of cyclin El-I to GST- 
Cdk2 is strongly inhibited by a deletion of 27 amino acids at the C-terminus of the 
protein. The first 59 residues of the N-terminus are dispensable for binding and 
associated kinase activity. However, a deletion of 95 amino acids leaves the 
cyclin/GST-Cdk2 complex inactive. Finally, substitution of arginine 145 with an 
alanine residue inactivates cyclin El-I.

3.6 Cyclin E binds the long and short form of hamster Cdk2

Immunoblot analysis of Cdk2 from most organisms detects a 32-kDa product, 
however, a longer version, with an apparent molecular weight of 39-kDa, has also 
been found in hamster (Noguchi et al., 1993; Hain et al., 1994), rat (Takano et al., 
1994; Kotani et al., 1995), mouse (Kato and Sherr, 1993; Sweeney etal., 1996), dog 
(Baptist et al., 1996). This longer version appears to result from alternative splicing 
of the Cdk2 mRNA, as the longer version has been found to contain an additional 
48 amino acids between residues 196 and 197 that are encoded in the genomic DNA 
of Cdk2 (Ellenrieder et al., submitted). Figure 3.6.1 shows an alignment of the short 
and long forms of Cdk2 from a range of vertebrates. As it was unclear whether the 
long form of Cdk2 contained kinase activity, we tested whether it could be bound 
and activated by Xenopus cyclin E.

Several changes had to be made to the binding assay to carry out these 
experiments. First, hamster Cdks were not available as bacterially expressed GST- 
fusion proteins, so c-myc tagged versions of the short and long Cdk2 were 
constructed and co-translated with cyclin El-I in coupled transcription/translation 
reactions. The cyclin/Cdk complexes were then immunoprecipitated using the anti- 
c-myc 9E10 antibody. Unfortunately, cyclin E and the c-myc tagged Cdk2L 
exhibited very similar mobility on polyacrylamide gels. To enable differentiation 
between the two, a form of cyclin El-I modified by addition of a 30-kDa GFP tag 
was used in these experiments (see Chapter 2.16.6). This addition did not alter the 
binding properties of cyclin El-I nor its associated kinase activity (data not shown).
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Figure 3.5.II Cyclin El-I constructs do not bind to or activate GST- 

Cdc2

Cyclin El-I wild-type and mutant mRNAs as well as cyclin A l mRNA 

were translated as described before. However, GST-Cdc2 instead of 

GST-Cdk2 was used for purification on GSH-Sepharose. An 

autoradiograph of the translations is shown in panel A and the purified 

complexes are shown in panel B. The ability of the complexes to 

phosphorylate GST-Rb is shown in panel C.
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1 MENFQKVEKIGEGTYGWYKAKNKLTGEWALKKIRLDTETEGVPSTAIREISLLKELNH

3 ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::4..........................................................5  R...................................6 ................... R. RE... I.............................7 ..S................... V...T.............................

1 PNIVKLLDVIHTENKLYLVFEFLHQDLKKFMDASALTGIPLPLIKSYLFQLLQGLAFCHS
2 .................................................................................................................................................3  L............V......................4  V.....5  ...................................................6 .....................N....... R.NI.... A. V..............7 .....H....................R. .. S . TV... S... V..............

1 HRVLHRDLKPQNLLINAEGSIKLADFGLARAFGVPVRTYTHEWTLWYRAPEILLGCKYY
3 ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::4..........................................................5 ................ T..A.......................................
6 ...... SD.A................. F ................... F.7 ................. Q.E.....................................

196
1 STAVDIWSLGCIFAEMHLVCTQHHAKCCGEHRRNGRHSLCPLCSYLEVAASQGGGMTAVS2345................
 ̂  «  Location of additional exon in Cdk2L-----------

1971 APHPVTRRALFPGDSEIDQLFRIFRTLGTPDEWWPGVTSMPDYKPSFPKWARQDFSKW2 T.Y.....................................................3 T.Y.....................................................4 T.Y.....................................................5..... ....................................................6 — ► I......................... S.... T....ST___ I.......7 I..K......................SI................... L___

1 PPLDEDGRSLLSQMLHYDPNKRISAKAALAHPFFQDVTKPVPHLRL Mouse
2 ...................................................................................................... .. Rat
3.............................................................................................................. Golden Hamster4 ........................................................................................................  Syrian Hamster
5.............................................................................................................  Human6 ...... D..A...Q..S......V. .T... .R. .SR.T... Frog7 ...... D..G...I.........N. .V.R. .R.. .M.. .P... Goldfish

Figure 3.6.1 The sequence alignment of Cdk2 and Cdk2L from a 

range of vertebrates

The protein sequences of mouse, rat, golden hamster, Syrian hamster, 

human, frog and goldfish Cdk2 are shown. Only differences from the 

murine sequence are shown, residues conserved to the murine sequence 

are marked by dots. The sequence that is unique to CDK2L is indicated.

Figure from Ellenrieder et a l., submitted
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As shown in Figure 3.6.II, both the long and short form of hamster Cdk2 
bound to Xenopus cyclin El-I and the resulting complexes exhibited a kinase 
activity comparable to that conferred by Xenopus Cdk2.

3.7 Discussion

Deletion analysis has been used to map the domains of cyclin El-I that are required 
for binding and activation of Cdk2. The N-terminus of cyclin E was found to be 
largely dispensable, but a deletion of as little as 27 residues from the C-terminus 
inactivated the cyclin (Figure 3.7.1).

Those results are similar to studies of cyclin A protein in Xenopus and other 
organisms. Large parts of the frog cyclin Al N-terminus are dispensable for binding 
and activating Cdc2 or Cdk2, however, a deletion of 14 amino acids of the C- 
terminus inactivates the protein (Kobayashi et al, 1992). Similarly, deletions of 15 
or 21 amino acids of the C-terminus of chicken and human cyclin A, respectively, 
abolish binding (Lees and Harlow, 1993; Maridor et al, 1993). These results cannot 
be explained simply in terms of conservation of primary sequence. Indeed, as 
illustrated in Figure 3.7.11, there is very limited homology between the second (C- 
terminal) cyclin-fold of A and E-type cyclins and other cyclin families. However, it 
is possible that despite the lack of amino acid similarity, the C-terminal domains of 
cyclin proteins have conserved a common structure. This hypothesis is supported by 
the crystal structure analysis (Figure 3.7.III, panel A) of a human cyclin A fragment 
(residues 173-432; blue) bound to Cdk2 (magenta; Brown et al, 1995; Jeffrey et al, 
1995). The C-terminal cyclin fold (panel C) of cyclin A is structurally conserved 
with its cyclin-box fold (panel B) and both these folds have been shown to be 
required for binding to Cdk2 in vitro (Kobayashi et al, 1992; Lees and Harlow, 
1993; Maridor et al, 1993). Only the cyclin-box fold, however, lies at the interface 
with the kinase in the co-crystal (Brown et al, 1995; Jeffrey et al, 1995). This 
suggests that the C-terminal fold of cyclin proteins plays an important role in 
maintaining the tertiary structure of the protein.

Our analysis shows that cyclin E requires only 48 to 84 residues upstream of 
its cyclin-box in order to bind to Cdk2 (Figure 3.5.1). That the N-terminus of the 
cyclin is not as sensitive to deletions as its C-terminus is reminiscent of the results 
obtained from human cyclin Al by Brown et al (1995). Indeed, an N-terminal 
truncation that left cyclin Al with only 37 residues upstream of its cyclin-box did 
not affect its binding to Cdk2. Therefore, the results of the N-terminal deletion 
analysis of cyclin El-I are in agreement with the structural data showing the N- 
terminus of cyclin A faces away from the cyclin/Cdk interface and plays no part in 
scaffolding the cyclin structure.
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mRNAs 
E1-i-GFP 
Cdk2:
c-myc Hamster short 
c-myc Hamster long 
c-myc Frog short

Translation Cyc|in kDa
E1-I-GFP

Bound to 
mAB 9E10

57.5 

— 45

I 29

57.5 

45

1 — 29

C Kinase assay

1 2 3 4 5 6 7 8

Figure 3.6.II Cyclin El-I binds both the long and short form of 

hamster Cdk2

Cyclin El-I wild type mRNA, fused to a C-terminal GFP tag, was co

translated with the indicated c-myc tagged Cdk2s in a coupled 

transcription/translation reaction. The cyclin (panel A, lane 2) and the 

Cdks (lanes 3-5) were translated by themselves or they were co

translated (panel A, lanes 6-8). In lane 1, no mRNA was added to the 

reaction. After immunopurification on protein A beads, using the 

monoclonal anti c-myc antibody 9E10 (panel B; Materials and Methods 

2.24), the complexes were tested for their kinase activities using GST-Rb 

as a substrate as shown on the autoradiograph in panel C.
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The cyclin-box fold 

containing the

MRAIL motif

The C-terminal 
cyclin fold

Cdk2

The cyclin A /Cdk2 complex

The cyclin-box fold The C-terminal fold

Figure 3.7.III The structure of the human cyclin A/Cdk2 complex and the 

two cyclin folds

The crystal structure of the human cyclin A fragment including residues 173-432 

associated with Cdk2 is shown in panel A (Jeffrey et al., 1995; Brown et al., 

1995). The cyclin consists of two folds, the cyclin-box fold (cyan) containing the 

MRAIL motif (red) at its beginning and a structural conserved C-terminal fold 

(dark blue). The structural conservation between the two folds is visible in panels 

B and C.
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Structural data suggest that R210 of the MRAIL motif of cyclin Al interacts 

with another residue located in the cyclin-box, D240, and that this interaction is 

required for structural stability of the cyclin (Brown et a l ,  1995; Jeffrey et al., 

1995). Based on these and other data obtained for cyclin Al (Kobayashi et a l ,  

1992), the equivalent point mutant in cyclin E, R145A, was expected to be inactive. 

The loss of function associated with this mutation in cyclin E confirms the 

importance of the MRAIL motif being conserved in most cyclins. This mutant has 

been used to determine whether binding to Cdk2 is a prerequisite for degradation of 

the cyclin, which will be described in the following chapter.

Kinase activity of the cyclin E/GST-Cdk2 complex was found to depend on 

the presence of frog egg extract during the translation reaction. As the presence of 

frog egg extract was not required for efficient binding of the cyclin to GST-Cdk2, it 

seems that correct folding of the cyclin can occur in the absence of frog egg extract. 

Rather than providing chaperones it is therefore likely that the extract provides a 

Cdk activating kinase (CAK) in the form of cyclin H/Cdk7 that modifies the 

cyclin/Cdk complex (see Figure 3.7.IV).

inactive inactive active

auto-
w  phosphorylation ?

active

Figure 3.7.IV A simplified model of the activation of the cyclin E/Cdk2 
complex by CAK in vitro
The association of cyclin El-I with Cdk2 is required for activation of the complex by a CAK 
which in turn leads to kinase activity of the complex and the observed mobility shift of cyclin 
El-I.

This is further supported by the observation that translation of the cyclin in 

the presence of frog egg extract affects the number of cyclin E species detected by 

SDS-PAGE. Furthermore, the association of the cyclin with Cdk2 seems to be 

required for response to CAK, since translation of cyclin E mRNA without added 

Cdk2 in the egg extract does not result in mobility shifts.
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Chapter 4

The degradation of wild-type and mutants of cyclin E in vivo

While most cyclin proteins undergo specific proteolysis at different times in the cell 
cycle (Evans et a l , 1983; Pines and Hunter, 1989), Xenopus cyclin E protein is only 
targeted for destruction at one specific stage during the development of a frog 
embryo, the midblastula transition (MBT; Hartley et al, 1997).

Two pathways have been described that direct cyclin proteins to the 26S 
proteasome. Mitotic cyclins A and B are ubiquitinylated by a complex called the 
APC/C (King et al, 1995), that recognizes a 9 amino acid motif known as the 
‘destruction-box ‘ in the N-terminus of these cyclins (Murray etal., 1989; Holloway 
et al, 1993). Other cyclins such as Cln2 and Cln3 are ubiquitinylated by a different 
protein complex called SCF that relies on the recognition of key residues in their 
phosphorylated form within the C-terminus of these cyclins (Barral et al, 1995; 
Yaglom et al, 1995; Lanker et al, 1996; Kishi et al, 1998).

The destruction of human cyclin E also involves its ubiquitinylation. A C- 
terminal phosphorylation site has been identified which, when mutated, strongly 
stabilizes the human cyclin (Clurman et al, 1996; Won and Reed, 1996). However, 
it is not known what pathways direct cyclin E to its destruction.

In this chapter we have addressed the mechanisms leading to the destruction 
of Xenopus cyclin E in vivo by undertaking the identification of residues which are 
required for its proteolysis. For this purpose, we have tested the stability of the 
cyclin E deletion versions described in the previous chapter during early frog 
development.

4.1 Wild-type cyclin El-I and AN26 constructs are degraded in frog 
embryos at the MBT

To test the stability of cyclin E constructs during early frog development, we 
microinjected the corresponding mRNAs into fertilized eggs and followed their 
protein levels by immunoblotting. For this purpose, mRNAs encoding c-myc tagged 
versions of Xenopus cyclin El-I or mutants AN26, AN59, AN95, AC27, R145A, as 
well as Cdk2 were injected into 1-2 cell embryos. Embryos were then collected at 
various times for immunoblot analysis using antibodies designed to detect 
ectopically expressed constructs (anti-c-myc antibody 9E10) or endogenous cyclin E 
(PDA2).
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Both buffer injected control embryos and mRNA injected embryos were 
found to develop normally. Their cell cycle progression appeared normal and they 
did start to gastrulate. However, unlike the buffer controls, the mRNA injected 
embryos often did not survive the late gastrula stages.

As illustrated in Figure 4.1, panel B, endogenous cyclin E was degraded at 
the MBT which occurred between 7.4 and 9.4 hours after fertilization. Only two of 
the exogenous cyclin E constructs were degraded at a time and rate similar to 
endogenous cyclin E (panels A and C): wild-type cyclin El-I (lanes 6-10) and 
mutant AN26 (lanes 10-15). The protein levels of the other cyclin E mutants AN59 
(panel A, lanes 16-20), AN95 (lanes 21-25), AC27 (lanes 26-30) and R145A (lanes 
31-35) remained stable as did the Cdk2 control (lanes 36-40). These results suggest 
that one or more residues required for the degradation of cyclin E lie between 
positions 26 and 59 in its N-terminus.

4.2 Wild-type cyclin E, as well as AN26, AN59 and AN95 have associated 
kinase activities in vivo

Cyclins Al and B2 have been shown to require association to Cdc2 for destruction 
(Stewart et al., 1994; van der Velden and Lohka, 1994), suggesting that the stability 
of mutants AN59, AN95, AC27 and R145A might be due to their failure to associate 
with Cdk2 in embryos. To test this hypothesis, mRNAs encoding the c-myc tagged 
cyclin E versions as well as Cdk2 were injected into fertilized eggs. Three hours 
later, the cyclin E constructs as well as Cdk2 were immunoprecipitated with 9E10 
antibodies and tested for their associated kinase activities.

As expected, immunoprecipitated Cdk2 contained high kinase activity 
(Figure 4.2, lane 8). Similarly, wild-type cyclin El-I (lane 2), as well as AN26 (lane 
3) and AN59 (lane 4) contained associated kinase activities. Surprisingly, AN95, 
which failed to form active complexes with Cdk2 in vitro (see Chapter 3.5) also 
displayed associated kinase activity (lane 5). In contrast, no kinase activities were 
detected in immunoprecipitates from AC27 (lane 6) or R145A (lane 7) or in 
immunoprecipitates from uninjected embryos (lane 1).

In conclusion, although deletion mutants AN59 and AN95 of cyclin El-I 
were stable, they still were able to associate with Cdk2 in vivo.

4.3 Discussion

The overexpression of cyclin E and its deletion versions did not appear to disrupt 
the normal development of frog embryos before gastrulation, even though the 
protein levels from the injected constructs were about five times higher than that of 
endogenous cyclin E (data not shown). Thus, although cyclin E is thought to play a
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A Anti-c-myc immunoblot

Injected c-myc tagged 
mRNA
Time (hours after 
fertilization (p.f.))

-  29
1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

AN95 AC27 R145A Cdk2
5.4 7.4 9.411.4 48 5.4 7.4 9.411.4 48 5.4 7.4 9.4 11.4 48 5.4 7.4 9.4 11.4 48

^ _____

"H"
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

MBT

T
None E1-I AN26 AN59

5.4 7.4 9.411.4 48 5.4 7.4 9.4 11.4 48 5.4 7.4 9.411.4 48 5.4 7.4 9.411.4 48
kDa

45

B Anti-cyclin E immunoblot

Injected mRNA None
Hours p.f. 5.4 7.4 9.411.4 48

endogenous —► 
cyclin E —►

Quantitation

41 42 43 44 45 
1

MBT

E1-IAN59 
endogenous 
cyclin E 
E1-I wild type 
E1-IAN26

Fertilization MBT

1 I
100

SZ 50

Hours after fertilization

Figure 4.1 Wild-type and AN26 cyclin El-I are degraded at a similar rate as endogenous 

cyclin E in frog embryos

Three ng of mRNAs encoding the c-myc tagged constructs indicated in panel A were injected per 

1 to 2 cell stage frog embryo. 5 hours 40 minutes after fertilization embryos were sampled, 

homogenized and analyzed by SDS-PAGE and immunoblotting. In panel A, an anti-c-myc 

immunoblot shows the protein levels of the ectopically expressed c-myc tagged proteins. The 

anti-cyclin E immunoblot in panel B follows the levels of endogenous cyclin E . An unknown 

protein cross-reacting with the anti-cyclin E antibody is marked with a star (*). Panel C plots the 

relative intensities of wild-type El-I , AN26 and AN59 and endogenous cyclin E protein levels 

over a time period of 11.4 hours.
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E 1 -I

i • j    .  _  . 0) v  t o  0 5  U*3 N - If) CMinjeuted c-myu tagged c - a 0̂ 1̂  o  cm ^
mRNA i  I  < < 1  < cE o

Anti-c-myc immunoblot
kDa

45

Kinase assay

HistoneHl ►

1 2 3 4 5 6 7

Figure 4.2 Wild-type cyclin El-1, as well as its deletion mutants 

AN26, 59 and 95 have associated kinase activities when expressed in 

vivo

Messenger RNAs encoding c-myc tagged wild-type and mutant versions 

of cyclin El-I and Cdk2 were injected into embryos. Two to three hours 

later, the embryos were collected and homogenized. Part of the 

homogenate was immunoblotted with an anti-c-myc antibody to check 

the levels of cyclin expression (panel A). The rest of the homogenate was 

used to immunopurify the expressed cyclin constructs using the same 

anti-c-myc antibody. The immunoprecipitates were then subjected to a 

kinase assay using histone HI as substrate (panel B).
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role in maintaining rapid cell cycles in the embryo, its overexpression did not seem 

to accelerate cell cycle progression after the MBT. We observed, however, that 

embryos injected with cyclin E mRNAs did not usually develop much beyond the 

late gastrula stages, while 30 to 40 % of Cak2 mRNA injected embryos did. The 

reason underlying this observation is unclear.

That the rates of degradation of wild-type cyclin E and AN26 were very 

similar to that of endogenous cyclin E is also surprising given their strong 

overexpression in the embryos. Efforts to lower the expression levels of the 

constructs could not be assessed due to the lew detection sensitivity of the 9E10 

antibody for a protein tagged with only a single c-myc tag.

According to the data presented here, the N-terminus of cyclin E must carry 

amino acids which are required for its degradation at MBT between residues 26 and 

59. To understand the basis for this finding, we have compared the N-terminal 

sequences of several E-type cyclins. The alignment presented in Figure 4.3 shows 

that a high degree of conservation exists between positions 26 and 59. The 

functional significance of this conservation is presently unclear. Thus, while a RKR 

motif implicated in nuclear import (Jonathan Moore, personal communication) is 

completely conserved immediately downstream of position 26, it is unknown 

whether destruction of cyclin E requires its localization to the nucleus (see Chapter 

7).

*N26 *N59
F I  m p - v is n p a v e k s t k d e g t a s c s v r s r k r k a d v t if l q d p d e t l d s l e m  
F2 m p - v ir n p a a e k s t k d e r t a s c t v r s r k r k a d v a if l q d p d d t l d c l e m

KKKQYQDRGPWSNEMTCKS PHKLIP 
KKKQYQDRGQL SNEMTCK S PHKLIP

Z MPSKKVLQTEHINTTDEAPKTTSVRPfflffifADVAIHLQDPDEEVT--EMiRKKQCASQACWNPDTGYTSPCRRIP 
M MP-RERDSTDHSNMKEEGGSDLSVRSRKRKANVAVFLQDPDEEIAKIDKfVKSEDSSQ-PWDDNSACVDPCSFIP
R -------------------------- MKEEGGSDLSVRSRKRKPNVI’VFLQDPDEEIAKIDK VKSQDSSQ-PWDDDSACVDPCSFIP
H -------------------------- MKEDGGAEFSARSRKRKANVT VFLQDPDEEMAKI DR ARDQCGSQ -  PWDNNAVCADPC S L IP

Figure 4.3 The homology in the N-terminal protein sequences of E-type cyclins
The N-terminal protein sequences of the FI-frog E l, F2-frog E2, Z-zebrafish, M-mouse, R-rat and 
H-human versions of cyclin E are aligned. Conserved residues are marked in pink, residues less 
conserved are marked in grey. Residues 26 and 59 are indicated above the frog cyclin El-I sequence, 
and gaps in the form of dashes have been inserted to keep the alignments.

No function has yet been ascribed to the sequence LQDPD which is also conserved. 

The sequence between positions 26 and 59 also contains one serine and three 

threonine residues which might play a role in the phosphorylation-dependent 

recognition of cyclin E l-I by the SCF machinery, as well as five lysine residues 

which could be targets for ubiquitinylation by this machinery.

Why did the cyclin E l-I constructs AN59, AN95, AC27 and R145A remain 

stable in embryos? The different properties displayed by these mutants suggest that 

several factors are involved in the destruction of cyclin E. The observation that the 

cyclin E mutants AC27 and R145A were unable to bind and activate Cdk2 in vitro
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(see Chapter 3.5) and did not display associated kinase activity in vivo suggests that 
their stability was caused by their failure to associate with Cdk2. On the other hand, 
this explanation is not valid for the stable mutant AN59 as it can activate Cdk2 in 
vitro and in vivo. This suggests that, besides binding to Cdk2, signals within the N- 
terminus of cyclin E are required for its destruction. Thus it is possible that like the 
mitotic cyclins A1 and B2 (Stewart et ai, 1994; van der Velden and Lohka, 1994), 
the destruction of Xenopus cyclin E requires both binding of the cyclin to Cdk2 and 
the presence of a structural domain similar to the destruction-box.

The fact that a kinase activity associated with mutant AN95 could be co- 
immunoprecipitated from embryos contradicts data described in Chapter 3.5, where 
this deletion mutant was found to be unable to form an active kinase complex with 
Cdk2 in vitro. This discrepancy might be due to sub-optimal translation conditions 
in vitro which could in turn affect the folding of this mutant protein and/or its 
activity. In this regard, it would be helpful to analyse the associated kinase activities 
of further N-terminal deletion mutants with the assay described above. In particular, 
it would be interesting to investigate whether N-terminal truncations beyond residue 
95 of cyclin E still allow interaction with and activation of Cdk2 in vivo.

Finally, it is interesting to note that only one form of mutant AN59 protein 
could be detected on SDS-gels compared to the many bands observed for the two 
‘degradable’ constructs wild-type cyclin El-I and AN26. This suggests a link 
between the phosphorylation and the degradation of cyclin E. This will be 
investigated in detail in Chapter 7.
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Chapter 5

The mechanism of cyclin E degradation at the midblastula 
transition

The midblastula transition (MBT) is a developmental phase in which a number of 
cellular processes are initiated. The Xenopus embryo becomes transcriptionally 
active for the first time and cells become motile (Newport and Kirschner, 1982a). 
The cell cycle slows down and G1 and G2-phases start to appear (Signoret and 
Lefresne, 1971). What triggers MBT is at present unclear. Early experiments 
indicated that the events associated with MBT occur independently of the time since 
fertilization or the number of cell divisions the frog embryo has undergone before 
MBT. However, the observation that premature zygotic transcription occurs when 
embryos are injected with exogenous DNA (Newport and Kirschner, 1982a; 
Kimelman et al, 1987) suggest that MBT may be triggered by a critical ratio of 
nucleus to cytoplasm.

The levels of cyclin E protein and its associated kinase are at a steady-state 
until MBT, and then they rapidly decline (Rempel et al, 1995). Several hypotheses 
could account for this observation. For example cyclin E degradation may be 
triggered by a pre-MBT event which is dependent or independent of the cell cycle. 
This destruction could be mediated by mRNAs or proteins already present in the 
embryo at fertilization and/or by proteins synthesized during the cell cycles 
preceding MBT. Alternatively, cyclin E degradation may be mediated by factors 
synthesized as the cell cycle progresses after MBT. To investigate if either of these 
mechanisms are responsible for cyclin E degradation, embryos were treated with 
cycloheximide or hydroxyurea and the protein levels of cyclin E and control 
proteins were monitored.

Cycloheximide blocks protein synthesis. As a result it also arrests the cell 
cycle as the re-synthesis of mitotic cyclins is inhibited. The use of cycloheximide 
should, therefore, give an indication of the stability of cyclin E in vivo, and/or 
whether the synthesis of new proteins or cell divisions occurring before MBT are 
required for the degradation of cyclin E.

Hydroxyurea, a ribonucleotide reductase inhibitor, does not affect 
embryonic development before MBT as the cell cycle is driven by oscillations of 
mitotic cyclins (Newport and Dasso, 1989). These oscillations do not require the 
presence of nuclear DNA and are not inhibited by failure to complete S-phase 
(Gerhart et al, 1984; Dabauvalle et al, 1988). But at MBT, when a critical amount 
of DNA has accumulated, cell cycle progression appears to become dependent on
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the ratio of nuclei to cytoplasm, as hydroxyurea arrests the cell cycle (Newport and 
Dasso, 1989). It is thus possible to test the effects of zygotic transcription and/or 
cell cycle progression after MBT on the degradation of cyclin E.

However, the application of drugs to Xenopus embryos is not without 
problems, as will become evident in this chapter. Embryos are to some extent 
resistant to drug uptake due to their thick outer membrane, and it is difficult to 
control side effects and toxicity caused by drugs.

5.1. In the presence of cycloheximide cyclin E is prematurely degraded

To test whether cyclin E degradation requires protein synthesis or cell division prior 
to MBT, Xenopus embryos were treated with the protein synthesis inhibitor 
cycloheximide three to four hours after fertilization (Materials and Methods 2.27). 
The efficiency of the cycloheximide treatment was verified by following the levels 
of cyclin Al protein by immunoblotting, as inhibition of protein synthesis has been 
shown to result in the disappearance of A- and B-type cyclins as described above 
(Pines and Hunter, 1989; Minshull et al, 1990). The occurrence of MBT in control 
embryos was monitored according to Nieuwkoop and Faber (1967).

Generally, cycloheximide had a toxic effect on embryos within 3 to 6 hours 
after drug addition causing the ‘white puffball’ phenotype (data not shown). As 
shown in Figure 5.1.1, cycloheximide treatment caused a only slight decrease in the 
levels of cyclin Al, indicating that the drug was partially taken up by the embryo 
which caused a reduction in protein synthesis.

Another indication that cycloheximide treatment had only a partial effect 
was given by the observation that cell cycle progression in the treated embryos was 
only slowed down, not blocked. To test the possibility that the amount of 
cycloheximide taken up by the cells was not sufficient to trigger protein synthesis 
inhibition, the protein levels of cyclin E were followed in embryos treated with 
varying amounts of cycloheximide by immunoblotting protein samples of embryos 
at different intervals using the anti-cyclin E antibody, PDA2. For comparison the 
cyclin E levels were also analysed in untreated control embryos (Figure 5.1.II). In 
this experiment cell cycle progression, as monitored by eye, was used as an 
indicator for protein synthesis inhibition.

However, visual inspection of the embryos indicated that even at the highest 
concentration of cycloheximide (500 |ig/ml) cell cycle progression was not 
completely inhibited, but only delayed by two to three divisions. Moreover, high 
concentrations of cycloheximide had increasingly toxic effects.

The timing of the disappearance of cyclin E differed between treated and 
untreated embryos. The higher the amount of cycloheximide used, the earlier cyclin
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Figure 5.1.1 A concentration of 100 pg/ml cycloheximide only 

partially inhibits cyclin Al synthesis in frog embryos

Cycloheximide (CHX. 100 pg/ml) was added to frog embryos four hours 

after fertilization (see Materials and Methods 2.27). Drug-treated and 

untreated control embryos were sampled at the indicated times, 

homogenized and analysed by SDS-PAGE. Panel A shows the 

immunoblots probed with the anti-cyclin Al antibody, panel B plots the 

relative amounts of cyclin A l.
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A Anti-cyclin E immunoblot
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Figure 5.1.II High concentrations of cycloheximide cause the 

premature disappearance of cyclin E in frog embryos

Three hours and 15 minutes after fertilization, frog embyros were 

transferred into incubation medium containing 0, 100, 250 or 500 pg/ml 

of cycloheximide (CHX). Beginning 4 hours after fertilization, the 

embryos were sampled at the indicated times. Panel A shows an 

immunoblot of the homogenized embryos probed with the anti-cyclin E 

antibody PDA2. A quantitation of the relative amounts of cyclin E is 

shown in panel B.
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E disappeared. After exposure to high amounts of cycloheximide the levels of 
cyclin E decreased rapidly, as detected at the first time point at 45 minutes after 
drug addition (lanes 1,7, 13 and 19). Repeat experiments gave similar results. It 
was noted that an unknown protein, cross-reacting with the anti-cyclin E antibody 
was also affected by the addition of cycloheximide. This protein, marked with an 
arrow in panel A, was present at concentrations of up to 250 |ig/ml cycloheximide. 
However, addition of 500 pg/ml cycloheximide caused its disappearance. These 
results raised the possibility that cycloheximide triggered general proteolysis in the 
embryos.

To clarify this point, we followed the destruction of an additional protein, 
Orel, after cycloheximide addition. The results of this experiment are shown in 
Figure 5.1.Ill The replication factor Orel (Bell et a l , 1995; Rowles et al, 1996), 
was chosen because it is expressed beyond MBT and is stable in frog egg extracts 
(see Chapter 6), suggesting it is less susceptible to degradation. In this experiment 
the protein degradation was followed immediately after addition of cycloheximide 
and not with a 45 minute delay, as in the last experiment. Initially, the cyclin E 
levels were similar in both, control and drug treated embryos. However, the cyclin E 
levels in control embryos declined at MBT, whereas the levels in the drug treated 
embryos disappeared approximately an hour earlier, as found in the above 
experiments (Figure 5.1.Ill, panel A, I and II). In contrast, Orel remained stable 
throughout the time-course (panel B, I and II), even though the embryos appeared to 
be ‘sick‘ and were slightly delayed in their cell cycle progression compared to 
untreated controls. The stability of Orel suggests that the premature disappearance 
of cyclin E was not due to general proteolysis.

The results described here indicate that the presence of cycloheximide leads 
to the premature disappearance of cyclin E.

5.2. Hydroxyurea does not affect the degradation of cyclin E at MBT

In the presence of hydroxyurea embryos divide normally until MBT, when the cells 
arrest in the first interphase after the 12th cell cycle and further divisions do not 
occur. Hydroxyurea was therefore used to test the effects of zygotic transcription 
and/or cell cycle progression after MBT on the protein levels of cyclin E and Orel.

Four hours after fertilization, hydroxyurea was added to embryos (Materials 
and Methods 2.27) and protein samples were analysed for the presence of cyclin E 
and Orel (Figure 5.1.Ill; I and III). To monitor the effect of hydroxyurea, cell cycle 
progression was observed by eye according to Nieuwkoop and Faber. Also, the 
protein levels of Xbrachyury (Xbra) were monitored. The mRNA of Xbra, a 
transcription factor induced as immediate-early response to mesoderm induction, is
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Figure 5.1.IH Cyclin E disappears prematurely in embryos treated 

with cycloheximide

Four hours after fertilization, frog embryos were incubated in the 

absence of a drug (I) or with cycloheximide (II; 100 pg/ml) or 

hydroxyurea (III; HU 30 mM). Embryos were sampled at the indicated 

times, homogenized, analysed by SDS-PAGE and immunoblotted with 

antibodies directed against cyclin E (panel A), Orel (panel B) and Xbra 

(panel C).
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synthesized only after MBT and therefore its expression depends on zygotic 
transcription (Smith etai, 1991a).

The drug treated embryos looked healthy, as did the untreated controls and 
no proteolysis was detected. It was also noted that following the drug treatment the 
cell cycle progression was delayed but not stopped after MBT. This indicates that 
zygotic transcription was only partially blocked. However, this level of inhibition 
was sufficient to prevent the expression of Xbra (Figure 5.1.Ill, panel C, I and III, 
lanes 7 and 8). Analysis of the cyclin E levels showed that the degradation of this 
protein in hydroxyurea treated embryos started at the same time as in the controls 
(panel A, I and III). The levels of Orel were found to be unaffected by hydroxyurea 
(panel B, I and III).

5.3 The drug uptake in dissociated embryos

Taken together, the results presented in Figure 5.2 indicate that cyclin E 
degradation is independent of events occurring after MBT. We noted, however, that 
in all experiments described above, treatment with either drug, hydroxyurea or 
cycloheximide, resulted in only partial inhibition of the cell cycle progression. As 
this was likely due to the fact, that the drugs were not able to penetrate into the 
embryo, embryos were dissociated by omitting Ca2+ salts from the incubation 
medium. Thus all embryonic cells should be exposed to the drugs. For this purpose, 
embryos were incubated in dissociation buffer containing either cycloheximide or 
hydroxyurea starting four hours after fertilization (Materials and Methods 2.27). 
Cell cycle progression and the protein levels of cyclin E, Orel and Xbra were 
monitored as before. However, as the expression of Xbra has been reported to 
depend on cell interactions, dissociation should therefore lead to its disappearance 
(Smith etal, 1991a).

5.3.1 Cycloheximide blocks cell cycle progression fully in 
dissociated embryos

Visual inspection showed that cycloheximide blocked cell cycle progression and 
protein synthesis before MBT and that hydroxyurea blocked cell cycle progression 
and zygotic transcription after MBT.

However, in the presence of cycloheximide the dissociated embryos again 
showed the ‘white puffball4 phenotype and the protein levels of cyclin E decreased 
prematurely compared to dissociated (Figure 5.3, panel A, compare I and II) or 
intact control embryos. As expected, the protein levels of Orel were unaffected 
(panel B, I and II), while the induction of Xbra was inhibited upon drug treatment 
(panel C, I and II). Therefore, as found previously, cyclin E degradation occurs in
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Figure 53  Cyclin E disappears prematurely in dissociated embryos 

treated with cycloheximide

Four hours after fertilization frog embyros were incubated in a 

dissociation medium without Ca2+ salts in the absence of a drug (I), in 

the presence of cycloheximide (II; 100 pg/ml) or hydroxyurea (III; 30 

mM). Embryos were sampled, homogenized, analysed by SDS-PAGE 

and immunoblotted with antibodies directed against cyclin E (panel A), 

Orel (panel B) and Xbra (panel C).
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the absence of protein synthesis and/or cell cycle progression prior to MBT, but is 
induced approximately an hour earlier than in control embryos.

5.3.2 Hydroxyurea blocks cell cycle progression fully in dissociated 
embryos

Dissociated embryos treated with hydroxyurea looked healthy like the control 
embryos. Treatment with the drug did not have any detectable effects on cyclin E 
degradation or the levels of Orel protein (Figure 5.3; I and III in panels A and B, 
respectively). As expected, the expression of Xbra was inhibited (panel C, I and III).

Therefore, cyclin E degradation appears to occur independently of the 
inhibition of zygotic transcription and/or cell cycle progression after MBT.

5.4 Discussion

The results obtained when hydroxyurea was added to embryos indicate that cyclin E 
levels decline at MBT independently of zygotic transcription or the number of cell 
divisions after MBT. Neither cyclin E nor Orel protein levels differed in drug 
treated or control embryos. Similar results were obtained by Howe et al (1996) 
while this work was in progress.

The interpretation and the results obtained when cycloheximide was added 
to embryos is more complex. This drug was found to cause the premature 
disappearance of cyclin E. However, cycloheximide appeared to have a general 
toxic effect on embryos as they turned white and died. Therefore it is not clear that 
the decrease in cyclin E levels is directly related to drug addition.

In contrast to the observations described here, Sible et al (1997) and Howe 
et al (1996) concluded from their experiments that the disappearance of cyclin E in 
embryos treated with cycloheximide was not affected by protein synthesis 
inhibition. However, their published Figures also show a premature decrease of 
cyclin E.

There are several possibilities to explain the detected premature 
disappearance of cyclin E. Firstly, cyclin E could be an intrinsically unstable protein 
and its levels may start to decline as soon as protein synthesis is inhibited. Its 
degradation at MBT could be triggered by destabilization of its mRNA. This is, 
however, unlikely as transcripts of cyclin E have been detected up to the gastrula 
stages (Rempel et al, 1995; Chevalier et al, 1996), so the protein appears to be 
degraded before its mRNA. Additionally, results to be described in Chapters 6 and 7 
show that cyclin E is a stable protein in egg extracts and is not synthesized to a large 
extent.
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Secondly, cyclin E may be protected from degradation before MBT by an 
unknown factor, which is dependent upon protein synthesis. Whether the proteolytic 
machinery which degrades cyclin E is present and active or not is unclear, as the 
premature disappearance of cyclin E could be caused by specific or global 
proteolysis. However, results presented above argue against global proteolysis: 
Orel remained stable during drug treatment.

What could be responsible for the early degradation of cyclin E? One could 
speculate that cyclin E degradation results from the occurrence of apoptosis 
triggered by cycloheximide treatment (Hensey and Gautier, 1997; Sible et a l ,
1997). Indeed, proteolysis is known to be part of the apoptotic program; and Sible 
and colleagues have shown that cycloheximide treatment of embryos, shortly before 
MBT, induces apoptosis. However, it is not clear how quickly and to what extent it 
affects embryos. Whether or not Orel is affected by apoptosis is at present also not 
clear.

Whether the apoptotic program is triggered by cycloheximide in the 
experiment described above could be tested by checking for apoptotic features as 
the fragmentation of DNA (Kerr et al., 1994), activation of ICE-related proteases 
(for review see Takahashi and Eamshaw, 1996) or it could be tested by application 
of bcl-2, which has emerged as a new type of proto-oncogene that inhibits apoptosis 
(Cruz-Reyes and Tata, 1995; Kluck etal., 1997; for review on apoptosis see Green,
1998). However, it is unlikely that apoptotic proteases degraded cyclin E, as it does 
not contain a consensus cleavage site for Ice-related proteases and cleavage 
products of cyclin E were never detected on the immunoblots (data not shown).

In conclusion, the degradation of cyclin E may still be dependent on protein 
synthesis or cell cycle progression prior to MBT, as we do not know what exact 
consequences the application of cycloheximide has.

The fact that cyclin E levels degrade prematurely in the presence of 
cycloheximide, could mean either of two things. Either cyclin E is a protein which 
is constantly being synthesized, and therefore its levels drop when protein synthesis 
is inhibited. Or the proteolytic system is activated or gains access to cyclin E in the 
presence of cycloheximide.

To define the half-life of cyclin E and investigate to what extent it is being 
synthesized between fertilization and MBT, cyclin E was radiolabelled with 
[35S]methionine in frog egg extracts and then its protein levels followed.
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Chapter 6

The synthesis 0/Xenopus cyclin E

In Xenopus, cyclin E protein accumulates during meiosis II, after which its levels 
remain constant until the midblastula transition (MBT; Rempel et al, 1995). The 
steady-state levels of cyclin E protein before the MBT could either be caused by 
balanced protein synthesis and turn-over or, alternatively, the cyclin E protein 
present in the egg may be very stable and persist until the embryo reaches MBT, at 
which point its half-life shortens dramatically.

In this chapter, we investigate the synthesis and stability of Xenopus cyclin 
E in frog egg extracts. We also explore some protein-protein interactions displayed 
by cyclin E that we revealed in the course of these studies.

6.1 Cyclin E is synthesized and stable in frog egg extracts

We first asked whether egg extracts prepared according to standard procedures (see 
Materials and Methods 2.28) performed significant synthesis of cyclin E. For this 
purpose, we measured the incorporation of [35S]methionine in cyclin E in these 
extracts. Samples were removed at various times following addition of the 
radioactive label, and cyclin E, together with Orel (see Chapter 5.1) as a control 
were immunoprecipitated using appropriate antibodies before being analysed by 
SDS-PAGE and autoradiography.

Separate immunoprecipitates of cyclin E or Orel, as well as co- 
immunoprecipitates of both proteins are shown in Figure 6.1.1. Cyclin E and Orel 
appeared as well separated bands on these autoradiographs and no cross
contamination was observed. The incorporation of [35S]methionine into cyclin E 
and Orel indicated that both proteins were being synthesized in the egg extracts.

We next measured the rate of [35S]methionine incorporation into cyclin E in 
frog egg extracts over a period of 85 minutes. As illustrated in Figure 6.1.II, panel 
A, the incorporation of radiolabel into cyclin E and Orel reached a plateau after 30 
minutes, after which the levels of both proteins remained stable. Note that in this 
experiment, cyclin E migrated as a population of bands whose mobility was found 
to gradually decrease over time, suggesting that post-translational modifications 
were occurring. The plateau of incorporation could be explained in several ways. 
The extract either failed to support further translation after 30 minutes, the 
[35S]methionine pool was depleted or the rate of cyclin E synthesis and turnover 
became balanced.
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Figure 6.1.1 Immunoprecipitation of cyclin E and Orel

Frog egg extract was incubated for 30 minutes with [35S]methionine, 

followed by immunoprecipitation with polyclonal antibodies against 

cyclin E and/or Orel as indicated. The immunoprecipitates were 

analysed by SDS-PAGE and autoradiography. The bands corresponding 

to cyclin E and Orel (indicated by arrows) are well separated from each 

other. Thus co-immunoprecipitation of Orel and cyclin E does not 

interfere with the detection of the cyclin.
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Figure 6.1.11 The synthesis of cyclin E in frog egg extract

Frog egg extract was supplemented with [35S]methionine and the 

synthesis of cyclin E and Orel was followed over time. Samples were 

immunoprecipitated with a mixture of anti-cyclin E and anti-Orel 

antibodies, followed by SDS-PAGE and autoradiography (panel A). 

Panel B quantitates the intensities of the bands of cyclin E and Orel in 

the autoradiograph in panel A.
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To quantify the levels of cyclin E synthesized during the first 30 minutes of 
incubation in the egg extracts, we compared the amounts of immunopurified cyclin 
E with standard amounts of a radiolabelled cyclin El-I construct translated in a 
mixture of reticulocyte lysate and nuclease-treated egg extract *. The de-novo 
synthesis measured, accounted for an increase of the total cyclin E pool by only 5 % 
in 30 minutes (data not shown). We carried out a similar experiment to determine 
the contribution of newly synthesized ([35S]methionine-labelled) cyclin E, in which 
the total amount of cyclin E was measured by immunoblotting. As illustrated in 
Figure 6.1.Ill, the total levels of cyclin E remained constant (panel) despite the fact 
that new synthesis of cyclin E was measured by [35S]methionine incorporation 
(panel A). Immunoblotting is probably not sensitive enough to detect a small 
increase of cyclin E protein levels but it is also possible that a small turnover 
occurred which accounted for the degradation of not more than 5 % of the cyclin E 
pool per 30 minutes.

The low rate of de-novo cyclin E synthesis and the steady-state levels of its 
total pool suggested that cyclin E is stable in frog egg extracts. To analyse the 
destruction of cyclin E in these extracts directly, frog egg extracts were 
supplemented with [35S]methionine and incubated for 30 minutes, at which time 
cycloheximide was added to inhibit further protein synthesis. A time-course was 
then carried out in which the levels of radiolabelled-cyclin E were monitored 
following their immunoprecipitation.

As shown in Figure 6.1.IV, the levels of newly synthesized cyclin E 
remained extremely stable over a period of six hours following cycloheximide 
addition. This was not due to continuous protein synthesis as addition of 
cycloheximide to egg extracts, at the concentration of 0.1 mg/ml used here, resulted 
in immediate inhibition of protein synthesis (Figure 6.1.V). Immunoblotting also 
confirmed that the total levels of cyclin E remained stable during this period (data 
not shown). Similar results were obtained with interphase frog egg extracts as well 
as CSF-arrested extracts (see below). Taken together, these results show that cyclin 
E is stable in frog egg extracts, with a half-life longer than six hours.

1 These standards were calculated as follows: Increasing amounts of [3^S]methionine-labelled cyclin 

E l-I obtained by translation in a mixture of 80% reticulocyte lysate and 20% nuclease-treated egg 

extract were probed with an anti-cyclin E antibody, and the intensity of their antigenic response was 

compared with that obtained from known amounts of purified recombinant cyclin E. For the 

comparison of immunopurified, cyclin E translated in the egg extract with the protein standards, we 

assumed that the incorporation of label was identical in pure egg extracts and in the mixture of 

reticulocyte lysate and nuclease-treated egg extract.
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Figure 6.1.III The total levels of cyclin E are stable in frog egg 

extract

Frog egg extract was supplemented with [35S]methionine. At the 

indicated times, samples were removed and either immunoprecipitated 

with anti-cyclin E and Orel antibodies (panel A) or immunoblotted with 

the anti-cyclin E antibody (panel B). Panel C shows the quantitation of 

the immunoprecipitated cyclin E and Orel bands in the autoradiograph 

in panel A and of the cyclin E bands in the immunoblot in panel B.
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Figure 6.1.IV Cyclin E is stable in frog egg extract

[35S]methionine was added to frog egg extract, followed by addition of 

cycloheximide (CHX) after 30 minutes. Cyclin E and Orel were 

immunoprecipitated with anti-cyclin E and Orel antibodies followed by 

SDS-PAGE analysis and autoradiography (panel A). The graph in panel 

B represents the ratio of the intensities of cyclin E and Orel.

119



CHX [pig/ml] 

Time (min)

1 0 C  0

0 20 40 0 20 40

Immunoprecipitates kDa

Orel
116
92. 5
66

57. 5

Cyclin E <( 45

1 2 3 4 5 6

Figure 6.1.V Cycloheximide inhibits the synthesis of cyclin E and 

Orel in frog egg extract

[35S]methionine and either cycloheximide or the same volume of water 

were added to frog egg extract. At the indicated times, aliquots were 

removed and cyclin E and Orel were co-immunoprecipitated followed 

by SDS-PAGE analysis and autoradiography.
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6.2 Cyclin E is stable in frog egg extracts with an active proteolytic 
system

Because both cyclin E and Orel were found to be stable in frog egg extracts, we 
next tested whether these extracts were capable of proteolysis. For this purpose we 
used CSF-arrested egg extracts prepared from unfertilized frog eggs arrested in 
metaphase II. These extracts contain active mitotic cyclin/Cdc2 complexes whose 
destruction can be triggered by addition of Ca2+ (Lorca et a l , 1991; Watanabe et al, 
1991; Lorca et al, 1993; Stewart et al, 1994).

CSF-arrested egg extracts were supplemented with [35S]methionine for 30 
minutes followed by addition of cycloheximide and either l/20th volume of 8 mM 
Ca2+ or the same volume of water. Samples were then removed over a period of 70 
minutes and the levels of cyclin E as well as control proteins were analysed using a 
combination of antibodies. As illustrated in Figure 6.2, cyclin E remained stable for 
the duration of the experiment even in the presence of Ca2+ (panel A, lanes 3-6). In 
contrast, addition of Ca2+ caused the degradation of the mitotic cyclin B (panel A, 
lane 3-6) whereas this cyclin was stable in the control extracts (lanes 7-10). This 
indicates that the cyclin B-specific degradation machinery, which depends on 
ubiquitin and the 26S proteasome, was active in the extracts used in these 
experiments.

6.3 The mobility-shift of cyclin E

Our observation that cyclin E could be purified from egg extracts as a population of 
species whose mobility on SDS-gels decreased over time confirms previous reports, 
and suggests that frog cyclin E is phosphorylated (Rempel et al, 1995; Chevalier et 
al, 1996). Several other cyclins have also been shown to undergo phosphorylation, 
and it has been suggested that G1-cyclins are auto-phosphorylated (Yaglom et al, 
1995; Clurman et al, 1996; Lanker et al, 1996; Won and Reed, 1996).

The number of cyclin E species made it difficult to monitor the levels of 
cyclin E in the experiments described above. To circumvent this problem, we tried 
to suppress cyclin E phosphorylation by adding the Cdk inhibitor Cipl (Gu et al, 
1993; Harper et al, 1993; Xiong et al, 1993a). The addition of 100 nM bacterially 
expressed Cipl protein to frog egg extracts has previously been reported to inhibit 
DNA replication mediated by Cdk inhibition (Strausfeld et al, 1994).

To test whether Cipl was able to inhibit phosphorylation of cyclin E in egg 
extracts, and therefore suppress the mobility shifts of the cyclin on SDS-PAGE, frog 
egg extracts were supplemented with [35S]methionine for 30 minutes followed by 
addition of cycloheximide and increasing amounts of GST-Cipl-His6 protein. The
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Figure 6.2 Cyclin E is stable in a frog egg extract which degrades 

cyclin B

Frog egg extract was labelled with [35S]methionine for 30 minutes. 

Aliquots were then removed for control immunoprecipitations with anti- 

cyclin E and anti-Orel antibodies (lanel) or the anti-cyclin B antibody 

(lane 2). The remaining extract was incubated with cycloheximide (0.1 

mg/ml) (lanes 7-10), or with cycloheximide and 0.4 mM CaCl2 (lanes 3- 

6). At the indicated times samples were removed and co- 

immunoprecipitated with antibodies directed against cyclin E, cyclin B 

and Orel. A quantitation of the relative amounts of cyclin B, E and Orel 

is shown on the graphs in panel B.
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incubation was then continued for another hour. Samples were precipitated by 
addition of a mixture of antibodies directed against cyclin E and Orel.
As anticipated, samples of cyclin E protein immunoprecipitated immediately after 
addition of cycloheximide and Cipl migrated as a series of bands (Figure 6.3.1, odd 
lanes). To our surprise, cyclin E samples immunoprecipitated one hour after 
addition of Cipl still formed a series of bands with reduced mobility on SDS-gels 
(compare lanes 2 and 4, 6 , 8). These bands migrated slower than the cyclin E bands 
from samples collected one hour earlier, and they were not affected by the 
concentration of Cipl. This observation indicated that Cipl did not inhibit 
phosphorylation of cyclin E in the egg extracts.

A second unexpected observation was made upon inspection of the 
autoradiograph. Addition of Cipl caused the appearance of novel, labelled bands 
with an apparent molecular weight between 45 and 60 kDa in these 
immunoprecipitates (Figure 6.3.1, lanes 4, 6 , 8 , 9 and 10). These bands could 
already be detected in samples immunoprecipitated immediately after addition of 
cycloheximide and 250 nM Cipl (lane 9). However, their presence was more 
obvious in the samples analysed one hour after addition of the Cdk inhibitor, and 
they could be detected in the presence of as little as 5 nM Cipl (lane 4).

Besides PCNA (Waga et a l , 1994; Chen et al, 1995; Luo et al, 1995; 
Nakanishi et al, 1995; Warbrick et al, 1995; Waga et al, 1997), Cipl has been 
reported to target a variety of cyclin/Cdk complexes (Harper et al, 1993; Xiong et 
al, 1993a) and to contain a dimerization domain within its N-terminus (Chen et al, 
1996), so one explanation for the presence of these novel bands may be that they 
correspond to unidentified cyclins that were co-immunoprecipitated via interactions 
with Cipl. Indeed, the size of these bands would be consistent with the reported 
molecular weight of A- and B-type cyclins, which have been shown to interact with 
Cipl.

To test this hypothesis, we used GSH-Sepharose to affinity-purify the GST- 
Cipl-His6 inhibitor instead of immunoprecipitating cyclin E, in reactions similar to 
that described above. Samples recovered on GSH-Sepharose were probed with 
antibodies against cyclin Al, B2, E and Cdk2. Figure 6.3.II, lane 1 shows a pattern 
of bands very similar to that obtained previously in the presence of GST-Cipl-His6 

(Figure 6.3.1, lane 10). These bands were absent when GST alone was added to the 
extracts instead of GST-Cipl-His6 (lane 2), indicating that the novel bands were 
specifically precipitated by Cipl. The Cyclin E bands were not detected on the 
autoradiograph because at the concentration of Cipl used for this experiment (250 
nM), their presence was masked by the more abundant bands of unknown identity.
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Antibodies: Anti-cyclin E + Orel

GST-Cip1-His6 [nM]

Time (min) 
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Figure 6.3.1 In the presence of GST-Cipl-Hisg novel bands with a 

molecular weight of 45 to 60 kDa are precipitated by anti-cyclin E 

and Orel antibodies

Frog egg extract was labelled with [35S]methionine for 30 minutes 

followed by addition of cycloheximide and GST-Cipl-His6 at the 

indicated concentrations. One set of samples was immediately removed 

after cycloheximide addition, and a second set was removed 60 minutes 

later. After immunoprecipitation with anti-cyclin E and anti-Orel 

antibodies the samples were analysed by SDS-PAGE and 

autoradiography. Novel bands, appearing as a consequence of Cipl 

addition, are indicated by dots at the side of the figure.
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Immunoblots

Auto o o o O
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GSH-Sepharose 
bound via:

GST-Cip1-Hi36
GST

kDa
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Figure 6.3.II GST-Cipl-His6 associates with several cyclin/Cdk 

complexes

Frog egg extract containing either GST or GST-Cipl-His6 proteins (each 

250 nM) was supplemented with [35S]methionine for 30 minutes 

followed by purification on GSH-Sepharose. The bead-bound proteins 

were analysed by autoradiography (lanes 1, 2) or immunoblotting with 

antibodies against cyclin A1 (lanes 3, 4), B2 (lanes 5, 6), E (lanes 7, 8) 

and Cdk2 (lanes 9, 10). Cyclin A l, cyclin B2, cyclin E and Cdk2 are 

indicated by arrows. On the autoradiograph in lane 1, cyclin E is not 

detectable, possibly because it is masked by the novel set of bands, 

which is indicated by black dots.
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While the identity of several bands could not be determined, immunoblot 
analysis revealed the presence of cyclin A1 (Figure 6 .3.II, lane 3), cyclin B2 (lane 
5), and cyclin E (lane 7), as well as Cdk2 (lane 9) in the purified reactions, 
supporting our hypothesis that several cyclins can interact with the cyclin E-bound 
Cipl inhibitor.

6.4 Cyclin E and Orel can be found in the same protein complex

While we clearly established that cyclin A1 and cyclin B2 interacted with cyclin E- 
bound Cipl, we could not exclude that some of the bands detected in the experiment 
described in Figure 6.3.II had been co-immunoprecipitated with Orel.

To test this hypothesis, single immunoprecipitations of egg extracts treated 
with Cipl (250 nM) were performed with either the anti-cyclin E or the anti-Orel 
antibodies. As shown in Figure 6.4.1, both antibodies were able to pull down an 
identical set 45-60 kDa bands following incubation of the egg extracts with Cipl 
(lanes 8 and 9), suggesting that Orel and cyclin E interacted in the egg extract.

To further investigate the possible interactions between cyclin E and 
members of the DNA replication apparatus, the following experiment was carried 
out. Xenopus egg extracts supplemented with GST-Cipl (250 nM) were 
immunoprecipitated with antibodies directed against Orel or cyclin E, or 
alternatively, they were purified on GSH-Sepharose. The purified reactions were 
then probed with antibodies against Cdc2, Cyclin Al, PCNA, Orel, cyclin E and 
Cdk2 (Figure 6.4.II).

As illustrated on this Figure, the affinity purification of Cipl led to the 
simultaneous isolation of Cdc2, Cyclin Al, PCNA, Orel, cyclin E and Cdk2 
(lane5). In addition, PCNA was found to interact with both Orel (lane 1) and cyclin 
E (lane 3). This interaction was strictly dependent upon the addition of Cipl 
(compare lanes 1 and 2, and lanes 3 and 4) as has previously been reported (Waga et 
al, 1994; Chen et al, 1995; Luo et al, 1995; Nakanishi et al, 1995; Warbrick et 
al, 1995). Cdc2 and cyclin Al also associated with Orel. However, this interaction 
was independent of the presence of Cipl (compare lanes 1 and 2). Cdc2 and cyclin 
Al were also present in cyclin E immunoprecipitates at low levels regardless of the 
presence of Cipl. Their interaction with cyclin E, however, was greatly enhanced 
by the presence of the kinase inhibitor (compare lanes 3 and 4). No interaction was 
detected between Orel and Cdk2 (lanes 1 and 2). However, this could be due to the 
low sensitivity of the anti-Cdk2 antibody. In contrast, cyclin E was found to interact 
with Orel, independently of Cipl (compare lanes 1 and 2, and lanes 3 and 4).

In conclusion, these data indicate that cyclin E/Cdk2 can be found in 
complexes with Orel, a member of the origin recognition family. This finding is
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Figure 6.4.1 Antibodies directed against cyclin E and Orel 

precipitate the same set of novel bands in the presence of GST-Cipl- 

His6

Frog egg extract containing either GST (250 nM; lanes 1-5) or GST- 

Cipl-His6 (250 nM; lanes 6-10) was incubated with [35S]methionine for 

30 minutes followed by immunoprecipitation with the indicated 

antibodies and analysis by SDS-PAGE and autoradiography. The set of 

novel bands, indicated by black dots, are detected in reactions with GST- 

Cipl-His6but not with GST protein.
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Immunoprecipitation 
purification with

GST-Cip1-His6

Immunoblots 
Anti Cdc2 (me)

Anti-cyclin A1 (me) 

Anti-PCNA (pc)

Anti-Orel (pc) 

Anti-cyclin E (pc)

Anti-Cdk2 (pc)

Figure 6.4.II Cyclin E interacts with Orel in the presence or 

absence of GST-Cipl-His6

Frog egg extract was incubated with GST (250 nM; lanes 2, 4, 6) or 

GST-Cipl-His6 (250 nM; lanes 1, 3, 5) for for 30 minutes followed by 

immunoprecipitation with either anti-Orel (lanes 1, 2) or anti-cyclin E 

antibodies (lanes 3, 4) or purification on GSH-Sepharose (lanes 5, 6). 

The isolated proteins were analysed by immunoblotting with several 

polyclonal (pc) or monoclonal (me) antibodies indicated beside the 

figure. The strong background observed in the immunoblots probed with 

anti-Cdk2 and anti-Orel antibodies was caused by cross-reaction with 

the heavy and light chains o f the antibodies used for the 

immunopurification.
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consistent with a role for the cyclin E/Cdk2 complex in the early steps of DNA 
replication (Blow and Nurse, 1990; Fang and Newport, 1991; Chevalier et a l , 1995; 
Jackson et al, 1995; Strausfeld et al, 1996).

6.5 Discussion

In this chapter, we have analysed the synthesis and stability of Xenopus cyclin E in 
egg extracts. We have shown that cyclin E is stable in these extracts and that very 
little de-novo synthesis of cyclin E occurred upon addition of [35S]methionine. Our 
observation that the total pool of cyclin E remained constant in vitro supports the 
results of an experiment in which the levels of cyclin E immunoprecipitated from 
[35S]methionine injected embryos were found to remain constant over a period of 
several hours (data not shown). Together, these findings suggest that embryos rely 
on the stability of cyclin E to sustain the levels of this cyclin until MBT.

These data do not necessarily contradict the results of the cycloheximide 
experiments described in Chapter 5, where cyclin E levels in embryos disappeared 
prematurely upon exposure to the drug. The simplest explanation at the time was 
that constant protein synthesis was required for maintaining the cyclin E levels. 
However, the low rate of cyclin E synthesis measured in vitro suggests that 
cycloheximide is unlikely to cause the rapid disappearance of cyclin E in vivo by 
inhibiting de-novo protein synthesis. Rather, we suggest that cycloheximide triggers 
the premature degradation of cyclin E in embryos possibly by initiating apoptosis 
(Hensey and Gautier, 1997; Sible etal., 1997).

When analysed on SDS-gels, cyclin E synthesized in frog egg extracts 
consisted of several bands whose mobility progressively decreased with time. This 
shift in mobility was independent of the subsequent addition of cycloheximide to 
the extract. Addition of the Cdk inhibitor Cipl failed to suppress these changes in 
mobility. However, we cannot exclude that Cipl was titrated out by more abundant 
cyclin/Cdk complexes, so that the cyclin E /Cdk2 complexes in the extracts may 
have escaped inhibition. Alternatively, the bacterially expressed inhibitor protein 
might not have been very active. The possibility therefore still remains that changes 
in mobility of cyclin E were caused by Cdk2-mediated phosphorylation of the 
cyclin. These aspects will be addressed in the following Chapter.

Several proteins from the egg extracts were found to co-purify with cyclin E. 
The recovery of PCNA in the immunoprecipitate was dependent on the presence of 
Cipl. In contrast, Orel was found in the cyclin E immunoprecipitates independently 
of the presence of Cipl, suggesting that both proteins can be found as a complex in 
frog egg extracts. While it is at present unclear how much of the two proteins 
associate in vivo, our finding that cyclin E interacts with a factor involved in DNA
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replication-initiation raises an important issue. In particular, it suggests that the 
molecular basis for the activation of DNA replication origins, mediated by Cdk2 at 
the onset of S-phase (Blow and Nurse, 1990; Fang and Newport, 1991; Chevalier et 
al, 1995; Jackson et al, 1995; Strausfeld et al, 1996), lies in the interaction of the 
cyclinE/Cdk2 complex with Ore proteins. In this regard, it is important to point out 
that cyclin E is the only cyclin associated with Cdk2 in early frog development. 
Finally, data from this laboratory suggest that the cyclin E/Cdk2 complex itself does 
not phosphorylate Orel (Descombes and Hunt, unpublished data). Thus, it remains 
unclear how cyclin E/Cdk2 functions to activate DNA replication.
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Chapter 7

The phosphorylation of cyclin E

In previous chapters, we reported that cyclin E isolated from egg extracts consisted 
of several species with different relative mobilities. In this chapter, we show that 
phosphorylation of cyclin E is responsible for these observed shifts in mobility, and 
we have explored the role of these modifications in the degradation of cyclin E. We 
identified potential phosphorylation sites in the sequence of X enopus  cyclin E and 
asked whether these sites could be targets for autophosphorylation by Cdk2. We 
then carried out a site-directed mutagenesis of Cdk2 phosphorylation consensus 
sites and determined their effect on the mobility and stability of cyclin E. Finally, 
because Cdk2 was observed to phosphorylate cyclin E at several residues which do 
not correspond to its canonical consensus sequences, we set out to map the major 
phosphorylation sites in cyclin E by phosphopeptide analysis.

7.1 The mobility shift of in vitro translated cyclin E is due to 
phosphorylation

Cyclin El-I translation products, synthesized in the presence of frog egg extract, 
consistently migrated as 2 major bands on SDS-PAGE (bands ‘a’ and ‘b’ in Figure 
7.1, lane 1). The limited resolution of the SDS-gels did not allow to determine 
whether several species were present in each of the bands. This problem will be 
addressed later (see 7.5). To test whether the slower migrating species were caused 
by phosphorylation we treated in vitro  translated cyclin El-I with X protein 
phosphatase. For this purpose, [35S]methionine labelled cyclin El-I/GST-Cdk2 
complexes were purified on GSH-Sepharose, denatured and then incubated with X 

protein phosphatase or a mixture of X phosphatase and the phosphatase inhibitor 
Na3V04.

As illustrated in Figure 7.1., treatment of cyclin El-I with X phosphatase 
caused the cyclin to migrate as a single band (band c in lane 2), indicating that 
cyclin E had undergone phosphorylation during the translation reaction. 
Interestingly, the band obtained after phosphatase treatment (band c) migrated 
slightly faster than the fastest band in the untreated sample (band b). This indicates 
that band b itself is phosphorylated. The migration pattern of cyclin El-I was not 
affected by X phosphatase in the presence of sodium vanadate (lane 3). These results 
suggested that cyclin El-I is phosphorylated on more than one residue during the
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Figure 7.1 Cyclin El-I is phosphorylated

Cyclin El-I was translated in a coupled transcription/translation reaction 

containing 20% nuclease-treated frog egg extract, GST-Cdk2 and 

[35S]methionine. After affinity purification on GSH-Sepharose, the 

beads were incubated with X phosphatase buffer only (lane 1), X 

phosphatase (New England Biolabs; lane 2) or X phosphatase and the 

phosphatase inhibitor Na3V 0 4 (lane 3) according to manufacturer’s 

instructions. The reactions were analysed by SDS-PAGE and 

autoradiography. The different species are indicated with arrows.
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translation reaction when frog egg extract is present (see also Chapter 3, Figure 
3.2.1).

7.2 Mutational analysis of potential phosphorylation sites of Xenopus 
cyclin E

As a first step to identify the phosphorylated residues in Xenopus cyclin E and 
examine their possible role in the destruction of this protein, we inspected the 
sequence of cyclin El-I for potential phosphorylation sites. Because Cdks have been 
shown to trigger the phosphorylation-mediated destruction of Gl-cyclins (including 
yeast cyclins Cln2 (Lanker et al., 1996) and Cln3 (Yaglom et al, 1995) and human 
cyclin E (Clurman et al, 1996; Won and Reed, 1996)), we first concentrated our 
effort on the identification of Cdk2 consensus sites in Xenopus cyclin E. For this 
purpose, we performed a sequence alignment of the frog cyclin E protein with 
several E-type cyclins. In the alignment presented in Figure 7.2.1, all serine (pink) 
and threonine (yellow) residues have been highlighted as they represent potential 
targets for Cdks. Tyrosine residues have not been considered because these have 
been shown not to be phosphorylated by Cdks.

Seven putative Cdk2 phosphorylation sites (S/TP; highlighted blue and 
labelled A-G in Figure 7.2.1) appear well conserved among the listed cyclins. Four 
of these sites are particularly interesting. Thus, sites A and B are located in the N- 
terminus of Xenopus cyclin E and correspond to the full Cdk2 consensus sequence 
S/TPXK (see Pines, 1995b). Sites F and G reside within a PEST-rich region of the 
C-terminus, raising the possibility that they play a role in Xenopus cyclin E 
destruction. Neither F or G, however, correspond to the phosphorylation site T380 
in human cyclin E, the phosphorylation of which triggers the degradation of that 
cyclin. In the human cyclin E sequence, T380 is located downstream of the sites 
corresponding to F and G.

As a first step to address the role of Cdk2-mediated phosphorylation in the 
destruction of cyclin E, we mutated the serine or threonine residues of these seven 
sites into alanines and analysed the mobility patterns of the corresponding cyclin E 
mutants following phosphorylation. For this purpose, the sites were mutated 
individually or in the combinations AB, FG, ABFG, ABCDFG and ABCDEFG (a 
diagram showing the positions of all seven sites and the mutations introduced is 
presented in Figure 7.2.II). Wild-type cyclin El-I and its mutant versions were then 
translated in vitro in the presence of frog egg extract and GST-Cdk2 but in the 
absence of [35S]methionine, and the cyclin/Cdk2 complexes were purified on GSH- 
Sepharose. The complexes were then incubated in kinase buffer containing [y32P]- 
ATP. Following their phosphorylation, the mobility of the mutants and wild-type

133



The Potential Phosphorylation Sites of Cyclin E
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Figure 7.2.1 A multiple protein sequence alignm ent of several E-type cyclins

The full length coding sequences of several E-type cyclins are shown (M-Mouse, R-Rat, H-Human, 

Z-Zebrafish, Fl-Frog E l, F2-Frog E2). Serines are highlighted in pink, threonines in yellow. 

Threonines or serines followed by a proline are highlighted in blue and have been named in 

alphabetical order (below the sequence). Threonine 380 in human cyclin E is also indicated 

underneath the sequence. Gaps in the form of dashes have been inserted into the cyclin sequences to 

keep the alignments.
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385-398
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S67A S98A S242A S387A
T76A S103A T395A

Figure 7.2.II A schematic scaled drawing of the phosphorylation site 

mutations of cyclin El-1

The coding sequence of cyclin E is shown on top. The cyclin box is marked in 

green and the PEST sequence at the C-terminus is marked in pink. Their lengths 

and positions are indicated. A phosphorylation site mutant of cyclin El-I which 

has all potential Cdk2 phosphorylation sites mutated to alanines is aligned below. 

Mutated residues are indicated underneath the schematic drawing. The 

phosphorylation site mutations were named in alphabetical order and are referred 

to by their letters in the text. All individual mutants as well as the combinations 

AB. FG. ABFG. ABCDFG and ABCDEFG were constructed.
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cyclin E was compared by SDS-PAGE followed by immunoblotting and 
autoradiography. In the experiment described in Figure 7.2.III, c-myc-tagged and/or 
untagged cyclin E versions were used.

As illustrated on the immunoblot in Figure 7.2.Ill, wild-type cyclin E 
migrated as a doublet (panel A, lanes 1 and 8). In contrast, loss of the 
phosphorylation sites A (S67A) or B (T76A) caused the cyclin to migrate as a single 
band (lanes 2 and 3), strongly suggesting that these sites were phosphorylated in the 
wild-type protein. Mutation of the remaining sites (C-G) did not affect the mobility 
of cyclin E following phosphorylation (panel A, lanes 4-7 and 13). However, 
mutation of site C (S98A; lane 4) reversed the relative abundance of the two cyclin 
E forms with the fast migrating band now being more abundant. To measure the 
extent of phosphorylation in the various cyclin E constructs, the intensities of the 
32P-labelled polypeptides were analysed using a phospho-imager (Figure 7.2.Ill, 
panel B and table 7.2). As illustrated, all mutants had incorporated similar amounts 
of phosphate. A striking example was provided by mutant ABCDFG which, 
although it had lost six out of seven sites (lane 12), was still strongly labelled.

Construct Relative amounts 
of radioactivity

%

cyclin El-I wild-type 2497 100

cyclin El-I AB 2901 116
cyclin El-I FG 3162 127
cyclin El-I ABFG 3461 138
cyclin El-I ABCDFG 3394 134
cyclin El-I E 3113 124

Table 7.2 Measurement of [y^PJphosphate incorporation into wild-type 

cyclin £1-1 and its mutants

The relative intensities of the bands corresponding to cyclin El-I constructs in panel 

B (lanes 8-13) of Figure 7.2.Ill were measured as described in Materials and 

Methods.

Taken together, these observations suggest that cyclin E underwent phosphorylation 
at various sites and that the two bands observed following migration on SDS-gels 
were likely to contain several phosphorylated forms of cyclin E. Finally, as
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Figure 7.2.III Cyclin El-I mutants S67A (A) and T76A (B) migrate as a 

single band

Wild-type and the indicated cyclin El-I phosphorylation mutants were translated 

in a coupled transcription/translation reaction containing GST-Cdk2, but no 

[35S]methionine. After affinity purification on GSH-Sepharose, a fraction of the 

beads was analysed by SDS-PAGE and immunoblotted with an anti-cyclin E 

antibody (panel A). The rest of the beads was incubated either with kinase buffer 

containing [y32P]-ATP (panel B) or with kinase buffer containing [y32P]-ATP 

and histone HI (panel C). Samples in panels B and C were analysed by SDS- 

PAGE and autoradiography. Two contaminating bands in the phosphorylation 

assay are marked with arrows.
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illustrated in Figure 7.2.III, panel C, all phosphorylation site mutants displayed 
associated kinase activity similar to that of wild-type cyclin E.

Autoradiography of the phosphorylated cyclin E mutants (indicated by 
arrows on panel B in Figure 7.2.III) detected additional bands. These two bands 
were not recognized by the anti-cyclin E antibody (panel A), raising the possibility 
that they corresponded to new substrates of the cyclin E/Cdk2 complex. In order to 
determine their nature, the following experiment was conducted. Unlabelled cyclin 
El-I as well as cyclin Al were translated in the presence of GST-Cdk2 and purified 
on GSH-Sepharose. The complexes were then phosphorylated with [y32P]-ATP. 
Following separation on an SDS-gel and transfer, the membrane was analysed by 
autoradiography and probed with anti-Cdk2 as well as anti-cyclin Al and E 
antibodies.

As illustrated in Figure 7.2.IV, these two bands were phosphorylated by the 
cyclin El-I as well as the cyclin Al/ Cdk2 complex (compare lanes 3 and 4), 
indicating that they were not specific substrates for the cyclin E/Cdk2 complex. One 
of these bands could be identified as GST-Cdk2, since it reacted with the anti-Cdk2 
antibody (lanes 9 and 10). The other band remains of unknown identity, and is 
marked with an asterisk in subsequent experiments (*).

7.3. The cyclin El-I/GST-Cdk2 complex phosphorylates itself

Our observation that a variant of cyclin E that lacks most of its Cdk2 
phosphorylation consensus sites (mutant ABCDFG) is still strongly phosphorylated 
suggests that Cdk2 is able to phosphorylate cyclin E at several additional sites that 
do not conform to its consensus sequence. In addition, it also raised the issue of 
whether Cdk2 was responsible for all the phosphorylation events detected above or 
whether these could be catalysed by another kinase present in the extracts and co- 
purifying with the cyclin E/GST-Cdk2 on GSH-Sepharose.

To test this possibility, we examined the phosphorylation pattern obtained 
after translation of cyclin E in the presence of a mutant version of Cdk2, Cdk2 
K33R, that is still able to associate with cyclin E, but is inactive as a protein kinase 
(Hanks et al, 1988). For this purpose, wild-type cyclin El-I, as well as the cyclin 
El-I mutants ABCDEFG (lacking all seven sites) and AN95-FG (a mutant lacking 
sites F and G and its N-terminal 95 residues) were translated in the presence of 
GST-Cdk2 (Figure 7.3.1, lanes 1-3) or GST-Cdk2 K33R (lanes 4-6). Following 
incubation with radioactive phosphate, the purified complexes were separated by 
SDS-PAGE and probed with the anti-cyclin E antibody (panel A) or analysed by 
autoradiography (panel B).
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Figure 7.2.IV Two background bands are phosphorylated by 

cyclin El-I as well as Al / GST-Cdk2 and one of them is GST-Cdk2

Cyclin A l and El-I were translated in a coupled transcription/translation 

reaction containing GST-Cdk2. Part o f the translation reaction was 

analysed by SDS-PAGE and probed with anti-cyclin A and E antibodies 

(panel A, lanes 1 and 2). After affinity purification on GSH-Sepharose 

(panels B-E), the beads were incubated with kinase buffer containing 

[Y32P]-ATP and then analysed by SDS-PAGE and autoradiography (Panel 

B) or probed with anti-cyclin A (Panel C), anti-cyclin E (Panel D) or 

anti-Cdk2 antibodies (Panel E). Corresponding bands are colour-marked 

with dots on the different panels.
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Figure 7-3.1 The cyclin El-I / GST-Cdk2 complex autophosphorylates 

itself

The indicated cyclin El-I constructs were translated in a coupled 

transcription/translation reaction containing GST-Cdk2 or the inactive 

mutant GST-Cdk2 K33R. After affinity purification on GSH-Sepharose, a 

fraction of the beads was removed and probed with the anti-cyclin E 

antibody (panel A). The rest of the beads was incubated with kinase buffer 

containing [y32P]-ATP and subsequently analysed by SDS-PAGE and 

autoradiography (panel B). The bands corresponding to wild-type cyclin E l- 

I and its mutants are marked with black dots;
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As shown in Figure 7.3.1, the cyclin El-I constructs incorporated radioactive 
phosphate when bound to wild-type Cdk2 (panel B, lanes 1-3). In contrast, no 
radiolabel incorporation could be detected in the presence of Cdk2 K33R (panel B, 
lane 4 to 6), although the kinase-dead mutant was able to associate with the various 
cyclin E constructs (panel A). Finally, mutant AN95-FG was only weakly 
phosphorylated in the presence of wild-type Cdk2 (panel B, lane 3). However, this 
mutant has been shown to bind only weakly to Cdk2 (see Chapter 3), so that it was 
not possible to determine whether the low incorporation of label was caused by the 
lack of a phosphorylation site.

The observation that cyclin E-l mutant ABCDEFG, which lacks all seven 
Cdk2 consensus sites, was still phosphorylated in the presence of wild-type GST- 
Cdk2 confirmed that Cdk2 phosphorylated cyclin E at other positions. The results 
with mutant AN95-FG also establish that at least some of the phosphorylation sites 
must reside downstream of amino acid 95.

A control was carried out to demonstrate that no kinase activity was 
associated with the Cdk2 mutant K33R used in the experiments described above. 
For this purpose, cyclin El-I was translated in the presence of either GST-Cdk2 or 
GST-Cdk2 K33R (Figure 7.3.II, panel A). The complexes were then purified (panel 
B) and tested in a histone HI kinase assay (panel C). As illustrated in this Figure, no 
phosphorylation of histone HI was detected in the presence of Cdk2 R33K. In 
addition, cyclin El migrated as a single band upon translation in the presence of the 
‘kinase dead’ Cdk2 mutant, further supporting our results which indicate that the 
changes of mobility observed on SDS-gels are caused by phosphorylation of cyclin 
Eby Cdk2.

7.4 Cdk2 phosphorylates Xenopus cyclin E on serine and threonine 
residues only

Having determined that phosphorylation of cyclin E by Cdk2 also occurred on 
residues other than the canonical Cdk2 consensus sites, we next wanted to identify 
these residues. In addition, we wanted to know the contribution of sites A and B, 
whose loss caused a detectable shift in the apparent mobility of cyclin E on SDS- 
gels, to the phosphorylation of cyclin E. For this purpose, a phosphoamino acid 
analysis of phosphorylated cyclin E variants was performed. Complexes of Cdk2 
with wild-type cyclin El-I, as well as its mutants A, B, AB and ABCDEFG were 
prepared and incubated with [y32P]-ATP as described before. The radiolabelled 
cyclin El-I constructs were then hydrolysed by treatment with hydrochloric acid 
and the released residues analysed on cellulose plates by high pressure thin-layer
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Figure 7 J.II The GST-Cdk2 K33R mutant binds to cyclin El-I but 

the complex is not active

Cyclin El-I was translated in a coupled transcription/translation reaction 

containing GST-Cdk2 (lane 1) or a kinase dead version, GST-Cdk2 

K33R (lane 2), but no [35S]methionine. Part of the translation reaction 

was probed with the anti-cyclin E antibody, as shown in panel A. After 

affinity purification on GSH-Sepharose, a fraction of the beads was 

again immunoblotted with the anti-cyclin E antibody (panel B), the rest 

was incubated with kinase buffer containing [y32P]-ATP and histone HI 

as substrate. These reactions were analysed by SDS-PAGE and 

autoradiography (panel C).
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electrophoresis followed by exposure to phospho-imager screens and quantification 
(see Materials and Methods 2.38).

As illustrated in Figure 7.4.1, all cyclin E constructs were found to be 
phosphorylated either on serine or threonine residues; no tyrosine phosphorylation 
was detected. The ratio between serine and threonine phosphorylation (here referred 
to as S/T ratio) was 55:45 in the case of wild-type cyclin E. Loss of phosphorylation 
site B (T76A) in mutants B, AB, and ABCDEFG shifted the S/T ratio to about 
70:30, indicating that residue T76 is one of only very few threonines 
phosphorylated in cyclin El-I. In contrast, loss of site A (S67A), which like loss of 
site B also caused cyclin E to migrate as a single species on SDS-gels, did not shift 
the S/T ratio considerably, indicating that many serines must be phosphorylated in 
cyclin El-I.

To further help locate these phosphorylated residues within the cyclin E 
protein, the two deletion mutants AN95 and AC27 were subjected to similar 
phosphoamino acid analyses. As these mutants bind to Cdk2 only extremely weakly 
(see Chapter 3.5), large amounts of translation products had to be prepared for this 
experiment.

A S/T ratio of 67.5:32.5 was obtained with mutant AN95 (which lacks sites 
A and B; Figure 7.4.II). This ratio is similar to those obtained for all mutants 
lacking site B, suggesting that loss of site B in the deletion mutant is responsible for 
the observed shift in its S/T ratio. Alternatively, such a shift could have also been 
caused if the deletion removed more phosphorylated threonines than serines.

In the case of deletion mutant AC27 (which lacks sites F and G; Figure 
7.4.II, panel A), a S/T ratio similar to that of wild-type cyclin E was obtained 
(panels B and C), suggesting that the last 27 amino acids are not phosphorylated. 
Another possibility is that the C-terminal deletion removed equal amounts of 
phosphorylated serines and threonines.

7.5 Tryptic phosphopeptide mapping of cyclin El-I

To map the phosphorylated serines and threonines in cyclin E, we next carried out a 
tryptic phosphopeptide analysis of wild-type cyclin El-I as well as its deletion 
mutants and phosphorylation site mutants. To help the reader, a listing of the 
predicted peptides obtained upon digestion of cyclin El-I with trypsin is shown in 
Figure 7.5.1. Also indicated in this Figure are the positions of the point mutants and 
deletion mutants of cyclin E analysed in this study.

We first asked whether the phosphorylation pattern of untagged cyclin E1 -I 
translated and phosphorylated in vitro was similar to that obtained with endogenous 
cyclin E immunopurified from egg extracts supplemented with [y32P]-ATP
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Cyclin E1-I construct wild type A B AB ABCDEFG

Serine % 55 52.2 70.6 68.3 72.5

Threonine % 45 47.8 29.4 31.7 27.5

Total counts = 100%

Figure 7.4.1 Phosphoaminoacid analysis of the phosphorylation- 

site mutants of cyclin El-I

Cyclin El-I, and the indicated phosphorylation mutants were translated 

in a coupled transcription/translation reaction without [35S]methionine. 

After affinity purification on GSH-Sepharose, the beads were incubated 

with kinase buffer containing [y32P]-ATP and then analysed by SDS- 

PAGE and blotted onto a PVDF membrane. The bands corresponding to 

cyclin E were removed from the membrane, hydrolyzed in HC1 and 

analysed on cellulose plates by high pressure thin-layer electrophoresis 

and subsequent autoradiography (panel A). The ratio of radioactive 

counts accounted for by serine or threonine phosphorylation in each 

sample is listed in panel B.
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Cyclin E1-I AN95 AC27

Cyclin E1-I construct wild type AN95 AC27

Serine % 55 67.5 57.4

Threonine % 45 32.5 42.6

Total counts = 100%

Figure 7.4.11 Phosphoaminoacid analysis of two deletion mutants 

of cyclin El-I

The truncations of the cyclin El-I deletion mutants subjected to 

phosphoaminoacid analysis are shown in comparison to the location of 

phosphorylation sites in the schematic drawing in panel A. Panel B 

shows the phosphoaminoacid analysis of the deltetion mutants, and panel 

C the ratio of serine to threonine.
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The tryptic peptides of cyclin E1-I

M PV ISN PAV EK -STK  
DEGTASCSVRSR 
ADVTIFLQDPDETLDSLEM TK 

AN59 GlwSNEMTCK
A SPHK
B L I p f l lE K

AN95 C/D E E H E P N P T N Y S H F A S U t-F iiv S V $ $ L P R
LHR-ETFYLAQDFFDR 
FMATQK 
SR
L Q L IG IT S L F IA A K  
LH Q FSFIT D G A C T ED EITR  

E DLGW ClJBfM TIVSW FNVFLQW YIR
ELQQFLRPQFPQEIYIQIVQLLDLCVLDICCLEYPYGVLAASAM YHFSCPELVQK-VSGFK-

VTELQGCIK
SK
GVDIEDAHNIQTHSGCLELMEK 

F/G V Y IN Q A L L E E Q N R -T fP l PTGVl I I p QSNK
SDR

Figure 7.5.1 The tryptic peptides of cyclin El-I

Trypsin cleaves proteins C-terminally of each lysine and arginine. The predicted peptides of cyclin El-I are 

listed with serines and threonines shaded in grey. The seven Cdk2 consensus sites are marked in blue and 

named on the left hand side; the residues with which the deletion mutants AN59 and 95 begin are marked 

in pink. As trypsin does not or not reliably cleave the sequences KP, RP, RDQ, KDQ, RXphospo-serine 

and RXphospho-threonine, peptides containing these sequences have been listed in the same line and 

possible cleavage sites have been indicated through gaps, denoted as dashes.
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(Materials and Methods 2.24). These two cyclins were digested with trypsin and the 
resulting peptides were analysed by electrophoresis and chromatography on thin- 
layer cellulose plates (Materials and Methods 2.37).

As illustrated in Figure 7.5.n, the peptide maps obtained from both proteins 
were very similar, suggesting that phosphorylation events affected identical residues 
in vitro and in vivo. The major difference between both maps lay in the relative 
intensity of each separated peptide. Thus, three peptides (circled in blue on panels A 
and B of Figure 7.5.II) were heavily labelled in the sample of endogenous cyclin E, 
whereas these peptides were barely visible on the map derived from the in vitro 
translated cyclin.

Ten peptides were consistently separated from tryptic digests of both 
samples. Four of these (labelled 3a-3d on Figure 7.5.II, panel C) formed a cluster 
and were predominantly phosphorylated. Another two peptides (6 and 7), were also 
strongly labelled.

Having established that the tryptic digests of cyclin E translated and 
phosphorylated in vitro gave a pattern in agreement with the position of the residues 
phosphorylated in vivo, we next compared the peptide maps of several 
phosphorylation site mutants and deletion mutants of cyclin E.

Loss of site B (T76A) in mutants B, AB, and ABCDEFG resulted in the 
complete loss of peptides 3a and 3b (Figure 7.5.Ill, panels C-E), further supporting 
our previous results that showed that site B is one of the major targets for 
phosphorylation by Cdk2. A weak signal was detected at the position of peptide 3b 
in the peptide map derived from the ABCDEFG mutant (panel E). This could 
indicate that in this mutant cyclin phosphorylation has occurred on a novel residue 
located in the vicinity of T76A, on peptide 3b. However, the weakness of this signal 
precluded any further study. Finally, that more than one peptide (3a and 3b) 
disappeared with the loss of a single phosphorylation site, indicated that some of the 
peptides detected in our analysis were only partial proteolytic digests. This was 
confirmed during the analysis of mutants lacking site A. Loss of site A (S67A) in 
mutants A, AB, and ABCDEF resulted in the loss of peptide 3c (Figure 7.5.Ill, 
panels B, C, and E). In addition, peptide 3b was also lost. Taken together with the 
data obtained for site B, these results suggest that peptide 3b is a partial proteolytic 
fragment that carries both sites A and B. Despite this observation, our results 
confirm the important contribution of sites A and B to the phosphorylation of cyclin 
E.

In contrast to the loss of sites A and B, loss of sites F or G in the C-terminus 
of cyclin El-I did not lead to the disappearance of any of the predominant peptides
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Figure 7.5.II A comparison of the peptide maps of endogenous and in vitro translated cyclin El-I

Endogenous cyclin E was immunoprecipitated with an anti-cyclin E antibody from [y32P]-ATP labelled 

frog egg extract. Cyclin El-I was translated, purified and incubated in kinase buffer containing [y32P]- 

ATP. After purification, the proteins were subjected to a tryptic digest and analysed by electrophoresis 

in the horizontal direction and chromatography in vertical direction (see Materials and Methods 2.37). 

Panel A shows the peptide map of in vitro translated cyclin El-I; Panel B shows the map of 

endogenous cyclin E in comparison. A schematic drawing panel C indicates the cyclin E derived 

peptides (red; numbered for referral) and the origin, where samples were spotted onto plates as well as 

direction of electrophoresis and chromatography. It is not clear yet whether the three peptides (circled 

in blue) at the top of the endogenous cyclin E map are cyclin E derived or not, as they are much weaker 

in the map derived from cyclin El-I.
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Figure 7.5.III A comparison ot the peptide maps of cyclin El-I and the 
A, B, AB and ABCDEFG mutants

Cyclin El-I and the indicated mutants were translated, radio-labelled and 

subjected to a tryptic digest as described before. Panel A illustrates the map 

of a tryptic digest of cyclin El-I, panels B to E show the maps of the A, B, 

AB and ABCDEFG mutants, respectively.
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(Figure 7.5.III, panel F), indicating that sites F and G do not contribute a significant 
amount to cyclin E phosphorylation.

The results presented above suggest that, with the exception of sites A and 
B, the major contribution to the phosphorylation of cyclin E is provided by residues 
that do not correspond to canonical Cdk2 consensus sequences. In order to identify 
these residues, v/e next carried out the analysis of peptide maps obtained from 
various cyclin E deletion mutants. The mutants chosen for this analysis were AN59 
(which still harbors all canonical phosphorylation sites), AN95 (which lacks sites 
ABCD), AN59-107 (an internal deletion mutant lacking sites ABCD as well as a 
cluster of serines) and AC27 (which lacks sites F and G). The schematic drawing of 
these mutants is presented in Figure 7.5.IV, panel F.

As anticipated, the map obtained from mutant AN59 still seemed to display 
all four peptides 3a-3d (Figure 7.5.IV, panel B) despite their poor resolution during 
the chromatography. In contrast, peptides 3a and 3b were missing in mutants AN95 
and AN59-107 (panels C and D). Moreover, peptide 3c also seemed to be missing in 
mutant AN95 (panel C). As discussed previously, the disappearance of these 
peptides is likely due to the loss of sites A and/or B in these mutants.

Additional differences could be observed between the phosphorylation 
patterns of the various deletion mutants. Thus, mutant AN59-107 still contained 
peptides 5, 6 and 7, while these were absent in mutants AN59 and AN95. These 
three peptides are therefore probably derived from the first 59 amino acids of the 
cyclin El-I protein. A schematic drawing in Figure 7.5.IV, panel E summarizes the 
origin of the various tryptic peptides analysed in this study. Some peptides could not 
be located. Such is the case for peptide 3d. This fragment of cyclin E remained 
present in all deletion mutants analysed, indicating that it resides downstream of 
residue 107 in the cyclin. However, further deletion mapping to identify this peptide 
was impossible because truncations of cyclin E beyond residue 107 abolished 
association with Cdk2.

We also obtained the peptide map obtained from mutant AC27, but 
unfortunately, it was not possible to interpret the peptide pattern.

To summarize, the results presented here indicate that the N-terminus of 
cyclin E is heavily phosphorylated by Cdk2, at sites A and B, as well as on residues 
upstream of amino acid 59. Additional phosphorylation must also take place 
downstream of residue 107. Finally, sites F and G in the C-terminus of cyclin E do 
not appear to be phosphorylated.
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Figure 7.5.IV A comparison of the peptide maps of cyclin El-I and the 

deletion mutants AN59, AN95, AN59-107 and AC27

Cyclin El-I and the indicated mutants were translated, phosphorylated and 

digested with trypsin. Panel A illustrates the map of cyclin El-I, panels B to D 

show the maps of the mutants AN59, AN95 and AN59-107, respectively. A 

schematic drawing showing the correlation between peptides and 

phosphorylation sites in cyclin El-I is shown in panel E. The deletion mutants 

used and the phosphorylation sites in cyclin El-I are presented in the schematic 

comparison included in panel F.
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7.6 A version of cyclin El-I lacking the Cdk2 consensus sites A, B, C, D, 
E, F and G is stabilized in COS-1 cells

Because phosphorylation has been shown to regulate the destruction of several G1 
cyclins, including yeast Cln2 and Cln3 and human cyclin E (Yaglom et al, 1995; 
Clurman et al, 1996; Lanker et al., 1996; Won and Reed, 1996) we wanted to test 
whether the loss of all seven potential Cdk2 consensus sites in Xenopus cyclin E had 
an effect on its stability.

For that purpose, we first attempted to overexpress mutant ABCDEFG in 
frog embryos. However, the experiments were always unsuccessful, because 
microinjected as well as control embryos never survived long enough to allow 
monitoring of the levels of the expressed constructs beyond MBT. It remains 
unclear why at the time these experiments were conducted the embryos deteriorated 
so quickly.

As an alternative, we then decided to compare the stability of wild-type 
cyclin El-I and the mutant ABCDEFG following transfection into COS-1 cells, c- 
myc tagged versions of the wild-type or mutant cyclin El-I were cloned in the 
expression vector TSIGN2 (see Materials and Methods 2.16.7) and transfected into 
COS-1 cells (see Materials and Methods 2.40). After a 48 hour incubation to allow 
accumulation of the proteins, cycloheximide was added and the levels of the cyclin 
proteins were followed by immunoblotting over a period of eight hours.

As illustrated in Figure 7.6.1, panel A, wild-type cyclin El-I was 
progressively degraded following addition of cycloheximide. Its half-life was 
calculated at 4.5 to 5 hours. In contrast, the ABCDEFG mutant was extremely stable 
(panel A). Western blot analysis of GFP-neomycin, a stable protein also encoded by 
the transfection vector, confirmed that equal amounts of proteins had been loaded 
onto the gels (panel B). Importantly, the mutant cyclin migrated as a single form in 
the SDS-gel, compared to the many species observable for wild-type cyclin E. This 
observation suggests that phosphorylation of cyclin E on one or more of its Cdk2 
consensus sites is required for its degradation in COS-1 cells.

Cyclins Al and A2 have been shown to require association to Cdc2 for 
destruction (Stewart et al., 1994; van der Velden and Lohka, 1994), raising the 
possibility that the stability of mutant ABCDEFG in COS-1 cells is due to its failure 
to bind to Cdk2. However, our previous observation that the ABCDEFG mutant is 
capable of binding and activating Cdk2 to the same extent as wild-type cyclin E in 
vitro (see Figure 7.2.III, panel C) makes this possibility unlikely. Another possible 
explanation for the differential stability of the two cyclin El-I constructs is that the
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Figure 7.6.1 The phosphorylation mutant cyclin El-I ABCDEFG is stabilized 
in COS-1 cells

c-myc tagged versions of wild-type cyclin El-I and the phosphorylation mutant 

ABCDEFG or the vector only were transfected into COS-1 cells. After 48 hours 

100 ng/ml cycloheximide was added to the cells. The protein levels of cyclin El-I 

and its mutant were followed by harvesting the cells starting immediately after 

cycloheximide addition at the indicated times. Cells were lysed and the protein 

concentrations of the lysates defined to load equivalent amounts on SDS-gels. 

After transfer onto nitrocellulose, the same membrane was probed with anti-c-wvc 

(panel A) and an anti-GFP antibodies (panel B). In panel C the relative amounts of 

protein have been quantified and plotted.
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mutations introduced in mutant ABCDEFG interfered with its nuclear localization.
That the degradation of cyclin E might depend on its localization is suggested by the 
observation that destmction of the nuclear Cdk inhibitor Xicl in frog egg extracts 
required the addition of nuclei (Yew and Kirschner, 1997). To test the localization 
of the ABCDEFG mutant, we therefore transfected c-myc tagged versions of wild- 
type and mutant cyclin El-I into COS-1 cells and carried out their 
immunolocalization.

As shown in Figure 7.6.II, the anti-c-myc antibody detected both the mutant 
form and wild-type cyclin E exclusively within the nuclei. As expected, a control 
experiment with the known cytoplasmic protein Kipl located this protein 
throughout the whole cell. Taken together, these results show that cyclin E mutant 
ABCDEFG, although located in the nucleus, is not degraded in COS-1 cells. 
Unfortunately, there was no time to check individual phosphorylation sites by this 
assay, or to conduct phosphopeptide mapping of cyclin E constructs expressed in 
COS-1 cells.

7.7 Discussion

The experiments presented in this chapter aimed at mapping the phosphorylated 
residues of cyclin E in an effort to study the role of phosphorylation in the 
degradation of this cyclin. However, the data presented here are difficult to interpret 
for several reasons. Firstly, we studied cyclin El-I constructs translated in the 
presence of Xenopus egg extract, which were purified prior to incubation with 
[y32p]_ATP. Because we have shown that phosphorylation of cyclin E occurs during 
this translation (see Chapter 3.2), only those residues which exchanged phosphate 
against radiolabelled phosphate could be detected in the assays used here. Secondly, 
mutation of a major phosphorylation site might render other sites accessible to the 
kinase, resulting in an incorrect phosphorylation pattern. A similar situation could 
happen with deletion mutants if truncation of the protein leads to structural changes. 
Despite these caveats, our observation that similar phosphorylation patterns are 
obtained with endogenous cyclin E or cyclin E translated in vitro indicates that the 
use of in vitro translated proteins is a valid approach to address the phosphorylation 
of cyclin E.

The phosphorylation events of cyclin El-I are possibly mediated by its partner 
Cdk2, but the possibility that a co-immunopurified kinase, which is activated by binding 
to the active cyclin E/Cdk2 complex, is responsible for the phosphorylation of cyclin E 
cannot be excluded.

Cyclin E was phosphorylated not only at canonical Cdk2 consensus sites, but also 
at other serines or threonines residues. The phosphopeptide maps presented here indicate 
that the N-terminus of cyclin E is strongly phosphorylated by Cdk2, at sites A and B, as 
well as on residues upstream of amino acid 59. The peptide maps of several N-terminal 
deletion mutants indicate
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COS-1 cells transfected with
c-myc cyclin E1-I c-myc cyclin E1-I ABCDEFG Jstoae

Primary Antbody: anti-c-myc anti-c-myc anti-p27Kip1

Hoechst 33259 staining

Figure 7.6.II Wild-type cyclin El-I and the phosphorylation mutant 

ABCDEFG are both localized to the nucleus

c-myc tagged versions of wild-type cyclin El-I and the phosphorylation mutant 

ABCDEFG were transfected into COS-1 cells. After 48 hours cells were fixed and 

stained using either an anti-c-myc or anti-p27KiP1 primary antibodies. The 

secondary antibody was rhodamine-conjugated (panel A). Before mounting, the 

cells were stained with Hoechst 33259 (panel B). The detection of rhodamine and 

GFP in panel B is due to the filter used for microscopy, which allowed 

bleedthrough.
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that additional phosphorylation must also take place downstream of residue 107, but 
we have not been able to identify the exact location of the remaining 
phosphorylation sites of cyclin El-I as we could only analyse those deletion mutants 
which could still associate with Cdk2. Finally, we have indications that the last 27 
residues of cyclin E are not phosphorylated to a noticeable extent. However, further 
peptide mapping would be required to confirm this point.

Our observation that the N-terminus of Xenopus cyclin El-I is heavily 
phosphorylated, whereas its C-terminus undergoes little if at all any 
phosphorylation despite the presence of two Cdk2 phosphorylation sites contrasts 
with reports on yeast Cln cyclins and human cyclin E. Indeed, phosphorylation of 
minimal Cdk consensus sites within the C-termini of these cyclins has been shown 
to mediate their ubiquitin-tagging and subsequent destruction (Clurman et al, 1996; 
Lanker et al, 1996; Won and Reed, 1996).

One explanation for the absence of phosphorylation of the C-terminal 
phosphorylation sites may be that the stability of Xenopus cyclin E is regulated in a 
different manner compared to its somatic relatives. Unlike Clns and human cyclin 
E, Xenopus cyclin E remains stable throughout the cell cycles of early embryonic 
development. Thus its C-terminal phosphorylation sites might not be modified 
before the MBT. In this regard it will be interesting to learn whether it is a mutation 
of a C-terminal Cdk2 consensus site which stabilizes the cyclin E mutant 
ABCDEFG in COS-1 cells. Alternatively, the signal for degradation of Xenopus 
cyclin E might be located in the N-terminus. Phosphorylation within the N-terminal 
motif of cyclin E, described in Chapter 4, might trigger its proteolysis at the MBT.

The transfection of a frog protein into mammalian tissue culture cells raises 
the issue of unspecific proteolysis because Xenopus lives at a temperature of 16- 
25°C while COS-1 cells grow at 37°C. However, the half-life of wild-type cyclin E 
in COS-1 cells (c.a. 4.5 hr) was still long compared to that of human cyclin E 
expressed in rat fibroblasts (>15 min; Clurman et al, 1996), in agreement with their 
reported stability. This indicates that the temperature shift did not cause unspecific 
proteolysis of cyclin E. However, future experiments should aim at testing the 
stability of cyclin E deletion mutants directly in frog embryos. Several attempts to 
do so failed due to problems with egg quality (data not shown).
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Chapter 8

The degradation of cyclin E in vitro

Most advances in our understanding of protein degradation have come from 
biochemical analysis. To investigate the mechanisms underlying the degradation of 
Xenopus cyclin E, we therefore tried to develop a cell free system capable of 
catalysing its proteolysis.

8.1 The in vitro degradation assay

To investigate the degradation of proteins, including cyclin El-I, in vitro, mRNA of 
the substrates was translated in reticulocyte lysate in the presence of 
[35S]methionine for 90 minutes. The labelled substrates were added to various cell 
extracts including extracts from embryonic cells, activated eggs and tissue culture 
cells, which were supplemented with an energy-regenerating system since ubiquitin- 
dependent proteolysis requires ATP; the extracts were also supplemented with 70 
pM ubiquitin (see Materials and Methods 2.32) and cycloheximide was added to 
inhibit further protein synthesis. For reasons outlined in 8.3, sperm nuclei were also 
added unless indicated otherwise. Because we previously reported that Cdk2 may be 
required for cyclin E destruction (see Chapter 4), we also added recombinant Cdk2 
produced in E. coli in some of the assays. The substrates, including the control 
proteins Xicl (Yew and Kirschner, 1997), ornithine decarboxylase (ODCase) as 
well as a stable ODCase mutant (Miyazaki et al., 1993) were added to the extracts 
and their stabilities were monitored by SDS-gel analysis over a period of time 
specified in each experiment.

8.2 Cyclin E is stable in extracts of frog embryos collected at MBT

Because the half-life of cyclin E is drastically shortened at the midblastula 
transition, extracts made from embryos collected at or shortly after MBT were first 
tested as a source of material to study the events leading to cyclin E destruction. The 
MBT stage was monitored according to Nieuwkoop and Faber (1967), and 
immunoblotting experiments confirmed that the endogenous levels of cyclin E in 
these extracts had started to decline (data not shown).

The first protocol we followed to prepare embryonic extracts is that 
described for ‘interphase’ egg extracts (Materials and Methods 2.28). However, as 
embryos contain less cytoplasm than eggs and are very difficult to crush in a high 
speed spin, the yield of cytoplasm recovery was too low and this method was
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therefore unpractical. In order to isolate their cytoplasm more efficiently, we 
homogenized embryos (see Materials and Methods). The homogenate, obtained in 
the presence or absence of detergent (0.1% NP40) was then centrifuged, 
supplemented as described above and treated exactly as in the protocol for the 
preparation of interphase egg extracts. These extracts are referred to as ‘embryonic 
extracts’. Alternatively, we also used crude embryonic extracts for which the 
centrifugation step following homogenization was omitted (‘embryonic crude 
extracts’).

As illustrated in Figure 8.2, Xicl (see 8.3 for detailed discussion of Xicl) 
was degraded in the egg extract (lanes 5-8) as well as in the embryonic-NP40 
extract, although in the latter degradation was slower (lanes 13-16). In crude 
embryonic extract however, Xicl was stable (lanes 21-24). In contrast, cyclin E was 
stable for more than 3 hours in all the extracts we tested (lanes 1-4, 9-12, 16-20).

8.3 Frog cyclin E is stable in Xenopus egg extracts supplemented with 
nuclei

Because degradation of cyclin E could not be achieved in embryonic extracts and 
because of difficulties in obtaining sufficient amounts of embryonic extracts, this 
initial approach was not pursued further. Our next in vitro assay was based on the 
use of activated frog egg extracts as they were easily obtainable in large quantities.

Normally, cyclin E is stable in egg extracts (see Chapter 6), but we reasoned 
that the addition of components capable of mimicking the effects of MBT in 
embryos might destabilize the cyclin. The egg extracts were thus supplemented with 
frog nuclei as a critical ratio of nuclei to cytoplasm has been suggested to be 
involved in the initiation of MBT (Newport and Kirschner, 1982a; 1982b; 
Kimelman et al, 1987; 1989a). That the addition of nuclei might be required for the 
destruction of cyclin E in egg extracts is also suggested by in vitro studies showing 
that destruction of the cyclin E/Cdk2 inhibitor Xicl - a nuclear protein like cyclin E, 
required addition of nuclei to the egg extracts (Yew and Kirschner, 1997).

Cyclin E translation product was incubated in frog interphase egg extracts 
supplemented with a number of nuclei (sperm heads) such that the ratio of DNA to 
cytoplasm was similar to that at MBT (3000-4000/|il). Aliquots were removed over 
a period of 2.5 hours following addition of the translation products and the levels of 
cyclin E were monitored. As illustrated in Figure 8.3.1, frog cyclin E remained 
stable for several hours after decondensation of the added sperm heads. Addition of 
Cdk2 or Cdk2 together with nuclei to the extract did not affect the stability of cyclin 
E (compare lanes 1-4 with lanes 5-8).
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Extract Egg Embryonic detergent Embryonic crude

Translation E1-I Xicl E1-I Xicl E1-I Xicl
product

Time (min) 0 20 80 220 0 20 80 220 0 20 80 220 0 20 80 220 0 20 80 220 0 20 80 220 

A Autoradiograph kDa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

B Quantitation FrogEI-!
| Xicl

Egg Embryonic detergent Embryonic crude

0 50 100 200 300

Time (min)

0 50 100 200 300 0 50 100 200 300

Time (min) Time (min)

Figure 8.2 Cyclin El-I is stable in an embryonic extract with an active 

SCF pathway

[35S]methionine labelled cyclin E l-I or X icl translation products were 

incubated in either egg extract (lanes 1-8) or extracts made from embryos, 

which had developed beyond MBT (embryonic-detergent, lanes 9-16; 

embryonic-crude, lanes 17-24) (panel A). All o f these extracts were 

supplemented with cycloheximide, ubiquitin, energy-mix (see Materials and 

Methods 2.32) nuclei and Cdk2 (400 nM). Samples were collected at the 

indicated times starting with the addition of translation product to the extract, 

followed by SDS-PAGE analysis and autoradiography. Panel B shows the 

quantitation of the bands on the autoradiograph in panel A.
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Figure 8.3.1 Cyclin El-I is stable in the presence of nuclei

[35S]methionine labelled cyclin El-I translation product was incubated 

in frog egg extract, supplemented with cycloheximide, energy-mix, 

ubiquitin, GST-Cdk2 with (lanes 5-8) or without (lanes 1-4) nuclei. 

Samples were removed at the indicated times starting immediately after 

the additon of cyclin El-I translation product, followed by SDS-PAGE 

analysis and autoradiography (panel A). Panel B shows the quantitation 

of the bands on the autoradiograph in panel A.
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Several experiments were carried out to control that the 26S proteasome as 
well as the ubiquitinylation mechanisms were active in the egg extracts as well as 
the embryonic extracts used in the assays.

Firstly, the stability of rat ODCase (Hayashi et a l , 1996) as well as that of a 
stable ODCase mutant were monitored. It has previously been shown that the levels 
of frog ODCase, an enzyme involved in the regulation of the expression of 
polyamines such as spermine, spermidine and putrescine in embryonic development 
(Ichiba et al., 1995), are elevated until early gastrulation, when the enzyme 
undergoes proteolysis (Rosander et al, 1995). ODCase degradation by the 26S 
proteasome is mediated by antizyme and does not seem to require ubiquitinylation 
(Murakami et al, 1992; Murakami et al, 1993). A single amino acid exchange in 
the C-terminus (C441W) stabilizes ODCase (Miyazaki et al, 1993). To test for 26S 
proteasome activity in the interphase egg extract, radiolabelled ODCase or C441W 
ODCase were added as a 1:1 (v/v) mixture with antizyme to the extracts and their 
stability was monitored. As shown in Figure 8.3.II, wild-type ODCase was 
degraded rapidly (lanes 11-15), while its C441W mutant remained stable (lanes 6- 
10). Similar results were obtained in subsequent experiments with a variety of frog 
extract (data not shown). These data indicate that the 26S proteasome was active in 
our preparations.

We next controlled the integrity of the SCF pathway in our extracts by 
showing that one of its substrates, the cyclin E/Cdk2 inhibitor Xicl could be 
degraded. For this purpose, nuclei were added to the assay, as these have been 
shown to be required for Xicl destruction in vitro (Yew and Kirschner, 1997). All 
the assays were done in the presence of 0.4 |iM GST-Cdk2. As expected, Xicl was 
stable in interphase egg extracts in the absence of nuclei (Figure 8.3.Ill, panel B, 
lanes 7-12), while ODCase was rapidly degraded (lanes 19-24). However, addition 
of nuclei resulted in Xicl degradation (panel A, lanes 7-12). This degradation was 
slower than that of ODCase (compare lanes 7-12 and 19-24 and see quantitation in 
panel C), probably because Xicl destruction requires its transport into interphase 
nuclei, a process that takes about 30-60 minutes depending on the quality of the 
extract (data not shown). These data indicate that the SCF pathway of 
ubiquitinylation, which is possibly required for cyclin E destruction, is active in our 
extract preparations.

8.4 Human cyclin E is also stable in Xenopus interphase extract

Unlike embryonic Xenopus cyclin E, human cyclin E is expressed in a cell cycle- 
dependent manner, and is present from the end of G1-phase until its degradation 
after the onset of S-phase (Dulic et al, 1992; Clurman et al, 1996; Won and Reed,
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Translation product Frog El-I ODCase mutant ODCase wild-type
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Figure 8.3.II Ornithine decarboxylase is degraded in frog egg 

extract

The stabilities o f in vitro tranlsated frog cyclin E l-I, Ornithine 

Decarboxylase (ODCase) and a ODCase mutant were tested in frog egg 

extract, supplemented with cycloheximide, ubiquitin and energy-mix 

(panel A). Samples were collected and analysed as described before. 

Panel B shows the quantitation of the bands on the autoradiograph in 

panel A.
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Figure 8.3.III Xicl is degraded in frog egg extracts only in the 

presence of nuclei

The stabilities of frog cyclin El-I, X icl, ODCase and the ODCase 

mutant were tested in frog egg extract, supplemented as before (panel B) 

and also containing nuclei (panel A). Samples were collected and 

analysed as described before. Panel C shows the quantitation of the 

bands on the autoradiographs in panels A and B.
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1996). Despite their different regulation, it is very well possible that the 
mechanisms of proteolysis of the two cyclins are the same, which is supported by 
the fact that the degradation of frog cyclin E appears to depend on site-specific 
phosphorylation (see Chapter 7), like T380 in human cyclin E. If the proteolytic 
mechanisms are conserved, frog cyclin E may be stabilized throughout the first 
twelve S-phases of frog development because it is for some reason insensitive to the 
proteolytic machinery. In that case, human cyclin E might be more susceptible to 
degradation in a S-phase prior to the MBT. To test whether the proteolytic 
machinery responsible for cyclin E degradation was present and active in frogs, we 
tested the stability of human cyclin E in interphase egg extracts.

For this purpose, the degradation patterns of radiolabelled human and frog 
cyclin E translation products were compared in frog egg extracts in the presence of 
nuclei and recombinant Cdk2. As illustrated in Figure 8.4, both human and frog 
cyclin E remained stable for over 90 minutes under these conditions (lanes 1-5, 6- 
10).

The stability of human cyclin E in frog interphase egg extracts raises several 
issues. Firstly, cyclin E from human and frog might follow similar pathways of 
degradation, but these are inactive or missing in the extracts. A similar conclusion 
could be made if these pathways were different. Secondly, despite our 
demonstration that the 26S proteasome and the SCF pathways were active in our 
extracts, the frog degradation machineries might not recognize the heterologous 
human cyclin E. This hypothesis is based on the assumption that cyclin E utilizes 
the SCF pathways for its destruction.

8.5 Frog cyclin E is a stable protein in extracts from frog tissue culture 
cells

To test whether frog cyclin E could be degraded by the destruction machineries 
present in somatic cells, we next incubated frog cyclin El-I in extracts prepared 
from synchronized Xenopus WAK cells (Brandeis and Hunt, 1996). Cyclin E was 
found to be stable in extracts from all cell-cycle phases, and this stability was not 
affected by the presence of recombinant Cdk2 or nuclei (data not shown). Similar 
results were obtained when synchronized mouse fibroblast extracts were used as 
sources of extracts (data not shown). Our failure to detect proteolysis of cyclin E in 
these tissue culture cell extracts may be to the dilution sensitivity of the proteolytic 
system. It is difficult to prepare concentrated cell extracts, and Brandeis and Hunt 
(1996) found that the rate of degradation of cyclin B was very low in their extracts 
compared to intact cells.
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Figure 8.4 Frog as well as human cyclin E are stable in frog egg 

extract

The stabilities o f translated frog and human cyclin E were compared in 

frog egg extract, supplemented with GST-Cdk2, nuclei, cycloheximide, 

energy-mix and ubiquitin (panel A). Samples were collected and 

analysed as described before. Panel B shows the quantitation of the 

bands on the autoradiograph in panel A.
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8.6 Neither Cipl nor Fizzy-related cause the degradation of cyclin E at 
the MBT

The destruction of cyclin E at the MBT is concomitant to the appearance of several 
proteins. Among these are Kixl (Shou and Dunphy, 1996), a Xenopus p27Kipl 
homologue, and Fizzy-related (Sigrist and Lehner, 1997). The possibility exists that 
one or several of these proteins play an active role in the destruction of cyclin E. 
Because Kixl is an inhibitor of G1 cyclin/Cdk complexes (Shou and Dunphy, 
1996), and because Fizzy-related is important for proteolysis in interphase (Sigrist 
and Lehner, 1997), we decided to test whether their presence in egg extracts would 
trigger frog cyclin E destruction.

That Kixl was unavailable, prompted us to test one of its close relatives, 
human Cipl instead (see Chapter 6). As shown in Figure 8.6.1, cyclin E protein was 
stable upon incubation in frog interphase egg extracts (with nuclei and GST-Cdk2) 
in the presence (lanes 5-8) or absence (lanes 1-4) of GST-Cipl-His6.protein. In 
contrast, Xicl was degraded in both cases (lanes 9-12).

Because Fizzy-related is involved in the degradation of mitotic cyclins 
during G1 phases (Sigrist and Lehner, 1997; Lorca et a l , 1998), and because these 
phases only appear after the MBT, the possibility exists that Fizzy-related might be 
one of the proteins responsible for the destruction of cyclin E. Therefore, despite the 
fact that its only known substrates are proteins containing destruction boxes, we 
decided to add in vitro translated Fizzy-related to our assay.

The in vitro translation products of cyclin El-I and Fizzy-related were 
incubated alone or in combination in Xenopus interphase egg extracts supplemented 
with nuclei and GST-Cdk2 and their degradation pattern was observed. As shown in 
Figure 8.6.II, cyclin E remained stable whether Fizzy-related was present or not 
(lanes 6-10 versus 11-15). Fizzy related itself, however, was slightly degraded 
(lanes 1-5). The control protein Xicl was again found to be degraded (lanes 16-20).

8.7 Are the substrates appropriate?

All the experiments described above involved the addition of proteins synthesized 
in pure reticulocyte lysate. While Xicl and ODCase are readily degraded under 
these conditions, it is possible that cyclin E is indestructible when translated in 
reticulocyte lysate. However, cyclin E was equally stable when its mRNA was 
translated in a mixture of reticulocyte lysate and nuclease-treated Xenopus egg 
extract, or when E. coli-produced recombinant cyclin E was used as a substrate in 
the assay.
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Figure 8.6.1 Cyclin El-I is stable in frog egg extract in the presence 

of Cipl

The stabilities of in vitro translated frog cyclin El-I and X icl were tested 

in frog egg extract containing the usual supplements, nuclei and also 

GST-Cipl-His6 (panel A, lanes 5-12) or buffer (lanes 1-4). Samples 

were collected and analysed as described before. Panel B shows the 

quantitation of the bands on the autoradiograph in panel A. In the 

rightmost autoradiograph of Panel A, an additional band (*) is visible, 

which could be due to contamination with cyclin E l-I translation 

product.
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Figure 8.6.II Fizzy-related does not affect the stability of cyclin E in 

egg extracts

The stabilitiy of frog cyclin E l-I was tested in frog egg extracts 

supplemented with cycloheximide, energy-mix, ubiquitin, Cdk2 and 

nuclei. In the reactions analysed in lanes 1-10, the translation product of 

Fizzy-related was also added (panel A). Samples were collected and 

analysed as described before. Panel B shows the quantitation of the 

bands on the autoradiograph in panel A.

KDa

45

29

168



8.8 Discussion

This chapter describes experiments designed to find conditions for the destruction 
of cyclin E in vitro. For practical reasons, the use of extracts from embryos could 
not be pursued, and we turned to egg extracts as well as extracts from a variety of 
sources. In an attempt to trigger destruction of cyclin E in these extracts, we sought 
to mimic the events associated with MBT, for example by adding sperm nuclei, 
cyclin E inhibitors or proteins known to target proteins to the 26S proteasome in 
interphase such as Fizzy-related. Cyclin E remained stable under all conditions 
tested while ODCase and Xicl were degraded in the same extracts, demonstrating

j that the 26S proteasome was presumably active and that ubiquitin-dependent
proteolysis was possible.

The simplest explanation for our failure to detect cyclin E degradation is that 
frog and human cyclin E are degraded by a similar mechanism, but that frogs lack a 
required proteolytic component which only appears at the MBT. Obviously, loss of 
such a component could also be caused by the experimental procedure(s) used to 
prepare the extracts described here. Components of the cyclin E destruction 
apparatus may also have already disappeared or have been inactivated by the time 
extracts are available for testing. In addition, besides phosphorylation and poly- 
ubiquitin-tagging, it is likely that several other networks of regulatory mechanisms 
must be present and active at the time when the extracts are prepared. 
Unfortunately, only a limited number of reagents are available to investigate the 
complexity of the events surrounding the degradation of frog cyclin E. Unless 
conditions are found which render cyclin E unstable in vitro, it will be impossible to 
use biochemical approaches to elucidate this mechanism in detail.

i
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Chapter 9

Discussion

In this thesis, we have investigated the expression pattern of cyclin E in early frog 
development. We confirm that cyclin E is stable during the rapid cleavages that lead 
a frog embryo to the MBT, and that it then rapidly disappears (Rempel et al, 1995). 
We have investigated the reasons for the stability of cyclin E before the MBT and 
approached the molecular details of its destruction thereafter.

The proteolysis of cyclin E at the MBT appears to depend on at least two, 
possibly three factors: (1) the binding to its partner Cdk2, (2) an N-terminal motif 
lying between residues 26 and 59 and (3) probably phosphorylation of one or more 
Cdk2 consensus sites.

The results described in Chapter 4 have demonstrated that binding to Cdk2 
is required for destruction of cyclin E. Indeed, the loss of binding to Cdk2 in 
deletions mutants of cyclin E was always associated with their stabilization. 
However, binding to Cdk2 is not sufficient for degradation, as a cyclin E mutant 
could be found which remained stable despite is ability to associate with Cdk2. The 
stability of this mutant is caused by the lack of an N-terminal fragment 
encompassing residues 26 to 59 (see Figure 9). Unlike cyclins A and B, this N- 
terminal region of frog cyclin E does not contain a ‘destruction-box’ motif (Glotzer 
et al, 1991). This is consistent with the fact that cyclin E is not degraded at mitosis. 
However, it is possible that a signal equivalent to the mitotic destruction box is 
present between residues 26 and 59 of cyclin E. If such is the case, and assuming 
that an SCF-like pathway is involved in frog cyclin E destruction, it is tempting to 
speculate that the stability of frog cyclin E would be caused by the absence or 
inactivity of this SCF-like complex prior to the MBT. Our attempts to block protein 
synthesis in embryos with cycloheximide failed to reveal whether components of 
the proteolytic machinery responsible for cyclin E destruction at to the MBT were 
already present in the embryos or whether they were synthesized at the MBT. 
Indeed, cycloheximide was found to have toxic effects on the embryos (see Chapter 
5).
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Figure 9 The homology in the N-terminal protein sequences of cyclin E family 
members
The N-terminal protein sequences o f the several cyclin E proteins (FI-frog E l, F2-frog E2, Z 
zebrafish, M-mouse, R-rat, H-human) are aligned. Conserved residues are marked in pink, less 
conserved residues are marked in grey. Residues 26 and 59 are indicated above the sequence while 
the potential NLS sequence is marked underneath. Gaps in the form of dashes have been inserted to 

keep the alignments.

Additional motifs might be encoded within this N-terminal region of frog 

cyclin H. Thus, the region between residue 26 and 59 of cyclin E was found to 

harbor the RKR motif which represents a putative nuclear localization sequence 

(NLS; Figure 9). The presence of an NLS in a region of cyclin E required for its 

proteolysis suggests that its degradation might take place in the nucleus. In this 

regard, it is worth noting that degradation of the Xenopus Cdk inhibitor Xicl has 

been proposed to occur in the nucleus because this process is observed in vitro only 

in the presence of added sperm heads (Yew and Kirschner, 1997). Mutational 

analysis of the NLS motif should help to test its involvement in the localization and 

the destruction of cyclin E.

Inspection of the N-terminal signal also reveals the presence of a set of five 

residues, LQDPD, which are completely conserved throughout the cyclin E family. 

The functional significance of this conservation is at present unknown. This region 

also contains one serine and three threonine residues which might play a role in the 

phosphorylation-dependent recognition of cyclin E by the SCF machinery, as well 

as five lysine residues which could be targets for ubiquitinylation by the same 

machinery. While our phosphopeptide analyses presented in Chapter 7 indicate that 

cyclin E is phosphorylated in this region, more work will be necessary to test these 

hypotheses.

The required association of cyclin E with Cdk2 for proteolysis of the cyclin 

suggests that Cdk2 mediates destruction of the cyclin by phosphorylating cyclin E 

on one or several specific residues. This is reminiscent of the mechanisms by which 

Cdk2 triggers degradation of its cyclin E partner in human cells (Clurman et al., 

1996; Won and Reed, 1996). Furthermore, binding to a kinase partner has also been 

shown to be a prerequisite for degradation in the cases of mitotic cyclins A l and B2 

(Stewart et al., 1994; van der Velden and Lohka, 1994). Consistent with this 

hypothesis, a frog cyclin E mutant lacking all Cdk2 consensus sequences was found
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to be more stable than wild-type cyclin E in monkey COS-1 cells (see Chapter 7), 
suggesting that specific phosphorylation on onrte or more of these sites is required 
for the degradation of the cyclin. Finally, our finding that degradation of Xenopus 
cyclin E can be studied following transfection into COS-1 cells (Chapter 7) should 
allow the identification of the Cdk2 consensus site(s) required for its degradation.

We have observed that human cyclin E was as stable as Xenopus cyclin E in 
frog egg extracts (see Chapter 8). However; it is not known whether the proteolytic 
system in the egg extracts was inactive or whether it could not recognize human 
cyclin E. Monitoring the pattern of expression of human cyclin E in frog embryos 
could help to answer this question.

Perhaps the simplest explanation for the destruction of frog cyclin E at the 
MBT is that it occurs by Cdk2-mediated phosphorylation and subsequent 
ubiquitinylation, in a process identical to that governing degradation of cyclin E in 
human cells at the onset of S-phase. Yet, while human Cdk2 phosphorylates its 
cyclin partner at its C-terminal T380 residue (Clurman et al., 1996; Won and Reed, 
1996), we were unable to detect phosphorylation by Cdk2 within the C-terminus of 
Xenopus cyclin E (see Chapter 7). This could be due, however, to the fact that 
cyclin E was stable in the egg extracts used for our analysis. Thus, it is still possible 
that phosphorylation of the C-terminus of frog cyclin E occurs only at the MBT, 
when it needs to be destroyed. On the other hand, frogs and humans might have 
evolved different mechanisms to degrade cyclin E even though phosphorylation of 
cyclin E in both species could signal their destruction. In this regard, it would be 
illuminating to learn whether human cyclin E also possesses an N-terminal signal 
necessary for its destruction. One way to approach this question would be to test the 
stability of chimeric constructs.

This study has revealed a couple of differences that some of the molecular 
details of cyclin E degradation might be different in frog and human cells. Firstly, 
phosphorylation of human cyclin E by its associated Cdk2 partner has been reported 
to trigger the dissociation of the complex (Clurman et a l , 1996; Won and Reed, 
1996). In contrast, using frog proteins we found that phosphorylated cyclin E 
associated with Cdk2 in stable complexes (see Chapters 3 and 7). Therefore, 
phosphorylation of the frog cyclin does not appear to trigger dissociation of the 
cyclin/Cdk2 complex. Secondly, in contrast to studies carried out with the R130A 
mutant of human cyclin E (Clurman et al, 1996) we found that its frog equivalent, 
R145A, a mutant unable to associate with Cdk2, was stable beyond the MBT when 
expressed in embryos.

The mobility of de-novo synthesized Xenopus cyclin E was found to 
decrease over time in egg extracts (see Chapter 6). The slower migrating species
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were the result of phosphorylation events on the newly synthesized protein (see 
Chapters 7 and 8). Phosphorylation of in vitro translated cyclin El-I and cyclin E2 
was also observed in the presence of recombinant Cdk2 (see Chapter 3, Figure 3.3). 
The patterns of cyclin E phosphorylation in these two experiments differed slightly 
in that a higher number of slower-moving species was observed in 
immunoprecipitates of endogenous cyclin E. This observation suggests that 
additional kinases present in egg extracts are able to phosphorylate cyclin E. An 
alternative explanation is that the anti-cyclin E antibody used to immunopurify 
newly synthesized cyclin E also recognized other cyclin E forms.

There is much evidence that cyclin E is required for rapid DNA synthesis 
during the cleavage divisions that lead frog embryos to the MBT. Why cyclin E is 
suddenly lost at the MBT, however, remains obscure. One may speculate that cyclin 
E destruction allows for the lengthening of S-phase that occurs at this time, or that it 
enables the embryo to stop dividing and launch its differentiation program. No 
somatic forms of cyclin E have ever been detected in Xenopus after the MBT, and it 
is therefore not clear whether the early embryonic forms disappear completely or 
whether they reappear transiently after the MBT. Future experiments should aim at 
the generation of cyclin E variants which either persist beyond the MBT, or undergo 
a premature proteolysis. Such reagents would help to elucidate the mechanisms that 
lead to the appearance of Gl- and G2-phases when Xenopus embryos switch from a 
succession of rapid cleavages to longer somatic cell cycles.
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Appendix I

The cloning o f  a potential substrate o f  cyclin E/Cdk2  -  

Stathmin

Considerable advances have been made in characterizing cyclin/Cdk complexes, but 
is has proven difficult to identify their physiological substrates. In the course of 
studies aimed at the identification of such substrates, a protein was isolated that 
appeared to be specifically phosphorylated by the cyclin E/Cdk2 complex. 
Purification and subsequent microsequencing identified this 18-kDa protein as 
‘Stathmin’ (Descombes and Hunt, unpublished data).

The literature on Stathmin indicated that the protein is cell cycle regulated 
and plays a role in mitosis, since it becomes phosphorylated at that stage and is also 
involved in the regulation of the polymerization rate of microtubules. It therefore 
seemed unlikely that Stathmin was a physiological target of cyclin E/Cdk2. 
However, as the standard substrates histone HI and GST-Rb proved to be 
inefficiently phosphorylated by cyclin E/Cdk2 in vitro compared to cyclin A/Cdk2 
(see Chapter 3, Figure 3.5.1), we decided to clone Stathmin in the hope to obtain a 
more efficient in vitro substrate.

AI.l The identification of Stathmin as substrate of cyclin E/Cdk2

To identify physiological substrates of the cyclin E/Cdk2 complex, Patrick 
Descombes incubated oocyte extracts with [y32P]-ATP and either recombinant 
cyclin E or cyclin A/Cdk2 complexes. The added recombinant cyclin/Cdk2 
complexes had been purified from baculovirus-infected insect cells. After 
incubation, the reaction mixtures were analysed by SDS-PAGE and 
autoradiography.

As shown in Figure AI.l, a protein of 18 to 20-kDa was detected, which 
seemed to be specifically phosphorylated by the cyclin E/Cdk2 complex (lane 2) but 
not by cyclin A/Cdk2 (lane 3) or the endogenous kinases contained in the oocyte 
extract (lane 1). After purification to homogeneity, the protein was microsequenced 
and identified as Stathmin (Strahler et a l , 1992; Maucuer et a l , 1993; Belmont and 
Mitchison, 1996b) by homology searches in the databases.

AI.2 The cloning of stathmin

Stathmin is an abundant protein in oocyte and egg extracts. We therefore reverse 
transcribed mRNA contained in CSF-arrested egg extract and used the resulting
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Figure AI.l The cyclin E/GST-Cdk2 complex specifically 

phosphorylates a protein of 18-kDa in frog oocyte extract

Oocyte extract was supplemented with [y32P]-ATP and either 

baculovirus expressed cyclin E/GST-Cdk2 (lane 2), cyclin A/GST-Cdk2 

(lane 3) or buffer (lane 1) followed by a 10 minute incubation at 23°C. 

The reactions were analysed by SDS-PAGE and autoradiography. The 

band corresponding to Stathmin is indicated with an arrow at the side of 

the autoradiograph.

Patrick Descombes, unpublished results
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cDNA as template in a further PCR reaction (see Materials and Methods 2.9.4). The 
428-bp fragment obtained (Figure AI.2.I) was cloned into pET21D (Materials and 
Methods 2.17.1) and to verify the sequence four transformants were sequenced. 
Two of the clones had a nucleotide sequence identical to the frog Stathmin sequence 
in the database. The two other clones (7.1 and 2), however, both differed in 14 
nucleotides. This could have been an artifact due to mismatches during the PCR 
amplification. However, an alignment of the nucleotide sequences of several 
vertebrate Stathmins in Figure AI.2.II indicates that only 5 out of the 14 nucleotides 
cause a change in the protein sequence. And 4 out of the 5 amino acids changes are 
conserved in other members of the Stathmin family. Therefore clones 7.1 and 7.2 
could possibly represent new alleles of Stathmin.

AI.3 Stathmin is phosphorylated by cyclin E/GST-Cdk2 in vitro

After expression as a C-terminal His6-tag fusion protein, Stathmin was compared 
with histone HI as substrate of cyclin E/Cdk2 in vitro. For this purpose, in vitro 
translated cyclin El-I/GST-Cdk2 complexes were prepared and incubated with 
kinase buffer containing [y32P]-ATP and either 5 mM histone HI or 5 mM 
Stathmin. Samples were removed at the indicated times starting immediately after 
the addition of kinase buffer. As illustrated in Figure AI.3, panels A and B, histone 
HI and Stathmin were phosphorylated at similar rates, but histone HI was labelled 
stronger than Stathmin.

AI.4 Discussion

Stathmin (for review see Belmont and Mitchison, 1996a) is a major substrate of 
several kinases including MAP kinase, Cdc2 and protein kinase A. Its involvement 
in the regulation of mitosis suggests that its phosphorylation by the recombinant 
cyclin E/Cdk2 complex has no physiological role but was due to its strong 
abundance in oocyte extracts.

When Stathmin and histone HI were compared as substrates of the cyclin 
E/GST-Cdk2 complex, the phosphorylation of Stathmin was found to be weaker 
than that of histone HI. This result might be due to number of phosphorylation sites 
contained within the protein sequences of Stathmin (Beretta et al, 1993; Marklund 
et al, 1993; Marklund et al, 1994) and histone HI. Figure AI.4 shows an alignment 
of the Stathmin and histone HI families with all potential Cdk2 phosphorylation 
sites indicated. Histones generally contain more SP or TP sites than Stathmins do. 
However, only the N-terminal sequence of the bovine histone HI (Sigma) used as 
substrate in the in vitro assays here is known. It therefore remains unclear whether 
bovine histone HI contains more phosphorylation sites than frog Stathmin.
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RT-PCR of stathmin

Original mRNA 
template [pg]

Agarose gel

0.9 1.8 3.6 7.2 10.8 13.5

Figure AI.2.I The cloning of frog stathmin

mRNA contained in CSF extract was used as template for the reverse 

transcriptase reaction. Increasing amounts of CSF extract were mixed 

with the MMLV reverse transcriptase and the primers 40 and 41 (see 

Materials and Methods 2.94). The synthesized cDNA was then amplified 

in a PCR reaction using the same primers. The resulting band of 428 bp, 

which was subcloned into the expression vector pET21D (see Materials 

and Methods 2.17.1) is visualized on the agarose gel in panel B.
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The Stathmin Gene Family

C ATGGCTACTTCTGATATCCAAGTGAAA|AACTGGAAAAGCGTGCCTCTGGGCAGGCATTTGAGCTGATCCTTGG
r  a t g g c a t c t t c t g a t a t t c a g g t g a a a | a g c t g g a g a a g c g a g c t t c c g g c c a g g c t t t t g a g c t g a t t c t c a g
m a t g g c t t c t t c t g a t a t c c a g g t g a a a I a g c t g g a g a a g c g c g c t t c a g g c c a g g c t t t t g a g c t g a t t c t c a g
h a t g g c t t c t t c t g a t a t c c a g g t g a a a | a a c t g g a g a a g c g t g c c t c a g g c c a g g c t t t t g a g c t g a t t c t c a g
F - w t  ATGTGTGACTCTGATATTAAAGTAAAACAGCTGGAAAAGCGTGCTTCTGGTCAAGCATTTGAGCTAATCTTGAG
F -  7 ATGTGTGACTCTGATATTAAAGTAAAASAGCTGGAAAAGCGTGCTTCTGGTCAAGCATTTGAGCTAAT$TTGAG

★ *  *  * * * * * * * *  *  *  *  *  *  *  *  * * * * *  * * * * *  * *  * *  * *  * *  * *  * * * * * * * *  * *  *  *

+

C TCCCCGCTCAAAAGAAGCAGCCCCGGAATTCCCTCTTTCTCCTCCAAAAAAGAAGGATCTGTCATTGGAAGAAA
R CCCTCGATCAAAAGAATCTGTCCCCGAGTTCCCCCTTTCCCCCCCAAAGAAGAAGGATCTTTCCCTGGAGGAAA
m c c c t c g g t c a a a a g a a t c t g t c c c c g a I t t c c c c c t t t c c c c c c c a a a g a a g a a g g a c c t t t c c c t g g a g g a a a
H CCCTCGGTCAAAAGAATCTGTTCCAGAATTCCCCCTTTCCCCTCCAAAGAAGAAGGATCTTTCCCTGGAGGAAA
F-wt TCCTCCATCTATGGATGCTGCACCAGACCTTTCCATTACTTCGCCCAAGAAGAAGGAATGCTCCTTGGAAGAAA
f - 7  t c c t c c ^ t c t a t g g a t g c t g c a c c a g a J c t t t c c a t t ^ c t t c J c c c a a g a a g a a g g a a t g c t c c t t g g a a g a a a

*  *  *  *  *  *  *  *  *  *  * *  * *  *  *  *  *  *  *  *  *  * *  * * * * * * * *  * *  *  *  *  *  *  *  *  *

+

c t t c a | a a g a a a c t g g a a g c a g c a g a a g a g a g a c g c a a g t c t c a t g a a g c a g a a g t c t t g a a g c a g c t a g c t g a g
r  t t c a I a a g a a a t t a g a a g c t g c a g a a g a a a g a c g c a a g t c t c a t g a a g c a g a a g t c t t g a a g c a g c t c g c t g a g
m t c c a I a a g a a a t t a g a a g c t g c a g a a g a a a g a c g c a a g t c t c a t g a g g c g g a a g t c t t g a a g c a g c t c g c g g a c -
h t t c a | a a g a a a t t a g a a g c t g c a g a a g a a a g a c g c a a g t c c c a t g a a g c t g a g g t c t t g a a g c a g c t g g c t g a g
F-wt TTCAAAAGAAACTAGAAGCTGCAGAAGAAAGGCGCAAGTTGCATGAAGCTGAAATATTGAAGCAGCTTGCTGAA
F-7 TTCAiAAGAAACTAGAAGCTGCAGAAGAAAGGCGCAAlTTGCATGAAGCTGAAATATTGAAGCAGCTTGCTGAA

*  * *  * * * * * *  *  * * * * *  * * * * * * * *  * *  * * * * *  *  * * * * *  * *  * *  *  * * * * * * * * * * *  * *  * *

C AAGiGGGAGCATGAAAAAGAGGTGCTTCAGAAAGCAATTGAAGAGAACAACAACTTCAGCAAAATGGCAGAGGA
R AAGlGGGAGCATGAAAAAGAAGTGCTCCAGAAAGCCATTGAGGAGAACAACAACTTCAGCAAAATGGCAGAGGA
M AAGiGGGAGCATGAGAAGGAGGTGCTCCAGAAAGCCATCGAGGAGAACAACAACTTCAGCAAGATGGCGGAGGA
h a a a | g a g a g c a c g a g a a a g a a g t g c t t c a g a a g g c a a t a g a a g a g a a c a a c a a c t t c a g t a a a a t g g c a g a a g a
F - w t  AAGAGAGAACATGAGAAGGAGGTCCTACAAAAGGCTATTGAAGAGAACAACAACTTCAGTAAAATGGCAGAAGA
F - 7  AAG||GAGAACATGAGAAGGAGGTCCTACAAAAGGCTATTGAAGAGAACAACAACTTCAGTAAAATGGCAGAAGA

*  *  *  *  *  * ★  *  *  *  *  * *  * *  *  *  * *  ★ *  * *  * *  *  *  * * * * * * * * * * * * * * * * *  * *  * * * * *  * *  * *

c g a a g c t g a c c c a c a a a a t g g a H c t a a c a a a g a g a a c c g t g a g g c a c a a a t * g c t g c c a a a c t g g a a c g c t t g a
r  g a a a c t g a c c c a c a a a a t g g a 3 c t a a c a a a g a g a a c c g g g a g g c g c a a a t 1 g c t g c c a a g c t g g a g c g t t t g c
M GAAGCTGACCCACAAAATGGAGjCTAACAAAGAGAACCGGGAGGCGCAGATp iCGGCCAAGCTGGAGCGCTTGC
H GAAACTGACCCACAAAATGGAMCTAAlAAAGAGAACCGAGAGGCACAAA,I§GCTGCCAAACTGGAACGTTTGC
F-wt AAAGCTAACTACAAAAATGGAGACCATAAAAGAAAATAGAGAGGCTCAGATTGCTGCAAAGCTGGAAAGGTTGC
F-7 AAAGCTAACTACAAAAATGGA!K|CCATtAAi§GAAAATAGAGAGGCTCAGATflGCTGCAAAGCTGGAAAGGTTGC

* *  * *  * *  * * * * * * * *  *  *  * *  * *  * *  *  * * * * *  * *  * *  * *  * *  * *  * * * * *  *  * * *

+ +

C GGGAGAAGGATAAGCATATTGAAGAGGTTCGAAAGAACAAAGAAGGCAAAGACCCTGGTGAGGCCGAAACCAAC
R g a g a g a a g g a c a a g c a c g t t g a a g a g g t g c g g a a g a a c a a a g a a t c c a a a g a c c c c g c g g a c g a g a c c g a g g c t
M GAGAGAAGGACAAGCACGTGGAAGAGGTGCGGAAGAACAAAGAATCCAAAGACCCCGCGGACGAGACTGAAGCT
H GAGAGAAGGATAAGCACATTGAAGAAGTGCGGAAGAACAAAGAATCCAAAGACCCTGCTGACGAGACTGAAGCT
F-wt GAGAGAAGGATAAAAAAGTGGAAGAAATCAGAAAGGGGAAAGAATGCAAAGAACCTTCTGAGAAGTGA
F-7 GAGAGAAGGATAAAAAAiTGGAAGAAATCAGAAAGGGGAAAGAATGCAAAGAACCTTCTGAGAAGTGA

*  * * * * * * * *  * *  *  *  * * * * *  *  *  * * *  * * * * * *  * * * * * *  * *  * *

+

C TGA
R GACTAA
M GACTAA
H GACTAA
F-wt 
F-7

*  *  *

Figure AI.2.II An alignment of the full length protein sequences of 

members of the Stathmin family

The full length coding sequences of several members of the Stathmin family are shown 

(C-Chicken, R-Rat, M-Mouse, H-Human, Fwt-Frog wild-type, F7.1-Frog clone 7.1). 

Nucleotides of the frog clone 7.1 sequence which differ from the wild-type frog Stathmin 

sequence are highlighted in pink. Conservation of these nucleotides in other Stathmins is 

indicated in blue. If the change of nucleotides in frog Stathmin clone 7.1 lead to a change 

of amino acid compared to its wild-type sequence a + was positioned underneath the 

alignment. Gaps (denoted as dashes) have been inserted into the sequences to keep the 

alignments.

178



Substrate [5mM] Histone H1 Stathmin

Time (min) 0 5 10 20 40 65 90 0 5 10 20 40 65 90

Kinase assay kDa

Histone H1 _ _________________________________
29

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14

B Quantitation

Histone H1 

Stathmin

20000

I  10000
75co
oTJcoCC

0
0 20 40 60 80 100

Time (min)

Figure AL3 A comparison of histone HI and Stathmin as substrates 

of cyclin E/GST-Cdk2

Cyclin E was translated in the presence of GST-Cdk2 and the complexes 

purified on GSH-Sepharose, followed by incubation with kinase buffer. 

This buffer either contained 5 mM histone HI (lanes 1-7) or 5 mM 

Stathmin (lanes 8-14), and samples were removed at the indicated times 

followed by SDS-PAGE analysis and autoradiography (panel A). Panel B 

plots the radioactive counts of the histone HI and Stathmin bands.
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A
The Stathmin Family

C M ATSDIQVKBLEKRASGQAFELILGPRSKEAAPEFPL3|PKKKDLSLEEJQKKLEAAEERRKSHEAEVLKQLAEK
r  m a s s d i q v k e l e k r a s g q a f e l i l s p r s k e s v p e f p l s p p k k k d l s l e e i q k k l e a a e e r r k s h e a e v l k q l a e k
m m a s s d i q v k b l e k r a s g q a f e l i l s p r s k e s v p d f p l s I p k k k d l s l e e i q k k l e a a e e r r k s h e a e v l k q l a e k
h m a s s d i q v k B l e k r a s g q a f e l i i J r s k e s v p e f p i J p k k k d l s l e e i q k k l e a a e e r r k s h e a e v l k q l a e k
f  m c d s d i k v k q l e k r a s g q a f e l i i M p s m d a a p d l s i ^ B k k k e c s l e e i q k k l e a a e e r r k l h e a e i l k q l a e k
F - 7  M CDSDIK VK BLEK RA SGQ A FELnJU pSM D AA PD LSIflSlK K K ECSLEEIQ K K LEA A EERRK LH EA EILK Q LA EK

C REHEKEVLQKAIEENNNFSKMAEEKLTHKME§NKENREAQ®AAKLERLREKDKHgEEVRKNKEGKDPGEAETN-
r  r e h e k e v l q k a i e e n n n f s k m a e e k l t h k m e I n k e n r e a q I a a k l e r l r e k d k h S e e v r k n k e s k d p a d e t e a d
M REHEKEVLQKAIEENNNFSKMAEEKLTHKMEANKENREAQBAAKLERLREKDKHVEEVRKNKESKDPADETEAD
H REHEKEVLQKAIEENNNFSKMAEEKLTHKMEANKENREAQ'llAAKLERLREKDKHIEEVRKNKESKDPADETEAD
F REHEKEVLQKAIEENNNFSKMAEEKLTTKM E#IKENREAQ£AAKLERLREKDKK§EEIRKGKECKEPSEK---------
F - 7  REHEKEVLQKAIEENNNFSKMAEEKLTTKM EAIKENREAQHAAKLERLREKDKKIEEIRKGKECKEPSEK---------

B 
The Histone Family

B SE TA -----------PAAPAAAPPAEKtHVKKKAAKKPAGARRKASGPPVSELITKAVAASKERSGVSLAALKKALAAA
C MSETAPAPAAEAAPAAAPAPAKAAAKKPKKAAGGAKARKPAGPSVTELITKAVSASKERKGLSLAALKKa LAAG
R MSETA— PAAPAAPA P A E K M IK KKARKAAGGAKRKASGPPVSELITKAVAASKERSGVSLAALKKALAAA
M SEAAPAAPAAAPPAEKAPAKKKAAKKPAGVRRKASGPPVSELITKAVAASKERSGVSLAALKKALAAA
H s e t a p a a p a a a p p a e k a p v k k k a a k k a g g I B r k a s g p p v s e l i t k a v a a s k e r s g v s l a a l k k a l a a a
F MTATTETAPVAPPAEPAAAKKTKKQQPKKVAGGAKAKKPSGPSASELIVKAVSSSKERSGVSLAALKKALAAG

B GYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSF
C GYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSFRLSKKP— GEVKEKAPKKKASAAKPKKPAAKKPAAAAK
R GYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKAKKAGAAKAKKPAGAAKKPKKATG
M GYDVEKNNSRIKLGLKSLVSKGILVQTKGTGASGSFKLNKKAASGEAKPQAKKAGAAKAKKPAGAAKKPKKATG
H GYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKPVGAAKKPKKAAG
F GYDVDKNNSRLKLALKALVTKGTLTQVKGSGASGSFKLNKKQLETKDKAAKKKPAAPKAKKTAAGAKKAPK®K

B
C KPKKAVAVKKWKKAKKPAASATKKSAKfflKKVTKAVTKKSAKBteKVTKAVKPKKAVAAKMAKAKAVKPKAA
r  t a ® k k s t k k B k k a k k p a a a a g a k k a k ^ B k k a k a t g a k k a k ^ B k k a k a t k a k k a p k B | a k a r a v k p k a a k p
m a a t p k k a a k k H k k a k k p a a a a v t k k v a k ^ k k a k v t v t k k v a k H k k a k v t k p k k v k s a s k a v k p k a a k p k v a

H GAHKKSAAKKPAAATVTKKVAKHKKAKVAKPKKAAJKBKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKA
f  k p k k k B k k k v s a a a k B k k v k k l a k a a e ® k k p k a v k l a k a a k B k k p k a v k a k k v a k ® a k k a t k p k t a k H

B
C KPKAAKPKAAKAKKAAAKKK
R KTSKPKAAKPKKTAAKKK
M KAKKVAAKKK
H APKKK
F AKAKVAKPKAAKAKKPAPKK

Figure AI.4 A m ultiple sequence alignm ent of the Stathmin and 

Histone HI fam ilies

The full length protein sequences of several Stathmins (panel A) and histones (panel B) 

are shown (B-Bovine, C-Chicken, R-Rat, M-Mouse, H-Human, F-Frog, F10.1-Frog 

clone 10.1). Serines and threonines followed by a proline are highlighted in blue. In panel 

A differences between frog Stathmin and frog Stathmin 10.1 have been indicated in pink. 

Dashes have been inserted into the sequences to keep the alignments.
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Appendix II

Epitope mapping o f  the polyclonal anti-cyclin E  antibody
PDA2

As the anti-cyclin E antibody PDA2 was used extensively throughout these studies, 
the epitope it recognized in cyclin E was characterized. PDA2 was raised in rabbits 
against the first 186 amino acids of frog cyclin El-I by Patrick Descombes [Harlow, 
1988]. The epitope of cyclin E recognized by PDA2 was mapped using a set of 
cyclin E deletion mutants described in detail in Materials and Methods 2.17 and 
Chapter 3. For this purpose, deletion mutants AN26, AN59, AN95, AN 124, AN 139 
and AC27 were first translated in a 80:20 (v/v) mixture of rabbit reticulocyte lysate 
and nuclease-treated frog egg extract. The translation products were then 
immunoblotted either using a monoclonal anti-c-myc antibody (Figure All, panel A) 
or PDA2 (panel B). As illustrated on panel A, the anti-c-myc epitope present in the 
N-terminus of all deletions is recognized by the monoclonal antibody. In contrast, 
only wild-type cyclin E and its first deletion mutant, AN26, are recognized by 
PDA2 (panel B), suggesting that the epitope recognized by PDA2 is located within 
the first 26 residues of cyclin E.
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