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Abstract

The cell cycle is characterised by a series of checkpoints that control 

passage through the individual phases of the cycle. The most well characterised 

checkpoint at the present is the mitosis entry checkpoint. Although the cell cycle 

proteins that control passage through this checkpoint are well defined, the precise 

mechanism that triggers mitosis entry is unclear at the present time. One 

hypothesis is that a calcium/calmodulin signal forms part of this mechanism. There 

is evidence for the role of calcium and calmodulin in this process, however this 

hypothesis has not gained universal acceptance. This is mainly because it has 

proved difficult to reliably measure calcium transients associated with mitosis 

entry.

I study the role of calcium and calmodulin in mitosis entry, using the early 

sea urchin embryo as a model system. My results show that the mitosis entry 

transient is small and often localised, and this may obscure reliable detection of 

this transient under certain conditions. I also show that the mitosis entry calcium 

transient is generated by a mechanism involving inositol 1,4,5-trisphosphate, and 

is independent of the requirement for protein synthesis during the cell 

cycle.

I use a I pseudosubstrate inhibitor of calcium-dependent calmodulin 

signalling to test whether calmodulin has a function in the mitosis entry 

mechanism. Blocking the action of calmodulin also blocks mitosis entry. I 

complement these data by using a fluorescent calmodulin probe to measure 

calmodulin signals during mitosis. Calmodulin signals can be detected during



mitosis entry and also during exit and throughout cleavage. The results also show 

that calmodulin signals are localised throughout mitosis.

When taken as a whole, the data presented in this thesis shows that mitosis 

entry in the first cell cycle of the sea urchin embryo is triggered by localised 

calcium/calmodulin signals. The data also suggests that the specificity of action 

of calmodulin during the cell cycle may be controlled by localisation of the 

calcium/calmodulin signal to specific areas of the cell.
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Abbreviations used in this thesis.
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Fura-2 dextran Fura-2 dextran (10,000 M j potassium salt 
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GVBD Germinal vesicle breakdown
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IP3 Inositol 1,4,5-trisphosphate
MOPS (3-(N-morpholino)propanesulfonic acid.
MPF Maturation promoting factor.
NA Numerical aperture.
NEB Nuclear envelope breakdown.
NIMA/NIMT Never In Mitosis gene in A.nidulans
NP-EGTA Nitrophenyl EGTA.
PIPES Piperazine-N,N',bis[2-ethanesulfonic acid]
START DNA replication control point.
TA-calmodulin 2 -chloro-(e-amino-Lys7 5 )-[6 -[4 -(N,N-

diethylamino)phenyl]-1,3,5-triazin-4-
yljcalmodulin.
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Chapter 1 : 

Introduction.

In the introduction to this thesis, I will review the known physiological

processes that control the cell cycle in eukaryotes. I will then discuss some 

aspects of the calcium signalling pathway that may trigger the transition through 

the phases of the cell cycle. I have focused particularly on the mitosis ENTRY 

checkpoint and drawn comparisons with another cell cycle checkpoint, mitosis 

EXIT.

1.1 Fundamental principles of cell cycle control.

Although the length of the cell cycle varies enormously between cell types, 

the mechanisms regulating cell division appear highly conserved (see Jacobs, 

1992; Nurse, 1990; Murray, 1992; Norbury and Nurse, 1992 for reviews). The cell 

cycle of somatic cells is punctuated by four phases, G ,̂ Gg, S-phase (DNA 

replication) and M-phase (mitosis/meiosis). In eggs and early embryos, the 

situation is slightly different. Eggs are programmed to undergo several successive 

divisions without any intervening growth. They therefore do not possess any 

detectable Ĝ  or Gg phase (Newport and Kirschner, 1982).

Experiments using yeast mutants provided valuable insights into cell cycle 

control. Hartwell and coworkers (Hartwell et a/., 1974) defined the temporal 

relationships between cell cycle events in Saccharomyces cerevisiae. Pardee at 

the same time suggested that cells decide between quiescence and division at a

11



defined point within the cell cycle, paving the way for the hypothesis of cell cycle 

checkpoints (Pardee, 1974). Passage through the cell cycle is regulated by three 

checkpoints (Hartwell and Weinert, 1989; Murray, 1992 for review). These are 

START, which regulates initiation of DNA synthesis; ENTRY, controlling passage 

into mitosis when DNA synthesis has been completed; and EXIT controlling 

separation of chromatids once a complete mitotic spindle is in place (Pardee, 

1974; Hartwell and Weinert, 1989; Nasmyth, 1979; Fantes and Nurse, 1977; 

Enoch and Nurse, 1991; Fantes and Nurse, 1981; Nurse, 1991; Murray, 1992; 

Sheldrick and Carr, 1993; Murray 1994 for reviews).

Cell fusion experiments suggested that a cytoplasmic factor arose during 

mitosis, and also during S-phase, and that this factor was responsible for driving 

cells into these phases (Rao and Johnson, 1970; Johnson et a i, 1970; Johnson 

and Rao, 1971). These experiments, together with the work on cell cycle 

checkpoints, paved the way for the modern biochemical and physiological 

dissection of cell cycle control.

1.2 Cell cycle control proteins.

In all eukaryotes studied, a network of four major protein species have been 

found be necessary for mitosis entry (Nurse ef a/., 1976; Fantes, 1979; Beach et 

al., 1982; Jimenez ef a/., 1990; Thuriaux ef a/., 1978; see Hayles and Nurse, 1986, 

1989; Lee and Nurse, 1988; Nurse, 1990 for reviews). The two major proteins are 

the cyclin-dependent kinases (including p34‘'''‘'̂ ) and their regulatory subunits, the 

cyclins. The activity of the p34‘"‘̂‘' /̂cyclin complex is regulated immediately
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upstream by cdc25 and wee1 (see later).

1 2A Cyclin-dependent kinases.

The first cyclin-dependent kinase discovered was the protein p34‘̂ '*‘'̂ . This 

came partly from work done on the Schizosaccharomyces pombe 'cell division 

cycle' (cdc) mutants (Hartwell etal., 1974; Nurse and Thuriaux, 1980; Nurse and 

Bissett, 1981) as well as the Saccharomyces cerevisiae CDC28 gene product 

(Piggott etal., 1982; Wittenberg and Reed, 1988). Another line of evidence came 

from studies on maturation promoting factor (MPF), a factor required for maturation 

(progression through meiosis), in developing eggs of marine organisms (Masui and 

Markert, 1971; Kishimoto and Kanatani, 1976; Miake-Lye etal., 1983; Newport and 

Kirschner, 1984; Wasserman and Masui, 1976; Gerhart ef a/., 1984; Lohka etal., 

1988; Labbé etal., 1988a, see Ford, 1985; Lohka, 1989 for review). Increases in 

histone kinase activity were also reported during mitosis and meiosis in various 

cell types (Lake and Salzman, 1972; Schlepper and Knippers, 1975; Bradbury ef 

a/., 1973; Meijer and Pondaven, 1988). A major breakthrough came when it was 

discovered that MPF and histone kinase both contained homologues of the 

p3 4 cdc2 /cyciin B complex (Langan etal., 1989; DunphyefaA, 1988; Gautier etal., 

1988; Dorée et al., 1989; Labbe ef al., 1988b, 1989a; Arion ef a/., 1988). 

Furthermore, the products of the different cdc2 gene products were able to 

complement each other, further suggesting the fundamental importance of these 

gene products (Reed and Nasmyth, 1981; Beach etal., 1982; Lee and Nurse, 

1987; Hirt ef a/., 1991). Many homologues of the cdc2/CDC28 protein are now 

known to exist, and so the collective name for the family has become the 'cyclin-
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dependent kinases' or cdk's (Draetta etal., 1987; Ben-David etal., 1991; Lehner 

and O'Farrell, 1990a; Paris etaL, 1991; Osmani et a i, 1994; see Pines, 1993; 

Pines and Hunter, 1991b for review).

1.2B The cyclins, regulators of the cyclin-dependent kinases.

The other major class of proteins involved in regulation of the cell cycle are 

the cyclins (Meijer ef a/., 1989; Hagan et ai, 1988; Booher and Beach, 1988; Nash 

et ai, 1988; Gautier ef a/., 1990; Ghiara et ai, 1991; Fitch et a i, 1992; Richardson 

ef ai, 1992; Murray and Kirschner, 1989; see Minshull ef ai, 1989a; Murray, 

1989a; Hunt, 1989b; Nasmyth, 1993; Minshull, 1993 for reviews). The discovery 

of the cyclins came from observations of cycles of synthesis and destruction these 

proteins underwent in correlation with cell cycle events (Rosenthal 1980, 1983; 

Evans et ai, 1983; Swenson et ai, 1986; Standart et a i, 1987). The two major M- 

phase cyclins are cyclins A and B (Westendorf ef ai, 1989; Draetta ef ai, 1989; 

Lehner and O'Farrell, 1990b). The cyclins have been shown to bind to p34‘''̂ ‘'̂  in 

synchrony with the cell cycle, suggesting a role as a component of the cdc2 protein 

kinase complex (Draetta and Beach, 1988; Draetta et ai, 1989; Booher and Beach, 

1987; Booher et ai, 1989; Meijer ef a/., 1989; Brizuela et a i, 1989; Desai et ai,

1992). The importance of the cyclins in cell cycle regulation was demonstrated in 

starfish and Xenopus. Injection of cyclin mRNA or addition to extracts enabled M- 

phase progression whereas destruction of cyclin mRNA had the opposite effect 

(Swenson et a i, 1986; Pines and Hunt, 1987; Minshull et a i, 1989a; Murray and 

Kirschner, 1989). These results suggested that the cyclins represented a vital 

component of the factor causing M-phase progression. Protein synthesis is
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ubiquitously required for progression through each round of mitosis (Karsenti et 

a/., 1987; Miake-Lye etal., 1983; Picard etal., 1985; Wagenaar, 1983a). This is 

now known to be due to the requirement for newly synthesised cyclins after 

destruction at the end of M-phase (Murray and Kirschner, 1989; Murray et al., 

1989; Minshull etal., 1989b). The levels of the individual cyclin protein, as well as 

the kinase activity associated with the individual cyclin species, have different cell 

cycle kinetics (Minshull etal., 1990; Pines and Hunter, 1990a; Hunt etal., 1992). 

There is a lag period between accumulation of a critical level of cyclin B and 

activation of the cdc2 kinase (Clarke et al., 1992; Solomon et al., 1990). This 

suggests that additional regulatory factors act on this complex to control its kinase 

activity. In the cyclin AJcdc2 complex there is no lag between cyclin accumulation 

and kinase activity, suggesting that individual cyclin species target cdc2 to 

different regulatory mechanisms (Clarke etal., 1992; Devault etal., 1992; Meijer 

etal., 1991; Parker etal., 1991).

1.20 NIMA and the control of mitosis.

In the fungus Aspergillus nidulans, both the NIMA protein and the mitotic 

kinase p34‘''̂ ‘'^are required for entry into mitosis (Osmani etal., 1988, 1991a; see 

Murray, 1991 for review). NIMA is a serine/threonine kinase whose activity is 

regulated either by gene expression or serine/threonine phosphorylation (Osmani 

et al., 1987, 1988, 1991a, 1991b; Lu etal., 1993a, 1994). The activity of NIMA 

reaches a peak at the Gg/M transition (Lu ef al., 1993a; Osmani ef al., 1991b). 

Overexpression of NIMA causes premature chromatin condensation in human, 

Aspergillus nidulans and yeast (O'Connell ef al., 1994). This suggests that NIMA
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is an important cell cycle regulatory protein. NIMA appears to be required 

independently of cdc2, mutants lacking NIMA activity are blocked at the Gg/M 

transition despite having activated MPF (Osmani etal., 1991b, 1994). However, 

it is not known whether this protein is required in other species than Aspergillus 

nidulans, although NIMA homologues have been found in mammalian cells (Ben- 

David etal., 1991).

1.3 Localisation of the p34'̂ '̂ ''̂ /cyclin complex.

There are many different reports on the localisation of p34‘''̂ ‘'̂  through the 

cell cycle (Riabowol etal., 1989; Alfa etal., 1990; Leiss etal., 1992; Ookata etal., 

1992; Booher ef a/., 1989; Baillyefa/., 1989; Krek and Nigg, 1991b). The variety 

of different localisations of this protein may be attributable to the antibody used to 

examine this question. p34‘'‘̂ ‘'̂  alone appears widely distributed (Bailly ef al., 

1989). However, the p34‘̂ '̂ ‘̂ -̂cyclin B complex localises to the nucleus (Booher ef 

al., 1989). The nuclear targetting of cdc2/cyclin B may then be solely due to the 

cyclin subunit, although it has also been shown that the p34‘'''‘̂ -̂cyclin B complex 

remains in the cytoplasm in starfish oocytes arrested at the Gg/M phase transition 

of meiosis I (Ookata ef al., 1992). These data would tend to suggest that the 

activated p34‘''̂ ‘' -̂cyclin B complex relocalises to the nucleus (Pines and Hunter, 

1991a; Ookata etal., 1992; Gautier and Mailer, 1991; Bailly etal., 1992; Gallant 

and Nigg, 1992). Some staining of the centrosomes (Bailly ef a/., 1989, 1992; 

Ookata etal., 1991; Riabowol etal., 1989; Alfa etal., 1990; Krek and Nigg, 1991b) 

chromosomes (Ookata ef al., 1992; Lehner and O'Farrell, 1990b; Pines and

16



Hunter, 1991a; Riabowol et al., 1989) and mitotic spindles (Pines and Hunter, 

1991a; Rattner etal., 1990) is also evident in different preparations. This staining 

suggests that the role of is widespread in mitotic cells, and this is further

implied by the multiple substrates the active cdc2 kinase has been reported to 

phosphorylate in vitro (see Lewin, 1990; Moreno and Nurse, 1990; Nigg, 1993 for 

reviews). The Schizosaccharomyces pombe cyclin homologue cdc13* together 

with cyclin A localises solely to the nucleus (Alfa et al., 1989; Pines and Hunter, 

1991a; Heald etal. 1993). Cyclin B however has been shown to be cytoplasmic, 

localising to the nucleus during prophase (Pines and Hunter, 1991a; Heald etal.,

1993). The differences in localisation of these cyclins suggests that each cyclin 

performs a different function, and this is further suggested by the differences in 

properties of cdc2 kinase depending on the cyclin it binds (see earlier).

1.4 The cdk's and control of passage through mitosis.

1.4A Phosphorylation activity at mitosis ENTRY.

Maturation promoting factor is a serine/threonine kinase activity produced 

by activation of the p34‘"'̂ ‘' /̂cyclin B complex that correlates with the increase in 

levels of phosphoprotein during M-phase (Dorée etal., 1983; Capony etal., 1986; 

Mailer ef a/., 1977; Cicarelli etal., 1988; Picard etal., 1987; Hindley and Phear, 

1984; Reed etal., 1985; Simanis and Nurse, 1986; see Norbury and Nurse, 1992; 

King ef al., 1994 for reviews). Although it is established that this complex is 

required for progression into M-phase, it is still not fully known what the in vivo 

substrates of the kinase are (see Lewin, 1990; see Nigg, 1993; Mailer etal., 1989).

17



1.4B Control of activity of the mitotic kinase at mitosis ENTRY.

The activity of the M-phase kinase is itself regulated by phosphorylation 

(Cyert and Kirschner, 1988; Booher and Beach, 1986; Dunphy and Newport, 1989; 

Gautier etal., 1989; Pondaven ef a/., 1990; Simanis and Nurse, 1986; Lee etal., 

1988; Draetta and Beach, 1988, 1989; Draetta etal., 1988; Labbe etal., 1989a; 

Morla etal., 1989; see Draetta, 1990; Solomon, 1993; Meirkrantz and Schlegel, 

1992; Murray, 1993; Morgan, 1995 for review). p34‘"‘̂ ‘'̂  can be phosphorylated on 

up to four residues, depending on species. In yeast, Tyr-15 and Thr-167 are the 

only two phosphorylated sites (Gould etal., 1991), however in higher eukaryotes, 

Ser-277 and Thr-14 are also phosphorylated (Krek and Nigg, 1991a; Gould and 

Nurse, 1989; Morla ef a/., 1989; Solomon etal., 1990, 1992; Norbury ef a/., 1991). 

The analogous residue to Thr-167 is Thr-161 in higher eukaryotes (Krek and Nigg, 

1991a). However, for simplicity I shall refer to this residue as Thr-167. Only Tyr- 

15 and Thr-167 are considered to be universal regulatory sites, although in higher 

eukaryotes Thr-14 is also highly regulated (Gould ef al., 1991; Norbury ef al., 

1991; Krek and Nigg, 1991b). Cycles of phosphorylation of p34‘''̂ ‘'̂  tyrosine, 

presumably Tyr-15, have been observed in many species, including the sea urchin 

(Gould and Nurse, 1989; Dunphy and Newport, 1989; Morla ef al., 1989; 

Edgecombe ef al., 1991; Ferrell ef al., 1991). Phosphorylation of this residue 

negatively controls the activity of the kinase, and hence mitosis entry (Enoch and 

Nurse, 1991; Morla ef al., 1989; Krek ef al., 1992 but see Amon ef al., 1992 for 

exception). Tyr-15 forms part of the ATP binding site of the active cdc2 and so 

may prevent activation of the kinase when phosphorylated (Hindley and Phear, 

1984; Draetta, 1990 for review).
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Thr-167 phosphorylation positively controls entry into M-phase (Gould and 

Nurse, 1989; Solomon etal., 1990,1992; Krek and Nigg, 1991a). Phosphorylation 

on Thr-167 appears to be required for the tight binding of to the cyclins

(Gould etal., 1991; Ducommun etal. 1991; Norbury etal., 1991; but see Solomon 

etal., 1992).

Cyclin phosphorylation occurs throughout the cell cycle, however there is 

also a peak of cyclin phosphorylation as cells approach M-phase (Brizuela et al., 

1989; Standart ef a/., 1987; Minshull etal., 1989a; Patel etal., 1989; Gautier etal., 

1990; Pondaven etal., 1990; Gautier and Mailer, 1991; Lohka etal., 1988; Meijer 

ef al., 1989). A precise role for this phosphorylation has not yet been defined, 

although phosphorylation may target the cyclin to specific substrates or may allow 

p3 4 cdc2  binding (Standart ef al., 1987; Luca and Ruderman, 1989; Pines and 

Hunter, 1989; Pondaven etal., 1990; Meijer etal., 1989).

1.5 Proteins Involved In control of mitotic kinase activity.

The phosphorylation state of p34‘'''‘'̂  Tyr-15 is regulated by a cascade of 

proteins ending in two proteins first discovered in Schizosaccharomyces pombe, 

p1 0 7 weei gnd pBO*"'**'̂ ® (Nurse, 1975; Nurse and Thuriaux, 1980; Thuriaux ef a/., 

1978; Fantes, 1983; Russell et al., 1989; Jimenez et al., 1990; Kumagai and 

Dunphy, 1991; Strausfeld etal., 1991; Ducommun etal., 1990; Jessus and Beach, 

1992; Galaktionov and Beach, 1991; Booher ef al., 1993; see Jacobs, 1992, 

Dunphy, 1994; Coleman and Dunphy, 1994 for reviews). A second kinase, mik1,
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similar to wee1 has also been found to be necessary for tyrosine phosphorylation 

of cdc2 (Lundgren et al., 1991). A second tyrosine phosphatase pyp3 also exists 

in yeast which can complement cdc25 (Millar at a!., 1992a). Cdc25 positively 

regulates entry into mitosis, whereas wee1/mik1 prevents this (Parker and 

Piwnica-Worms, 1992; Russell and Nurse, 1986, 1987a; Izumi and Mailer, 1993; 

McGowan and Russell, 1993). Both wee1 and cdc25 have unusual, dual substrate 

specificities; wee1 is a tyrosine/serine kinase and cdc25 a threonine/tyrosine 

phosphatase (Parker and Piwnica-Worms, 1992; Featherstone and Russell, 1991; 

Gautier ef a/., 1991; Dunphy and Kumagai, 1991; Parker etal., 1992; Millar etal., 

1991a; Millar and Russell, 1992; Piwnica-Worms etal., 1991).

Phosphorylation also regulates the activity of wee1 and cdc25. 

Phosphorylation of cdc25 increases its activity, whereas phosphorylation 

inactivates wee1 (Izumi etal., 1992; Kumagai and Dunphy, 1992; Hoffman etal., 

1993; Clarke ef al., 1993; Izumi and Mailer, 1993; Tang ef al., 1993; Wu and 

Russell, 1993; Parker ef a/., 1993; Russell and Nurse, 1987b; see Dunphy, 1994 

for review). The fact that phosphorylation upregulates cdc25 and inhibits wee1 

suggests a possible mechanism for producing the rapid swings in activity of the 

target of these proteins, the cdc2 kinase. The rapid activation of this kinase 

appears to be due, in part, to self-amplification during M-phase entry, and this 

could be because phosphorylation of wee1 and cdc25 swings the balance of 

activities in favour of cdc25 (Kumagai and Dunphy, 1992; Clarke et al., 1993; 

Hoffman etal., 1993; Kinoshita etal., 1990; see Dunphy, 1994 for review). A type 

2A phosphatase is thought to negatively regulate cdc25 (Clarke et al., 1993;

20



Devault et al., 1992; Kinoshita et al., 1993; Yamashita et al., 1990). Type 2A 

phosphatases also appear to positively regulate wee1 (see Dunphy, 1994 for 

review). In starfish oocytes, a nuclear component inhibits type 2A phosphatase 

and therefore drives cells into meiosis I once released (Picard et al., 1991). 

Okadaic acid, a type 1 and 2A phosphatase inhibitor (Bialojan and Takai, 1988) 

also inhibits this phosphatase activity, driving cells into M-phase (Picard et al., 

1989, 1991).

Threonine-14 is regulated in a slightly different manner to Tyr-15. Both Tyr- 

15 and Thr-14 can be dephosphorylated by cdc25 (Dunphy and Kumagai, 1991; 

Gautier ef a/. ,1991; Millar ef a/., 1991a; Strausfeld etal., 1991; Lee etal., 1992). 

However, it is not known which kinase activates Thr-14 at the present time (Parker 

and Piwnica-Worms, 1992; McGowan and Russell, 1993).

The state of p34'̂ ‘̂ ‘̂  ̂Thr-167 phosphorylation is controlled by the action of 

two proteins, studied in Xenopus', these are INH (inhibitor of histone kinase) and 

CAK (cdc2/cdk2 activating kinase), again with homologues known in other species 

(Cyert and Kirschner, 1988; Gould etal., 1991; Lee etal., 1991, 1994; Solomon 

et al., 1990, 1992, 1993; Solomon, 1994; Desai etal., 1992; Poon etal., 1993; 

Fesquet etal., 1993). CAK is now known to consist of a catalytic subunit, p40' °̂̂ ,̂ 

and a regulatory subunit similar to a cyclin (Fisher and Morgan, 1994; Makela ef 

al., 1994). The CAK complex also requires threonine phosphorylation for activity, 

further revealing its similarity to the cdk's (Fisher and Morgan, 1994). INH is a type 

2A phosphatase, inhibition of which may be partly responsible for the okadaic acid
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effect on the cell cycle (Felix et al., 1990; Lee et ai., 1991; Goris et al., 1989; 

Picard etal., 1989; Yamashita etal., 1990). However, a phosphatase 2A is also 

responsible for negatively regulating cdc25, suggesting that okadaic acid has 

multiple targets in cell cycle regulation (see earlier).

1.6 The p34‘̂ **‘̂ Vcyclin complex and EXIT.

The activity of the cdc2 kinase is abruptly destroyed at the end of M-phase, 

by destruction of cyclin and dephosphorylation of Thr-167 on p34‘'‘̂ ‘'̂  (Murray et al., 

1989; Ghiara etal., 1991; Luca etal., 1991; Hunt etal., 1992; Draetta etal., 1989; 

Lorca etal., 1992b; Ducommun etal., 1991; Gould etal., 1991; Krek etal., 1992; 

see Surana etal., 1993 for exception; see Dorée, 1990; Nurse, 1990 for reviews). 

It has been suggested that active p34‘"‘' /̂cyclin B complex turns on its own 

destruction (Felix ef a/., 1990b; Glotzer etal., 1991). This is paradoxical, but can 

be explained by the finding that a delay exists between activation of the cdc2 

kinase and cyclin destruction (Felix ef al., 1990b). There is a suggestion that the 

cyclin A-cdc2 kinase complex may be responsible for this delay (Lorca ef al., 

1992). Activation of the cyclin destruction pathway appears to proceed through 

several intermediate pathways. Evidence for this includes the observation that the 

phosphatase inhibitor okadaic acid prevents cyclin destruction and exit from 

meiosis II in Xenopus (Lorca ef al., 1991b). A type 1 phosphatase has been 

implicated in M-phase exit and this may be the target of okadaic acid in preventing 

this transition (Picard etal., 1989; Ohkura etal., 1989; Kinoshita etal., 1990). A 

calcium/calmodulin-dependent kinase has also been proposed to be involved in
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the same system (Lorca etal., 1991a, 1993, see later).

1.7 cdc2 kinase and the order of cell cycle phases.

During the cell cycle, control must be exerted on the order of cell cycle 

processes. For example, mitosis must be followed by a round of S-phase and vice 

versa, in order to maintain the correct number of chromosomes per cell. During 

meiosis and in some developing organisms, these controls are bypassed, leading 

to controlled changes in ploidy (Smith and Orr-Weaver, 1991; NagI etal., 1985; 

John, 1990). This suggests that a manipulable physiological mechanism is 

involved in this dependency process. This mechanism is now thought to involve 

the p34'= '̂' /̂cyclin B complex (Amon et al., 1993; Broek et al., 1991; Enoch and 

Nurse, 1991; Hayles etal., 1994; Nurse, 1994). During DrosopMa embryogenesis, 

no cyclin B is detected during repeated rounds of S-phase (Lehner and O'Farrell, 

1990b). Cyclin B persists throughout meiosis in Xenopus and clams, and no S- 

phase occurs (Hunt et al., 1992; Kobayashi et al., 1991). The presence of the 

p34cdc2/cyciin B complex is therefore seen by cells as M-phase, and the absence 

as G /S  phase (Hayles etal., 1994). These data are supported to some extent by 

microinjection of the p34‘"‘̂ ‘' /̂cyclin B complex into mammalian fibroblasts, which 

induced most of the effects of mitosis entry independent of the time of 

microinjection (Lamb etal., 1990).

The checkpoint that prevents entry of mitosis before DNA replication is 

complete appears to exert its effect via controls on posttranslational modifications
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of cyclin-bound cdc2 (Dasso and Newport, 1990; Enoch and Nurse, 1990; Norbury 

etal., 1991; Enoch etal., 1992; Rowley etal., 1992). This has been suggested to 

operate through the proteins controlling the tyrosine phosphorylation state of this 

complex (Smythe and Newport, 1992 but see Sorger and Murray, 1992). 

Unreplicated DNA appears to prevent tyrosine dephosphorylation by maintaining 

wee1 in an active state, and preventing the activation of cdc25 (Enoch and Nurse, 

1990; Lundgren etal., 1991; Enoch etal., 1992; see Sheldrick and Carr, 1993 for 

review). In support of this, loss of wee1lmik1 kinase activity results in rapid 

acceleration of mitosis entry even before DNA synthesis is complete (Lundgren et 

al., 1991). Furthermore, overexpressing cdc25 or expression of a mutant cdc2 

which cannot be phosphorylated at Tyr-15 can uncouple the dependency of mitosis 

on DNA replication (Enoch and Nurse, 1990; Enoch et al., 1992; Smythe and 

Newport, 1992). Wee1 appears to be a nuclear protein, whereas cdc25 has been 

observed to be cytoplasmic and nuclear but nonetheless always becoming nuclear 

close to entry into M-phase (Millar et al., 1991b; Girard et al., 1992; Seki et al., 

1992; Heald etal., 1993). Interestingly, active p34‘"''‘' /̂cyclin B within the nucleus 

is required to bring about the events consistent with mitosis entry in human cells 

(Heald ef 8/1993). These experiments suggest that wee1 regulates mitosis entry 

by preventing cdc2 activation within the nucleus (Heald etal., 1993; see Dunphy, 

1994 for review). From these data, it could be suggested that control over the 

correct order of mitotic events is regulated in part by the nucleus. Why then, do 

cytoplasmic cycles and surface contraction events occur normally in enucleated 

embryos? (Hara etal., 1980; Dabauvalle etal., 1988; Picard etal., 1988). This 

may be because removal of the nucleus also removes the systems checking for

24



complete DNA replication. Cytoplasmic rounds of cdc2 kinase activation and 

inactivation can therefore proceed unhindered by checks on DNA replication.

1.8 Second Messengers in cell cycle regulation.

In the preceding pages, I have discussed the roles of various proteins in the 

control of the cell cycle. Passage through each of the phases of the cell cycle is 

regulated by switching on and off the activity of kinases and phosphatases by 

further phosphorylation/dephosphorylation events. This suggests that a signal at 

each control point alters the balance of activity of the cell cycle control proteins 

and drives the cell into the next phase of the cycle. Although it could be suggested 

that the cell cycle is controlled purely by phosphorylation/dephosphorylation 

events, an attractive proposition is that second messenger release acts as a switch 

to alter the balance of posttranslational modifications, and it is this that enables the 

rapid changes in cell cycle state. In support of this, there is growing evidence for 

the role of second messengers in cell cycle control. The major second 

messengers are the cyclic nucleotides (cAMP and cGMP) and calcium. The 

evidence so far appears to define a more universal role for calcium in cell cycle 

signalling, at least during M-phase (Rebhun, 1977; Charp and Whitson, 1980 for 

reviews).

1.9 Calcium as a second messenger.

1.9A Cellular calcium physiology

Calcium is an important second messenger, regulating many cellular
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processes including excitability, muscle contraction, exocytosis, metabolism, 

protein synthesis and gene expression (see Campbell, 1983; Berridge, 1993a; 

Brostrom and Brostrom, 1990; Rasmussen and Rasmusen, 1990 for reviews). The 

cytoplasmic calcium concentration of resting cells is buffered to around lOOnM 

(see Carafoli, 1987 for review). This is in spite of total cellular concentrations in 

the millimolar range, and extracellular concentrations often reaching several 

millimolar (see Gillot etal., 1990 ; Carafoli, 1987 for reviews). Calcium buffering 

in the cytoplasm is achieved by means of active transport mechanisms (see 

Carafoli, 1987 for review). These transport mechanisms are the Ca^"^/ATPases,of 

which two types exist, one on the plasma membrane and a second on the 

intracellular store (Grover, 1985). These pumps appear to be intimately linked with 

the level of calcium in the cytosol, for example they can be positively regulated by 

calmodulin (Gopinath and Vincenzi, 1977; Jarrett and Penniston, 1977). In muscle 

cells, the sarcoplasmic reticulum is the intracellular calcium storage organelle 

(Bond etal., 1984; Kowarski etal., 1985; MacLennan, 1970). In non-muscle cells, 

the identity of the calcium storage organelle is thought to be either the 

endoplasmic reticulum (Nigam and Towers, 1990; Milner etal., 1992; Rossier and 

Putney, 1991 for review), or a specialised organelle, the 'calciosome' (Voipe et al., 

1988; Hashimoto et al., 1988; see Rossier and Putney, 1991). Evidence leans 

toward the endoplasmic reticulum as the calcium storage organelle in the sea 

urchin egg (Oberdorf et al., 1986; Henson et al., 1989; Oberdorf et al., 1988; 

Terasaki and Sardet, 1991).

Cells raise their cytoplasmic calcium concentration by two mechanisms.
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Firstly, cells can open channels in the plasma membrane, thus allowing an influx 

of calcium from the extracellular medium (Tsien and Tsien, 1990 for review). 

Secondly, channels on the intracellular storage organelle can be opened, 

producing the same effect without changing the total intracellular calcium level. 

Intracellular calcium release also causes an influx of calcium (Putney, 1986, 1990; 

Rink and Hallam, 1989; Hallamefa/., 1988; Clementi etaL, 1992; Bird etal., 1991; 

Hoth and Renner, 1992; Robinson etal., 1992). This influx is involved in refilling 

intracellular stores (Jacob, 1990a; see Tsien and Tsien, 1990 for review).

Intracellular calcium release is brought about by two types of calcium 

channel. These channels are called the ryanodine receptor and the inositol 1,4,5- 

trisphosphate or IP3  receptor to reflect the binding of these receptors to different 

ligands (see Tsien and Tsien, 1990 for review). The ryanodine receptor occurs 

predominantly in muscle cells (Endo, 1977; Walton etal., 1991). However, it is 

also present in non-muscle cells, including sea urchin eggs (McPherson et ai, 

1992). Ryanodine receptors respond to agonists such as ryanodine, caffeine and 

cyclic ADR ribose (cADPr), and are antagonised by ruthenium red (Galione etal., 

1991; Mészaros etal., 1993; Fleischer and Inui, 1989). This receptor is thought 

to be responsible for the mechanism of calcium-induced calcium release (CICR), 

where cytoplasmic calcium directly triggers the release of calcium from internal 

stores (Fabiato, 1983). The IP3  receptor is present in non-muscle cells (Baukal et 

a i, 1985; Spat et a i, 1986; Guillemette et a i, 1987). Opening of the channel 

associated with this receptor is triggered by IP3  produced by the breakdown of 

phosphatidyl inositol 4,5-bisphosphate (PIP2 ) by phosphoinositidase C (PIC,
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Berridge and Irvine, 1989). iPg receptors are antagonised by heparin (Berridge, 

1987; Strupish etal., 1988; Stauderman etal., 1988; Suppatapone etal., 1988; Hill 

ef a/.,1987). The other product of PlPg breakdown is diacylglycerol (DAG), which 

has its own role as a second messenger, by activating protein kinase C (Majerus 

et al., 1984; see Berridge, 1987; Nishizuka, 1988 for review). The classical 

pathway leading to production of IP3  is through two types of receptors on the 

plasma membrane. These are linked to PIC either through G-proteins, or by a 

tyrosine kinase pathway (see Berridge, 1993a for review).

Calcium transients are highly variable in form, and can exist as localised 

transients, repetitive spikes, and even waves (O'Sullivan et al., 1989; Berridge and 

Irvine, 1989; Berridge, 1990; Tsien and Tsien, 1990; Meyer and Stryer, 1991; 

Miyazaki etal., 1986; Connor etal., 1987; Payne and Fein, 1987; Benjamin etal., 

1988; Shen, 1992; Jacob, 1990b, 1990c, 1991). This variability appears to 

depend on the underlying properties of the calcium release (see Rooney and 

Thomas, 1993; Amundson and Clapham, 1993; Albritton and Meyer, 1993; 

Whitaker and Swann, 1993 for reviews). Calcium appears to stimulate further IP3  

release in some systems by positive regulation of PIC (Harootunian etal., 1991; 

Cobbold etal., 1991; Busa and Nuccitelli, 1985; Whitaker and Irvine, 1984; Meyer 

and Stryer, 1991 for review). In others, calcium can interact with the IP3  receptor 

to sensitise it to lower levels of IP3  (Lechleiter and Clapham, 1992; Miyazaki et al., 

1992). The IP3  receptor has been shown to have a bell-shaped response to IP3  

depending on the cytoplasmic calcium concentration it is exposed to (Finch et al., 

1991; lino, 1990; Missiaen et al., 1991; Bezprozvanny et a i, 1991). The IP3
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receptor also seems to respond to IP3  in a manner dependent on the calcium 

concentration in the internal store (Missiaen etal., 1991, 1992a, 1992b; Tregear 

et a!., 1991). Calcium can directly interact with the ryanodine receptor to cause 

calcium release (Fabiato, 1983; Endo, 1977; Lai etal., 1988; Takeshima etal., 

1989). Finally, some calcium waves may be driven simply by the diffusion of IP 3 , 

which has been shown to have a similar diffusion coefficient to that of calcium 

wave propagation (Albritton ef a/. 1992). These mechanisms are not necessarily 

mutually exclusive for a particular cell type or type of transient. Indeed, both CICR 

and IP3 -induced calcium release have been shown to be involved in the 

propagation of the sea urchin fertilisation wave (Galione et al., 1993).

1.9B Calcium signalling pathways

Cellular calcium signalling occurs mainly through the mediation of the 

calcium binding protein calmodulin (Klee etal., 1980; Means and Dedman, 1980; 

Means, 1988; Cohen and Klee, 1988 for reviews). Calmodulin was first discovered 

as an activator of cyclic 3',5'-nucleotide phosphodiesterase (Cheung, 1970; 

Kakiuchi and Yamazaki, 1970). Calmodulin has multiple targets in cells including 

microtubules, kinases and phosphatases (Klee etal., 1980; Means and Dedman, 

1980). The different activities of calmodulin may therefore be regulated by specific 

binding sites on this protein (Ohya and Botstein, 1994). The way that calmodulin 

binds to so many target substrates is now being elucidated (Torok and Whitaker, 

1994 for review). Calmodulin has two major domains that contain two EF-hands, 

the calcium binding domains (Strynadka and James, 1989 for review). It can 

therefore bind 4 moles calcium per mole. The two major domains are held together
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by a 'flexible tether' and this enables calmodulin to take several conformations and 

so bind many substrates (Persechini and Kretsinger, 1988).

Amongst the major calmodulin targets are the calcium/calmodulin- 

dependent protein kinases (Schulman, 1993). Most of these have specific 

functions or tissue specificity. However, calcium/calmodulin-dependent protein 

kinase II is found in all tissue types, and furthermore has a broad range of 

substrates (see Fujisawa, 1990; Colbran et al., 1989; Schulman at a/., 1992; 

Hanson and Schulman, 1992; Schulman, 1993 for reviews). CaM kinase II is in 

fact a complex of related a, p, p, y and 5 subunits, all apparently containing 

regulatory and catalytic domains (see Schulman, 1993). This complex is 

essentially inactive in the absence of calmodulin (Schulman, 1988). Binding of 

calmodulin enables an autophosphorylation reaction on a threonine residue in 

each subunit (equivalent to Thr-286 in the a-subunit, Bennett at a/., 1983; 

McGuinness at al., 1985; Ahmad at al., 1982; Schworer at al., 1985; Kuret and 

Schulman, 1985). This reaction seems to allow CaM kinase II activity to continue 

in a calcium-independent fashion (Saitoh and Schwartz, 1985; Miller and Kennedy, 

1986; Lai at al., 1986; Schworer at al., 1986; Lou atal., 1986). Calmodulin also 

appears to become trapped within the active CaM kinase II complex by this 

phosphorylation (Meyer ef a/., 1992). A calcium/calmodulin independent form of 

CaM kinase II can be created by limited proteolysis, suggesting that calmodulin 

causes a conformational change which prevents an inhibitory region from 

interacting with the active site of CaM kinase II (Colbran at al., 1988). The 

calmodulin binding domain has been mapped to residues 296-309 by construction
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of synthetic peptides (Payne et al., 1988; Hanley at al., 1988). Furthermore, 

peptides made to residues 281-309 are efficient at inhibiting the 

calcium/calmodulin independent form of the kinase, suggesting that the calmodulin 

binding and autoinhibitory regions of the kinase are situated close to each other 

(Colbran etal., 1988).

1.10 Cell cycle calcium physiology.

Early suggestions for the involvement of calcium during mitosis came from 

the experiments of Christian Petzelt and coworkers (Petzelt, 1972; Petzelt and Von 

Lederbur-Villiger, 1973; Mazia etal., 1972; Petzelt and Auel 1977). In a series of 

experiments, peaks of Ca^^^-dependent ATPase activity were observed during the 

mitotic cycles of sea urchin and mammalian cells, specifically at chromosome 

condensation and at metaphase. It is thought that this activity represents 

activation of the Ca^" /̂ATPase of the endoplasmic reticulum (Petzelt and Auel, 

1978). Another early piece of evidence for the role of calcium in the cell cycle was 

the findings that sea urchin eggs displayed cycles of uptake during mitosis 

(Clothier and Timourian, 1972). These peaks of Ca^  ̂ influx corresponded to mid

prophase, mid-metaphase and mid-cleavage. Subsequent studies have indicated 

a role for calcium at the G1/S transition, at mitosis entry and at mitosis exit (see 

Whitaker and Patel, 1990; Steinhardt, 1990; Lu and Means, 1993 for review).

1.1 DA Localisation of the calcium signalling system during mitosis.

The localisation of components of the calcium signalling system suggest
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that calcium signals are intimately involved in progression of cells through mitosis. 

The calcium storage organelle of many cell types appears to associate with the 

mitotic apparatus throughout mitosis, as does the calcium ATPase (Silver et al., 

1980; Kiehart, 1981; Petzelt, 1979, 1984; Petzelt and Hafner, 1986; Wolniak ef a/., 

1981; Paweletz and Firze, 1981; Hepler, 1980; Hepler and Wolniak, 1983, 1984 

for review). The endoplasmic reticulum localisation, determined through use of a 

lipophilic dye, DilCig(3) (Terasaki and Jaffe, 1991) agrees with this data. These 

results in turn agree with data describing the localisation of calcium in plants and 

early sea urchin embryos during mitosis (Ohara and Sato, 1986; Wolniak etal., 

1980; Wick and Hepler, 1980; Wise and Wolniak, 1984). These observations 

suggest either that calcium buffering, or alternatively raised calcium, is required 

for mitotic progression. However, the fact that proteins involved in transduction of 

calcium signals are also associated with the nucleus and mitotic apparatus 

suggests that calcium has a role as a mitotic signal. Calmodulin was found to 

localise to the nuclear area and concentrate in the spindle poles and mitotic 

apparatus during mitosis in several species (Hamaguchi and Iwasa, 1980; 

Andersen etal., 1978; Welsh etal., 1978, 1979; Zavortink etal., 1983; Vantard et 

al., 1985). Calmodulin has also been localised to condensed chromosomes 

(Portolés etal., 1994). CaM kinase II has a similar localisation (Ohta etal., 1990; 

Dinsmore and Sloboda, 1987). Together, these data suggest that calcium is 

involved in some aspect of mitosis, although this evidence as such is indirect.

1.1GB Calcium release and cell cycle control.

The localisation of calmodulin signalling systems, together with early
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observations of calcium during mitosis, initially led to the suggestion of a role for 

calcium in the regulation of microtubule dynamics (Harris, 1975; Wolniak et al., 

1980; Means and Dedman, 1980). This hypothesis has evolved as our knowledge 

on the physiological processes underlying cell cycle control increased. It is now 

known that passage through the cell cycle is controlled at checkpoints before DNA 

synthesis, nuclear envelope breakdown (NEB) and sister chromosome separation. 

Passage through these checkpoints is brought about by altering the activity of the 

central protein complex controlling cell cycle progression, the p34‘'‘̂ ‘' /̂cyclin B 

complex (see earlier). The initial experiments on the role of the p34‘'‘̂ ‘' /̂cyclin B 

complex were performed partly by studying maturation and fertilisation in eggs of 

marine animals. Eggs of marine animals are arrested at one of the cell cycle 

checkpoints, depending on species, and resume the cell cycle after fertilisation. 

Observations of fertilisation of these eggs has changed our perception of the role 

of calcium during mitosis. These eggs are released from cell cycle arrest by an 

increase in calcium (Lohka and Mailer, 1985; Masui and Markert, 1971; Steinhardt 

ef a!., 1977; Gilkey ef al., 1978; see Whitaker and Steinhardt, 1982 for review). 

The fact that a calcium-dependent mechanism triggered passage through these 

checkpoints has led to the hypothesis that a calcium-dependent mechanism 

triggers passage through all cell cycle checkpoints, and that this mechanism is 

merely refined in eggs to produce the calcium-mediated release of cell cycle arrest 

at fertilisation (see Whitaker and Patel, 1990; Whitaker, 1995 for reviews). This 

hypothesis now stands in addition to calcium-dependent regulation of 

microtubules.

Several techniques have been used to look at the involvement of calcium
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in cell cycle signalling. These include clamping intracellular calcium levels using 

calcium chelators, artificially raising intracellular calcium at specific points in the 

cell cycle, and manipulation of calcium-dependent proteins such as calmodulin or 

CaM kinase II. The BAPTA family of calcium chelators has become a widely used 

tool to test for the involvement of calcium in cellular processes (Tsien, 1980). The 

BAPTA family has K̂ 's ranging from 0.1 pM up to lOmM (Tsien, 1980). These 

properties enable BAPTA to significantly increase calcium diffusion, by chelating 

calcium in high calcium regions and releasing calcium where the concentration is 

low. This causes rapid dispersion of calcium gradients (Speksnijder et al., 1989), 

and so will potentially block calcium signals by preventing the build-up of calcium 

to the level where it can act as a signal in the cytosol. BAPTA has been used to 

test whether calcium transients play a role in cell cycle checkpoint signalling in the 

cell cycle of many species.

1.1 OC Calcium and mitosis ENTRY.

BAPTA blocks or delays the cell cycle at nuclear envelope breakdown 

(NEB) in many cell types, including sea urchin eggs (Twigg etal., 1988; Steinhardt 

and Alderton, 1988; Patel etal., 1989,1990), mouse oocytes (Tombes etal., 1992) 

and mammalian cells (Kao et al., 1990). Other calcium chelators have similar 

effects (Steinhardt and Alderton, 1988). In Schizosaccharomyces pombe, 

depletion of calcium from the intracellular vacuole blocks cells at the Gg/M 

transition (Ohsumi and Anraku, 1983; lida etal., 1990). It is possible to override 

the cell cycle block by overriding calcium buffering with excess calcium, showing 

that calcium buffering does not cause lethal effects on the cell (Steinhardt and
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Alderton, 1988; lida etal., 1990). Calcium-sensitive yeast mutants have also been 

isolated that arrest in Gg in calcium-poor media at the restrictive temperature 

(Ohya, etal., 1984). Interestingly, revertants were isolated from these mutants that 

were insensitive to both poor calcium media and calmodulin inhibitors (Ohya et al., 

1984). The hypothesis was that the gene product in the calcium-sensitive mutants 

interacted with the gene product of the calmodulin-insensitive revertant. This 

suggests that calmodulin regulates cell cycle progression through one or more 

intermediate proteins. Complementary to, and perhaps more elegant than these 

reports are the observations that prematurely raising calcium levels can cause 

premature mitosis entry (Twigg etal., 1988; Steinhardt and Alderton, 1988; Patel 

et al., 1989, 1990; Kao et al., 1990). Twigg et al. further showed that this effect 

could only be produced when the protein synthesis requirement had been met. 

Protein synthesis is required during each round of mitosis in order to replace the 

cyclins that are degraded during mitosis exit (see earlier). When interpreted with 

this information, these experiments suggest that calcium ions play a role in a 

mechanism involving activation of the mitotic kinase p34‘'''‘' /̂cyclin B. These 

reports were preceded by reports showing the requirement for calcium in cell cycle 

progression in both fused and single cell systems (Henry etal., 1980; Hazleton et 

al., 1979).

Two reports however appear to contradict these data. Firstly, injection of 

calcium/EGTA buffers or ionophore treatment was not found to have any effect on 

advancing entry into mitosis in mouse eggs (Tombes etal., 1992). This however 

may be because the authors treated cells from batches that had already started to 

undergo NEB. The point of treatment may be past the natural calcium transient,
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and one expects further calcium treatment to therefore have no effect. A paper by 

Wagenaar (1983b) appears to contradict all of the reports suggesting a 

requirement for calcium in regulating entry into mitosis. Artificially increasing 

intracellular calcium in sea urchin eggs by several methods caused a delay in 

mitosis entry. These experiments directly contradict the reports of calcium 

advancing entry into mitosis. Whether the size or some other property of the 

calcium increase affected the result is not known. This delay may be due to 

dissociation of the cdc2-cyclin B complex (Suprynowicz etal., 1994).

Similar, but not strictly applicable to mitosis entry, is the process of meiotic 

maturation of oocytes. Oocytes arrest in prophase of meiosis I and await hormonal 

signals for germinal vesicle breakdown (GVBD) and initiation of meiosis. Apart 

from the requirement for hormone, this process has many parallels with NEB and 

mitosis entry (see Smith, 1989 for review). Although initial experiments suggested 

that calcium was involved in GVBD, ideas have now led away from this hypothesis 

(see Dorée etal., 1990; Whitaker, 1990 for reviews). After hormonal treatment, 

MPF is activated and GVBD occurs (see Mailer, 1985; Gerhart et al., 1985 for 

reviews). Calcium transients can often be observed after hormone addition 

(Moreau et al., 1978; Witchel and Steinhardt, 1990; Wasserman etal., 1980). 

However, they are often not observed (Tombes etal., 1992; Eisen and Reynolds, 

1984; DeSantis et al., 1987; Robinson, 1985; Cork et al., 1987). Calcium or 

calmodulin treatment can also cause maturation in many cell types (Wasserman 

and Masui, 1975; Wasserman and Smith, 1981; Powers and Paleos, 1982; Jagiello 

etal., 1982; Tsafriri and Bar-Ami, 1978). In others however, calcium or calmodulin
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treatment has no effect (Paleos and Powers, 1981; Tombes etal., 1992; Cicirelli 

and Smith, 1987). EGTA injections block maturation in some cases (Masui etal., 

1977; Moreau et al., 1978). EGTA injections do not block maturation in others 

(Picard and Dorée, 1983; Witchel and Steinhardt, 1990). Injections of IP3  do not 

bring about maturation (Picard etal., 1985). Although anticalmodulin drugs were 

initially found to block maturation (Meijer and Guerrier, 1981), more specific 

anticalmodulin drugs did not block maturation, nor did microinjecting these drugs 

(Dorée etal., 1982). Finally, hormone is required to be present for far longer than 

the detectable calcium transient (Guerrier and Dorée, 1975). Calcium is therefore 

not generally thought to be responsible for maturation and hence GVBD in 

oocytes.

1.1 OD Calcium and mitosis EXIT.

Calcium signalling is also thought to be involved in passage through the 

metaphase/anaphase transition, or mitosis EXIT. Once again, calcium chelation 

or interference with the calcium pump of intracellular stores has been shown to 

prevent passage through this stage (Whitaker and Patel, 1990; Izant, 1983; 

Tombes and Borisy, 1989; Wolniak and Bart, 1985a, 1985b; Hafner and Petzelt, 

1987; Silver, 1986; Hepler, 1989b). Addition of sufficient extracellular calcium 

causes an immediate override of the anaphase block by calcium buffering in plant 

cells (Wolniak and Bart, 1985a). Artificially increasing calcium levels can cause 

premature passage through mitosis EXIT (Izant, 1983; Chen and Wolniak, 1987).

It must be noted that in some systems, increased intracellular calcium appears 

to delay metaphase (Chai and Sandberg, 1983; VedBrat etal., 1979; Sisken, 1980;
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Ziegler et al., 1985). However, it may be possible to distinguish between 

metaphase progression (possibly formation of the mitotic apparatus) and anaphase 

onset (chromosome separation) in many of these cases. It appears that calcium 

increases delay metaphase progression (VedBrat etal., 1979; Sisken, 1980), but 

after this critical phase, increased calcium can advance anaphase (VedBrat etal., 

1979; Sisken, 1980).

1.11 Role of inositol cycle in cell cycle signalling.

The fact that calcium signals appear to have a role in controlling passage 

through mitosis entry and exit provides an interesting dilemma for the field of 

calcium signalling. The cell cycle is an endogenously regulated series of events, 

the main exogenous signal involved in the cell cycle is in determining whether cells 

enter the cell cycle or remain quiescent in the Gq phase. However, the classical 

calcium release mechanism in non-excitable cells involves an external signal 

binding to a receptor on the plasma membrane and triggering a series of reactions 

leading to calcium release. Obviously, this pathway is not employed for cell cycle 

calcium release because all signals arise from internal processes. Therefore, a 

novel triggering mechanism must be evoked to cause cell cycle calcium release. 

The weight of evidence lies in a role for the IP3  cycle in the calcium-dependent 

mechanism of passage through mitosis. Disruption of the IPg-induced calcium 

release mechanism can disrupt mitotic progression in many cell types (Han et al., 

1992; Forer and Sillers, 1987; Wolniak, 1987; Ciapa etal., 1994). Also, prevention 

of PIP2  hydrolysis disrupts the cell cycle (Han et al., 1992; Uno et al., 1988).
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Measurement of IP3  levels throughout the cell cycle also revealed peaks of IP3  

correlated with specific mitotic stages (Ciapa et al., 1994). These results suggest 

that cell cycle calcium release is triggered by IP3  production. Whether this 

involves the classical PIC mediated hydrolysis, or a new enzyme is not known.

1.12 Measurement of cell cycle calcium transients.

There are many reports on measurement of mitotic calcium transients (see 

Hepler, 1989a, 1992, 1994, Poenie and Steinhardt, 1987 and table 1.1 for 

summary). Calcium increases have been measured during nuclear envelope 

breakdown in many cell types including sea urchin eggs (Poenie et a!., 1985; 

Steinhardt and Alderton, 1988; Browne ef a/., 1992), mammalian cells (Alderton ef 

al., 1988; Kao etal., 1990) and mouse eggs (Tombes and Borisy, 1989; Tombes 

ef a/., 1992). Other reports have detected calcium increases at the 

metaphase/anaphase transition (Ratan et al., 1986, 1988; Poenie et al. 1986; 

Tsien and Poenie, 1986; Tombes and Borisy, 1989; Keith etal., 1985b; Wolniak 

ef al., 1983; Hepler and Callaham, 1987; see Ratan and Shelanski, 1986 for 

review). Calcium oscillations have also been observed coincident with mitotic 

cycles in Xenopus embryos (Keating ef al., 1994; Grandin and Charbonneau, 

1991). However, on closer inspection, these attractive results are not as 

convincing as they appear. The major problem in these measurements is the 

failure to detect mitosis-associated calcium transients reliably. The results from 

different groups often do not correlate with each other (compare Rink ef al., 1980; 

Grandin and Charbonneau, 1991; Schantz, 1985). Together with this, some
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treatments eliminate observation of cell cycle transients without adversely affecting 

the cell cycle. For example, Steinhardt's lab noted that removal of serum from their 

culture media abolished calcium transients but enabled normal cell cycle 

progression in 3T3 fibroblasts (Kao etal., 1990). This has led to the suggestion 

that mitotic calcium transients can be localised and these cannot be detected with 

some systems. There is a small amount of experimental evidence for this 

hypothesis (Keith etal., 1985b; Ratan etal., 1986; Wolniak etal., 1983).

A small number of reports have described totally negative results on the 

observation of mitotic calcium transients. Calcium levels have been shown to 

decline during mitosis (Keith etal., 1985a) when measured with the dye Quin-2. 

However, ImM was used here, a level that may cause severe buffering of calcium. 

A final report using a calcium-sensitive microelectrode (Rink etal., 1980) showed 

no calcium increases at all during mitosis. However, the position of the electrode 

is obviously vital to successful interpretation of these results. Further attempts 

with calcium-sensitive microelectrodes proved more successful (Grandin and 

Charbonneau, 1991). In general, the fact that these transients when seen are 

closely correlated with cell cycle checkpoints seems to suggest that the transients 

are often obscured by experimental technique.

The trend suggests that calcium transients are necessary for entry into 

mitosis (NEB), exit from mitosis (metaphase/anaphase transition) and cleavage of 

the cells. It therefore seems likely that calcium increases drive cells throughout 

mitosis, and it is perhaps the location and size or localisation of these that 

determines the differences in physiological action.
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”  a ™ c a l d u a i T c « a “  ov“ l l T  Z e r t % e % % I ^ S l  Z Z i d Z Z Z f

Reference Cell type Detection
method

Basal Ca^^ (nM) NEB Ca^+ (nM) Anaphase 
Ca"+ (nM)

Cleavage 
Ca:+ (nM)

Notes

Browne (1992) sea urchin aequorin 40  photons/sec 
(n=40)

‘200 photons/sec 
(n=39)

N/D N/D ‘Not calibrated

Grandin and 
Charbonneau (1991)

Xenopus
embryos

Ca^+ electrode 410±160(n=35)
2 2 2

^70+30nM rise seen 
(n=24), but not correlated 
with specific event

Hepler and Callahan 
(1987)

Tradescantia 
stamen hair cells

Arsenazo III 
300^M

\n= 10) N/D (n=10) 
increase 1000- 
3000

N/D difficult to 
cahbratearsenazo III- 
estimates given

Kao et a l  (1990) Swiss 3T3 Fura-2/AM 10- 
20ju,M

145±42(n=24) "630+40 (n = 11) "620+ 300 
(n=13)

N/D "dependent on FES in media

Keating et a l  (1994) Xenopus eggs Aequorin 300-350 N/D N/D
5

^Calcium increased during 
cleavage

Keith et a l (1985b) P t K z Quin-2/AM 
30jnM

53±7 38+2 28+3 25-28

K cithe ta l (1985a) Haemanthus
endosperm

Quin 2/AM 47 ±4 (n = ll) N/D
6

N/D ^Localised Câ "" transient-no 
cahbration given

Patel ^/û/. (1989) sea urchin Fura-2 N/S (n=5) 840+80 (n=5) N/A N/A Ammonia activated eggs

Poenie e ta l (1986) PtK, Fura-2/AM 132±29(n=14) N/D 500-800
(n=13)

N/D



Poenie et al. (1985) sea urchin eggs Fura-2 277+28 (n=8) 404+20 (n=8) 410+10 (n=6) 412+34
(n=7)

Ratan et al. (1986) PtKj Fura-2 lOO/xM 83+6 (n=12) N/D "40+12 
«183 + 15 
(n = ll)

"Whole spindle 
«Spindle poles

Ratan gf oZ. (1988) PtKj Fura-2/AM
20/iM

83±24(n=39) N/D "148+ 31 
(n=35)

171+48
(n=32)

"Basal Ca"+ rose 83+ 31 to 
101+30(n=39)

Ridgway etal. (1977) Medaka eggs Aequorin N/D N/D N/D
10

‘“Small pulses occasionally 
seen

Rink^/û/. (1980) Xenopus
embryos

Ca^+-electrode 320+120 (n= 12) - - - No transients observed

Schantz (1985) Medaka eggs Ca^+-electrode 100-400 (n=6) N/D N/D "1200-1300 "Rarely seen

Steinhardt and Alderton 
(1988)

sea urchin eggs Fura-2
5-50mM

138 + 17 (n=9) 566+108
(n-9)

N/D N/D Fertilisation and ammonia 
activation

Tombes etal. (1992) mouse oocyte Fura-2/AM 
IjaM

100+40 (n = 19) 250+90 (n=8) N/D N/D

Tombes and Borisy 
(1989)

Swiss 3T3 Fura-2, Fura- 
2/AM

60-100 ‘M50-200 ‘̂ Many different treatments

Tombes and Borisy 
(1989)

LLC-PK Fura2, Fura- 
2/AM

75+35 (n=8) N/D 165+55 (n=8) N/D

Wolniak et al. (1983) Haemanthus
endosperm

CTC, ANS, 
DiOCj

N/D N/D
13

N/D ‘’Anaphase transients 
detected, number not stated 
or calibrated



1.13 The role of calmodulin in the cell cycle.

In line with the data on the role of calcium in cell cycle progression, 

calcium-dependent regulator proteins have also been found to be involved 

in this process (see Rasmussen and Means, 1989a; Lu and Means, 1993; 

Means, 1994; Gruver ef a/., 1992; Ohya and Anraku, 1992; Anraku etal., 

1991; Whitaker, 1995 for reviews). Calmodulin has been suggested to 

perform many roles during cell cycle progression, including regulation of 

microtubule function, cell cycle signalling, control of DNA synthesis and 

gene expression (see Rasmussen and Means, 1989a for review). The 

possibility for calmodulin promiscuity is underlined by studies that 

suggested that different portions of calmodulin can perform different 

functions, at least in yeast (Ohya and Botstein, 1994). Pharmacological 

inhibitors of calmodulin block the cell cycle at cell cycle control points, 

suggesting that calcium/calmodulin signals are required for passage 

through these checkpoints (Means etal., 1991; Rasmussen and Means, 

1987, 1989b; Chafouleas et al., 1982, 1984; Eilam and Chernichovsky, 

1988; Goyns and Hopkins, 1981; Sasaki and Hidaka, 1982; Hidaka etal., 

1981; Nishimoto etal., 1985; Yamashita etal., 1985; Keith etal., 1988; but 

see Wolniak, 1988). The behaviour of calmodulin is surprisingly cyclin

like, the levels rise during the G /S  and Gg/M transition, and fall at mitosis 

exit (Singh and Chatterjee, 1988; Chafouleas ef al., 1982, 1984; 

Rasmussen ef al., 1990; Uno ef al., 1989; Lu ef al., 1991, 1993b). 

Artificially increasing calmodulin levels accelerates cell growth, whereas
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disruption of calmodulin levels has been found to arrest cells at the G /S , 

G2 /M and metaphase/anaphase transitions (Rasmussen and Means 1987, 

1989b, 1990; Lu etal., 1992; Rasmussen etal., 1990; Davis etal., 1986; 

Takeda and Yamamoto, 1987; Ohya et al., 1984; Ohya and Anraku, 

1989a, 1989b; see Lu and Means, 1993; Rasmussen and Means, 1989a 

for reviews). It appears that calmodulin regulation of the cell cycle 

operates on two levels, firstly through regulation of calmodulin levels, and 

secondly by calcium/calmodulin signalling. Although the reasons for 

these different regulatory mechanisms are not known, a suggestion has 

been made by Means and coworkers that calcium and calmodulin 

cooperate in cell cycle regulation, increased calmodulin levels increasing 

the sensitivity to low calcium levels (Means etal., 1991; Lu etal., 1992). 

This hypothesis is also suggested indirectly by observations on 

transformed cells, which have raised calmodulin levels and display a lower 

sensitivity to growth in calcium-deficient medium as compared to their 

non-transformed counterparts (Whitfield etal., 1980; Hickie etal., 1983; 

VeigI et al., 1984a, 1984b). Saccharomyces cerevlsiae calmodulin can 

control cell cycle progression even when all the calcium binding sites have 

been removed (Geiser etal., 1991). However, deletions of calmodulin are 

lethal, suggesting that calmodulin can still act as a signalling protein in the 

absence of calcium binding, at least in this yeast.

In summary, regulation of calmodulin levels as well as 

calcium/calmodulin signalling appear to be involved in cell cycle 

progression. Whether large amounts of calmodulin compensate for small
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calcium signals is not known, however these regulatory mechanisms 

appear peculiar in view of the classical description of the action of 

calmodulin.

1.13A Calcium/calmodulin signals at mitosis ENTRY.

In Aspergillus nidulans, calcium and calmodulin are required for 

activation of p34‘'''‘'̂  and MIMA kinases at the Gj/M transition (Lu et al., 

1992; Lu et al., 1993b). The Ca^Vcalmodulin-dependent activation of 

p3 4 cdc2  occurs via activation of the cdc25 homologue causing

déphosphorylation of tyrosine, probably tyrosine-15, on p34‘"'̂ ‘'̂  (Lu etal., 

1993b). Activation of MIMA is through serine/threonine phosphorylation 

by an as yet unknown mechanism (Lu et al., 1993a). Since neither MIMA 

or NIMT were found to bind calcium directly, the authors concluded that 

the calcium/calmodulin-dependency of p34‘̂ ‘"̂ kinase and MIMA activation 

were through intermediates (see Lu and Means, 1993). When either 

calcium or calmodulin are maintained at an artificially low level, the cell 

cycle is blocked at the Gg/M transition in Aspergillus nidulans (Lu et al., 

1993b). Although there is an increase in HI kinase activity as well as 

increases in levels of kinase activity associated with mitosis entry, the fact 

that cells remain blocked with Gg nuclei and tyrosine-phosphorylated cdc2  

and inactive NIMA strongly suggests that calcium and calmodulin are 

required for the Gg/M transition in these cells (Lu etal., 1993b).

Calmodulin seems to exert its effect in Gg/M progression through
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CaM kinase II. Injection of either antibodies or peptides directed against 

this protein arrested the cell cycle specifically at mitosis ENTRY in early 

sea urchin embryos (Baitinger et al., 1990). Cdc25 homologues in 

mammalian and Aspergillus nidulans cells can be phosphorylated by CaM 

kinase II in a Ca^Ycalmodulin-dependent manner (see Lu and Means, 

1993; Patel et al., 1995). Transient expression of a Ca^Ycalmodulin 

independent form of CaM kinase II however arrests the cell cycle at the 

Gg/M transition (Planas-Silva and Means, 1992; Rasmussen and 

Rasmussen, 1994). p34‘''̂ ‘'̂  remains tyrosine phosphorylated and the 

cycl in level is unchanged by this treatment, at least in fission yeast 

(Rasmussen and Rasmussen, 1994). In mammalian cells, normal histone 

kinase activity and mitotic phosphoprotein levels are detected, despite the 

Gg/M block (Planas-Silva and Means, 1992). Planas-Silva and Means 

suggested that the cell cycle arrest was due to the requirement for 

transient activation of CaM kinase II prior to mitosis entry. Rasmussen 

and Rasmussen suggested that the block was due to activation of a DNA 

replication checkpoint control mechanism. Whatever the mechanism of 

achieving the cell cycle arrest, the results are inconclusive with respect to 

the role of CaM kinase II in the Gg/M transition.

1.13B Calcium/calmodulin signals at mitosis EXIT.

Studies on Xenopus eggs have revealed that a calcium/calmodulin-
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dependent mechanism of cyclin degradation involving CaM kinase II 

releases the egg from metaphase arrest at fertilisation (Lorca et al., 

1991a, 1993; Morin, 1994; see Whitaker, 1993, 1995; Lorca etal., 1994 

for review). One anomaly in the Xenopus egg is that metaphase arrest is 

mediated in part by the so-called cytostatic factor or CSF (Sagata etal., 

1989; see Masui, 1992 for review). This factor however seems peculiar 

to meiotic arrest \n Xenopus. The results therefore suggest a biochemical 

basis for a calcium/calmodulin-dependent mechanism for mitosis exit, 

which may underlie the observations on the requirement for calcium in the 

metaphase/anaphase transition. An earlier observation suggested that 

calcium/calmodulin-dependent phosphorylation was required for the 

metaphase/anaphase transition in sea urchin embryos (Dinsmore and 

Sloboda, 1989). Therefore, the studies ot Xenopus eggs seem likely to 

apply to other cell types. Exit from mitosis is also associated with 

calmodulin degradation (Singh and Chatterjee, 1988; Uno etal., 1989; 

Chafouleas etal., 1982, 1984; Rasmussen et al., 1990; Lu et al., 1991, 

1993b). This may be a side-product of general activation of the ubiquitin 

system at this phase, no physiological consequence has been suggested 

from this observation.

In summary, there appears to be a role for calcium signals in the 

mechanism of both mitosis entry and exit. However, the fact that calcium 

transients are not ubiquitously observed, together with problems in the 

interpretation of the calmodulin data, have thus far prevented the general
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acceptance of a role for calcium/calmodulin signals in mitotic control.

1.14 Experiments presented in this thesis.

In this thesis, I study whether calcium and calmodulin are involved 

in mitosis entry during the first cell cycle of the early sea urchin embryo. 

My results are divided into five chapters, the first three looking at calcium 

signals and the last two at calmodulin.

In the first chapter, I examine the reasons for the reported lack of 

reliability in the detection of cell cycle calcium transients. I use whole-cell 

fluorescence imaging and confocal microscopy to study whether dye 

internalisation or localisation of the NEB calcium signal can explain these 

problems.

In the second chapter, I test whether the calcium transient 

ultimately determines the time of NEB, by perturbing the calcium signal 

and looking at the effect of this on the nucleus. I also look at the role of 

extracellular calcium on the generation of the NEB calcium transient.

In the third chapter, I study the mechanism of calcium release at 

NEB. I use heparin, a competitive inhibitor of IP^-induced calcium release, 

to test whether the NEB calcium transient is triggered through inositol 

trisphosphate. I also study the role of protein synthesis in this 

mechanism.

In the last two chapters, I use two techniques to examine the role
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of calmodulin in entry into mitosis. In the fourth chapter, I inhibit 

calmodulin signalling to test whether this affects NEB. In the fifth chapter, 

I use a calmodulin probe to measure calcium/calmodulin signals during 

mitosis.

The results define a role for localised calcium and calmodulin 

signalling in the mechanism of entry into mitosis in the early sea urchin 

embryo.
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Chapter 2: 

Materials and methods

2.1 Handling of Gametes

I used gametes from the sea urchin Lytechinus pictus for all data 

presented in this thesis. These are purchased from Marinus Inc., Long 

Beach, CA, USA. The urchins are kept in 16°C tanks in London, in natural 

sea water obtained from the salt water aquaria at London Zoo, Regents 

Park, London. The urchins are fed on sea weed of the species Laminaria 

saccharina supplied by the Marine Biological Laboratory, Millport, 

Scotland.

Gametes of either sex are obtained by intracoelomic injection of 

0.5M KCI. The gametes are then shed into artificial sea water (ASW). 

Sperm is collected 'dry' by pipetting off the sperm from the gametes as it 

is shed. In this form, sperm can be kept for 2-3 days at 4°C. Eggs are 

shed on the day of use, and are stored in ASW at 16°C without dejellying 

for a maximum of 5 hours before discarding. All experiments were 

performed with batches of eggs determined to be 95-100% viable, as 

judged by elevation of a fertilisation envelope after addition of sperm to a 

sample of eggs. Stored eggs are run through 100pm Nitex mesh in order 

to remove the jelly coat, and the ASW then replaced twice after settling in 

order to wash the jelly completely from the eggs. These eggs are then
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ready to be plated out into chambers for use in experiments. Chambers 

for use in experiments are prepared using no. 1  thickness cover slips 

coated with poly-D-lysine. A rectangular perspex bath is then mounted 

onto the cover slips using high vacuum silica grease (Dow Corning) to 

ensure the whole apparatus is water tight. I performed microinjection 

experiments either on unfertilised eggs, or on eggs fertilised and allowed 

to develop for periods of up to 40 minutes before injection. Therefore, I 

used two methods for plating out cells, depending on injection procedure. 

For eggs injected before fertilisation, the washed eggs are transferred into 

baths using covers lips coated with 8-10pg/ml poly-D-lysine. After 

microinjection, the eggs are fertilised by the addition of 50pl of sperm 

suspension containing approximately 1*1 O'* sperm/ml. This method 

enables fertilisation of the batch of cells within 5 minutes with very little 

polyspermy, so ensuring good synchrony. For injections after fertilisation, 

the fertilisation envelope must be removed. I therefore transferred the 

eggs into ASW containing ImM para-aminobenzoic acid before 

fertilisation (this treatment prevents toughening of the fertilisation 

envelope). To fertilise these eggs, I added 1ml of sperm suspension 

containing approximately 1*1 O'* sperm/ml to 30ml egg suspension. Once 

again, I have found this method to give good synchrony to batches of eggs 

with little polyspermy. The fertilisation envelope can then be stripped from 

fertilised eggs after 1 - 2  minutes by running once again through 1 0 0 pm 

Nitex mesh and then washing eggs back into ASW. Eggs are then 

plated out into baths using covers lips coated with 50pg/ml poly-D-lysine.
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This process is usually complete 5 minutes after fertilisation, allowing the 

eggs time to settle before injections are performed.

2.2 Materials.

For all experiments, I used artificial sea water (ASW) to incubate 

eggs. This is made from millipore filtered water containing 410mM NaCI, 

39mM IVIgClg, 15mM IVIgSO ,̂ 2.5mM NaHCOg, 10mM CaClg, 10mM KCI 

and 1mM EDTA, pH 8.0 and 950-1 OGOmOsm (measured using a vapour 

pressure osmometer, Wescor Inc., Logan, Utah, USA).

Solutions for microinjection were dissolved by weight either in an 

injection buffer containing 0.5M KCI, 20mM PIPES, lOOpM EGTA pH 6 . 8  

which I shall refer to as 'injection buffer', or in dimethyl sulphoxide . 

Peptides, which were found to be too viscous to inject when dissolved in 

full strength injection buffer, were dissolved in 1/4 strength injection buffer. 

This solution was then filtered by spinning through 0.2pm pore size 

microcentrifuge filters (Fisons).

All reagents were of Analar grade, obtained from Sigma or BDH 

unless otherwise mentioned. Fluorescent probes were obtained from 

Molecular Probes (Oregon, USA) except where stated. Peptides were 

obtained through Katalin Tdrokfrom the MRC Peptide Unit, Mill Hill. NP- 

EGTA was made and provided by Graham Ellis- Davis.
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2.3 Microinjection techniques.

Pipettes for microinjection were pulled using GC150F-10 filamented 

glass capillary tubes (Clark Electromedical Instruments, Pangbourne, UK) 

on a vertical microinjection puller (Bioscience, Sheerness, UK). These 

pipettes were backfilled by capillary action. Pipettes were then inserted 

into a holder (Eh-2MS, Clark Electromedical) mounted onto a hydraulic 

manipulator (MO-103, Narishige Instruments, Japan). Fluid is pumped out 

of the pipettes using high pressure pulses of 2000 kPa generated by a 

solenoid valve (British Fluidics, Bishops Stortford, Uk) connected to an 

oxygen cylinder. These pulses are controlled by a pulse timing device 

(RS Components 555 timer). Pulses of 10-50 milliseconds deliver 0.1-5 

picolitres from the pipette. The continually pulsing pipette was positioned 

to indent the egg surface, a light tap then enabled penetration of the 

membrane.

Estimations of the volume of the injection pulse through 

displacement of cytoplasm gave a measure of the volume of injection 

through the relationship

Volume=4/3 n Radius^

As all eggs are roughly 100pm in diameter, we can estimate their internal 

volume to be approximately 500pl. Therefore, the final concentration of 

injectate can be calculated by estimating the size of pulse and from this
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calculating volume injected. The accuracy of the high pressure injection 

technique has previously been tested and deemed to be reliable (Ian 

Crossley, thesis 1990).

One source of error in the final cytoplasmic concentrations of 

injectate occurs due to the fact that eggs are not in fact empty spheres, 

but are packed with intracellular organelles. This means that the final 

cytoplasmic concentrations of dyes may be slightly higher than stated.

2.4 Microinjection studies.

I performed microinjection studies to examine the effects of various 

compounds on the cell cycle, where it was not possible to bathe the cells 

in these compounds. Such compounds are molecules too large to cross 

the vitteline membrane of the sea urchin, such as peptides. The method 

of preparation of the fertilised eggs was as described previously. At a 

suitable time after fertilisation the cells were injected with the compound 

of interest. Injections were completed within 10 minutes, injecting 10-20 

cells per experiment. I also injected 10-20 cells per experiment with the 

injection media in order to assess the effects of the injections themselves 

on cell behaviour. During the course of an experiment, I scored for 

nuclear envelope breakdown using Nomarski optics at 5 minute intervals. 

The percentage NEB was also checked by scoring for chromatin 

condensation using the vital DMA stain Hoechst 33342 (excitation max 

345nm, emission 460nm, Molecular Probes, Oregon, USA) at a final
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concentration of 10|jM. This membrane permeable stain is water soluble 

and can therefore be added to the bath. I also scored percentage 

cleavage in order to check the general health of the batch of eggs, and 

discarded results where controls underwent less than 90% cleavage. In 

order to prevent misinterpretation of the results due to variations in times 

to NEB of individual batches, the data were sometimes normalised to 

controls undergoing 50% NEB at 70 minutes after fertilisation.

2.5 Whole cell calcium measurement with Fura-2 and 

Fura-2 dextran.

Fura-2 (Molecular Probes, Oregon, USA) has become one of the 

most widely used calcium-sensitive dyes, mainly due to its dual excitation 

properties (Grynkiewicz et ai, 1985). Upon binding calcium, the excitation 

maxima of Fura-2 undergoes a spectral shift to lower wavelengths; at 340- 

350nm the emission intensity increases and at 370-390nm the efficiency 

decreases. At 360nm there is no spectral shift; this is the isobestic point. 

If we excite at two wavelengths surrounding the isobestic point, the 340- 

350nm signal can be divided by the 370-390 signal in order to obtain a 

ratio. I used light at 350nm and 380nm wavelengths for all experiments, 

these wavelengths give the optimum ratio change for calcium binding 

using our system. Fura-2 is also relatively insensitive to either Mĝ "̂  or 

ions, increasing the usefulness of this dye (Grynkiewicz at a i, 1985). To 

calculate calcium concentration from the emission ratio, I used the method
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of Poenie et al. (1985). Here, a buffer (155mM KCI, 25mM NaCI, lOOmM 

MOPS, pH 7.0) is used to mimic cytoplasm. To this buffer I added SOpM 

Fura-2 together with either lOmM EGTA, to give a zero calcium buffer, or 

Im M CaClg, to give a buffer with saturating calcium. 5pl drops of these 

buffers were pipetted onto no. 1  coverslips and the emission intensity and 

ratio recorded at a constant photomultiplier voltage (typically 0.7kV). 

Calcium concentration can then be calculated from the equation:

[Can, = K ,*  (Fo/Fs) * [ (R-Rmin) /  (Rmax-R) 1

where Kj=dissociation constant for Fura-2 and Fura-2 dextran

Fq= fluorescent emission from 380nm excitation in zero Câ "̂ , 

Fg= fluorescent emission from 380nm excitation in saturating

Câ +,

R= experimentally determined ratio,

Rmin= calibration ratio determined in zero Câ "̂ ,

Rmax= calibration ratio determined in saturating Câ "̂ .

The Kd for Fura-2 has also been calculated by Poenie etal. (1985) to be 

0.774pM. There is however a further discrepancy between the calibration 

buffer and cytoplasm which can lead to errors in calcium calibrations. 

This lies in the fact that the cytoplasm is slightly more viscous than the 

buffer used. This viscosity effect appears to alter the fluorescence of 

Fura-2 disproportionately at longer wavelengths resulting in lower than
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expected ratios inside cells. This means that the calibration R̂ in and 

values are greater than expected, giving lower than normal or even 

negative intracellular calcium levels. A correction factor must then be 

applied. Poenie etal. (1985) determined this "viscosity" correction factor 

to be 0.85. This correction factor is applied by multiplying the calibration 

values of and by 0.85.

The equipment I used to record calcium data was based upon a 

Leitz Diavert fluorescence microscope. This was modified to incorporate 

a stepper motor (Radiospares) which controlled exposure with the 350nm 

and 380nm excitation filters (350nm bandpass 10.3nm FWHM and 380nm 

bandpass 11.3nm FWHM; Ealing Electro-Optics, Watford, UK). Excitation 

light was provided by a 50W high pressure mercury vapour lamp 

(Technical Lamps, Slough, UK). The excitation and emission light passed 

through an oil immersio^Leitz 40x,1 3NA fluorescenceobjective and were 

separated by a 400nm dichroic mirror (Leitz) in a Leitz ploemopak. 

Emission light (max 510nm) passed along an optical path to a 

photomultiplier (Thorn EMI, Middlesex, UK). Before reaching the 

photomultiplier, the emission light passed through a 500nm interference 

bandpass filter (7.4nm FWHM, Ealing Electro-Optics), provided to cut out 

extraneous background light. Cells were further illuminated by light 

>600nm to enable simultaneous viewing together with fluorescence 

measurement. This light passed along the same optical path as the 

emission light, but was separated from this before the photomultiplier by
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a further dichroic (560nm cutoff, Glenn Spectra, Harrow, Middx., UK) and 

passed to the eyepiece. The output current from the photomultiplier is 

then passed through a current to voltage convertor to an A/D convertor 

connected to an IBM compatible PC which used UMANS software 

developed by Chester Reagan (Bio-Rad, Milton Keynes, UK) to record the 

data.

In a typical fura experiment, background fluorescence of an 

uninjected sea urchin egg is first measured. I then choose an egg injected 

with Fura-2 (final concentration lOpM in egg; 0.1% injection of lOmM 

stock in injection buffer) to give a final fluorescence reading of typically 

40,000 to 60,000 fluorescence units (pulses/sec from the photomultiplier). 

The final signal-to-noise ratio usually exceeds 20-fold.

2.6 Measurement of dye internalisation.

To test for internalisation, I used the method of Crossley et al. 

(1991). Cells were injected with the dye of interest, and permeabilised at 

different times after fertilisation. To permeabilise the cells, I washed them 

into intracellular medium (220mM glutamic acid, SOOmM glycine, lOmM 

NaCI, 2.5mM MgClg, lOmM EGTA, pH 6.7). After equilibration, 40pM 

digitonin in intracellular medium was added. The digitonin was removed 

after 3 minutes, once permeabilisation had been achieved. Internalisation 

is then calculated as the proportion of fluorescence remaining after 

cytoplasmic dye has completely leaked out. Measurement of Fura-2 in

58



this way is simplified by excitation at the isobestic point (360nm), which 

simply gives a reading of dye concentration.

2.8 Measurement of intracellular calcium with confocal 

microscopy.

With this technique I used Calcium Green-1 (Molecular Probes, 

Ohio, USA), which can be excited by the 488nm line of the argon laser of 

the confocal microscope. This dye is modelled on a similar dye, Fluo-3, 

but has advantages in that it is brighter and bleaches more slowly than 

Fluo-3. These properties enable smaller concentrations of indicator to be 

used, and so buffering of calcium can be lessened. However, a 

disadvantage of Calcium Green-1 is the roughly four times smaller change 

in fluorescence emission than Fluo-3 upon binding calcium (data from 

Molecular Probes catalogue, 1992). The emission of Calcium Green-1 

peaks at 530nm. One reported of Calcium Green-1 is 0.285pM with an 

off-rate of 124sec'^ (Eberhard and Erne, 1991). For my experiments. 

Calcium Green-1 was dissolved in injection buffer to a concentration of 

lOmM. This is the injected into the cell to give a final concentration of 

10pM (0.1 % injection).

The principle of confocality lies in the positioning of two pinholes, 

one either side of the specimen. The first pinhole causes a fine point light
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source to be produced, which passes through the objective and is focused 

on the specimen in a narrow plane. The light interacting with the portion 

of the specimen in focus produces reflected, scattered, or fluorescence 

light from an excitation event. This light then passes back down the 

objective and is split from the original light by a beam splitter, to pass to 

a detector. Before reaching the detector, out-of-focus light is again 

removed by virtue of a second pinhole. Thus, only light from the 

conjugate plane of the focal plane of illumination is detected, hence the 

name con-focal.

The equipment I used was a Leica confocal (model 122050) based 

on a Leitz fluovert FU microscope (Leica Lasertechnik, Heidelberg, 

Germany). The laser light source was an argon laser, with two beams 

available at 488nm or 514 nm. The excitation light is separated from the 

emission light via a dichroic mirror (510nm cutoff used with excitation of 

488nm for calcium imaging) and the emission light passes through a 

second, variable pinhole. Emission light then passes to the 

photomultiplier, but can first be split into >580nm and <580nm 

components by a second, optional dichroic. The light entering the 

photomultipliers can then be further interrupted by filters situated in front 

of the photomultipliers. The "confocality" is ultimately set by the first 

pinhole, but the second pinhole is important to adjust the size of the 

optical slice (Z-plane resolution), and its setting depends on the objective 

used and its numerical aperture. The relationship between Z-plane
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resolution and properties of the system used is described by the equation: 

Z 1 /2  = 0.45 A / n {1-cos [sin‘  ̂(NA/n) ]}

Where A = wavelength of illuminating beam,

n = refractive index of media (1.0 for air and 1.5 for water), 

NA = numerical aperture of lens

Using an objective with a numerical aperture of 1.3, oil immersion and 

488nm illumination, should be 0.3pm. The Z-plane resolution has 

previously been determined for this system (Alex MacDougall, Thesis 

1993). The Ẑ /g has been determined to be 1pm, which is reasonable for 

the system.

The software of the confocal was based on a Leica 'confocal laser 

scanning microscopy' (CLSM; Leica Lasertechnik, Heidelberg, FRG) 

system run by a Motorola VME147 computer. Before performing an 

experiment, 1 increased the voltage across the photomultipliers until a 

clear image was formed. The offset can also be adjusted to remove any 

background signal. Series of scans were controlled using macros created 

in the computer. Images could also be created in different pixel formats. 

To create clearer images, scans could also be averaged, I used a two 

scan average for calcium experiments. To analyse the data, I used 

'random window' software supplied with the CLSM software. Here, user- 

defined windows are created, and the pixel intensities recorded for the
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selected images. The pixel intensities are then calibrated using a two- 

point calibration procedure based on the fertilisation calcium transients 

measured with Fura-2 (see Gillot and Whitaker, 1993).

2.9 Simultaneous measurement of calcium and 

calmodulin at fertilisation.

I used a calmodulin probe, TA-calmodulin (kindly provided by Kati 

Torok, Department of Physiology, University College London) together 

with Calcium Green-1 (10,000 molecular weight. Molecular Probes) to 

simultaneously measure calcium and calmodulin signals at fertilisation. 

This technique used a dual photomultiplier system, and was made 

possible by the availability of dual fluorescence optics, including a dichroic 

mirror with two transmission wavelengths (450nm, 65nm FWHM and 

GOOnm, 140nm FWHM, Glenn Spectra, Harrow, Middlsex, England) and 

a dual wavelength excitation filter (370nm, 50nm FWHM and 580nm, 

30nm FWHM, Glenn Spectra, Harrow, Middlesex, England). Emission 

light of both TA-calmodulin and Calcium Green-1 passed along the light 

path of a Leitz diavert microscope and was further split by a dichroic filter 

placed before the dual photomultipliers (475nm cutoff). Data was 

collected using UMANS software (Chester Regan, Bio-Rad, Milton 

Keynes, UK). The Calcium Green-1 signal was calibrated by a two-point 

calibration system based on the fertilisation calcium transient measured
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with Fura-2 (Gillot and Whitaker, 1994).

2.10 Confocal measurement of calmodulin signalling.

During the course of my thesis, I was fortunate enough to have the 

use of a confocal microscope with ultraviolet excitation sources (kindly 

agreed by Andrew Edwards and Peter Jordan at Imperial Cancer 

Research Fund, Lincolns Inn Fields, London). I therefore used this to 

measure calmodulin signalling using the probe TA-calmodulin.

TA-Calmodulin was found to be most efficiently excited by the 

351 nm and 363nm laser lines simultaneously (405nm, 35nm FWHM 

emission filter). This excitation enabled use of 2.4-1 OpM TA-calmodulin 

in the egg (2.4mM stock in injection buffer). To measure the response of 

TA-calmodulin at fertilisation, I injected TA-calmodulin before fertilisation, 

and then added sperm, scanning at 1 second intervals. For cell cycle 

measurements, I injected TA-calmodulin at 30-40 minutes after 

fertilisation, in order to prevent possible proteolysis and inactivation of the 

dye. I then scanned at 10 second intervals throughout mitosis.

The confocal microscope was a Bio-Rad 1000 series controlled by 

COMOS software run on a PC computer. Images once again could be 

taken in different formats, and could also be averaged. I therefore once 

again used a two-scan average together with an image format of 128*128. 

Images were then converted into tiff file format using Betamorph software 

(Kinetic Imaging, Liverpool, UK). They were then loaded into the Leica
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confocal for analysis using the CLSM software.

Once again, it was deemed necessary to use a ratio technique in 

order to remove possible artefactual calcium measurements by changes 

in dye distribution. I therefore used fluorescein-tagged calmodulin 

together with TA-calmodulin. I used a 488nm laser line in addition to the 

UV excitation lines for the fluorescein-calmodulin. Emission light was then 

split by a 450nm cutoff dichroic mirror and filtered by a 405nm, 35nm 

FWHM filter for TA-calmodulin and 530LP filter for fluorescein- 

calmodulin. Once again, images were processed using Leica CLSM 

software.

2.11 Confocal localisation studies.

During my thesis, I studied the localisation of both calmodulin and 

the endoplasmic reticulum. I followed the method of Terasaki and Jaffe 

(1991) to label the endoplasmic reticulum before fertilisation and during 

mitosis. This method uses the fluorescent dye, DilCig(3), dissolved in a 

drop of cooking oil (Wesson) and injected into cells in this oil droplet by 

low pressure microinjection. Dye then diffuses along any lipid attached to 

the droplet, and therefore the major cell component labelled is the 

continuous reticulum of the ER. I injected the dye before fertilisation, and 

then scanned at the intervals shown. The data was collected on a Leica 

confocal (excitation laser 514nm, emission 550LP filter). I used a 16-fold 

average scan to improve the resolution of the image. For calmodulin, I
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used fluorescein-calmodulin (kindly provided by Katalin Torok). I injected 

this dye before fertilisation, and then scanned individual cells at various 

times through the first cell cycle. I once again used a 16-average scan to 

improve the resolution of the images and collected the images in a 

512*512 format.

2.12 Flash photolysis.

I used the photoinactivatable calcium chelator nitrophenyl EGTA for 

these flash photolysis studies. This compound was injected either before 

or after fertilisation. Flash photolysis was performed on a Nikon 

microscope fitted with a Hi-Tech XF-10 flashgun (Hi-Tech, Salisbury, 

England). This flashgun delivers light through a 360nm (lOnm FWHM, 

Glenn Spectra) filter. Calcium measurements were simultaneously made 

by injection of Calcium Green-1 dextran into cells. These were excited 

with a 485nm 22nm FWHM bandpass filter, and emission collected 

through a 530nm 30nm FWHM filter (Glenn Spectra XF22 filter set). The 

calcium trace was recorded with am EMI photomultiplier attached to a PC 

installed with Thorn EMI software. Traces were calibrated for calcium by 

the method of Gillot and Whitaker, 1993.
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Chapter 3: 

Detection of mitotic calcium transients.

3.1 Introduction.

The evidence for the role of calcium transients in controlling passage 

through mitosis suggests calcium is required for both entry into, and exit from, 

mitosis (see Whitaker and Patel, 1990; Lu and Means, 1993; Means, 1994 for 

reviews). Despite this, attempts at detecting endogenous calcium transients 

coincident with cell cycle phase transitions have not been wholly successful (see 

Hepler, 1989, 1992, 1994 for reviews). In our laboratory, initial observations of 

[Ca^ î increases during passage through mitosis in sea urchin eggs resulted in 

poor detection frequencies of calcium transients. Using Fura-2, calcium 

increases associated with mitosis entry were observed in only 17% of 

experiments (Wilding et al., 1995). When these were detected, they were of the 

order of 313 ± 69nM in size (mean ± sem, n=5; Wilding et a!., 1995). We noted 

that few of the reports documenting mitotic calcium transients investigate 

possible problems associated with use of the calcium-sensitive dyes, such as 

internalisation and photobleaching. Internalisation describes the process of 

removal of dye from the cytoplasm into intracellular organelles. This has been 

shown to occur through the action of anion transporters, possibly in the 

mitochondria or endoplasmic reticulum (Di Virgilio et a!., 1990; Gillot and 

Whitaker, 1993; Connor, 1993; Al-Mohanna et a!., 1994). Photobleaching of 

Fura-2 has been shown to result in a calcium-insensitive form of dye retaining 

similar fluorescence properties to the calcium-sensitive form (Becker and Fay,
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1987). These effects will both result in an increasingly static background signal, 

which may obscure detection of cell cycle calcium transients.

It has been suggested that mitotic calcium transients may be localised 

and that this makes them often hard to observe (Kao et al., 1990; Whitaker and 

Patel, 1990). Evidence supporting this hypothesis includes the observation that 

the putative intracellular calcium store, the endoplasmic reticulum (Terasaki and 

Sardet, 1991), localises to the nuclear area in the sea urchin egg as cells 

approach mitosis (Terasaki and Jaffe, 1991). Using the lipophilic dye DilCig(3) 

according to the method of Terasaki and Jaffe (1991), I have confirmed that the 

endoplasmic reticulum localises around the nucleus prior to entry into mitosis 

(see figure 3.1).

In this chapter, I examine the reasons for the poor detection frequency of 

mitotic calcium transients with calcium-sensitive dyes, concentrating on the 

mitosis ENTRY transient. Using dextran conjugated dyes together with such 

techniques as whole cell fluorescence and confocal microscopy, I show that both 

global and localised calcium transients occur at mitosis entry, and that the 

nature of these transients makes them intrinsically difficult to detect.
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Figure 3.1 Dil localisation of endoplasmic reticulum thr ough the cell cycle.
DilCjg (3) was dissolved in an oil droplet and injected before fertilisation (see materials and methods). 
Confocal nnages were then taken at the stages shown. Each unage is a representative example from a 
minimum of four experiments. Due to the problem of laser damage arresting the cell cycle, the images are 
taken from different cells.

3.2 Dye internalisation and the detection of mitotic calcium transients.

In the present experiments, the effect of photobleaching is minimised by 

limiting the excitation light to brief pulses. It is therefore unlikely that 

photobleaching plays a significant role in the poor detection frequencies 

measured. During the first cell division cycle (90-120 minutes) however, it is
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Figure 3.2 Internalisation of fluorescent dyes.
a). Measurement of internalisation of Fura-2 and Fura-2 dextran (10,000 M,) through the cell cycle. In (i), 
dyes (lOpM) were injected before fertihsation. Eggs were immediately fertilised and permeabilised at the 
points shown. In (ii), lOpM of each dye was injected 30 minutes after fertihsation. Each experunent 
represents mean ± sem (shown unless smaller than symbols) of five separate determinations. Different eggs 
were used at each time point. Cz>c/e5 Fura-2 free acid, Fura-2 dextran (10,000 M )̂. b). Confocal
images of internalisation of Calcium Green-1. In the left image. Calcium Green-1 was injected before 
fertilisation and the image taken 50 mmutes after fertilisation. This image is representative of the dye 
distnbution in 10 experiments. The image on the right represents an experiment in which Calcium Green-1 
was injected 40 minutes after fertilisation and scanned at 50 minutes.
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highly possible that calcium dyes are becoming internalised. I tested for 

internalisation by using digitonin permeabilisation. I injected Fura-2 before 

fertilisation, and at various times after fertilisation permeabilised cells with 

digitonin (Crossley etal., 1991). This enables rapid release of all cytoplasmic 

contents without disrupting internal membranes, and therefore any internalised 

Fura-2 remains within the cell once the cytoplasmic contents have leaked out. 

I used a 360nm excitation filter, which is the isobestic point of Fura-2 and 

therefore merely reports dye concentration. The results indicate that Fura-2 was 

internalised in sea urchin early embryos in a time-dependent manner. 60 

minutes after injection approximately 38% of the dye remained within the cell 

after permeabilisation (figure 3.2a). The results were similar for injections into 

both fertilised and unfertilised eggs. Internalisation of Calcium Green-1 is 

revealed by confocal images of embryos injected before fertilisation and 

examined close to mitosis entry (see figure 3.2b, left image). It is not however 

feasible to measure internalisation of Calcium Green-1 due to the lack of an 

isobestic point together with the large fluorescence change between the free 

acid and calcium salt. Initially, I injected calcium-sensitive dyes 30-40 minutes 

after fertilisation in order to lessen the extent of internalisation. However, due 

to continuing concern that these dyes may still be sufficiently internalised to 

prevent detection of small calcium transients, I used calcium-sensitive dyes 

conjugated to a 10,0001X1̂  dextran and injected 30-40 minutes after fertilisation. 

The dextran conjugated dye was not significantly internalised: only 1% Fura-2 

dextran remained within the cell after digitonin permeabilisation 60 minutes after 

fertilisation (see figure 3.2a).
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3.3 Detection of mitotic calcium transients with dextran-conjugated dyes.

When I inject Fura-2 30-40 minutes after fertilisation, the detection 

frequency of the NEB calcium transient still remains poor, only 30% of 

experiments showing NEB calcium transients. This is probably due to an 

increase in the extent of internalisation of Fura-2 as compared to injections 

before fertilisation (figure 3.2a). However, cleavage transients were more 

reliably detected, being observed in 60% of the experiments. This suggests that 

we have somewhat improved the sensitivity of the system, despite failing to 

prevent internalisation. When Fura-2 dextran (10,000 M̂ ) is injected into sea 

urchin embryos 30-40 minutes after fertilisation, cell cycle calcium transients can 

be detected far more reliably (see table 3.1).

TABLE 3.1: Comparison of detection frequencies between Fura-2 and Fura-2 
dextran. Percentage of calcium transients for each of the mitotic states are shown.

NEB calcium transient Anaphase
transient

Cleavage
transient

Fura-2
injected 30-40 min. after 
fertihsation.
(n=10).

30% 40% 60%

Fura-2 dextran injected 
30-40 minutes after 
fertihsation.
(n=30).

77% 80% 83%

Typical results for Fura-2 dextran are shown in figure 3.3 (see table 3.2 for 

comparison between Fura-2 and Fura-2 dextran). I observed calcium transients 

associated with nuclear envelope breakdown, the metaphase/anaphase 

transition and cleavage.
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Figure 3.3 Mitotic calcium transients detected with Fura-2 dextran (10,000 MJ.
Fura-2 dextran was injected 30-40 minutes after fertilisation to lOjiM, and data collected from 45 mmutes 
after fertilisation. Experiments are normalised to NEB at 70 minutes after fertilisation in order to aid 
presentation of these traces. The shaded area represents mitosis. We observed calcium transients at nuclear 
envelope breakdown, followed by further transients at anaphase onset and cytokinesis. Two representative 
examples of 23 successful experiments are shown. See table 3.3 for a statistical analysis of the transients.
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TABLE 3.2: NEB [Câ  transients detected with Fura-2 and Fura-2 dextran
Properties of the NEB calcium transients detected by the two treatments are shown. NEB was scored by 
simultaneous viewing of developing embryos as calcium data was recorded (see materials and methods).

NEB (min.) Transient
duration

(min.)

Basal calcium 
(nM)

Rise in calcium 
(nM)

Fura-2
40mm. after
fertihsation
(n=3)

74 ± 8 7 ±  1 117±9 77±8

Fura-2-dextran
40min. after 
fertilization
(n=23)

61 ± 1 4 ±0.4 184±11 85±8

The NEB calcium transient lasts for 4 ± 0.4 minutes (mean ± sem, n=23) and 

rises to 85 ± 8 nM over basal levels. This is followed 5 minutes later by a 

second calcium transient, signifying the transition into anaphase. This transient 

rises 119 ± 15nM (mean ± sem, n=24) over basal calcium levels and is closely 

followed by a sustained rise in calcium which correlates with cell elongation and 

cleavage (see table 3.3 for analysis). I detected NEB calcium transients in 23/30 

experiments, however even in cases where no NEB transient was detected the 

general shape of the calcium increases throughout mitosis were the same, 

suggesting that the calcium increases are always present but are obscured 

sometimes by some further sensitivity problem with whole-cell calcium 

measurement.
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TABLE 3.3: Measurement of mitotic calcium transients with Fura-2 dextran 
(10,000 My). Phases were scored using simultaneous viewing of embryos together with recording 
calcium data (see materials and methods). Statistics are taken from experiments where calcium transients 
were successfully recorded.

Mitotic phase Onset of phase 
(min.)

Onset of 
transient (min.)

Transient
duration
(min.)

Rise over hasal 
(nM)

ENTRY
(NEB)
n=23

61 ± 1 57 ± 1 4 ±0.4 85 ± 8

EXIT (Anaphase) 
n=24

69 ± 1 62 ± 4 4 ±0.5 119± 15

Cleavage
n=25

86 ± 4 74 ± 3 16± 1 197 ± 17

If calcium transients are the trigger for entry into mitosis then they should 

be observed in all experiments. The fact that the NEB transients were not 

detected with 100% frequency using whole cell fluorescence techniques raised 

the possibility that some transients were localised and therefore obscured by 

a large, unchanging signal in the rest of the cytoplasm. I used confocal 

microscopy to test whether the NEB calcium transient could be localised. 

Initially I used Calcium Green-1, injected 30-40 minutes after fertilisation. 

Injections of Calcium Green-1 resulted in a detection frequency of 75% (6/8 

experiments), all the calcium transients detected being global in nature (see 

Figure 3.4). Figure 3.4a is particularly useful because NEB is confirmed by dye 

diffusing away from the nuclear area after nuclear envelope breakdown. 

Although this detection frequency is reasonable, I could not find any evidence 

of local increases in [Ca^ ĵ in the experiments where no NEB calcium transients
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Figure 3.4 Global NEB-associated [Câ ]̂j transients detected with confocal microscopy, 
a). Raw intensity image from a cell injected with Calcium Green-1. The [Câ ]̂; increase occurs between 87 
and 90 min after fertihsation. The nucleus is visible in the centre of the image. After nuclear envelope 
breakdown, dye diffuses away from the nuclear area. b). Ratio image of the same experiment. The ratio 
image was obtained by dividing each image pixel-by-pixel by the first image shown; this results in an image 
that reports [Câ ĵ̂  and is free from static dye distribution artefacts. The [Câ ]̂, increase is global although 
somewhat concentrated in the nuclear area and the image of the nucleus is now absent, indicating that nuclear 
[Câ ]̂j and cytoplasmic [Câ ]̂; are comparable.

were detected but which still underwent NEB. Figure 3.5 shows some typical 

calcium traces for global calcium transients. The transients rise 313 ± 108 nM 

over basal levels (mean ± sem, n=7, see table 3.4 for a statistical analysis).

In order to analyse the spatial distribution of the global NEB calcium 

transients, I divided the image in figure 3.4 pixel by pixel against a control image 

(basal calcium levels). This then displays calcium increases without static dye 

distribution artefacts (see Gillot and Whitaker, 1993). The calcium increase is 

observed to spread throughout the cytoplasm, but remains concentrated within 

the nuclear area (figure 3.4b). A suggestion from these data could be that the 

NEB calcium transient may be normally concentrated in the nuclear area but 

often spreads throughout the cytoplasm to cause a global increase in calcium.

Because of continuing concerns over internalisation of Calcium Green-1, 

I later used Calcium Green-1 coupled to a 10,000Mr dextran, injected 40 

minutes after fertilisation (discussed above). I detected global calcium increases 

associated with NEB in 53% of the experiments using Calcium Green-1 dextran 

(7/13 experiments). I also detected localised calcium transients.
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Figure 3.5 Typical 'whole cell' analyses of global confocal NEB Ca ; transients.
Pixel intensities were recorded for successive images in tlie confocal experiments. These were then calibrated 
for calcium by the method of Gillot and Whitaker (1994). To aid presentation of these traces, NEB is 
normalised to 70 minutes after fertilisation. The shading represents mitotic progression. These traces are 
representative of 13 experiments where global calcium transients were observed using Calcium Green-1 and 
its dextran conjugate.
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3.4 Localisation of NEB calcium transients.

In the experiments where I failed to detect any calcium increases using 

a global analysis I reexamined the cells to look for localised calcium transients 

in the nuclear area. These I found in a further 40% of cases, bringing the total 

detection frequency using Calcium Green-1 dextran to 93% (12/13 experiments, 

see table 3.4 for statistics). Figure 3.6a shows a typical result from a local 

analysis. Here, very little change in calcium is observed when using a window 

to measure calcium increases over the whole cell. However, when I used a local 

window 12.9% the total surface area of the scan, and in an area surrounding the 

nucleus, I observed an increase of the order of lOOnM. This would have been 

obscured by a global analysis, and is too small to be detectable using our Fura- 

2 system. Figure 3.6b shows images of the local NEB calcium transient. 

Although the transient appears confined to the nucleus, I believe that this is 

more suggestive of a localised calcium increase in the nuclear area. Nuclear 

fluorescence initially has a higher intensity than the cytoplasmic fluorescence 

due to the lack of organelles. Increases therefore appear larger in the nucleus 

than in the cytoplasm, and this artefact disappears upon ratioing against a 

control image (see Gillot and Whitaker, 1993). Division of these images in the 

same way as the global transients unfortunately did not produce useful results 

because the dye distribution changes as cells undergo the morphological 

changes associated with mitosis entry (see figure 3.6b). This tends to mask the 

small increase after ratiometric analysis, although it can be visualised in the raw 

data. I attempted to develop a ratiometric technique for analysis of these small 

calcium increases using Calcium Green-1 dextran (10,000 M̂ )
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Figure 3.6a Localisation of NEB [Ca^ Ĵj transients using Calcium Green-1 dextran.
A typical example of an experiment where a global analysis revealed no calcium transients at the time of entry 
into mitosis. If we then analyse an area over the nucleus, roughly 10% the total surface area of the cell, a 
local calcium transient is revealed (image shows area of analysis). Top trace global analysis. Bottom trace 
local analysis. See table 3.4 for statistical analysis of confocal NEB calcium transients.
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Figure 3.6b Confocal images of a localised NEB calcium transient.
These are a series of images from an egg injected with Calcium Green-1 dextran, 30-40 minutes after 
fertihsation. A false colour look-up table is used to aid visuahsation of the data. A localised calcium transient 
can be seen 61-65 minutes after fertihsation, immediately before the nuclear envelope breaks down. See inset 
for magnification of nuclear area. Scale bars represent lOpM.

together with the calcium insensitive dye tetramethylrhodamine dextran (10,000 

Mr). Although this technique has been used to analyse the fertilisation transient 

in the sea urchin egg (Gillot and Whitaker, 1994), the lack of an adequate laser 

line for tetramethylrhodamine prevented the use of this technique for cell cycle 

calcium measurement. This is because the poor excitation of 

tetramethylrhodamine with the 514nm laser introduced too much noise into the 

images to give any useful information after ratioing.
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TABLE 3. 4; Comparison of NEB [Ca^ î transients measured using whole-cell 
fluorescence microscopy (Fura-2 dextran) and confocal microscopy. Times of NEB for
Fura-2 dextran were scored simultmieousfy with fluorescence measurement. For confocal microscopy, NEB 
was scored by examination using Nomarski optics in intervals between image recording. 'Global' refers 
to global calcium transients analysed with global pixel measurement. 'Local' refers to local transients 
anatysed with localised pixel measurements (for example see figure 3.6a). Localised transients were only 
detected using Calcium Green-1 dextran. Confocal analyses were cahbrated according to Gillot and 
Whitaker, 1994.

NEB (min) Transient 
duration (min)

Basal calcium 
levels (nM)

Rise in 
calcium (nM)

Fura-2-dextran
injected 40min. after
fertilization
(n=23)

61 ± 1 4 ±0.4 184± 11 85 ± 8

Confocal microscope- 
global
Calcium Green-1 
(n=6)

76 ± 4 8 ± 2 188± 0.3 255 ± 59

Confocal microscope - 
global.
Calcium Green-dextran 
(n=7)

7 1 ± 3 6 ±  1 191 ± 4 313± 108

Confocal microscope - 
localised.
Calcium Green-dextran 
(n=5)

77 ± 4 4±1 199 ± 6 44±8

I have however used a ratiometric technique to show localised 

calcium/calmodulin signals during mitosis entry (refer to chapter 7). Therefore, 

despite these technical difficulties, it seems reasonable to conclude that there 

is a localised calcium increase close to NEB. The localised increases had a 

mean rise of 44 ± 8 nM over basal levels, the smallest increases measured with 

the techniques used here.
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3.5 Summary of chapter 3.

I have used dextran conjugated calcium-sensitive dyes in order to test 

whether calcium transients can be correlated with mitotic stages, in particular 

entry into mitosis. With Fura-2 dextran, I observed calcium transients 

associated with NEB in 77% of experiments; anaphase and cleavage transients 

were observed in over 80% of experiments.

Using a confocal microscope, my experiments suggest that the mitosis 

entry calcium transient is still present, even when not observed globally. It 

therefore appears that, in sea urchin eggs at least, calcium transients are always 

present and coincident with entry into mitosis, and it is the spatial distribution of 

these transients that sometimes renders them difficult to detect them using 

whole cell fluorescence techniques
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Chapter 4: 

The mitosis entry caicium trigger.

4.1 Introduction.

In the previous chapter, I developed a method that increased the detection 

frequency of the NEB calcium transient. These results suggest that calcium 

transients are involved in the mitosis entry trigger, however they do not prove that 

calcium is a fundamental component of this trigger. A useful test of whether 

calcium release is an important rather than merely an adventitious component of 

mitosis entry is to disrupt the calcium increase and examine whether this similarly 

disrupts entry into mitosis. Previous authors have tested this idea by using 

calcium buffers or causing premature calcium transients (Steinhardt and 

Alderton, 1988; Twigg et ai, 1988; Patel et a i, 1989, 1990; Tombes et ai, 1992; 

Kao et ai, 1990). These experiments had suggested that calcium may be a vital 

component of the mitosis entry trigger mechanism.

In this chapter, I examine whether the intracellular calcium store is a 

necessary requirement for calcium release at NEB. I first repeated and confirmed 

the results of Twigg et a i and Steinhardt and Alderton, showing that injections 

of calcium does result in nuclear envelope breakdown and mitosis entry. I have 

also used a photolysable calcium chelator to test whether altering the timing of 

the NEB-associated calcium signal can similarly alter NEB.

I also look at the role of extracellular calcium in the generation of the NEB 

calcium transient. The extracellular medium is an important source of calcium for 

cell cycle signalling in many cell types (Hepler, 1985; Charp and Whitson, 1980).
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other cell types however, including early sea urchin embryos, can proceed 

through mitosis in the absence of external calcium (Chambers, 1980; Schmidt et 

al., 1982). This suggests that the source of the NEB and other mitotic calcium 

transients is the intracellular store in early sea urchin embryos. I test this 

hypothesis by using confocal microscopy and show that cell cycle calcium 

transients are present in the absence of extracellular calcium.

Finally, I attempt to use thapsigargin to deplete the calcium store, and 

examine the effect of this on mitosis entry. However, thapsigargin appears to 

have a limited effect on depleting the calcium store of the sea urchin egg and 

early embryo and furthermore does not significantly affect mitosis.

The results in this chapter show that entry into mitosis is ultimately 

dependent on the release of calcium from intracellular stores.

4.2 Controlling NEB by Ca^*/EGTA microinjection.

Results from two laboratories showed that early sea urchin embryos can 

be driven into the first mitotic division by microinjecting calcium/EGTA buffers 

(Twigg at a/., 1988; Steinhardt and Alderton, 1988). I have repeated and 

confirmed their results (figure 4.1). Using the program 'Chelate', I calculated that 

a calcium:EGTA ratio of 4:5 (pH 7.2) would produce IpM  free calcium. I 

microinjected this mixture 40-50 minutes after fertilisation (15-20 minutes before 

NEB would normally occur) to a concentration of 4mM calcium and 5mM EGTA. 

This concentration ensures that the free calcium is tightly controlled by the 

calcium:EGTA buffer and not significantly buffered by the cell. NEB was scored 

using light microscopy, and confirmed by staining the chromatin with Hoechst.
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Figure 4.1 Premature NEB induced by microinjecting Ca^ /̂EGTA buffers.
Sea urchin eggs were microinjected with a Ca^ /̂EGTA buffer designed to clamp free Câ  ̂to IpM, 40-50 
minutes after fertilisation. NEB was then scored using Nomarski optics, and this confirmed by examining the 
state of the chromatin using Hoechst 33342. Two representative experiments are shown out of a total of four. 
Circles untreated controls. Squares Injection controls (Buffer injected). Triangles Ca^ /̂EGTA injections. 
'Inject' marks the time of the injections.

NEB occurred 6.5 ±1 .4  minutes after the injections (mean ± sem, n=4, 

figure 4.1). This suggests that an artificial calcium transient can mimic the 

endogenous stimulus for passage into mitosis. The fact that the calcium increase 

drives cells prematurely into mitosis also suggests that an increase in 

intracellular calcium is a sufficient signal for mitosis entry when injected 10-20 

minutes prior to the natural occurrence of this event.
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4.3 Controlling NEB by caged calcium compounds.

A more subtle method for perturbing intracellular calcium transients is to 

'capture' them using calcium buffers and then enable their release at a point 

determined by the experimenter. The so-called 'caged' or photoinactivatable 

calcium chelators are ideal for this type of application (see Zucker, 1994 for 

review). The usefulness of these compounds lies in the fact that their affinity for 

calcium shifts to a significantly lower level after photolysis. This effectively 

causes release of calcium. I used the chelator nitrophenyl EGTA (NP-EGTA) 

for this application (Ellis-Davies and Kaplan, 1994). This chelator is the latest 

of the calcium chelators developed by Graham Ellis-Davies and coworkers. The 

pre-photolysed high affinity for calcium (80nM) falls to ImM after photolysis. 

This 12,500 fold change after photolysis is far greater than other calcium 

chelators, enabling a high photochemical yield of bound calcium (Ellis-Davies 

and Kaplan, 1994). The large affinity change after photolysis also means that 

released calcium is not buffered by the products of photolysis. NP-EGTA is also 

useful due to low magnesium sensitivity (Ellis-Davies and Kaplan, 1994). The 

caged calcium compound Nitr-5 has been previously used in mammalian cells 

to study the effect of premature calcium release on NEB (Kao et al., 1990). This 

was achieved by preloading the chelator with calcium. My experimental design 

is somewhat different to these experiments. Without preloading with calcium, 

I injected NP-EGTA 30 minutes or so before the endogenous NEB calcium 

transient. I used 5.4mM NP-EGTA (0.9M stock, 0.6% injection), a concentration 

which has previously been determined in our laboratory to arrest cells at nuclear 

envelope breakdown (Raj Patel, personal communication). Entry into mitosis
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was blocked in 88 ± 2.4% of ceils (mean ± sem, 6 experiments, see figure 4.2).

My working hypothesis was that NP-EGTA blocked cells at NEB by 

specifically buffering the NEB calcium transient and preventing it from reaching 

its targets within the cytosol. When cells blocked before NEB by NP-EGTA were 

flashed with a 360nm light, NEB occurred within 10 minutes after the flash in 

10/13 cells flashed (see figure 4.2a and b). This observation is
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Figure 4.2a Effect of nitrophenyl EGTA on NEB.
Nitrophenyl EGTA was injected to a final concentration of 5.4mM inside the egg, 30-40 minutes after 
fertilisation (0.6% injection, 0.9M stock). NEB was then scored using Nomarski optics. The data shows total 
NEB at the end of the experiment (mean of 6 experiments, sem as bars). After the controls had divided 
(usually 120 minutes after fertilisation), a proportion of the NP-EGTA arrested cells were flashed with 360nm 
light. 'Photolysis' shows the data obtained from flashing. This data represents 10/13 cells tested in the 6 
experiments in which NEB occurred after flashing. I therefore plot the data as a percentage, without error 
bars.
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Figure 4.2b Effect of NP-EGTA photolysis on NEB.
Cells were injected with NP-EGTA, and examined before and after flash photolysis for nuclear envelope 
breakdown, using Nomarski optics, (i). Before flashing (120 minutes after fertihsation) the nucleus is clearly 
visible, (ii). 5-10 minutes after photolysis the nucleus has broken down. This cell then proceeded to cleave 
(data not shown).
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interesting because the chelator was injected 20-30 minutes prior to the natural 

point of NEB. This suggests that injection of NP-EGTA does not immediately 

arrest cell cycle development, but allows cells to progress to a calcium- 

dependent point of the cell cycle. These cells also proceeded to cleave, 

whereas unflashed cells remained blocked prior to NEB. The experiments agree 

with the hypothesis that calcium is a necessary and sufficient signal for entry 

into mitosis in the early sea urchin embryo.

4.4 Nitrophenyl-EGTA and the NEB calcium transient.

Apart from inactivating the calcium buffering capacity of NP-EGTA by 

flash photolysis, the photolysis should also release chelated calcium. To 

measure the level of calcium chelated by NP-EGTA, I coinjected 10pM Calcium 

Green-1 dextran (10,000 M̂ ) into cells injected with 5.4mM NP-EGTA. I then 

measured calcium levels as cells were flashed to inactivate the NP-EGTA. 

Figure 4.3 shows the results (but see table 4.1 for statistical analysis). Cells that 

progressed into mitosis after flash photolysis were divisible into two populations. 

In 3/8 cells, calcium rose from 77 ± 15.3nM to 229.7 ± 53.2nM (mean ± sem). 

However, in the remainder of the cells, the rise was from 77± 12.5nM to 110 ± 

8.8nM (n=5, mean ± sem). The calcium level after flash photolysis of NP-EGTA 

in cells blocked prior to NEB always rises significantly higher than resting 

calcium (f=3.17, p=0.015, paired f-test). This indicates that NP-EGTA does 

chelate a detectable amount of calcium prior to NEB. Notable in these results 

is the observation that the frequencies of detection of large calcium increases 

(around 40%) is comparable to the results gained from measurements of global
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NEB calcium transients (see chapter 3 and below). Flash photolysis of NP-EGTA 

is expected to release similar calcium concentrations in all experiments because 

the level of chelated calcium is dependent on the concentration of chelator and 

the basal calcium concentration, which should be relatively constant for a
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Figure 4.3 Calcium transients measured in flash photolysed cells.
a). 5.4mM NP-EGTA was coinjected with 1 OfiM Calcium Green-1 dextran into an unfertilised sea urchin 
egg. This cell was then flashed whilst calcium was measured, b). Example of a 'large' calcium release from 
photorelease of caged calcium trapped by NP-EGTA. 5.4mM NP-EGTA and lOpM Calcium Green-1 
dextran were coinjected into a developing sea urchin e^ , 30-40 minutes after fertihsation. The egg remained 
blocked prior to NEB until flash photolysis, and then resumed the cell cycle. The NP-EGTA was photolysed 
once control cells had undergone 100% cleavage, usually 120 minutes after fertihsation. This trace is 
representative of three such results. See table 4.1 for statistics.
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particular treatment. These experiments therefore may be a valuable insight into 

the reason for the natural variability of the NEB calcium transient. To test 

whether variability occurred in the release of chelated calcium in different 

treatments, I injected 5.4mM NP-EGTA into unfertilised eggs, and flashed them 

while measuring calcium with Calcium Green-1 dextran. In these cells, Ca^* 

rose from a resting level of 76.3 ± 2.9nM (mean ± sem, n=6 ) to a peak of 159.5 

± 3.9nM after photolysis (see figure 4.3a). The low standard error in these 

results as compared to the cell cycle experiments suggests that fertilised eggs 

are naturally more variable in their response to release of chelated calcium. It 

therefore seems that cells approaching mitosis show variability in their sensitivity 

to calcium release. This means that small calcium transients may trigger a large 

increase in some cases.

TABLE 4.1 Analysis of calcium transients after flash photolysis.
Calcium was measured with Calcium Green-1 dextran and traces were calibrated according to Gillot and 
Whitaker, 1994. Calcium transients in unfertihsed eggs were grouped as a single grouping (upper row). 
Calcium measurements after release of cells blocked prior to NEB are grouped into two groupings. This 
is to separate ihe different responses observed after photolysis during these experiments (centre and lower 
rows). However, the experimental protocol is the same in both cases.

Basal Ca*"̂  (nM) Peak Câ  ̂(nM) Câ "̂  rise (nM)

release in unfertilised eggs ( 6

cells)
76.3 ±2.9 159.5 ±3.9 83.2 ± 4

Small pre-NEB Câ "̂  increase (5/8 
cells)

77 ± 12.5 1 1 0 ± 8 . 8 33.3 ±5.2

Large pre-NEB Câ  ̂increase (3/8 
cells)

77 ± 15.3 229.7 ±53.2 152.7 ±43.4
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4.5 Measuring cell cycle calcium transients in Ca^Vree ASW.

Because early sea urchin embryos can divide in the absence of 

extracellular calcium, it is important to show that cell cycle calcium transients 

can still be measured under these conditions. In this section, I look for calcium 

transients associated with mitosis in cells incubated in the absence of external 

calcium. I injected cells with 10pM Calcium Green-1 dextran (10,000 MJ, 30-40
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Figure 4.4a Global calcium transients measured in Ca^^-free ASW.
Examples of traces obtained by global 'random window' analysis of confocal images in calcium-ffee ASW. 
Eggs were injected with Calcium Green-1 dextran, 30-40 minutes after fertilisation, and scamied from 45 
minutes. Pixel intensities were recorded for each image and calibrated according to the method of Gillot and 
Whitaker (1994). The cleavage transient was present in these experiments, but was suppressed in the 
analysis because the daughter cells moved partially out of the field of view during cleavage. These images 
represent 4 cells with global calcium transients out of a total of nine separate experiments. NEB is 
normalised to 70 minutes to aid presentation of the traces, and the period of mitosis is shaded. The bottom 
axix represents the x-axis for both traces.
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Figure 4.4b Confocal images of global calcium transients in Ca^^-free ASW.
This figure is a stacked series of images taken at 10 second intervals throughout mitosis. The top shows 
a diagrammatic version of figure layout, grey line is position of slice through stacked images. Cells were 
injected with Calcium Green-1 dextran, 30-40 minutes after fertilisation. The extracellular calcium was 
then removed by washing cells into calcium free ASW including 5mM EGTA. Cell cycle events were 
scored with Nomarski optics. The image is representative of 5 such cells. The data is presented as raw 
intensity data.
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minutes after fertilisation, and used a confocal microscope to look for these 

transients. The results using confocal microscopy revealed global calcium 

increases during NEB, anaphase and cleavage in 4/9 cells examined (see figure 

4.4a). Figure 4.4b shows a stacked series of confocal images of calcium 

transients during mitosis in a cell bathed in calcium free sea water. Both the 

NEB and anaphase transients are global, and appear in this case to 

simultaneously increase throughout the embryo. An extended cleavage 

transient is also present. I divided global calcium increases against a control 

image (an image of the same cell at resting calcium) to examine the spatial 

localisation of the calcium transients. Atypical result of a NEB calcium transient 

is shown in figure 4.5a. The calcium increase spreads throughout the cell, but 

calcium remains higher in the central region. This agrees with the data obtained 

in chapter 3. Of the anaphase transients, 3 of the 5 were global increases, with 

little spatial localisation. However, waves of calcium were seen during 

anaphase in 2 of the 5 cases (see figure 4.5b). These crossed the cell within 

20-30 seconds, approximately the same kinetics as the sea urchin fertilisation 

transient (Jaffe, 1983,1994). These observations are interesting because they 

suggest the possibility of an initiating site of the wave, possibly a local calcium 

increase. Unfortunately I could not look for an initiation site of these waves 

because scanning more frequently than every 1 0  seconds caused cell cycle 

arrest.
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Figure 4.5. Ratiometric analysis of mitotic calcium transients.
a). Analysis of the NEB global calcium transient. Images of the NEB calcium transient were divided by a 
control image (an image of the cell at resting calcium). The increase concentrates in the nuclear area but 
spreads throughout the cell. The 'rim' around the edge of the cell is a ratio artefact due to movement of the 
images out of the position of the control image, b). Ratiometric analysis of a global anaphase calcium 
transient As with the NEB transient, raw images of an anaphase transient were divided by a control image 
to produce these images. The transient appears to proceed as a wave of calcium left-to-right. Such waves 
were only seen in 2 of the 5 transients.

Localised fluorescence increases prior to NEB were observed in a further 

3 out of the 9 experiments (see figure 4.6 and table 4.2). The transients are very 

similar to the increases measured in chapter 3. However, as I have stated in 

chapter 3 , 1 cannot be absolutely certain that these increases are due to release 

of intracellular calcium at the present time, although the trace in figure 4.6b has 

been calibrated for calcium and shows a similarly sized transient to those 

reported in chapter 3.

TABLE 4.2 Mitotic calcium transients measured in calcium-free ASW.
All calcium transients were measured using confocal microscopy and Calcium Green-1 dextran and 
confocal microscopy. NEB was scored by Nomarski optics, examination of cells performed in between 
image collection. Global and local transients were analysed by pixel intensity measurements with respect 
to the calcium transient. Intensity traces were then cahbrated according to the method of Gillot and 
Whitaker, 1994.

NEB (min.) Basal Ca*̂  
(nM)

Peak Câ  ̂(nM) Câ '̂  rise (nM)

Global NEB Ca + 
transients (4/9 
cells)

56.5 ± 1.3 105.5 ± 8 . 6 445.8 ± 110 340.3 ± 102

Local NEB Ca + 
transients (3/9 
cells)

59±  1.2 121.7 ± 17 284.7 ±57.7 163 ±51

Global anaphase 
Ca  ̂ transients
(5/9 cells)

N/A 105.5 ± 8 . 6 612.5 ± 110 507 ± 107
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Figure 4.6. Evidence of localised changes in calcium.
a). Stacked series of images from a cell displaying a localised NEB calcium increase. The increase can be 
seen concentrated in the nuclear area just prior to NEB, and the spindle poles just prior to anaphase (brackets 
show what 1 consider to be transients). The lack of symmeti-y in the image is because the position of the cell 
was sliglitly oblique to tlie plane of scan. This image is representative of three such recordings out of a total 
of nine experiments, b). Results from a localised analysis of the NEB calcium transient. Here, pixel 
intensity readings were taken from the nuclear area in cells where no global increases were observed prior 
to NEB. The results are shown calibrated as calcium increase.
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The experiments in calcium-free ASW taken as a whole closely 

approximate to the calcium increases reported in calcium-containing ASW. This 

suggests that mitosis-associated calcium transients are released from a store 

that is independent of extracellular calcium, at least for the first cell division.

4.6 The effect of thapsigargin on early sea urchin embryos.

Thapsigargin has been described to be an inhibitor of the Ca^^ /̂ATPase 

of intracellular stores, which effectively depletes the cell of intracellular calcium 

because calcium leaks out of the stores (Thastrup et al., 1990; Takemura et al., 

1989; Gouy et al., 1990). In mammalian tissues, the effective concentration of 

the drug is in the nanomolar range (Thastrup et a i, 1990; Cheek and Thastrup, 

1989; Razani-Boroujerdi et ai, 1994). In mouse eggs, l-SOpM thapsigargin has 

been used, but lOpM seems to produce a maximal effect (Kline and Kline, 

1992). Depletion of the intracellular store by thapsigargin has been shown to 

inhibit cell growth in smooth muscle cells (Ghosh et a i, 1991). My aim was to 

use this drug to deplete sea urchin early embryos of intracellular calcium and 

hence to test the effects of calcium-depletion on the early embryonic cell cycle. 

Previous work has shown that bathing sea urchin eggs with thapsigargin 

produces a calcium increase, although they do not measure the extent of 

thapsigargin treatment on the cells' ability to release calcium (Buck et a i, 1992). 

I attempted to both bathe and microinject thapsigargin up to SOpM into 

developing embryos. Neither treatment had any significant effect on the cell 

cycle (see figure 4.7). Cells progressed into NEB with a small delay, and 

cleaved normally.
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Figure 4.7. Efifect of thapsigargin on the sea urchin early ceU cycle.
a). Sea urchin eggs were either bathed (shaded bars) or microinjected (clear bars) with the concentrations 
of thapsigargin shown, and its elËfect on NEB then determined. When bathed, cells were immersed in 
thapsigargin prior to fertilisation. Microinjection was performed 20-30 minutes after fertihsation. The data 
is shown as % of cells entering mitosis at the end of the experiment. The bars are representative of 4 separate 
experiments per concentration. Concentrations denote the concentration of thapsigargin, controls were 
injected with equivalent volumes of the thapsigargin solvent, DMSO. b). Cell cycle calcium transients in 
cells microinjected with thapsigargin. Here, 50|iM thapsigargin was microinjected, 20-30 minutes after 
fertilisation. Fura-2 dextran was injected 30-40 minutes after fertihsation, and the ceU cycle calcium trace 
recorded. This trace is representative of three experiments.
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Figure 4.8. EfiFect of thapsigargin on the sea urchin calcium store.
a).-c). Unfertilised sea urchin eggs were coinjected with 50fiM thapsigargin and lOpM Fura-2 dextran. Cells 
were then washed into calcium-free ASW and the calcium trace recorded. At the end of the thapsigargin- 
induced calcium rise, cells were washed back into ASW and sperm added, a). Control cell, injected with 
0.1% DMSO. b). Thapsigargin was injected to lOfiM c). 5OpM thapsigargin. In all cases, the bottom axis 
represents the x-axis for all traces. d).-e). Eggs were fertihsed, and microinjected with Fura-2 dextran 
(10,000 Mf), 15 minutes after fertihsation. Thapsigargin or the injection medium (DMSO) was injected to 
50|iM at the times shown (the bottom axis represents time for both traces). After the calcium transient had 
retumed to basal, inositol 1,4,5-trisphosphate was injected to an intracellular concentration of 200nM (pipette 
concentration 200pM, 0.1% injection). This was preceded by an injection of IP3 injection buffer 
(KCl/PIPES, see materials and methods) as a control for the IPg-induced calcium release (marked K/P). NEB 
was scored after the calcium release at the times shown, d). Control cell (0.1% DMSO). e). 50p.M 
thapsigargin. See table 4.3 for statistical analysis.
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Cells also showed normal cell cycle calcium transients in the presence of 

thapsigargin (figure 4.7b). These results suggest that thapsigargin has a limited 

effect on early sea urchin as compared to mammalian cells. In order to examine 

the extent of any effect 50pM thapsigargin would have on the cells calcium 

store, I injected 50pM thapsigargin into unfertilised eggs and used Fura-2 

dextran to measure calcium. Microinjection of 10pM (figure 4.8b) or 50pM 

(figure 4.8c) thapsigargin elicits a calcium transient in all cases. However, these 

cells could still be fertilised, although the fertilisation calcium increases are 

smaller than in untreated cells (see table 4.3). I also tested the effect of 

thapsigargin on the IPg-dependent calcium stores during cell cycle progression.

I injected 50pM thapsigargin into fertilised sea urchin eggs, 20-25 minutes after 

fertilisation, and measured calcium with Fura-2 dextran. I then tested the cell's 

ability to respond to injections of inositol 1,4,5-trisphosphate. Although 

thapsigargin once again does cause a calcium transient, it does not significantly 

alter the extent of calcium release triggered by IP3  injection (figure 4.8d and e, 

see table 4.3 for statistics). After the IPg-induced calcium transient, NEB was 

scored in 4/5 cells. This occurred 4 ± 1 minutes after IP3  injection (mean ± sem, 

n=4). Thapsigargin did not alter the premature mitosis entry induced by 

injection of IP3 , the mean time to NEB after injection in 6/7 cells was 4.5 ± 0.25 

minutes (mean ± sem, n=6 ).

In summary, although thapsigargin does cause calcium release in the sea 

urchin, it neither appears to completely deplete the sea urchin calcium store or 

block the cell cycle, and I therefore feel that thapsigargin is not as effective in 

the sea urchin egg or early embryo as it is in other cell types.
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TABLE 4.3 The effect of thapsigargin on the sea urchin egg calcium store.
Fura-2 dextran was injected into sea urchin eggs and the calcium response to various 
treatments is given. The first two rows refer to the fertihsation response in the presence 
and absence of thapsigargin. The third and fourth row describe the properties of the 
calcium transient induced by thapsigargin injection. The last two rows describe the 
aflFect of thapsigargin on calcium transients induced by IP3 microinjection close to NEB.

Basal Câ + 
(nM)

Peak Câ  
(nM)

Câ  ̂rise 
(nM)

Control fertilisation Câ  ̂
increase (n=9)

147.8 ± 11.3 871.4 ±29.3 723 ±31.2

Fertilisation Câ  ̂transient 
after SOpM thapsigargin
(n=6 )

129.8 ±36.8 633.6 ±89.1 503 ± 109

Pre-fertilisation Câ  transient 
induced by 50pM thapsigargin
(n=8 )

149 ± 15.8 970 ± 149 821± 158

Cell cycle Câ  transient 
induced by 50pM thapsigargin
(n=7)

173.6 ± 18.9 900 ± 162 726 ± 147

Control cell cycle IP3 response
(n=5)

125.2 ±52.8 2506 ± 300 2381 ±300

Cell cycle IP3 response after 
50pM thapsigargin (n=7)

173.6 ± 18.9 2291 ±447 2118 ±428
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4.7 Summary of chapter 4.

I have studied the nature of calcium release for cell cycle calcium 

transients. Manipulation of the NEB calcium transient produces a highly 

correlative effect on the process of NEB itself. Artificial production of a 

premature calcium increase advances the time of NEB, and release of calcium 

buffering past the natural time of NEB can produce a correspondingly delayed 

effect on mitosis entry. I have also measured cell cycle calcium transients in 

early sea urchin embryos incubated in calcium free ASW. These closely 

resemble cell cycle calcium transients seen in normal ASW. The results 

suggest that the calcium transient at NEB is necessary for entry into mitosis, and 

that this transient is released from internal stores. Finally, I show that the 

Ca^VATPase inhibitor thapsigargin neither depletes the sea urchin egg calcium 

store nor significantly affects cell cycle progression.
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Chapter 5: 

The mitosis entry calcium release mechanism.

5.1 Introduction.

I have shown in the previous chapters that calcium transients can be 

measured prior to entry into mitosis in the early sea urchin embryo, and that 

these increases are produced by release of calcium from internal stores . The 

demonstration of the existence of such calcium transients leads to the question 

of the mechanism of calcium release. Characterised calcium release 

mechanisms usually employ extracellular signals to trigger intracellular calcium 

release through receptors on the plasma membrane (see Berridge, 1993 for 

review). The fact that passage through mitosis is controlled by calcium 

transients suggests a novel method of releasing calcium, operating through an 

endogenous stimulus.

Two mechanisms for calcium release are now known to be present in 

cells. Inositol 1,4,5-trisphosphate can act as an internal second messenger, 

triggering calcium release through the IP3  receptor, most probably on the 

endoplasmic reticulum in the sea urchin (Terasaki and Sardet, 1991). 

Alternatively, a process of calcium-induced calcium release can be used by 

some cell types, including the sea urchin (Endo, 1977; Fabiato, 1983, 1985; 

Galione et a i, 1993a; | McDougall et a i, 1993). In this chapter I study the 

mechanism of release of calcium at entry into the first mitotic division of the early 

sea urchin embryo. Experiments in different systems have pointed towards an 

IPg-mediated calcium release signal at NEB (Han et a i, 1992; Ciapa et ai,
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1994). My results also lead to this conclusion, and further suggest that this 

calcium transient is regulated in part by the cyclin synthesis requirement during 

the cell cycle.

5.2 Heparin blocks the cell cycle at mitosis ENTRY.

The mucopolysaccharide heparin acts as a competitive inhibitor of 

inositol 1,4,5-trisphosphate (IP3 )-dependent calcium release (Hill et a i, 1987; 

Cullen et al., 1988; Guillemette et al., 1988; Crossley et al., 1991). It can 

therefore be used to test for the involvement of the IP3  signalling system in 

calcium-dependent processes. In the unfertilised sea urchin egg, 250-300 pg/ml 

heparin produces a 2 0 -fold decrease in the sensitivity of the calcium response 

to IP3  (Crossley etal., 1991). Heparin has been shown to delay or block the cell 

cycle in Xenopus laevis blastomeres (Han et al., 1992). However, the opacity 

of this cell type prevents characterisation of the stage of cell cycle block. I have 

used heparin during the cell cycle in order to test whether the NEB calcium 

transient is generated by IP3 -dependent calcium release. I injected heparin 30- 

40 minutes after fertilisation to ensure that the IP3 -dependent cell cycle events 

prior to NEB were not affected. As shown in figure 5.1, entry into mitosis is 

progressively blocked as the concentration of heparin is increased from 50pg/ml 

to 200 pg/ml. This concentration of heparin (200pg/ml) required to block NEB 

corresponds closely to the results of Crossley et al., 1991. At lower 

concentrations of heparin, mitosis entry is delayed with respect to controls. I 

noticed that, even at 2 0 0 pg/ml heparin, a small proportion of eggs still entered 

mitosis, although it was significantly delayed (data not shown). The fact that
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Figure 5.1. Block of mitosis entry by heparin.
a). Heparin was injected into early sea urchin embryos 30-40 minutes after fertilisation to the concentrations 
stated (stocks 1000 fold final concentration in egg, all injections to 0.1% cell volume). The total percentage 
of cells entering mitosis, scored as nuclear envelope breakdown, by the end of the experiment ( 2  hours) is 
shown. NEB was confirmed using Hoechst 33342 to score chromatin condensation. Each data point is taken 
from four experiments, scoring at least 10 cells per treatment. The sem is shown as bars. b). Three 
representative examples of experiments examining the effect of heparin on mitosis entry. Each figure is a 
representative example of four experiments scoring at least 10 cells per treatment. The concentrations of 
heparin injected are shown in bold. Experiments are all normahsed to controls undergoing 50% NEB 70 
minutes after fertilisation. Circles untreated controls. Squares injection controls, injected with injection 
buffer 30-40 minutes after fertihsation. Triangles heparin was injected at the concentrations stated 30-40 
minutes after fertihsation.
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these eggs cleaved suggests that insufficient heparin had entered the egg 

during the microinjection procedure. This may have come about because the 

heparin injections caused some vesicle formation around the injection site. This 

may have trapped heparin in the vesicle and hence lowered the concentration 

the cytoplasm was exposed to.

5.3 The heparin block is a block of cell cycle calcium signalling.

The effect of heparin on IPg-dependent calcium release has been 

suggested to be due to sulphation (Hill et a/., 1987; Worley et al., 1987). In 

support of this, de-N-sulphated heparin has been shown to be unable to block 

IPg-dependent calcium release in the sea urchin egg (Crossley, thesis 1990). 

I used de-N-sulphated heparin to test for non-specific effects of heparin in the 

absence of competition for IPg-dependent calcium release. Injections of de-N- 

sulphated heparin at concentrations similar to heparin itself did not have any 

significant effect on entry into mitosis, although mitosis was slightly delayed (see 

figure 5.2). This suggests that the effect of heparin is at the level of blocking 

IPg-dependent calcium release.

A further control for the effect of heparin on the cell cycle is to use the 

phosphatase inhibitor okadaic acid (Bialojan and Takai, 1988). Okadaic acid 

treatment drives cells into M-phase (Gavin et a!., 1991, 1992; Patel and 

Whitaker, 1991). It is thought that okadaic acid acts through activation of cyclin

dependent kinases (Goris et a/., 1989; Picard et a!., 1989; Pondaven et a/., 

1990). In support of this hypothesis, the effect of okadaic acid requires protein 

synthesis, suggesting that it acts through a cyclin-dependent
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Figure 5.2. Effect of de-N-sulphated heparin on the cell cycle.
(a). De-N-sulphated heparin was injected, 30-40 minutes after fertilisation, to the concentrations shown 
(0.1% injections, stocks made to 1000 fold final concentration in egg). Injection controls were injected with 
buffer to 0.1% total cell volume. Total % NEB was calculated, and confirmed with Hoechst 33342 to 
examine the state of chromatin. The data again shows mean and SEM of four experiments per data point, 
scoring a minimum of 10 cells per treatment, b). Two representative examples of the data presented in (a) 
are shown. Here, % NEB was scored at five minute intervals, after injecting the concentrations stated of de- 
N-sulphated heparin. Injection controls were injected with 0.1% bulBfer. Minutes are after fertihsation. 
Controls are normahsed to 50% NEB 70 minutes after fertihsation. Circles untreated controls. Squares 
injection controls. Triangles de-N-sulphated heparin.
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Figure 5.3 Effect of okadaic acid on heparin-treated cells.
Once again, a. shows the combined data from four separate experiments and b. shows a representative 
example of a single experiment. At least 10 cells were examined for each separate treatment and ah 
injections were performed 30-40 minutes after fertihsation, except for okadaic acid which was injected to 
2fiM (stock 2mM, 0.1% injection), 15-20 minutes after fertihsation. In a., the mean and SEM of total % 
NEB at the end of each experiment, usually 2 hours in duration, are shown. In b., ceUs were scored for NEB 
at five minute intervals and this confirmed by Hoechst 33342. Experiments were normahsed to controls 
undergoing 50% NEB 70 minutes after fertihsation. Circles untreated controls. Squares buffer injected 
controls. Triangles pointing upwards okadaic acid treatment. Triangles pointing downwards heparin 
injections into okadaic acid treated ceUs. Diamonds heparin injected ceUs.
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mechanism (Patel and Whitaker, 1991). Okadaic acid treatment has also been 

shown to bypass the calcium-dependency of entry into mitosis in sea urchins 

(Patel and Whitaker, 1991). We believe that okadaic acid represents a valuable 

control in cell cycle experiments because its action has been suggested to mimic 

the physiological events past the mitosis ENTRY trigger (Picard etal., 1991). 

An okadaic acid release of a treatment that blocks cells before mitosis entry 

therefore suggests that cells are specifically arrested at the mitosis ENTRY 

checkpoint by the blocking treatment. As shown in figure 5.3, okadaic acid does 

indeed bypass the heparin imposed block of mitosis. Furthermore, heparin 

produces very little effect on the premature mitosis induced by okadaic acid. 

This suggests that heparin is blocking a component of the mitosis entry trigger, 

and that okadaic acid bypasses this block.

5.4 Effects of heparin on cell cycle calcium traces.

I have used the Fura-2 dextran technique for measuring cell cycle calcium 

increases in order to test whether the effects of heparin and de-N-sulphated 

heparin on cell cycle progression were due to their effects on cell cycle calcium 

transients. I injected heparin into cells that had been injected with lOpM Fura-2 

dextran ( 1 0 , 0 0 0  M̂ ) and then measured calcium throughout the period of mitosis. 

The cells do not enter mitosis throughout the course of the experiment. 

Furthermore, the calcium levels do not increase to any significant level, the 

mean concentration of calcium throughout the course of 7 separate experiments 

was 143 ± 12.3nM (mean ± sem, see figure 5.4). Control eggs, either treated 

with injection buffer, or with de-N-sulphated heparin, both enter mitosis normally,
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Figure 5.4. Cell cycle calcium measurements o f  heparin treated cells.
Embryos were coinjected with the stated treatment and lOfiM Fura-2 dextran (10,000 M ,̂ lOmM stock, 0.1% 
injection), 30-40 minutes after fertilisation. NEB, anaphase and cleavage were scored using conventional 
hght microscopy. The control trace is a representative example of 10 traces where calcium transients could 
be measured out of a total of 14 taken during the heparin and de-N-sulphated heparin experiments. The de- 
N-sulphated heparin trace is representative of 5 separate experiments, of which 4 had significant calcium 
increases. Tlie heparin traces represent 7 separate experiments. Control and de-N-sulphated heparin traces 
were normahsed to NEB at 70 minutes after fertilisation to aid visualisation of the data. The mitotic period 
is shaded.
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Figure 5.5 EfiFect of BAPTA on cell cycle calcium traces.
Either 5mM BAPTA (IM stock, 0.5% injection) or 0.5% injection buffer were coinjected with Fura-2 dextran 
(10,000 M̂ ) 30-40 minutes after fertihsation. Cell cycle events were then scored using conventional hght 
microscopy, (a), shows a representation of 4/5 control traces where calcium transients were observed. In 
this case, multiple NEB calcium transients were observed. No significant increase in calcium is observed 
prior to anaphase onset In (b)., three representative examples of calcium traces in ceUs arrested before NEB 
by BAPTA are shown. These traces represent a total of 5 such experiments.
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and display increases in calcium corresponding to NEB, anaphase and cleavage 

(see figure 5.4 and table 5.1 for comparison of controls and de-N-sulphated 

heparin treatment). To test whether heparin has completely eliminated cell cycle 

calcium transients, I compared the heparin cell cycle calcium traces with those 

measured after injecting BAPTA (see figure 5.5). The calcium traces from both 

the heparin injected and the BAPTA injected cells are very similar. The mean 

± sem of the calcium levels throughout 5 separate BAPTA treatments was 125 

± 12.3nM. I conclude from these data that heparin has inhibited cell cycle 

calcium increases to the same levels as cells injected with BAPTA.

5.5 Effects of emetine on cell cycle calcium transients.

Protein synthesis is required for each round of mitosis in dividing cells 

(Karsenti et a i, 1987; Miake-Lye et a i, 1983; Picard et a i, 1985; Wagenaar, 

1983a). This requirement is now known to be due to synthesis of cyclin protein 

(Swenson et ai, 1988; Pines and Hunt, 1987; Minshull et a i, 1989b; Murray and 

Kirschner, 1989b; Murray ef a/. 1989). However, cyclin synthesis is not the sole 

requirement for progression into mitosis because cells have a significant lag 

period before mitosis entry, even after the protein synthesis requirement is 

completed (Wagenaar, 1983a; Picard et ai, 1985; Karsenti et a i, 1987; 

Solomon et ai, 1990). The fact that cyclin synthesis ultimately controls passage 

into mitosis suggests a cooperativity between the cell cycle checkpoint at mitosis 

entry and the cyclins (Murray and Kirschner, 1989). When taken with the data 

on the role of calcium in mitosis entry, the model suggests that synthesis of the 

cyclins may enable production of the NEB calcium transient once the
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requirements for entry into mitosis have been met. To test this hypothesis, I 

examined whether calcium transients could still be observed when protein 

synthesis is blocked. I measured cell cycle calcium levels after preventing 

protein synthesis with emetine. Cells are arrested at mitosis ENTRY after 

treatment with 150pM emetine, remaining at streak stage with intact nuclei 

throughout the course of the experiment, up to 2.5 hours. Calcium increases 

however can still be observed (figure 5.6). Although oscillations in calcium 

levels occur during this period, there is an apparent loss of control over the 

timing of the calcium transients. These data show that the mechanism causing 

release of calcium is independent of protein synthesis. However, protein 

synthesis is a component of a mechanism that controls the precise timing of cell 

cycle calcium transients. Whether this due to cyclin synthesis directly is not 

known, however it seems likely because the cyclins are the only newly 

synthesised protein required for mitosis (see above).
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Figure 5.6. Effect of emetine on cell cycle calcium transients.
Cells were treated with 150^M emetine in ASW or ASW alone immediately after fertilisation. Fura-2 dextran 
was then injected 30-40 minutes after fertilisation. Cell cycle events were scored using conventional hght 
microscopy. In (a)., a representation of 9 traces showing cell cycle calcium transients out of a total of 10 is 
shown. An NEB and cleavage trmisient can be seen, together with a small calcium increase during anaphase. 
In (b)., three representative examples of 9 such calcium traces in emetine treated cells are shown. NEB did 
not occur throughout the experimental period, at least 2  hours in duration.
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5.6 Summary of chapter 5

I have used heparin, a competitive inhibitor of inositol 1,4,5-trisphosphate 

induced calcium release, to test the mechanism that generates cell cycle 

calcium transients. Heparin, at concentrations comparable to its known effect 

on sea urchin IP^-dependent calcium release, blocks the cell cycle before 

mitosis entry. Control experiments suggest that this is a specific block of 

calcium release. Blocking protein synthesis disrupts, but does not eliminate the 

production of these transients. Taken as a whole, these experiments suggest 

that a mechanism, independent of protein synthesis, causes the production of 

cell cycle calcium transients through inositol 1,4,5-trisphosphate formation.
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TABLE 5.1. Comparison of calcium transients.
AU transients were measured using Fura-2 dextran, injected 30-40 minutes post fertilisation. For convenience, numbers of ceU cycle calcium 
transients detected have been grouped together to aid presentation of the data. CeU cycle events were recorded simultaneously with calcium 
measurement (see materials and methods). 'Controls' refers to the control data (buffer treatments) for each set of experiments. In order to 
conq)are buffer injections with the De-N-Sulphated heparin treated ceUs, I have also included this set of experiments (bottom row).

Experiment Number of 
cells with 
transients

Basal Câ  ̂(nM) NEB Câ  ̂rise 
(nM)

Anaphase Câ  ̂rise 
(nM)

Cleavage Câ  ̂rise 
(nM)

Heparin controls 7/10 227±9.1 113.6 ±25.5 119.5 ±28.9 181.25 ±27.9

De-N-sulphated 
heparin controls

3/4 172.3 ± 27 81.3 ± 16.9 88.8 ± 17.8 183.5 ± 19.6

BAPTA controls 4/5 175 ± 18 74.5 ± 14.2 115.7 ± 16.7 133 ±37

Emetine controls 9/10 170.3 ± 16.5 77.3 ± 6.4 131.8 ±25.7 234.8 ±28

De-N-sulphated 
heparin treated

4/5 175.8 ± 15.3 171.8 ±26.9 191.3 ± 19.3 200 ± 34.7



Chapter 6: 

Calmodulin signalling and mitosis entry.

6.1 Introduction.

The major target of calcium ions in non-muscle cells is now known to be 

the protein calmodulin (see Means and Dedman, 1980; Means etal., 1991 for 

reviews). Since I have shown that calcium ions are intimately involved in the 

mechanism of mitosis entry, it is reasonable to suggest that calmodulin may also 

be involved in the transduction of the mitosis entry calcium signal. In support 

of this statement, there is a wealth of data suggesting that calmodulin plays a 

major role in cell cycle control (see introduction). One problem with the 

interpretation of results of inhibition of calmodulin signalling arises because 

chemical inhibitors of calmodulin are not altogether specific, and therefore can 

be expected to cause multiple effects on the cell. However, cells block at 

specific points in the cell cycle after calmodulin disruption and this suggests that 

the role of calmodulin in the cell cycle is as a component of checkpoint control 

(see introduction).

In the next two chapters, I look at the role of calmodulin on transduction 

of the calcium signal at entry into mitosis. In this chapter, I use a peptide 

inhibitor of calmodulin, the MLCK peptide (Kemp et a/., 1987), to examine 

whether calmodulin signalling is necessary for mitosis entry in early sea urchin 

embryos. I show that mitosis ENTRY is controlled by an event sensitive to the 

inhibitory action of the MLCK peptide. I also study calmodulin localisation during 

the cell cycle. My data shows that calmodulin localises to specific cell regions.
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The localisation involves both calcium-dependent and independent mechanisms. 

In the following chapter, I use a fluorescence technique to show that 

calcium/calmodulin signals are indeed measurable at entry into mitosis, as well 

as at mitosis exit and cleavage. The results show that calmodulin is intimately 

involved in the mechanism of mitosis entry in early sea urchin embryos.

6.2 The MLCK peptide arrests the cell cycle at mitosis ENTRY.

The MLCK peptide is a peptide sequence derived from the calmodulin 

binding site of myosin light chain kinase (Kemp et a/., 1987). It binds to 

calmodulin in a calcium-dependent manner and acts as a specific inhibitor of 

calcium-dependent calmodulin signalling (Kemp at a/., 1987). Lorca and 

coworkers have previously used an MLCK peptide corresponding to residues 

791-814 of smooth muscle myosin light chain kinase in order to study mitosis 

EXIT (Lorca at a/., 1991, 1993). The peptide I used in these experiments 

corresponds to residues 797-813. Blocking of the end groups of this peptide by 

acétylation of the N-terminus and amidation of the C-terminus enables very tight 

binding of calmodulin, its K̂  for calmodulin is measured to be O.OOSnM in vitro 

(Tordk and Trentham, 1994 and see table 8.1). The peptide also strongly 

inhibits calmodulin activation of myosin light chain kinase in vitro (see table 6.1, 

Tordk at a/., 1995a). In order to be reasonably sure that I was looking at the 

effect of inhibition of calmodulin during mitosis entry rather than some earlier 

Ca^Vcalmodulin-dependent cellular event, I injected the MLCK7 9 7 _ 8 1 3  peptide 20 

minutes or so prior to mitosis entry. The chosen timing also minimises loss of the 

peptide before NEB, by proteolytic degradation or other mechanisms. The
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TABLE 6.1 Some properties of and control peptide
The sequence for the MLCK7 9 7 .8 1 3 peptide and the related control peptide are sho\wa. See Tôrôk and Trentham (1994) for calculation of of MLCK7 9 7 .8 1 3 (Trp-peptide).
See Tôrôk et a l, 1995a for of control peptide and calculations of inhibition of myosin hght chain kinase (MLCK) activity.

Peptide Sequence Kd for calmodulin Inhib. of MLCK

MLCK797.8J3 NAc-RRKW qKTGHAVRAIGRL-CONH2 O.OOSnM 1000-fold

MLCK control peptide NAc-RRKEqKTGHAVRAIGRE-CONH2 ll.SpM 0.1-fold
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Figure 6.1 G2/M arrest induced by MLCK7 9 7 .8 1 3  peptide.
a). MLCK7 9 7 .8 1 3  (stock 20mM) was injected 30-40 minutes after fertilisation to the concentrations shown. 
NEB was then scored, and the total % NEB at the end of the experiment (2-3 hours) calculated. Each data 
point represents mean of at least four experiments, using a minimum of 10 cells per experiment. Error bars 
represent sem and are too small to be seen where not observed, b). Representative examples ofMLCK^g  ̂gî  
microinjection experiments. The concentrations of MLCK7 9 7 .8 1 3 are shown. Experiments are normahsed to 
control batches undergoing 50% NEB 70 minutes after fertihsation. Time is shown for the lower traces only, 
but represents the x-axis for ah experiments. Circles untreated controls. Triangles buffer injections (0.1 - 
0.5%). Squares MLCK79 7.g, 3  injections. Minutes are after fertihsation.
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results are presented in figure 6.1. Using lOOpM MLCKygy îg (20mM stock, 

0.5%injection), 91 ± 3.1% (mean ± sem, 4 experiments) of the cells are 

arrested with nuclear membranes intact and chromatin decondensed. The 

concentration of the peptide required to prevent mitosis ENTRY appears high, 

but in fact closely correlates with the value used to block passage through 

mitosis EXIT in Xenopt/s embryos (Lorca ef a/., 1991, 1993). A concentration 

in this range is also suggested by the fact that, at least in Xenopus, the 

intracellular calmodulin concentration has been shown to be minimally 34pM 

in the cytosol (Cartaud et al., 1980). Surprisingly enough, some cells still 

managed to undergo NEB, although this was delayed with respect to controls 

(see fig 6.1b). These cells however proceeded to cleave, which suggests that 

insufficient peptide had entered the eggs.

6.3 The MLCK7 9 7 ^i3  peptide inhibits calmodulin signalling.

My next step was to test whether the observed cell cycle effect of the 

MLCKygy îg peptide was through specific inhibition of a calmodulin-dependent 

event during the mitosis entry trigger. I first tested whether I could eliminate 

the effect of the MLCKygy î  ̂ peptide by preincubation with calmodulin. 

Injection of a 1:1 ratio of preincubated MLCKygy îgicalmodulin has no effect on 

cell cycle progression (figs 6.2a and c), even at lOOpM MLCKygy^^g inside the 

egg (stock lOmM MLCK7 g7 _8 ig: lOmM calmodulin, 1% injection). One flaw in 

this type of experiment is that preincubation of the MLCKygy îg peptide with 

calmodulin effectively removes the peptide from the cytoplasm and therefore 

negates any test of non-specific inhibition by the peptide. I therefore used a
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Figure 6.2 MLCK7 9 7 .8 1 3  control experiments.
a). Combined data for control experiments. All reagents were injected 30-40 minutes after fertilisation to 
the concentrations shown, except okadaic acid which was injected 10 minutes after fertilisation. The total % 
NEB at the end of the experiment (2-3 hours) is plotted here. Each data point represents the mean of at least 
four experiments, at least 10 cells injected per data point (Error bars represent SEM). White bars effect of 
injecting MLCK79 7.8 1 3 . Vertical stripes effect of 2fiM okadaic acid on MLCK7 9 7 .8 1 3 injected cells ('Okadaic' 
or 'OA'). Diagonal stripes effect of coinjection of 1:1 ratio calmodulin:MLCK7 9 7.8 i3 on NEB. Horizontal 
bars effect of lOOpM control peptide on NEB. b).-d). Representative examples of control experiments. % 
NEB of the batch was taken at five-minute intervals. Controls are normahsed to 50% NEB 70 minutes after 
fertihsation. b). Okadaic acid override of MLCK7 9 7_8 , 3  block of mitosis entry. Circles untreated controls. 
Triangles okadaic acid (2p.M). Squares 2|iM okadaic acid and lOOpM MLCK7 9 7.8 1 3 . c). Effect of 
preincubating MLCK79 7.8 , 3  peptide with calmodulin. Circles untreated controls. Triangles buffer (0.5%) 
injections. Squares 20mM MLCK7 9 7 .8 1 3 preincubated with 20mM calmodulin and injected to lOOpM 
MLCK7 9 7 .8 1 3  (0.5% injection), d). MLCK control peptide. Circles untreated controls. Triangles buffer 
(0.2%) injections. Squares lOOfiM control peptide.
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control peptide to test for non-specific effects of the peptide in the absence of 

calmodulin inhibition (see table 6.1). The sequence of this peptide is almost 

identical to the MLCK7 9 7 ^ 1 3  peptide. However, two hydrophobic residues 

involved in calmodulin binding (Tôrôk and Whitaker, 1994) have been 

replaced with glutamate residues (table 6.1,shown in bold). Glutamate 

substitution was chosen in order to further prevent efficient binding of the 

peptide to calmodulin due to charge repulsion. This peptide exhibits a Ky of 

11 .8|jM for calmodulin and does not significantly inhibit calmodulin-dependent 

myosin light chain kinase activity in vitro (Tôrôk etal., 1995a, see table 6.1). 

The MLCK control peptide does not block NEB in early sea urchin embryos 

when injected to a concentration of lOOpM (see figures 6.2a and d). These 

data therefore suggest that the MLCK7 9 7 ^ 1 3  peptide blocks the cell cycle at 

mitosis entry by specifically inhibiting a Ga^7calmodulin dependent event.

I once again used the phosphatase inhibitor okadaic acid in order to 

determine the viability of cells blocked at mitosis ENTRY by the MLCK7 9 7 _ 8 1 3  

peptide. 2pM okadaic acid causes premature entry into mitosis even in the 

presence of lOOpM of MLCK7 9 7 ^ 1 3  (see figures 6.2a and b). This suggests that 

the MLCK7 9 7 _ 8 1 3  peptide is specifically preventing transmission of a cell cycle 

signal for mitosis entry, which is bypassed by okadaic acid treatment.

6.4 The peptide and calcium homeostasis.

My initial reasoning for undertaking these experiments was to test 

whether calcium transients could be measured close to the natural point of 

NEB in cells where mitosis entry was blocked by the MLCK7 9 7 ^ 1 3  peptide. I
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F ig u r e  6 .3  C a lc iu m  tran s ien ts  in  M L C K 7 9 7 . 8 1 3  tre a te d  and  c o n tro l cells.
a). Controls. Injection buffer was coinjected with Fura-2 dextran (10,000 M J 30-40 minutes after 
fertihsation and the calcium trace then recorded througliout mitosis. This trace represents 18 similar traces 
out of a total of 24 experiments including controls for MLCK„,.8 , 3  and the MLCK control peptide. Cell cycle 
stages were scored using Nomarski optics and nuclear envelope breakdown has been normalised to 70 
minutes to aid visualisation of these traces. See table 6.2 for statistics b). Cell cycle calcium transients in 
cells injected with MLCK797.8 , 3  control peptide. lOOfiM MLCK control peptide was coinjected with Fura-2 
dextran, 30-40 minutes after fertilisation, and the calcium trace recorded throughout mitosis. This trace 
represents 7 traces where calcium transients were recorded out of a total of 9 experiments. Once again, NEB 
was normahsed to 70 minutes after fertilisation to aid presentation of the traces. See table 6.2 for statistics. 
c).-d). MLCK797_8 ,3  injected cells. Fura-2 dextran was injected 30-40 minutes after fertilisation, and then 
MLCK797_g,3  to lOOfiM during recording of the calcium trace, (c). In 7/10 cases, a calcium transient closely 
follows injection of MLCK^g .̂g,; (see table 6.3 for analysis). Repeated calcium pulses follow this large 
transient (marked on graph), (d). hi 3 out of tlie 10 experiments injecting the MLCK797.g, 3  peptide, a delayed 
calcium response occurred. Tliis trace shows a representative example of such a response. The arrows mark 
injection of the peptide. See table 6.3 for statistical analysis.
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injected lOOpM MLCK7 9 7 ^ 1 3  into cells loaded with 10|jM Fura-2 dextran 

(10,000Mr), again 30-40 minutes after fertilisation, and measured the calcium 

trace. Untreated cells and cells injected with the MLCK control peptide both 

display normal cell cycle calcium transients and divide normally (see figures 

6.3a and b and table 6.2 for analysis). All MLCK7 9 7 ^ 1 3  injected cells remain 

blocked prior to NEB throughout the course of the experiment (2-3 hours). In 

7/10 experiments, an increase in calcium of 625.2 ± 186.7 nM immediately 

followed the injection of the MLCKt9 7 ^i3  peptide (see figure 6.3c and table 6.3).

In 3/10 experiments, this transient was delayed with respect to injection (figure 

6.3d). The calcium release induced by injection of the MLCK7 9 7 ^ 1 3  peptide is 

probably due to the loss of a calmodulin-dependent negative feedback 

mechanism on calcium release, or positive feedback onto the Ca^7ATPase 

(Gopinath and Vincenzi, 1977; Jarrett and Penniston, 1977; Wolf ef a/., 1986; 

Meissner, 1986; Puentes et al., 1994). This effect somewhat obscures 

interpretation of the cell cycle inhibition by the MLCK7 9 7 ^ 1 3  peptide: the block 

of NEB could be due to a secondary effect of the calcium transient. However, 

calcium transients produced by treatment of cells with ionophore merely delay 

the cell cycle (Wagenaar, 1983). Also, calcium transients produced by 

micro injection or flash photolysis advance the cell into mitosis (Twigg eta!., 

1988; Steinhardtand Alderton, 1988; KaoefaA, 1990; Patel eta!., 1989, 1990; 

see chapter 4). A second possibility is that the effect of calmodulin on calcium 

homeostasis may have led to emptying of the intracellular stores. However, 

this does not seem to be the case because calcium transients occur after the 

MLCK7 9 7 _ 8 1 3  peptide-induced calcium release (see figure 6.3c and d, lines mark
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the transients). These observations suggest that the peptide is

blocking the cell cycle through a mechanism unrelated to the calcium transient 

it triggers. To test whether the IVILCKygŷ ig peptide was causing a block of the 

calcium-dependent mechanism of NEB, I injected 100pM IVILCKyg7 _8 i3  peptide 

30 minutes after fertilisation, and then caused a calcium transient by 

microinjecting a Ca^VEGTA buffer in which free Câ "̂  was clamped to 1 pM (see 

chapter 4). In cells that had not been injected with the IVILCKygy îg peptide, the 

calcium buffer caused nuclear envelope break down to occur 9.5 ± 0.9 minutes 

after the injections (mean ± sem, 4 experiments) and the cells entered mitosis 

prematurely with respect to controls (figure 6.4). Cells preinjected with the 

MLCK7 g7 ^i3  peptide did not undergo NEB after calcium/EGTA injection.
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F ^ u re 6 .4  MLCK 7 9 7 . 8 1 3  blocks NEB induced by microinjecting calcium/EGTA buffers. 
lOOgM MLCK7 9 7 .8 1 3  was injected into cells 30-35 minutes after fertilisation. 5-10 minutes later, a 
calcium/EGTA buffer in which free Câ  ̂was clamped to IpM was injected into a proportion of these 
(marked 'Inject'). Cells were then scored for nuclear envelope breakdown at five minute intervals, and this 
checked with Hoechst 33342. The experiment is a representative example of four separate experiments. 
Circles controls. Triangles facing up Ca^ /̂EGTA buffer Triangles facing down lOOpM MLCK 9̂ 7_g, 3  and 
Ca^ /̂EGTA buffer. Squares IOO11MMLCK79 7.8 , 3 peptide.
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TABLE 6.2 Cell cycle calcium measurements with MLCK peptide and control
All calcium traces were recorded using Fura-2 dextran. Cell cycle events were observed simultaneously with calcium measurement. Frequencies of observation of cell 
cycle calcium transients have been grouped together to aid presentation of the data. 'Untreated refers to controls (buffer injected eggs) for both MLCK7 9 7 .8 1 3  and control 
peptide experiments. 'MLCK control peptide' refers to cell cycle calcium traces in the presence of the control peptide.

Experiment No. cells with 
transients

Basal Câ  ̂(nM) NEB Ca:+rise(nM) Anaphase Câ  ̂increase 
(nM)

Cleavage Ca*"̂  rise (nM)

Untreated 18/24 181 ± 17.2 186.4 ±37.8 148.3 ±48.1 206.9 ±44.3

MLCK control peptide 7/9 168.1 ± 17.3 189.8 ±63.4 117.3 ± 17.6 132.8 ±20.6

TABLE 6.3 Effect of MLCKŷ ŷ jy on cell cycle calcium homeostasis.
All calcium traces were recorded using Fura-2 dextran. Calcium transients refer to increases in intracellular calcium induced by injection of the MLCK7 9 7 .8 1 3 peptide.

No. of experiments Time of MLCK7 9 7_gu 
injection (min.)

Câ  ̂transient start 
(min.)

Ca  ̂ transient duration 
(min.)

Basal Ca*̂  (nM) Ca:+Rise(nM)

7/10 29.4 ±5.9 31.2±7.1 19.2 ±5.1 164.3 ±39.7 625.2 ± 186.7

3/10 34.7 ±3.1 54.7 ±2.1 28 ± 8.3 204.3 ±49.5 302.7 ± 111.4



Furthermore, these cells remained blocked prior to NEB for the remainder of the 

experiment (figure 6.4). These data suggest that the MLCK7 9 7 ^ 1 3  peptide 

specifically blocks the mitosis entry calcium signal, despite having a secondary 

effect on calcium homeostasis.

6.5 Cell cycle localisation of calmodulin.

Observations of the localisation of calmodulin during the cell cycle 

suggest that calmodulin is present within and surrounding the nucleus, 

concentrating in the mitotic apparatus during mitosis (Hamaguchi and Iwasa, 

1980; Dedman et al., 1978; Andersen et a i, 1978; Welsh et a i, 1978, 1979; 

Zavortink et ai, 1983; Vantard et a i, 1985). The lack of resolution of the 

conventional fluorescence microscope however limits analysis of the in vivo 

distribution of calmodulin. The advent of confocal microscopy has increased the 

level of detail it is possible to obtain from living cells during localisation 

experiments. I have therefore used a confocal microscope in order to reexamine 

cell cycle localisation of calmodulin. I used fluorescein-conjugated calmodulin, 

kindly supplied by Katalin Torok, for my experiments. Microinjection of 5pM 

fluorescein-calmodulin prior to fertilisation revealed calmodulin immediately in 

the nucleus. Little specific cytoplasmic localisation is revealed, except that there 

is a general punctate staining pattern (fig 6.5a). This is probably due to 

exclusion of calmodulin from areas of the cytoplasm by the endoplasmic 

reticulum, which is spread throughout the cell prior to fertilisation (see Terasaki 

and Jaffe, 1991 and chapter 3). After fertilisation, calmodulin appears to bind 

to the astral microtubule system spreading across the nucleus (fig 6.5a and b).
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This persists until the cell enters mitosis. During metaphase, calmodulin 

concentrates in the area of the mitotic spindle but more specifically binds to the 

spindle poles and spindle microtubules (fig G.Saiii.). After cleavage, calmodulin 

remains highly localised to the nuclear areas of the daughter cells (fig 6.5a and 

b). Figure 6.5b shows calmodulin relocalisation through mitosis in single cells. 

An extra feature of the single cell images is the increased fluorescence from the 

presumed areas of the chromatin in late anaphase (fig 6.5b, image iii).

To test whether the observations made with fluorescein-calmodulin were 

due to specific binding by calmodulin, I used a 10,000 dextran-conjugated 

fluorescein, also injected before fertilisation to 5pM. The staining patterns of 

both fluorescein-calmodulin and fluorescein dextran are at first glance similar 

(compare figures 6.5a and c). However, no specific staining of astral 

microtubules or the mitotic spindle can be observed with fluorescein dextran. 

Instead, the dextran conjugate appears to stain a general area surrounding the 

nucleus and mitotic apparatus (figure 6.5c).

I used these images to examine quantitatively whether calmodulin was 

targeted to the nucleus and mitotic apparatus. I examined the ratio of nuclear 

to cytoplasmic fluorescence in the fluorescein-calmodulin and fluorescein- 

dextran injected cells. Fluorescence for the dextran conjugate is 1.26 ± 0.03 fold 

higher in the nucleus relative to the cytoplasm before NEB (n=3). The ratio of 

nuclear to cytoplasmic fluorescence for fluorescein-calmodulin however is 1.93 

± 0.01 (mean ± sem, n=4). This is significantly higher than the values for the 

dextran (t=^7.7, p=1.0*10‘®, one-tailed f-test). This suggests that calmodulin is 

targeted to the nucleus. I also compared the values during all mitotic stages
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Figure 6.5 Cell cycle localisation o f  fluorescein-calmodulin.
a). 5|iM fluorescein calmodulin was injected into sea urchin eggs before fertilisation, and confocal images 
taken at the pomts shown. These images were recorded using different eggs for each image. They represent 
at least four experiments per cell cycle point. In images ii. and iii., I was fortunate in that the astral array (ii.) 
and the metaphase spindle (iii.) were in the plane of the confocal scan. Calmodulin labelhng of spmdle 
microtubules can be observed in iii.. The cell in iv. cleaved shghtly obhque to the confocal section, hence 
the seemingly uneven cahnodulin locahsation. b). These images were taken from a single cell followed 
throughout mitosis. The plane of cleavage relative the astral microtubule array is shown. During anaphase, 
intense stainmg is observed m the region of the mitotic apparatus corresponding to the expected position of 
the chromatin at this stage (refer to marks on image), c). 5pM fluorescein dextran (10,000 M,)was injected 
before fertihsation, and images through mitosis recorded. These images were taken from different eggs, and 
represent three different experunents per unage. The look-up table is compressed to the same extent as (a) 
to show the differences in locahsation of the dextran relative to calmodulin. For a statistical analysis, see table 
6.4.

(see table 6.4). All the nuclear:cytoplasmic ratios are significantly higher for 

fluorescein-calmodulin than for fluorescein-dextran. The results suggest that
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calmodulin specifically binds to the area of the mitotic spindle throughout mitosis 

(see table 6.4). In summary, the distribution of calmodulin in cells through the 

cell cycle is due to specific localisation of calmodulin, and not by non-specific 

binding to large cellular structures such as the mitotic apparatus.

TABLE 6.4 Nucleus/Cytoplasm ratios for fluorescein conjugates
Ratios were calculated by measuring the intensities of fluorescence from the nucleus and cytoplasm per unit 
area, and dividing the nuclear intensity by the cytoplasmic value. This was performed for cells at equivalent 
stages during the cell cycle. Data is presented as mean ± sem. The ttest is calculated using 6 degrees of 
freedom.

Pre-NEB Metaphase Anaphase Cleavage

Fluorescein-dextran
(n=3)

1.26 ±0.03 1.18 ±0.05 1.09±0.13 1.25 ± 0.09

Fluorescein- 
calmodulin (n=4)

1.93 ±0.01 1.46 ± 0.04 1.51 ±0.05 1.86 ±0.03

t-value (one-tailed) 17.7 3.6 2.71 8.55

P 1*10" 0.01 0.04 3.6*10"'

6.6 The mechanism of calmodulin localisation.

Calmodulin has been shown to exhibit both calcium-dependent and 

independent binding to cell structures (Sweet et a i, 1988; Huang et a i, 1981; 

Gough and Taylor, 1993). These observations are interesting because they 

suggest that there is more than one type of binding site on calmodulin. It also 

leads to the possibility of a subtle mechanism for selectivity in calmodulin 

signalling involving the binding properties of calmodulin. I used the 

peptide to test whether nuclear and microtubule targeting of calmodulin was 

dependent on calcium. I coinjected fluorescein-calmodulin with excess MLCK7 9 7 .
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8 1 3  peptide into fertilised eggs, 30-40 minutes after fertilisation. I used a ratio of 

41.25:1 IVILCKyg7 _gi3  peptide:fluorescein-CaM (stock concentrations of 0.8mM 

fluorescein-calmodulin together with 33mM IVILCK7 gŷ i3  peptide). This ratio 

should saturate the calcium-activatable binding sites of fluorescein-calmodulin 

with IVILCKygy_8 i3  poptido and provide excess peptide to produce the cell cycle 

inhibition. I injected the mixture to a final concentration of 2.4pM FI-CaM and 

lOOpM IVILCKygŷ gis peptido, 30-40 minutes after fertilisation (0.3% injection).

Wfo i fT. B H f  i i ri . t t U n  I o  .

n  M r 1 i n  . I I 5 m i r» .

IBRiiM  rn TK

Figure 6 . 6 a Effect o f  MLCK 7 9 7 .̂ 5 , 3  on calmodulin localisation.
100|iM was coinjected with 2.4nM fluorescein calmodulin, 30-40 minutes after fertilisation.
Confocal images were then recorded at the times indicated. These experiments represent a total of four 
experiments. Images were taken at 10 minute intervals. The look-up table is compressed to the same level 
as the data presented in figure 6.5 to aid comparison between the two sets of data. Note the difference in 
intensity of fluorescent calmodulin in tlie nucleus as compared to figure 6.5a. Some staining of microtubules 
can also be seen.
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The cell cycle is blocked prior to nuclear envelope breakdown by this 

concentration of the MLCKygŷ ĝ peptide. General staining of the area 

surrounding the nucleus can be observed throughout the period of these 

experiments (see figure 6.6a). Some staining of microtubules also persists, 

despite a general loss of structure of the astral microtubule array (see figure 

6.6a). This suggests that calmodulin binding to microtubules is not blocked by 

the MLCK7 9 7 ^i3  peptide, and hence suggests that the binding is calcium- 

independent.

1.5  -

o  n

Figure 6 .6 b Effect o f  MLCK 7 9 7 . 8 1 3  on nuclear targeting o f  calmodulin.
N ucleus:cytoplasm  ratios were taken at 50 minutes after fertilisation (just prior to NEB)for the different 
treatments. Mean ±  sem o f 4 separate experiments (n=3 for fluorescein-dextran) are shown for each data 
point. The fluorescein-cahnodulin ratio is understood to be due to calmodulin targeting, and hence the 
fluorescein dextran ratio due to non-specific binding.

I tested whether calmodulin targeting to the nucleus showed any calcium 

dependency by measuring the ratio of nuclear to cytoplasmic fluorescence in 

cells blocked prior to NEB by the peptide. I used the pre-NEB
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nucleus:cytopIasm ratio for fluorescein-calmodulin as a measure of full targeting 

and the pre-NEB fluorescein-dextran nucleusxytoplasm ratio as non-specific 

binding. These were taken 50 minutes after fertilisation, 10 minutes or so before 

NEB. The nucleus:cytoplasm ratio of fluorescein calmodulin coinjected with the 

MLCK7 9 7 ^i3  peptide is significantly lower than the ratio measured with 

fluorescein-calmodulin alone, and approximates to the value measured for 

fluorescein dextran (see figure 6.6b). These results suggest that calmodulin 

targeting to the nucleus occurs through a calcium-dependent mechanism.

6.7 Summary of chapter 6

In this chapter, I have shown that entry into mitosis can be blocked by 

inhibition of the action of calmodulin. The inhibition of calmodulin appears to 

have two physiological effects; disruption of calcium homeostasis and prevention 

of mitosis entry. My results show that the effect on mitosis entry is because 

calmodulin cannot perform calcium-dependent signalling in the presence of the 

MLCK7 9 7 _ 8 1 3  peptide, and is not because of a secondary effect of calmodulin 

inhibition. I have also examined calmodulin localisation through the first cell 

cycle of the sea urchin embryo. Calmodulin is targeted to the nucleus and 

microtubules. Localisation to the microtubules appears calcium-independent, 

however there is some evidence for a role of calcium-dependent targeting of 

calmodulin to the nucleus. The results as a whole indicate a specific role for 

calmodulin in cell cycle signalling at entry into mitosis, possibly mediated 

through the specificity of localisation of calmodulin.

136



Chapter 7: 

Measurement of mitotic caimoduiin signais.

7.1 Introduction.

The ability to measure calcium/calmodulin signals offers enormous 

advantages to the study of calcium physiology. This is for two main reasons. 

Firstly, direct visualisation of calcium/calmodulin signals is complementary to 

and strengthens data on the inhibition of the calmodulin signal. Secondly, the 

results show the cellular response to calcium rather than just measuring the 

properties of the calcium transient. This means that it is possible to examine 

how the properties of different calcium transients are transmitted to the cell at 

the level of calmodulin.

It is now possible to use calmodulin probes to look at calcium/calmodulin 

signalling in living cells. These consist of a calmodulin molecule with a reporter 

group attached. These probes can therefore be expected to localise to the 

same areas of the cell as endogenous calmodulin, increasing their potential as 

physiological probes of calcium signalling. Another advantage of these is that 

they will not be affected by some of the problems affecting the calcium-sensitive 

dyes, such as internalisation. Fluorescence anisotropy has previously been 

used to measure the calmodulin response to calcium during contraction and 

locomotion in fibroblasts (Gough and Taylor, 1993). A second method could be 

to use an environmentally-sensitive reporter which measures the conformational 

change of calmodulin as it binds to substrates. In this chapter, I use a 

calmodulin probe with an environmentally sensitive tag together with confocal

137



microscopy to measure calcium/calmodulin signals during fertilisation and the 

first mitotic division of the sea urchin egg.

7.2 TA-Calmodulin.

TA-calmodulin consists of a calmodulin molecule with an environmentally 

sensitive probe attached by way of Lyŝ g (Torok et a i, 1995b). I am fortunate 

during my thesis to have been able to collaborate with Katalin Torok, who 

developed this probe. TA-calmodulin increases its fluorescence emission 

intensity up to 5-fold upon binding calcium ions. In the presence of target 

proteins, the emission intensity can increase up to 9-fold (Torok et ai, 1995b). 

The increase occurs because a conformational change in calmodulin is induced 

by calcium and substrate binding and this exposes the TA' tag to an 

increasingly hydrophobic environment. This augments the quantum yield of the 

chromophore, therefore increasing the fluorescent emission (see Torok and 

Whitaker, 1994 for review).

7.3 TA-calmodulin signals at fertilisation.

I tested the TA-calmodulin response to the sea urchin fertilisation 

transient and compared this to the calcium transient measured with a calcium- 

sensitive dye. I coinjected 2.4jjM TA-calmodulin with 5jjM Calcium Green-1 and 

used a dual photomultiplier system in order to directly compare the response of 

these probes. TA-calmodulin fluorescence emission rises 3.75 ± 0.42 at
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fertilisation (mean ± sem, n=8), for a calcium increase of 2.4 ± 0.3|jM (n=8, see 

figure 7.1a). One interesting observation from these experiments is that the
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Figure 7.1a Response of TA-calmodulin to fertilisation.
2.4pM TA-calmodulin was coinjected with 5pM Calcium Green-1 before fertilisation. The response to the 
fertilisation calcium increase is shown. The Calcium Green-1 signal is cahbrated for calcium by the method 
of Gillot and Whitaker,! 1994 (refer to left axis). The TA-calmodulin signal shows the ratioed increase as 
compared to resting fluorescence (refer to right axis). The inset shows an expanded trace of the initial 
increase of TA-calmodulin as compared to Calcium Green-1.
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Figure 7.1b Coiifocal measurement of TA-calmodulin response to fertilisation. 
lOfiM TA-calmodulin was coinjected with 3|nM fluorescein-calmodulin before fertilisation, and the 
fertihsation response recorded on a confocal microscope. Top shows a ratio fertihsation response. The 
images are a division of the TA-calmodulin signal by the fluoresceiu-calmodulin signal. Bottom shows a 
trace of the ratiometnc confocal response to fertihsation. These data were made by analysing pixel intensities 
for confocal images. The fertilisation response for TA-calmodulin and fluorescem-calmodulm are shown as 
intensities (refer to left axis). Squares TA-calmodulin. Circles Fluorescein-cahnodulin. Ratio of TA- 
cahnodulin/Fl-cahnodulin is shown without symbols (see axis on right).
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kinetics of the TA-calmodulin fertilisation response are somewhat different to 

those of Calcium Green-1, the initial increase in TA-calmodulin fluorescence 

occurring 9.9 ± 0.8 seconds after the calcium rise (figure 7.1a, inset). We do not 

know the reason for the difference in response.

In order to examine the TA-calmodulin response to fertilisation spatially, 

and also as a way of optimising my images before testing the response of TA- 

calmodulin to cell cycle calcium transients, I measured the TA-calmodulin 

fertilisation signal using a confocal microscope. The fluorescence increase of 

TA-calmodulin measured by both ratiometric and non-ratiometric techniques 

progresses as a wave at fertilisation (figure 7.1b). This type of response 

parallels the fertilisation calcium increase as measured by fluorescent calcium 

indicators (see Gillot and Whitaker, 1994).. Using the ratiometric technique 

mentioned earlier, fluorescence from the fluorescein-calmodulin channel 

remained constant despite the large increase in calcium (figure 7.1b). This 

reassured me that this technique could be used to measure cell cycle 

calcium/calmodulin signals.

7.4 Observation of mitotic calmodulin signals with TA-calmodulin.

Although TA-calmodulin has been shown to inhibit MLCK in vitro (Torok 

et al., 1995), injection of this probe to an intracellular concentration of up to 

lOpM has no deleterious effects on the cell cycle, and has sufficient 

fluorescence to be measurable using a confocal microscope. I injected TA- 

calmodulin 30-40 minutes after fertilisation in order to minimise possible
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inactivation of the probe by proteolysis or other mechanisms. I then scanned 

cells using a confocal microscope with a UV laser (TA-calmodulin excites at 

360nm), throughout mitosis. The distribution of TA-calmodulin is coincidental 

to that of fluorescein-calmodulin (see chapter 6). Together with this localisation, 

transient increases in fluorescence that we interpret as calcium/calmodulin 

signals occur during mitosis.

1.2
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Figure 7.2 Non-ratiometric mitotic caimoduiin signalling measured with TA-calmodulin. 
2.4)jM TA-calmodulin was injected into sea urchin eggs 30-40 minutes after fertihsation. Images were then 
taken using UV confocal microscopy throughout mitosis. Cell cycle events were scored with Nomarski 
optics. In (a), global responses at NEB and anaphase are shown. The graph is a trace of pixel intensities 
divided by the first intensity to represent a ratio, analysed over the whole cell. This trace is representative of 
4 such increases out of 8 experiments, (b). Locahsed increases occur in cells where no transient pulses are 
present This experiment represents 4 out of 8 experiments. Measurements were taken from the nuclear area.
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Figure 7.3 Images o f  local calcium/calmodulin signals.
(a). 5^M TA-calmodulin was injected 30-40 minutes after fertilisation and images taken at 10 second 
intervals throughout mitosis. These images are stacked as raw data in the same fashion as the images in 
chapter 4. The axis of the stack is as marked on 59 minute image in (b). A locahsed calcium/calmoduhn 
signal can be seen prior to NEB, together with an indication of a signal in the spindle poles prior to anaphase 
(refer to brackets). As the cell cleaves, a large increase in fluorescence within the spindle poles occurs. The 
difference in symmetry between the fluorescence increase in the daughter cells at cleavage is due to the 
embryo cleaving sl^tfy obhque to the plane of the confocal scan. (b). shows images of locahsed activation 
of TA-calmodulin during the cell cycle. The top images represent the NEB signal, central images are 
anaphase, and the lower images are cleavage signals. The NEB signal is in the nuclear area and the signal 
at anaphase locahses to the spmdle poles (arrows mark the transients). A large increase of fluorescence in 
the spindle poles during cleavage can also be observed, (a) and (b) are representative of 4/8 experiments.

Both global and local signals were detected in these experiments. Global 

transient TA-calmodulin signals were detected during NEB and anaphase in 4 

of the 8 experiments (see figure 7.2a). The ratio increase of these transients is 

0.1 ± 0.02 over the base ratio (mean ± sem, n=4, see table 7.1). These signals 

are small compared to the fertilisation response, but this parallels the size of 

calcium transients detected during mitosis. Where no global transients were 

observed, small increases restricted to the nuclear area can be observed close 

to NEB (see figure 7.2b and 7.3). This increase reached 0.2 ± 0.03 over the 

base ratio by NEB (mean ± sem, n=4, see table 7.1). The area of measurement 

was 4.8 ± 0.4% (n=4) the total area of the confocal slice. Localised anaphase 

transients were confined to the calmodulin mass at the spindle poles (see figure 

7.3). Furthermore, a long-lasting increase in fluorescence occurs in the area of 

the forming daughter nuclei as cells cleave (figure 7.3). These transients 

correspond closely to the calcium transients measured using Fura-2 dextran and 

Calcium Green-1 dextran (see chapter 3).

It concerned me that these increases may be due either to differences in 

TA-calmodulin distribution through mitosis or cell movements, and not
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Figure 7.4 Localisation o f  calmodulin to DNA.
These images are the clearest images of calmodulin locahsation to DNA through mitosis, (a), shows 
fluorescein-calmodulin locahsation to chromosomes during various stages of mitosis. The staining first 
reveals chromosomes as the chromatin condenses at mitosis entry. The staining then persists throughout 
mitosis, clearfy showing chromatin condensation, formation of the metaphase plate and anaphase onset, (b). 
shows activation of calmodulin on condensing chromosomes. The upper images are TA-calmodulin. Middle 
images are fluorescein calmodulin. Lower images are the resultant ratio from division of TAcalmodulin by 
he fluorescein calmodulin. Arrow marks the location of calmodulin activation. 'Intensity' refers to TA- 
calmodulin and fluorescein-calmodulin images. 'Ratio' refers to the ratioed images.

calcium/calmodulin signals. Using a non-ratiometric technique, it is not possible 

to resolve this difficulty. I therefore used the ratio technique mentioned earlier 

to separate out calcium/calmodulin signals from localisation changes. I 

coinjected lOpM TA-calmodulin together with the calcium insensitive probe 

fluorescein-calmodulin (SpM), 30-40 minutes after fertilisation. Cells were then 

scanned on a confocal microscope using UV and visible optics, throughout 

mitosis. Pixel-by-pixel division of the TA-calmodulin images by the fluorescein- 

calmodulin images removes changes in calmodulin localisation from the TA- 

calmodulin signals. The resultant images therefore represent 

calcium/calmodulin signals as an increase over the basal pixel value after 

division. As an aside, I first would like to show some ratiometric images of the 

strong localisation of calmodulin to chromosomes during mitosis (see figure 

7.4a). These data show conclusively that calmodulin binds to a component of 

the chromosomes during mitosis, confirming the results suggested in chapter 6 

and the data of Portolés etal. (1994). Interestingly, the data from this particular 

experiment also suggest that calmodulin bound to chromatin is specifically 

activated as the chromatin condenses onto the metaphase plate (see figure 

7.4b, bottom right-hand image).
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Figure 7 .5  Trace analysis o f  ratiometric measurement o f  mitotic calmodulin signals.
(a). A trace analysis of the pixel intensities of the T A -C ^  and the Fl-CaM signal is shown. Pixel intensities 
were measured globalfy for confocal images throughout mitosis. TA-calmodulin and Fluorescein-calmodulin 
are both presented as intensities (refer to left axis). Refer to the right axis for the ratio. Squares TA 
calmodulin. Circles fluorescein-calmodulin. Solid line ratio of TA-calmodulin/Fl-calmodulin

Increases over the basal TA-calmodulin/Fl-calmodulin ratio were 

observed in all of the cells examined (13 experiments). These images represent 

calcium/calmodulin signals. Two of these experiments showed global signals 

(figure 7.5 and table 7.1). An interesting feature of the remainder of these 

images is the localisation of the signals as cells traverse mitosis. The NEB 

signal is localised to the nuclear area (see figure 7.6). This corresponds to the

147



local transients observed using the non-ratiometric technique (compare figures 

7.6c and 7.3). The increase measured up to NEB reached 0.2 ± 0.05 over the 

basal ratio (mean ± sem, n=13, see table 7.1). The area of analysis was 9.3 ± 

1.3% the total scan area (mean ± sem, n=13). After NEB, calmodulin remains 

active within the mitotic apparatus (figure 7.6). The signal from the mitotic 

apparatus persists through anaphase and cleavage (figure 7.6). There are also

local transients within the mitotic apparatus as cells progress into anaphase and 

cleavage (figure 7.6). Because these images are ratiometric images, I can see 

no other explanation for the TA-calmodulin fluorescence increases than as the 

result of activation of calmodulin signals.

An interesting aspect of these experiments is that the calcium/calmodulin 

signals include both transient and long-lasting components. If calmodulin were 

merely regulating the activity of the mitotic kinase, the ratio images would return 

to basal in between the transients at mitosis entry and exit, as has been often 

observed for calcium (see chapter 3). However, this is not the case, transient 

signals occur on top of a slowly increasing signal. The transient signals 

observed agree with the hypothesis of a role for calmodulin in mitosis entry and 

exit. However, the long-lasting nature of these signals suggest that calmodulin 

regulates other processes in addition to mitotic kinase activity.
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Figure 7.6 Calcium/calmodulin signalling revealed by ratiometric confocal microscopy.
These images show a typical analysis of the TA-calmodulin and fluorescein calmodulin images to reveal 
calcium/calmodulin signals during mitosis. TA-calmodulin and fluorescein-calmodulin are coinjected 30-40 
minutes after fertilisation, and images taken every 20 seconds throughout mitosis. Times shown are minutes 
after fertilisation, (a). TA-calmodulin images. Localised calmodulin signals are revealed in the nuclear prior 
to NEB. Transients also appear in the spindle poles during anaphase and cleavage, (b ). Fluorescein- 
calmodulin images. These images are far more static relative to the TA-calmodulin images. The look-up 
table has been compressed to tlie same extent as TA-calmoduin to aid comparison, (c). 1 divided, pixel-by- 
pixel, the TA-calmodulin images by their sister fluorescein-dextran image. Prior to mitosis, the ratio reveals 
a signal in the nuclear area (top images). The signal is in the mitotic apparatus just before anaphase (middle 
images). During cleavage, a large signal emenates from the spindle poles (lower images). The image at 50 
minutes represents a ratioed image, to show the absence of activation before mitosis has been triggered. 
These images are representative of 11 separate experiments where no global increases occurred.
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One further inference from these data is that free calmodulin is not 

involved in mitosis to the same extent as localised calmodulin. This is because 

the ratioed images, which are free of distribution artefacts (for example 

localisation) show a non-uniform distribution of the calcium/calmodulin signals. 

This observation suggests that localisation of the calmodulin and the calcium 

system as a whole is an important aspect of calcium signalling during mitosis.

7.5 Summary of chapter 7

I have used a probe that measures calcium/calmodulin signals to 

measure the extent of calmodulin signalling as cells pass through mitosis. This 

probe, TA-calmodulin, reports signals during fertilisation and mitosis. Global 

and localised transients occur during mitosis, and these are coincident with 

passage through cell cycle checkpoints. These signals correspond closely with 

the reported calcium increases measured in chapter 3. These results show that 

calcium/calmodulin signals are measurable during mitosis, and further suggest 

a specific role for localised calmodulin during mitosis.
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TABLE 7.1: Analysis of TA-calmodulin NEB signals
Global and local NEB calmodulin activities recorded as a ratio increase above control values. For the non- 
ratiometric experiments (TA-calmodulin only), the ratio increase is scored as increases over an image at 
resting calmodulin activity. For the ratiometric experiments (TA-calmodulin and Fluorescein-calmodulin), 
ratio increase is increase over the basal TA-CaM/Fluorescein-CaM ratio. 'Global' refers to global transients 
and 'local' to transients recorded within the nuclear area. The data are quantitated by analysing pixel 
intensities over the corresponding cellular areas. Cellular events are recorded by observations in between 
image collection.

NEB Number of 
transients

Start Increase 
above basal 
ratio

Non-ratiometric
global

84 ± 1.7 4/8 73 ±4.3 0.1 ±0.02

Non-ratiometric
local

70 ±3 4/8 63 ±3.1 0.2 ± 0.03

Ratiometric
global

88 ±13 2/13 79 ± 11 0.4 ±0.08

Ratiometric local 76 ± 2.4 11/13 66 ±2.1 0.2 ± 0.05

152



Chapter 8: 

Discussion

I have tested the idea that a calcium transient is a necessary and 

sufficient signal for entry into mitosis during the first cell cycle of the sea urchin 

embryo. To show unequivocally that a signal is participating in a physiological 

event, such as entry into mitosis, a number of criteria must be met. Firstly, 

inhibition of the signal should in turn prevent the physiological event from 

occurring. Secondly, artificial production of the signal should cause the 

physiological event to occur. Thirdly, cells must be shown to have methods for 

regulating the production of the signal. Fourthly, the signal must be present 

prior to the physiological event taking place. Lastly, there should be a 

mechanism of translating the signal into a physiological action. In this thesis, 

I apply these criteria to study whether calcium ions constitute the signal that 

drives the cells through the mitosis ENTRY checkpoint and into mitosis. Since 

my work is a development of many previous studies, I shall first apply the above 

criteria to these studies. The NEB calcium transient is the most important mitotic 

calcium signal to consider because the anaphase and cleavage transients are 

entirely dependent on the cell entering mitosis. Due to the nature of the 

experiments, my results and the results previous to my work include data on 

calcium transients during anaphase and cleavage. However, I shall restrict my 

discussion to the NEB calcium transient, and mention the other cell cycle 

calcium transients only in conjunction with this event.
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8.1 Previous data on the calcium-dependency of mitosis.

Previous studies have addressed the criteria for the role of calcium in 

cell cycle control with varying degrees of success. Many reports have shown 

that buffering intracellular calcium prevents nuclear envelope breakdown and 

entry into mitosis (Twigg et ai, 1988; Steinhardt and Alderton, 1988; Patel at ai, 

1989, 1990; Tombes et ai, 1992; Kao et a i, 1990; Ohsumi and Anraku, 1983; 

lida et ai, 1990). Excess calcium can override the block, suggesting that 

calcium buffering is blocking NEB by preventing the cytosolic calcium from 

increasing to a level where it can act as a second messenger (Steinhardt and 

Alderton, 1988; lida et ai, 1990). This satisfies the first criterion for the role of 

calcium in mitosis entry. Cells can also be driven prematurely into mitosis by 

artificially raising their intracellular calcium concentration, which satisfies the 

second criterion (Twigg et ai, 1988; Steinhardt and Alderton, 1988; Patel et ai, 

1989, 1990; Kao et a i, 1990). The third criterion is satisfied in part by the 

wealth of data on regulation, production and homeostatic control of calcium 

transients. However, in order to show that the cell cycle uses calcium transients 

as a cell cycle signal, a link between the calcium transients and cell cycle 

progression is required. This link has been suggested to be through production 

of the calcium releasing agent, inositol 1,4,5-trisphosphate (Han et a i, 1992; 

Forer and Sillers, 1987; Wolniak, 1987; Ciapa et a i, 1994; Uno et a i, 1988). 

Although nothing is presently known about the mechanism of production of IP3  

during the cell cycle, the results strongly suggest that such a mechanism does 

exist.

There is at present very little direct data suggesting a complete pathway
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for the calcium-dependent NEB mechanism, although calmodulin and CaM 

kinase II may be involved. A large number of studies have suggested that 

calmodulin is involved in mitosis entry and exit (see Rasmussen and Means, 

1989a; Lu and Means, 1993; Means, 1994; Gruver et al., 1992; Ohya and 

Anraku, 1992; Anraku at a!., 1991; Whitaker, 1995 for review). However, the 

lack of a specific inhibitor for calmodulin together with the possibility of multiple 

effects of inhibition of calmodulin have meant that the results of these studies 

are not unequivocally accepted. Furthermore, studies of the effect of the 

calcium/calmodulin-dependent protein kinase II on mitosis entry have not 

produced a sound hypothesis for the role of this protein. Although inhibitors of 

this protein kinase do inhibit mitosis entry in early sea urchin embryos (Baitinger 

at a!., 1990), a constitutively active form of the kinase arrests cells at mitosis 

entry in mammalian cells and yeast (Planas-Silva and Means, 1992; Rasmussen 

and Rasmussen, 1994). Therefore, no solid conclusion can be made from these 

data. A possible theme for activation of the mitotic kinase through calcium has 

however been suggested. Current data suggest that calcium/calmodulin- 

dependent protein kinase II is involved in the mitosis entry mechanism through 

upregulation of the mitotic kinase activator cdc25 (Patel at a/., 1995). So, a 

possible mechanism of translating the calcium signal into an action, ie entry into 

mitosis, is emerging.

The last criterion refers to visualisation of the calcium signal during cell 

cycle state transitions. This criterion has not been completely fulfilled. Some 

groups observed the NEB calcium transient (Poenie at a!., 1985; Steinhardt and 

Alderton, 1988; Browne at a/., 1992; Alderton at a/., 1988; Kao at a/., 1990;
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Tombes and Borisy, 1989; Tombes ef a/., 1992). Other groups saw anaphase 

or cleavage transients (Ratan etal., 1986, 1988; Poenie etal. 1986; Tsien and 

Poenie, 1986; Tombes and Borisy, 1989; Keith et a i, 1985b; Wolniak et ai, 

1983; Hepler and Callaham, 1987; Keating et a i, 1994; Grandin and 

Charbonneau, 1991). Furthermore, most groups have failed to find conditions 

that enable reliable observation of all mitosis-associated calcium transients (see 

Hepler, 1989, 1994 for review). If calcium is a universal cell cycle control signal, 

then it is difficult to see why the results from different groups vary so much.

The data tend to suggest that there is a role for calcium in cell cycle 

regulation, although the previous work did not define a universal role for calcium 

in any specific event. In my thesis, I have used a single model system in order 

to address these questions. This presents a unified view of the role of calcium 

and calmodulin in a single system, and may therefore provide a framework for 

further studies. My results fulfill the criteria for acceptance of calcium as a cell 

cycle messenger, at least in the early cell cycle of the sea urchin embryo.

8.2 Measurement of the NEB calcium transient.

One of the strongest pieces of evidence for the involvement of calcium 

transients in triggering passage into mitosis would be an unequivocal 

demonstration of a calcium transient prior to this cell cycle event. This has 

proved to be a difficult experiment to perform successfully. Using the free acid 

form of Fura-2 injected into early sea urchin embryos before fertilisation, calcium 

transients were rarely detected prior to NEB in our laboratory (Wilding et ai,
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1995). However, when seen, the timing of these transients was temporally 

correlated with NEB, suggesting that these transients should always be present 

prior to this event. Since Fura-2 can detect the fertilisation calcium transient in 

1 0 0 % of experiments, we reasoned that either a flaw with the technique used 

lowered the sensitivity of Fura-2 by the time of NEB, or that the NEB transient 

was too small to detect with Fura-2 in most cases. My results suggest that both 

reasons are true (see chapter 3). I found that fluorescent dyes are removed 

from the cytoplasm by internalisation as cells progress through the cell cycle. 

Using dextran conjugates of calcium-sensitive dyes, together with injections 

close to NEB, I minimised internalisation of these dyes. This increased the 

frequency of detection of the NEB and other mitotic calcium transients from 

around 20% to 60-80%. The fact that I can increase the detection frequency of 

the NEB calcium transient strongly suggests that this transient is always present. 

Why then are there still problems with detection of this signal? One of the 

properties of the NEB calcium transient that makes it hard to detect is its size. 

Using whole cell calcium measurement, the NEB transient can be as small as 

50nM over resting calcium, and appears to average out at 100-200nM above 

basal calcium. In any detection system, the signal must be sufficiently high over 

the background to be visualised. The small size of this transient is unfortunately 

close to the limits of measurement using whole cell fluorescence techniques. 

This may be a major factor in our inability to detect these transients reliably.

I used confocal microscopy to test whether the small size of the NEB 

calcium transient detected using whole-cell fluorescence measurement was 

because the increase in calcium was localised. This is indirectly suggested by
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the observation that the endoplasmic reticulum localises to the nuclear area 

during the cell cycle (TerasakI and Jaffe, 1991 and see chapter 3). With the 

confocal microscope, I observed two forms of calcium Increase prior to mitosis 

entry. The first, accounting for approximately half of the experiments, was a 

global Increase In calcium (see chapters 3 and 4). I presented evidence 

suggesting that this Increase may be concentrated In the nuclear area (chapters 

3 and 4). In the absence of global Increases In calcium, I also observed a 

calcium transient localised to the nuclear area. These observations may explain 

the variety of results obtained using whole cell recording techniques. One 

problem remaining with this hypothesis Is that I have not been able to 

conclusively show that these small Increases are localised calcium transients, 

rather than changes In the distribution of dye as cells approach mitosis. Without 

adequate laser lines to be able to use a ratiometric technique, I could not 

resolve this question.

The calcium released prior to NEB originates from the cells Internal store. 

I have shown this because calcium transients can be visualised even In the 

absence of extracellular calcium (chapter 4). I do not know the reasons for the 

range In sizes of calcium transients released from the Intracellular stores at 

NEB, but a reasonable proposal could be that the state of the cells' calcium 

store may be responsible for the different calcium transients at NEB. Evidence 

supporting this hypothesis comes from two sources. Firstly, caffeine, a 

potentiator of calclum-lnduced-calclum release, caused an Increase In the 

number and size of NEB calcium transients measured using Fura-2, without 

adversely affecting the cell cycle (Wilding etal., 1995). Secondly, my results
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with photoinactivatable calcium chelators produced a larger range of calcium 

release upon flash photolysis in fertilised embryos than in unfertilised eggs 

(Chapter 4). The caffeine and photolysis data seem to show that a population 

of cells are naturally more sensitised to calcium-induced calcium release than 

others, and by conjecture suggests that they will have larger NEB calcium 

transients. It is reasonable to suggest that, if this range of calcium increases 

enables correct transduction of a cellular response without causing destruction 

of the cell, then this will be permissible in evolutionary terms. The minimum 

calcium signal required for the early sea urchin embryo therefore appears to be 

a small increase in the nuclear area, but larger global increases do not 

adversely affect the cell cycle.

8.3 Manipulation of the NEB calcium transient.

Although the demonstration of a calcium increase close to NEB is strong 

evidence for the involvement of a calcium increase in controlling passage 

through this cell cycle phase, it does not in itself suggest that calcium is a trigger 

for NEB. I have used techniques for altering the timing of calcium increases 

close to NEB in order to test whether the calcium increases are a cause of NEB, 

or are merely an effect of some other physiological event causing calcium 

release (chapter 4). I first repeated the experiments of Twigg et al. (1988), 

artificially increasing intracellular calcium by microinjecting a calcium/EGTA 

buffer designed to clamp calcium to IpM. NEB occurred within 10 minutes of 

injection of this buffer, and was premature with respect to controls. This strongly 

suggests that calcium ions are the cause, not an effect, of events triggering
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mitosis entry. They also suggest that calcium increases are a sufficient stimulus 

for mitosis entry, at least 2 0  minutes before the natural occurrence of this event.

Although calcium has been shown to be sufficient to induce mitosis entry, 

the question of whether calcium ions are a necessary trigger for mitosis entry 

still remains. Previous authors have microinjected calcium buffers such as 

BAPTA to test this hypothesis (see earlier). A more useful way of showing that 

calcium is a necessary stimulus however is to use photoinactivatable calcium 

buffers. These will buffer calcium transients until flash photolysis inactivates 

them. I used nitrophenyl-EGTA for this purpose. 5.4mM NP-EGTA blocks the 

cell cycle at mitosis entry when injected 30-40 minutes after fertilisation. Flash 

photolysis released a detectable amount of calcium and caused cells to resume 

the cell cycle and cleave normally. These results taken with the above indicate 

that calcium ions are both a necessary and a sufficient signal for entry into 

mitosis during the first embryonic sea urchin cell cycle.

8.4 IPs-induced calcium release In the timing of mitosis entry.

I have shown in chapter 5 that microinjection of heparin, the competitive 

inhibitor of IP^-induced calcium release, prevents entry into mitosis. Heparin 

also blocks cell cycle calcium transients detected with Fura-2 dextran. This 

suggests that the NEB calcium release occurs through an IPg-dependent 

mechanism. These data are strengthened by measurements of IP3  production 

through the cell cycle of the sea urchin (Ciapa et a/., 1994) as well as 

observations that heparin alters the timing of the cell cycle in frog embryos (Han 

at a/., 1992). The sea urchin egg is known to contain both inositol 1,4,5-
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trisphosphate and calcium-induced calcium release mechanisms at fertilisation 

(Galione et al., 1993). However, from these data it seems that the CICR 

mechanism is not actively involved during nuclear envelope breakdown, 

although CICR may be a cause of the variety of sizes of calcium transients 

observed prior to NEB. This is suggested because heparin both blocks nuclear 

envelope breakdown and prevents calcium increases during mitosis (see 

chapter 5). In comparison, heparin does not block the calcium increase at 

fertilisation in the sea urchin egg, despite preventing IPg-dependent calcium 

release (Rakowand Shen, 1990; Crossley efa/., 1991; Galione etal., 1993; Lee 

et al., 1993). Although I have not tested the mechanism of calcium release at 

anaphase or cleavage, measurements of cell cycle IP  ̂ levels suggest that this 

messenger is involved in generating calcium transients during these phases 

(Ciapa etal., 1994).

The involvement of IPg-induced calcium release in controlling passage 

through the cell cycle suggests that an internal mechanism can stimulate the 

production of IP3  at the correct time during the cell cycle. If we consider that all 

previously studied calcium release mechanisms have involved an external signal 

binding to a cell surface receptor, then these observations suggest a novel 

mechanism for calcium release. This could lead to many areas of study. The 

activation, regulation and control of this system may for example be different to 

that of classical calcium release mechanisms. Also, inositol 1,4,5-trisphosphate 

may be produced from a different store than the plasma membrane. It is not 

possible within the bounds of this thesis to study all of these questions. 

However, I have looked into the control of the calcium release mechanism. I
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injected Fura-2 dextran into early sea urchin embryos blocked at mitosis entry 

by treatment with emetine to prevent protein synthesis, and measured calcium 

levels in these cells. My results show that calcium oscillations occur even when 

the cell cycle is blocked by emetine (chapter 5). IP3  release appears similarly 

affected with this treatment (Ciapa et al., 1994). These transients nonetheless 

appear to be somewhat unregulated. These experiments suggest that protein 

synthesis, most probably cyclin synthesis, may be involved in controlling the 

production of these transients during the normal cell cycle. The role of protein 

synthesis in the regulation of calcium transient production appears to be an 

obscure mechanism. However, the basis for this effect may in fact be 

attributable to the requirement for cyclins to enable cdc2 kinase activation. 

There is evidence suggesting that activation of cdc2 kinase inhibits calcium 

transient production (Patel and Whitaker, 1991). These authors showed that 

okadaic acid inhibited the production of the large calcium transient observed 

before NEB in ammonia activated sea urchin eggs. Okadaic acid is thought to 

cause premature activation of cdc2 kinase, and it may be this that inhibits 

production of the NEB calcium transient in these experiments (Patel and 

Whitaker, 1991). When taken with the observation of repeated calcium 

transients in cells lacking active cdc2 kinase by the emetine block (chapter 5), 

the data suggests that activation of the cdc2 kinase acts to inhibit further calcium 

release.

Measurements of IP3  levels in cell cycles where protein synthesis is 

blocked show a periodicity that corresponds to the natural timing of the early sea 

urchin embryo cell cycle (Ciapa etal., 1994). These results suggest that a cell
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cycle oscillator, independent of cyclin synthesis, underlies the timing of cell 

cycle events through an inositol 1,4,5-trisphosphate-dependent mechanism of 

calcium release.

8.5 Calcium/calmodulin signalling and cell cycle progression.

I have used two techniques to study the role of the calcium/calmodulin 

signalling system during the cell cycle. In the first technique, calmodulin 

signalling is blocked by means of a pseudosubstrate peptide based on residues 

797-813 of myosin light chain kinase, which correspond to the calcium- 

dependent calmodulin binding site (Kemp etal., 1987). I refer to this peptide as 

MLCKt9 7 ^i3 , or the peptide. The MLCKygy îa peptide binds strongly

to calmodulin (Torok and Trentham, 1994). It therefore acts as a competitive 

inhibitor of calmodulin binding. I have found that lOOpM IVILCK̂ gŷ â blocks the 

cell cycle at mitosis ENTRY in the sea urchin first embryonic cell cycle (chapter 

6). Furthermore, this inhibition appears to be specifically through inhibition of 

calmodulin signalling.

A large calcium transient occurs after injection of the MLCKygy îg peptide 

(chapter 6). However, I do not feel that this is the true cause of the cell cycle 

block. This is for several reasons. Firstly, calcium injections can drive cells 

prematurely into mitosis, and this can be blocked by prior injection of the 

MLCK7 g7 _8 i3  peptide (see chapter 6). Secondly, a calcium rise triggered by 

treatment with calcium ionophore merely delays the cell cycle (Wagenaar, 

1983b). An alternative hypothesis could be that the MLCK7 g7 ^i3  peptide has 

blocked the cell cycle by emptying the calcium store through its effects on
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calcium homeostasis (see chapter 6). Again, this hypothesis is not consistent 

with my experimental data which show small but visible calcium transients after 

the larger calcium release, even though the cell remains blocked prior to NEB 

(chapter 6).

I have used fluorescein-conjugated calmodulin to examine the cell cycle 

localisation of calmodulin and to study a possible mechanism for its localisation 

(chapter 6). Calmodulin was observed to specifically label microtubules and the 

nucleus. During mitosis, the mitotic apparatus, an amorphous mass surrounding 

the mitotic apparatus, microtubules and even chromosomes are targeted. I used 

the MLCK7 9 7 ^i3  peptide to examine whether calmodulin localisation to the 

nucleus and microtubules could be explained in terms of calcium-dependent 

targeting, or was due to a different, calcium-independent mechanism. I find 

there are two targeting mechanisms. Calmodulin binding to microtubules is 

insensitive to the effects of the MLCK7 Q7 ^i3  peptide. However, nuclear 

calmodulin is sensitive to the effects of the MLCK7 9 7 _ 8 1 3  peptide. This suggests 

that, whereas calmodulin binds to microtubules in a calcium-independent 

fashion, nuclear targeting depends on calcium-dependent binding (chapter 6).

8.6 Measurement of calmodulin signals at NEB.

I have used a fluorescent probe that can measure calcium/calmodulin 

signals to show that calmodulin does have a signalling role during NEB and 

mitosis (chapter 7). This probe, TA-calmodulin, increases its fluorescent 

emission (for excitation in the ultraviolet) upon binding to calcium ions and 

calmodulin substrates. We were fortunate enough during these experiments to
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have the use of a confocal microscope with a UV laser. This enabled 

localisation of TA-calmodulin signals during the cell cycle. I used both non- 

ratiometric and ratiometric methods to look for TA-calmodulin transients prior to 

NEB and other mitotic control points. The results obtained with these 

techniques show that calcium/calmodulin signals are present prior to NEB, 

anaphase and cleavage. The NEB signal concentrates in the nuclear area. 

Thereafter, the signals concentrate in the mitotic apparatus and spindle poles. 

These correlate closely, both in timing and localisation, to the NEB and other 

mitotic calcium transients measured with the calcium-sensitive fluorescent dyes. 

More detailed analysis suggests that calmodulin bound to condensed chromatin 

is also activated during chromatin condensation at NEB (see chapter 7 figure 

7.4). Underlying the transient signals during mitotic progression is a long-lasting 

and localised calmodulin signal from NEB through to cleavage. This 

concentrates in the mitotic apparatus and spindle poles. This suggests that 

calmodulin is important for other components of mitosis as well as a specific role 

in a cell cycle triggering mechanism.

8.7 Model for calcium signalling at NEB and during mitosis.

These results taken as a whole suggest that a cell cycle oscillator 

generates a calcium transient close to NEB, and that this transient is responsible 

for driving cells into mitosis. The oscillator generates calcium transients through 

the production of IP3  and is partially under the control of a protein synthesis- 

requiring mechanism. Calcium signals appear to be minimally required in the
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nuclear area and calmodulin is also activated in this area. The nucleus is an 

obvious site for localised MPF activation because the major events of mitosis 

entry (nuclear envelope breakdown and chromatin condensation) are nuclear 

events. It seems therefore that the regulation of mitosis entry by nuclear 

activation of MPF is a fundamental aspect of cell regulation (Heald et al., 1993). 

However, enucleated embryos can reproduce mitosis-like states, suggesting that 

all the components of cell cycle progression reside within the cytoplasm (Mara 

etal., 1980; Dabauvalle etal., 1988; Picard etal., 1988). It may then be that the 

nucleus contains control elements, which are lost by enucleation This in turn 

suggests that the nucleus regulates, but does not control the cell cycle per se. 

What then are the reasons for the localised calcium/calmodulin signals at 

mitosis entry?. Possibly this is to restrict the targets of the calcium signal. Many 

of the components of mitosis become localised either to the nucleus, or to the 

nuclear area prior to mitosis entry (see introduction). This may then be a 

mechanism which enables a restricted calcium signal to activate specific 

enzymes and enable mitosis entry with minimum calcium release.

I have constructed a hypothetical model for the calcium-dependent 

signalling pathway at mitosis ENTRY, using recent data from our lab together 

with established data on cell cycle regulation (see figure 8.1). In this model, the 

route of production of the MPF complex follows a well established sequence. 

Cyclin B is synthesised during interphase and becomes phosphorylated as it 

binds to p34‘̂ ‘̂ . This complex then undergoes a series of phosphorylations on 

threonine-14, tyrosine-15 and threonine-161/167 of the p34'"'̂ ''̂  component of the
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mitotic kinase, which forms the inactive mitotic kinase (see introduction).

Activation of the mitotic kinase requires cdc25 activation, by 

phosphorylation. cdc25 then dephosphorylates cdc2 on threonine-14 and 

tyrosine-15 (see introduction). This activates a fraction of the MPF, which 

initiates a positive feedback loop, leading to full MPF activation. Our current 

view is that calcium initiates the positive feedback mechanism, by activating 

enough cdc25 to initiate positive feedback. Recent data suggests that 

calcium/calmodulin-dependent protein kinase II directly phosphorylates cdc25, 

upregulating its phosphatase activity (Patel etal., 1995). Because the positive 

feedback cascade is self-propagating above a certain threshold, a small calcium 

transient is likely to be the minimum required.

If calcium is required in order to initiate this feedback loop, how then does 

okadaic acid, which bypasses the calcium-dependency of mitosis entry, work?. 

Okadaic acid is a serine/threonine phosphatase inhibitor (Bialojan and Takai, 

1988). It will not therefore have any inhibitory effect on the tyrosine/threonine 

phosphatase cdc25. Okadaic acid is thought to have an inhibitory effect on 

proteins involved in preventing premature cdc25 activation (see introduction). 

This enables cdc25 to start the positive feedback loop, therefore causing 

activation of MPF in a calcium-independent manner. Okadaic acid may also 

inhibit INH, which also prevents premature mitosis entry in its active form (see 

introduction). The calcium-dependent mechanism can therefore be used to 

explain physiological activation of MPF and mitosis entry, even taking into 

account the effect of okadaic acid.
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i
Mitosis

Figure 8.1 Possible model for involvement o f  calcium in mitosis entry.
The formation of the inactive cdc2 kinase complex is well established. For the sake of simplicity, I have only 
shown the major components involved in activation of this complex. IVeeJ maintains the inhibitory 
phosphorylation on Tyr-15 and perhaps Thr-14. CAK is involved in phosphorylating Tlir-161. 
Phosphorylation of cdc25 enables it to remove Thr-14 and Tyr-15 phosphorylations on a proportion of the 
inactive cdc2 kinase, thereby initiating a positive feedback cascade between cdc2 kinase and itself. The grey 
lines denote more recently proposed pathways. I have inserted question marks to denote pathways which are 
not well studied but wliich I have mentioned within this thesis. I have also omitted possible pathways of the 
action of okadaic acid .
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8.8 Is the calcium signal a fundamental cell cycle timing mechanism?.

Although the cdc2 kinase is a major component of the mechanism 

determining passage through the cell cycle state, the calcium system also 

seems to be a major component of the cell cycle machinery. It is possible that 

the kinase is acting as a molecular 'switch', and the calcium releasing system 

determines when 'the switch is thrown'. This suggests that the mitotic kinase is 

not a controller of the cell cycle, but executes the commands of the calcium 

release system. A useful analogy is to think of the process of turning on a light. 

The light comes on when the switch is thrown, and this could be misinterpreted 

to suggest that the switch is the source of the light. However, a closer 

inspection would reveal that the switch is merely a functionary for the real 

source of light- electricity. In the light of the data on calcium in cell cycle control, 

the 'electricity' of the cell cycle may bear more relation to this mechanism than 

proteins involved in cdc2 kinase activation. The major piece of evidence to 

support this hypothesis is the observation that IP3  levels continue to oscillate 

with cell cycle periodicity when formation of the cdc2 kinase is disrupted by 

preventing cyclin synthesis (Ciapa et a/., 1994). If cdc2 kinase were the 

fundamental controller of cell cycle timing, we would expect the calcium 

releasing system to be closely linked to the cdc2 regulatory mechanism. Under 

this system, calcium and IP3  cycles are not expected to occur when the cell cycle 

is blocked, because the cell cycle control machinery would not proceed past the 

point of the block. The fact that cycles of IP 3  persist for at least two cell cycles 

in the absence of protein synthesis (calcium was not measured for this long), 

suggests that production of IP3  is not under direct control of the cell cycle
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regulatory mechanism.

From these data one could speculate that the cell cycle is in fact 

controlled by a mechanism regulating the timing of production of IP 3 , and that 

the cell cycle control proteins operate as the executors of this command. 

Because the timing of calcium and IP3  release is however altered in the absence 

of mitotic kinase activation (Ciapa etal., 1994), there must be feedback between 

these two levels of control. The property of a cycle that can be unlinked from the 

cell cycle has been observed for other cell components, for example the 

centrosome cycle (Sluder and Lewis, 1987; Sluder et a/., 1990). It may then be 

that the calcium cycle is connected with this organelle, although a direct link has 

not been proven.
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8.9 Concluding remarks.

In this thesis, I have shown that there is an IPg-dependent calcium 

release mechanism that controls passage into mitosis in the first mitotic cell 

division of the sea urchin embryo. The most important piece of data supporting 

this hypothesis is that I can improve the detection frequency of these transients 

by using confocal microscopy and dextran-conjugates of calcium-sensitive dyes. 

The fact that the detection frequency can be improved suggests that the 

limitations of calcium detection systems is the limiting factor in the study of these 

transients. In support of this hypothesis, ratiometric images reveal calmodulin 

signals prior to NEB, and through mitosis.

If calcium transients are the trigger for mitosis entry, these must interact 

in some way with cell cycle control proteins. My results suggest just this fact, the 

calcium release machinery appears to be influenced by synthesis of the cyclins, 

which tightly regulate the correct timing of calcium transients to the correct point 

within the cell cycle. However, the fact that calcium oscillations still occur when 

cyclin synthesis is inhibited suggests that calcium release is somewhat 

independent of the cell cycle control proteins, but may cooperate with the cdc2 

kinase to control passage through the cell cycle.

171



References.

Ahmad, Z., DePaoli-Roach, A.A. and Roach, P.J. (1982). Purification and characterization of a 
rabbit liver calmodulin-dependent protein kinase able to phosphorylate glycogen synthase. 
Journal of Biological Chemistry 257, 8348-8355.

Albritton, N.L., Meyer, T. and Stryer, L. (1992). Range of messenger action of calcium ion and 
inositol 1,4,5-triphosphate. Science 2 5 8 ,1812-1815.

Albritton, N.L. and Meyer, T. (1993). Localised calcium spikes and propagating calcium waves. 
Cell Calcium 14, 691-697.

Alderton, J.M., Kao, J.P.Y., Tsien, R.Y. and Steinhardt, R.A. (1988). Calcium signalling during 
mitosis in Swiss 3T3 cells. Journal of Cell Biology 107, 238a.

Alfa, G.E., Booher, R., Beach, D. and Hyams, J. (1989). Fission yeast cyclin; subcellular 
localisation and cell cycle regulation. Journal of Cell Science Supplement ^2, 9-19.

Alfa, 0 . E., Ducommun, B., Beach, D. and Hyams, J. S. (1990). Distinct nuclear and spindle pole 
body populations of cyclin-cdc2 in fission yeast. Nature (Lond.) 347, 680-682.

Al-Mohanna, F. A ., Caddy, K. W. T. and Bolsover, S. R. (1994). The nucleus is insulated from 
large cytosolic calcium changes. Nature (Lond.). 367, 745-750.

Amon, A., Surana, U., Muroff, I. and Nasmyth, K. (1992). Regulation of p34^°“ ® tyrosine 
phosphorylation is not required for entry into mitosis in S. cerevisiae. Nature (Lond.) 355, 368-371.

Amon, A., Tyers, M., Futcher, B. and Nasmyth, K. (1993). Mechanisms that help the yeast cell 
cycle clock tick: Ggcyclins transcriptionally activate Gg cyclins and repress Ĝ  cyclins. Cell 74, 993- 
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