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ABSTRACT 

The early division cycles of an embryo following fertilization rely on the 

oocyte's ability to replicate DNA. During meiosis, oocytes temporarily lose their ability 

to replicate DNA. After a single round of pre-meiotic S-phase, oocytes enter meiosis 

and rapidly arrest at prophase of meiosis I. During this G2 arrest (immature oocyte), 

that can last months or years depending on the animal species, oocytes are unable 

to replicate DNA. Upon hormonal stimulation, arrested oocytes resume meiosis, re

establish DNA replication competence in meiosis I shortly after germinal vesicle 

breakdown (GVBD), but repress replication until fertilization. How oocytes lose and 

regain replication competence during meiosis are important questions underlying the 

production of functional gametes that will support the early development of the 

embryo. 

This study focuses on determining why immature oocytes are unable to 

replicate their DNA. Since the elongation machinery is known to be present and 

functional in the immature oocyte, we hypothesized that the ability of an oocyte to 

replicate its DNA is controlled at the initiation step. The initiation of DNA replication 

in mitotic cells requires the assembly and activation of pre-replication complexes 

(pre-RCs). During assembly, the Origin Recognition Complex (ORC), Cdc6, Cdt l and 

the Mem proteins bind to the DNA in a sequential order. Following assembly, 

phosphorylation by two kinases, Cdk2/Cyclin E and Cdc7/Dbf4, leads to activation of 

the pre-RC. 



We show here that immature oocytes are unable to replicate due to three 

defects which prevent pre-RC assembly and thus, replication ability: (1) absence of 

Cdc6 protein; (2) differential localization of pre-RC components; and (3) 

phosphorylation of the Mcm4 protein. Next we describe experiments, which illustrate 

that Cdc6 protein synthesis and GVBD are the only limiting events for the 

development of replication competence during meiosis. 

Since Cdc6 seems to be critical for replication competence, we also focused 

experiments on determining the mechanisms that regulate Cdc6 expression in the 

immature oocyte. It appears that Cdc6 is absent from the immature oocyte because 

it is not being synthesized and is also very unstable in the immature oocyte. The 

Cdc6 message is present in the immature oocyte, but is repressed via sequences in 

its 3'UTR, which are most likely cytoplasmic polyadenylation elements (CPEs). 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

The Xenopus meiotic cell cycle results in the formation of functional gametes 

that can support the early development of the embryo. Previous studies have shown 

that the immature oocyte does not have the ability to replicate. Thus during the 

maturation process, the oocyte must develop the ability to replicate, which will be 

critical for the early synthesis and division cycles of the embryo. Oocytes only 

replicate their DNA very early in development during pre-meiotic S phase and then 

quickly lose this ability (see Fig. 1.1). The ability to replicate is then reacquired during 

meiosis I after germinal vesicle breakdown. This ability must then be suppressed 

between meiosis I and meiosis II so that no DNA synthesis occurs. Currently, we do 

not know why oocytes do not have the ability to replicate when they are arrested in 

prophase of meiosis I. We hypothesize that immature oocytes are defective in the 

initiation step rather than the elongation step of DNA replication because they 

contain active polymerases that support semi-conservative replication of single-

stranded DNA. Before 1 address this hypothesis, I will first give an introduction to 

highlight the mitotic and meiotic cell cycles, the details of mitotic initiation, the 

regulation of Xenopus oocyte maturation, and the similarities between meiosis and 

mitosis. 



1.2 The Mitotic Cell Cvcle 

The somatic mitotic cell cycle or cell division cycle is the cell cycle that 

produces two identical daughter cells from one parent cell. In order for this to occur, 

the DNA of the parent cell must be faithfully replicated and then the replicated 

chromosomes must be segregated into two separate cells. The cell cycle consists of 

the processes that a cell must perform to accomplish these tasks. The mitotic cell 

cycle consists of four stages: Synthesis or S phase, gap 1 or G l phase, mitosis or M 

phase, and gap 2 or G2 phase. Collectively, G l , G2, and S phase are known as 

interphase. To complete this cycle, a typical cell must replicate its DNA, grow and 

divide. A typical somatic cell takes twenty-four hours to complete this process. S 

phase usually takes six hours and is followed by a twelve hour G2 phase. M phase is 

the shortest, lasting about thirty minutes and is followed by a six hour G l phase. 

Although the lengths of these phases vary due to cell type, the greatest variation 

usually occurs in the duration of G l . During G l the cell monitors it environment and 

its own size before it commits to DNA replication. Cells in G l can arrest and enter a 

special resting state called GO. They can remain in GO for a period of years before 

resuming proliferation (Alberts etai, 1994). 

To pass through this cycle, the cell engages numerous checkpoints, which 

ensure that each step of the cycle is completed before the cell can proceed to the 

next phase. In mammals the G2-M transition is regulated by the S-phase checkpoint, 

the DNA damage checkpoint, and the topoisomerase II checkpoint. These 

checkpoints exist to ensure that mitosis does not occur until DNA replication is 



complete, any DNA damage is repaired, and DNA structure is properly resolved. In 

budding yeast, checkpoints are also used at the metaphase to anaphase transition. 

These checkpoints ensure that progression into anaphase is delayed if DNA damage 

or other problems exist. Although the sensor and signaling components of these 

checkpoints are similar in mammals and yeast, their downstream targets differ. Both 

mammals and yeast also employ a spindle assembly checkpoint, which ensure 

chromosomes are aligned properly at the metaphase plate before progression into 

anaphase (reviewed in Clarke and Gimenez-Abian, 2000). 

The early embryos of many species go through cell division cycles that are 

different from the normal somatic cell division cycle. These embryonic cell division 

cycles are simpler in thatthey consist of the minimum requirements for genome 

duplication and its segregation into two daughter cells. Embryonic cell cycles occur 

without growth and more rapidly than the normal somatic cell cycle. In Xenopus, the 

first division after fertilization takes about ninety minutes and is followed by eleven 

divisions that each last only thirty minutes. About 4000 cells are produced within 

seven hours. The G l and G2 phases are eliminated (except for one G2 phase before 

the first M phase) resulting in a cell cycle that consists of a fifteen-minute M phase 

followed by a fifteen-minute interphase/S phase. Thanks to the stockpile of 

components from the egg, the DNA replication machinery has time to complete one 

round of replication before the next mitosis begins. DNA checkpoints do not operate 

during the embryonic cell cycle. If replication is halted or the DNA damaged, the 

cycle continues to progress resulting in an abnormal mitosis (Alberts et al., 1994). 



Although M phase is the shortest of the cell cycle, it consists of five well-

characterized phases: prophase, prometaphase, metaphase, anaphase and 

telophase. In prophase, microtubule spindles start to form outside the nucleus while 

the chromosomes begin to condense inside the nucleus. During prometaphase, 

specialized protein complexes called kinetochores mature on each centromere. The 

kinetochores attach to the microtubule spindles, which pull the chromosomes to the 

middle of the cell. Rapid phosphorylation of the nuclear lamins triggers the 

breakdown of the nuclear envelope. During metaphase, the chromosomes are 

aligned in one plane halfway between the spindle poles at the metaphase plate. In 

anaphase, the sister chromatids are split apart and are drawn to opposite poles of 

the spindle. Elongation of the spindle increases the separation between the poles. 

During telophase, the spindle continues to elongate and the chromosomes arrive at 

separate poles. Upon arrival they are released from the microtubule spindle and a 

nuclear membrane reforms around them. The process of cytokinesis also begins 

during anaphase. The cytoplasm is divided and a contractile ring pinches the cell 

resulting in two complete daughter cells (Alberts et al., 2000). 

At the molecular level, M phase is driven by maturation promoting factor, MPF 

(Masui and Market, 1971). MPF is a complex of a catalytic subunit, Cdc2, and a 

regulatory subunit, Cyclin B. MPF is a protein kinase that is responsible for 

phosphorylations that cause morphological changes, which allow the cell to proceed 

through M phase. MPF either directly phosphorylates key architectural components 

of the cell or phosphorylates other protein kinases that act in a cascade to alter the 



state of the cell. A few of these morphological changes are transformation of the 

cytoskeleton for spindle assembly, chromosome condensation, and nuclear envelope 

breakdown. Meanwhile, inactivation of MPF triggers the exit from mitosis and return 

to interphase. Chromosomes segregate and decondense, the nuclear membrane 

reforms, and cytokinesis ensues. 

1.2.1 MPF 

The activation of MPF pushes the cell from G2 to M phase. During interphase 

Cdc2 associates with Cyclin B. Cdc2 is kept inactive by inhibitory phosphorylations 

on Thr-14 and Tyr-15. The universal Weel kinase is responsible for the Tyr-15 

phosphorylation while the Myt l kinase catalyzes phosphorylation on both Thr-14 and 

Tyr-15. Cdc25C, a dual specificity phosphatase, dephosphorylates Cdc2 on Thr-14 

and Tyr-15. This activates MPF and allows entry into M phase (reviewed in Takizawa 

and Morgan, 2000). 

Cdc2 and Cyclin B l are localized to the cytoplasm during interphase. Early 

studies on Cyclin B l have shown it contains a cytoplasmic retention sequence (CRS) 

(Pines and Hunter, 1994). Recent studies observed that Cyclin B l continuously 

shuttles in and out of the nucleus. The CRS region of Cyclin B l contains a nuclear 

export signal (NES) that binds to the export receptor Crml (Toyoshima et al., 1998; 

Hagting et al., 1998; Yang et al., 1998). Thus, the rate of import and export 

determines the steady state localization of Cyclin B l and during interphase, the rate 

of export exceeds the rate of import causing Cyclin B l to have a cytoplasmic 



localization. In late prophase, Cdc2/Cyclin B l complexes are translocated rapidly 

from the cytoplasm to the nucleus (Hagting et al., 1999). This translocation appears 

to result from changes in export and import rates. Specifically the rate of export is 

decreased by phosphorylation of Cyclin B l . Cyclin B l is phosphorylated on a cluster 

of four to five serine residues in the CRS/NES region during mitosis (Li et al., 1995). 

These phosphorylations are believed to block Cyclin Bl 's interaction with Crml, 

thereby preventing its export from the nucleus (Yang et al., 1998). Recent studies 

have implicated that the CRS phosphorylations during mitosis are also necessary for 

the nuclear import of Cyclin B l (Li et al., 1997). 

The entry into mitosis is also influenced by the localization of Cdc25C. Most 

evidence suggests that Cdc25C is localized to the cytoplasm during interphase and 

like Cyclin B l relocalizes to the nucleus during prophase (Seki et al., 1992; Dalai et 

al., 1999). Cdc25C contains two NESs and a classical nuclear localization signal 

(NLS) and shuttles continuously in and out of the nucleus (Kumagai and Dunphy, 

1999; Yang et al., 1999). The localization of Cdc25C is largely controlled by changes 

in its rate of import. During interphase, phosphorylation of a serine residue on 

Cdc25C creates a binding site for 14-3-3 proteins. The binding of 14-3-3 proteins is 

believed to inhibit Cdc25C import by blocking access to the NLS, which is close to the 

serine phosphorylation site. During mitosis, dephosphorylation of the serine residue 

then allows Cdc25C to be imported into the nucleus (Yang et al., 1999; Kumagai et 

al., 1998). 



The subcellular localization of the inhibitory kinases of MPF, Myt l and Weel, 

is also known. Weel, the major Tyrl5 kinase, is localized to the nucleus throughout 

the cell cycle (Baldin and Ducommun, 1995), while Myt l is located in the cytoplasm 

throughout the cell cycle (Meuller et al., 1995; Booher et al., 1997). 

Regulated translocation of Cdc2/Cyclin B l may help to activate MPF in a 

couple of ways. Nuclear import of Cdc2/Cyclin B l and Cdc25C may saturate the 

nuclear localized Weel and reduce its effectiveness as an inhibitor of MPF. Also, the 

nuclear import of Cdc2/Cyclin B l could serve to remove the kinase from its 

cytoplasmic inhibitor, the Myt l kinase. 

1.3 Mitotic S-Phase 

As stated earlier, the eukaryotic cell cycle consists of four phases: G l , S, G2, 

and M. Processes that occur during these phases allow the cell to divide into two 

identical cells. During S phase of the eukaryotic cell cycle, initiating DNA replication 

at multiple sites on each chromosome duplicates the genetic material of the cell. 

The initiation of DNA replication is a tightly regulated process that consists of two 

steps. The first step is the formation of pre-replicative complexes (pre-RCs) on the 

chromatin during the G l phase of the cell cycle. The subsequent activation of these 

pre-replication complexes at the G l to S transition is the second step of initiation 

(Stillman, 1996). The tight regulation of these two steps ensures that the cell cycle 

does not proceed without proper replication of the DNA during S phase and that DNA 

replication occurs only once per cell cycle. 



1.3.1 Pre-Replication Complex Assembly 

The assembly of the pre-RC on the chromatin requires the sequential binding 

of many proteins to the chromatin. Yeast studies have proven useful for identifying 

these essential proteins by characterization of mutants affecting S phase or by 

isolating proteins that bind to replication origins. These proteins, which are often 

called initiation proteins, appear to be conserved in yeast, flies, frogs, and humans. 

While pre-RCs assemble on the chromatin during the G l phase of the somatic cell 

cycle, pre-RCs are formed on the chromatin in the early embryonic cell cycle during a 

short period between the metaphase-anaphase transition and the onset of S phase 

(Jaresand Blow, 2000). 

The first protein that binds to the chromatin is the Origin Recognition Complex 

(ORC). ORC, which consists of six polypeptides, was first characterized and is known 

to bind to the origin of replication within autonomous replicating sequences (ARS) in 

the budding yeast, Saccharomyces cerevisiae (Bell and Stillman, 1992). Although 

the ORC proteins are conserved in eukaryotes, the origin sequences to which they 

bind have not been identified in higher eukaryotes. The next two proteins that bind 

to the chromatin are Cdt l and Cdc6. In budding yeast, Cdc6 associates with origin 

chromatin in G l . Both Cdt l and Cdc6 are single polypeptides whose binding is 

necessary for the loading of the minichromosome maintenance (Mem) family of 

proteins onto the chromatin (Tanaka et al., 1997; Maiorano et a/., 2000). The Mem 

family of proteins consists of six subunits, Mcms2-7, which were identified in a 

screen for mutations that caused defects in the maintenance of plasmids in yeast 

8 



(reviewed in Newlon, 1997). Although the binding of Mcms requires prior binding of 

the ORCs, Cdt l and Cdc6, it is likely that these proteins are not necessary to 

maintain Mem binding. In yeast, both ORC and Cdc6 can be removed by salt washes 

that do not remove the Mem proteins (Donovan et al., 1997) and in Xenopus the 

Mcms remain bound to the chromatin when ORC and Cdc6 are removed (Hua et al., 

1998; Rowles et al., 1999). The Cdc45 protein binds to the chromatin after the 

Mcms and is believed to mediate the association of DNA polymerase a with the 

initiation complex (Mimura et a/., 1998) (see Fig. 1.2). 

1.3.1.1 ORC 

ORC plays a central role in initiation by recruiting the other initiation factors to 

the origin of DNA replication. The six subunits of ORC range in size from 104kD to 50 

kD in yeast and have been identified in most eukaryotes (Dutta et el., 1997). It is not 

clear which of these subunits determines the specificity of the binding of the complex 

to the DNA. Orel, Orc2, and 0rc4 may be involved in this specificity because protein-

DNA cross-linking studies show that they contact the major groove of the DNA (Lee et 

al., 1997). 

1.3.1.2 Cdc6 

Cdc6 contains a putative purine nucleoside triphosphate-bindingsite, 

consisting of the Walker A and B motifs (Walker et al., 1982). The Walker A motif 

(GxxGxGKT) interacts with the triphosphate moiety and is essential for ATP binding. 



Genetic studies indicate that Cdc6 must interact with ATP to be functional. The 

acidic residues within the Walker B motif or DexD box coordinate a magnesium ion 

via a water molecule and are essential for ATP hydrolysis (Saraste et al., 1990). ATP 

binding facilitates the association of Cde6 with the chromatin, whereas ATP 

hydrolysis is required for Mem loading (Frolova et al., 2002). Cdc6 is a member of 

the AAA-i- class of ATPases, which contain two protein domains, an ATP-binding 

domain, and a smaller domain composed of a three-helix bundle that is specific to 

the AAA+ class of proteins. Since it is thought that AAA+ proteins function as ATP-

driven conformational switches that affect protein complexes, it is possible that the 

assembly of initiation complexes involves an ordered sequence of ATP-eoupled 

conformational changes (Neuwald et al., 1999). Orel, 0rc4, Orc5 and the Mem 

proteins are also members of the AAA+ class, so it is possible that a conformational 

change in ORC might help Cdc6 bind, and a conformational change in Cde6 might 

facilitate the loading of the Mcms, and so on. In addition to the two AAA+ domains, 

Cdc6 also contains CDK-phosphorylation sites in its N-terminus that have been 

shown to interact with CDKs (Greenwood et al., 1998). 

1.3.1.3 Cdtl 

Cdt l was first identified as an essential factor for DNA replication in fission 

yeast and was noted for its periodic expression under the control of the transcription 

factor CdclO (Hofmann et al., 1994). Recent studies in fission yeast showed that 

Cdt l and Cdc6 physically interact and associate with the chromatin in G l phase in 

10 



an ORC dependent manner (Nishitani et al., 2000; Maiorano et al., 2000). Cdt l is 

regulated by three different mechanisms in different organisms. In Xenopus and 

human cell extracts, Cdt l is negatively regulated by the protein geminin. Geminin 

binds Cdt l and inactivates it so that it cannot participate in Mem loading 

(Wohlschlegel et al., 2000; Tada et al., 2001). Geminin is targeted for ubiquitinated-

mediated proteolysis by the anaphase promoting complex/cyclosome (APC/C) 

(McGarry et al., 1998). Human Cdt l accumulates in the nucleus during the G l 

phase and disappears via proteolysis after the onset of S phase and it is believed 

that Geminin binding is a redundant mechanism to inactivate any Cdt l that might 

escape proteolysis (Nishitani et al., 2001). In budding yeast, Cdt l is excluded from 

the nucleus at the onset of S phase thereby preventing it from acting in pre-RC 

reassembly (Tanaka et al., 2002). 

1.3.1.4 Mcms 

Despite a high level of sequence similarity, the six MOM proteins are not 

functionally redundant (reviewed in Newlon, 1997). The Mcms associate in a 

heterohexameric complex, which contains approximately stoichiometric amounts of 

all six. The heterohexameric complex consists of two sub-complexes. Mcm4, 6, 7 

interact in tight complex that interacts with Mcm2 and a dimer complex consisting of 

Mcm3, 5 (Adachi et al., 1997). In most organisms the Mem proteins are localized to 

the nucleus throughout the cell cycle. The Mcms in budding yeast are an exception 

in that they are nuclear in G l phase and then become cytoplasmic during S phase 
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(Hennessy et al., 1990). Biochemical studies suggest that the primary function of the 

Mcms is DNA unwinding, and the Mcms are reported to have helicase activity in vitro 

(Ishimi, 1997), but their role as a replicative helicase remains to be demonstrated. 

1.3.2 Pre-Replication Complex Activation 

Once the pre-RC is assembled on the chromatin, it remains inactive until S 

phase. During S-phase, two kinases are responsible for the activation of the pre-RC 

which results in the opening of the double-stranded DNA. The kinases responsible 

for activation are the S phase cyclin-dependent kinase (CDK) and Cdc7/Dbf4. In 

yeast and Xenopus, S phase CDK activity is responsible for loading Cdc45, an 

essential initiation protein, onto the chromatin. The loading of the Cdc45 protein 

onto the chromatin allows for the loading of a number of critical replication proteins. 

Another study reports that the Xenopus Cdc7 kinase is also involved in loading 

Cdc45 onto the chromatin (Jares and Blow, 2000). This suggests that either the S 

phase CDK and the Cdc7/Dbf4 kinase are both required for the loading of Cdc45 

onto the chromatin, or that CDKs and Cdc7 may act on parallel pathways to initiate 

replication. The Cdc7/Dbf4 kinase is required throughout S phase to promote 

initiation at individual early- and late-firing origins. In yeast and humans, the Cdc7 

kinase phosphorylates certain Mem subunits (Sato et al., 1997; Lei et al., 1997). In 

yeast, Cdc7 kinase activity is believed to induce conformational changes in the Mcms 

resulting in origin unwinding (Hardy et al., 1997; Geraghty et al., 2000). 
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CDK activity also exerts negative effects on DNA replication. CDK activity 

present during the S, G2 and M phases blocks the re-assembly of the pre-RC thus 

ensuring that the DNA is replicated only once per cell cycle. High S phase CDK 

activity prevents the reloading of the Mcms onto the chromatin once S phase is 

initiated. See below for more details. 

1.3.3 Elongation 

After pre-RC assembly and activation, which results in origin unwinding, the 

DNA is replicated on both strands. As the replicative helicase (possibly the Mcms) 

moves through the DNA, the leading or parental strand is replicated continuously by 

the polymerase in a 5' to 3' direction. Because the DNA polymerase cannot 

synthesize in a 3' to 5' direction, replication on the opposite or lagging strand is 

discontinuous. As the helicase unwinds the DNA, DNA polymerase a-primase 

synthesizes an RNA-DNA hybrid (called an Okazaki fragment) in the opposite direction 

of the helicase. As the helicase proceeds further, a gap is exposed on the template 

strand. This again serves as a template for a short RNA-DNA hybrid (reviewed in 

DiffleyandLabib, 2002). 

1.4 The Meiotic Cell Cvcle 

Meiosis is a specialized cell cycle consists of two consecutive divisions (M 

phases) without an intervening round of DNA replication (S phase) and results in the 

formation of haploid gametes. The first meiotic division (meiosis I) separates 
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homologous chromosomes into two daughter cells, each with only one copy of each 

chromosome. The second meiotic division (meiosis II) separates sister chromatids 

from each other so that four cells each have a haploid copy of each chromosome. 

One hallmark of meiosis I is an extended prophase I that consists of five 

stages that are defined by morphological chromosome changes: leptotene, zygotene, 

pachytene, diplotene, and diakinesis. During the first stage, leptotene, each 

chromosome consists of two thinly stretched parallel chromatids. During the 

zygotene stage, the homologous chromosomes pair side by side, resulting in the 

formation of a synaptonemal complex. During the next stage, pachytene, the 

chromatids shorten and thicken. Crossing over of genetic information also occurs 

between the chromatids. In the fourth stage, diplotene, the two homologous 

chromosomes begin to separate as the synaptonemal complex breaks down. The 

chromosomes only remain joined at the places crossing over occurred. In the last 

stage, diakinesis, the chromosomes move apart and remain joined only at the tip of 

the chromatids. The nuclear membrane breaks down allowing the migration of the 

chromosomes to the metaphase plate. Once the chromosomes are at the 

metaphase plate, anaphase I ensues and the homologous chromosomes are 

separated. In telophase I, the two daughter cells are formed with each containing 

one of the homologous chromosomes. During meiosis II, the centromere of each 

chromosome separates during anaphase so that each new cell gets one chromatid 

resulting in four haploid cells (Gilbert, 1997). 
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1.5 Comparison of Meiotic and Mitotic Cell Cycles 

Although many aspects of the meiotic cell cycle are similar to the mitotic cell 

cycle, the differences between them are critical for the accurate reduction of genetic 

material. For instance, the S phase in meiosis, often referred to as pre-meiotic S 

phase is usually at least two times longer than the S phase in mitosis (Williamson et 

al., 1983). Whether pre-meiotic S phase uses the same initiation machinery as that 

used in mitotic initiation remains to be better understood. Two groups studying 

fission yeast have conflicting reports. Murakami and Nurse found that the initiation 

factors, Cdc6 and the Mcms are essential for initiation during pre-meiotic S phase 

(Murakami et al., 2001). Forsburg and Hodson reported that these initiation factors 

are not required (Forsburg and Hodson, 2000). However, both groups agreed that 

ORC is necessary for initiation during pre-meiotic S phase. 

Another difference between the two cycles is the fact that homologous 

recombination occur much more frequently in meiotic prophase than during mitosis 

(Fox et al., 1998). 

Obviously, one of the main differences between meiosis and mitosis is 

chromosome segregation, in mitosis, sister kinetochores separate, with the two 

sister chromatids of each chromosome segregating to opposite poles of the spindle. 

In meiosis 1, the two sister kinetochores of each homolog pair do not separate 

resulting in segregation to the same spindle pole. Meiosis II is essentially identical to 

a normal mitotic division. The chromosomes have no homologs, and the two sister 

kinetochores separate. 
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Another difference between mitosis and meiosis is the regulation of 

chromosome condensation. MPF does not regulate chromosome condensation in 

meiosis as it does in mitosis. During meiosis in females, MPF levels fall at the end of 

meiosis 1 when the chromosomes segregate. In mitosis, this MPF inactivation would 

result in chromosome decondensation, microtubule changes, and nuclear re

formation. However, during meiosis, these do not occur at the end of the first meiotic 

division when MPF levels are low (Gilbert, 1997). 

Probably the most substantial difference between mitosis and meiosis is the 

lack of DNA replication between meiosis I and meiosis II. In the mitotic cell cycle, the 

Weel kinase is required for interphase. Studies in Xenopus show that Weel is 

absent from immature oocytes. Weel is down regulated by the translational 

repression of Weel maternal mRNA, so that the protein will be absent late during 

oogenesis and during meiosis I. Nakajo and colleagues found that when they 

ectopically expressed Weel in maturing (meiosis I) oocytes, the oocytes failed to 

reactivate Cdc2 after meiosis I, entered interphase and replicated their DNA. Their 

results suggest that the absence of Weel in meiosis 1 is likely responsible for the 

omission of a synthesis phase between the two meiotic divisions (Nakajo et al., 

2000). Studies using Xenopus cell-free extracts from oocytes, which reproduce the 

meiosis I to meiosis II transition, indicate that low levels of Weel protein are present 

at the exit of meiosis 1. The activity of this protein appears to be suppressed by a low 

level of Cdc2 at the end of meiosis I. These studies indicate that this low level of 

Cdc2 activity is required for suppressing interphase between meiosis I and meiosis II 
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(Iwabuchi et al., 2000). The data from both of these groups suggest that the 

inhibition of DNA replication between meiosis I and meiosis II requires the relief of 

the Tyr-15 phosphorylation of Cdc2, which allows MPF to be reactivated. 

As mentioned above, the mitotic cell cycle employs numerous checkpoints to 

ensure the proper order of events during each cell cycle by delaying the cycle in 

response to defects. The meiotic cell cycle is also regulated by checkpoints. The 

pachytene or recombination checkpoint prevents exit from this stage of meiotic 

prophase when meiotic recombination and chromosome synapsis are incomplete. 

This checkpoint is only activated when meiotic recombination is initiated and not 

completed. In budding yeast, the initiation of recombination generates an inhibitory 

signal, the phosphorylation of Redl. The checkpoint proteins, Radl7, Rad24, and 

Mek l are required to generate this signal. If recombination occurs successfully, this 

inhibitory signal is removed, presumably by the dephosphorylation of Redl, and exit 

from pachytene is allowed. If recombination is not completed, Redl phosphorylation 

persists and the checkpoint is activated. The checkpoint targets the Swel and 

NdtSO proteins (reviewed in Roeder and Bailis, 2000). The Swel kinase, the 

homologue of Weel, phosphorylates and activates the cyclin-dependent kinase 

Cdc28 (Booher et al., 1993). Checkpoint activation causes the accumulation and 

hyperphosphorylation of Swel resulting in the phosphorylation and inactivation of 

Cdc28 (Leu et al., 1999). NdtSO is a meiotic transcription factor that activates genes 

required for the exit from pachytene (Chu etal., 1998), such as Clbl, a cyclin 

required for meiosis I (Grandin etal., 1993). When the pachytene checkpoint is 
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triggered, the target genes of NdtSO are not transcribed. Thus, the progression of the 

cell cycle is halted by limiting the abundance and the activity of both of the 

components of the cyclin-dependent kinase complex, Cdc28 and Clbl . In mice, the 

halt of the cell cycle is followed rapidly by apoptosis, suggesting that the gene 

products involved in apoptosis, such as p53, are the targets of the pachytene 

checkpoint (Edelmann et al., 1996). This checkpoint has also been found to function 

in Drosophila tmelanogaster (Ghabrial et al., 1999) and Caenorhabditis elegans 

{Ganner et al., 2000). 

The meiotic metaphase 1 checkpoint blocks the metaphase to anaphase 

transition if spindle formation is defective (Woods et al., 1999) or chromosomes are 

misaligned (Li et al., 1995; Odorisio et al., 1998). Proper alignment of chromosomes 

on the meiotic spindle results in tension. If a single chromosome is not under 

tension, it emits a signal (Odorisio et al., 1998), which is believed to be 

phosphorylation of a kinetochores-associated protein (Nicklas eta/., 1995). This 

signal prevents the metaphase to anaphase transition (Li et al., 1995). In meiosis, 

this checkpoint is only triggered in males (Odorisio etal., 1998). The onset of 

anaphase is delayed providing the cell time to correct spindle formation or 

chromosome alignment defects that would result in chromosome segregation errors. 

The fact that the checkpoint is only active in males allows oocytes with misaligned 

chromosomes to proceed with meiosis possibly accounting for the high incidence of 

improper chromosome segregation in human females (Le Maire-Adkins et al., 1997). 
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In fission yeast, the Rad genes are required for both the DNA replication and 

DNA damage checkpoints. The activation of the Rad proteins triggers the activation 

of two protein kinases, Cdsl and Chkl , which act to help signal the mechanisms that 

control mitosis. In meiosis, only the Rad genes and Cdsl are involved in the 

replication checkpoint which blocks meiosis I when replication is not complete. The 

Rad proteins and Cdsl act upstream of Cdc2 and somehow help to maintain the 

phosphorylation of Cdc2 on Tyr-15. This phosphorylation keeps the Cdc2 kinase 

activity low and blocks the onset of meiosis 1. If Cdc2 is artificially dephosphorylated, 

progress through the meiotic divisions is still blocked, suggesting a second 

replication checkpoint in meiotic cells that appears to activate a downstream target 

that is independent of Tyr-15 phosphorylation of Cdc2 (Murakami and Nurse, 1999). 

In mice and human cells, ATR, ATM and Chkl have been suggested to be involved in 

this meiotic checkpoint (Keegan et al., 1996; Xu et al., 1996; Flaggs et al., 1997; 

Barlow eta/., 1998). 

1.6 Xenopus Oocyte Maturation 

A good system to study the biochemical mechanisms that regulate the meiotic 

cell cycle is the maturation of Xenopus oocytes. Xenopus oocyte maturation consists 

of re-entry into and the completion of meiosis I, suppression of DNA synthesis 

between meiosis I and meiosis II, entry into meiosis II, and arrest at metaphase of 

meiosis II (see Fig. 1.3). 
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The Xenopus meiotic cell cycle begins with germ cell growth during the early 

embryonic development of the female. At about four weeks after fertilization, pairs of 

secondary oogonia form intracellular bridges and begin to divide synchronously to 

form a population of cells with 4C DNA content (Gilbert, 1997). These cells then 

arrest in prophase 1 of meiosis I. During this arrest the chromosomes condense, the 

homologs pair, and meiotic recombination occurs (Ferrell, Jr., 1999). This period of 

arrest, also termed oogenesis, can last for several years while the oocyte grows in 

size and stockpiles the maternal RNAs and nutritional material that will be required 

to sustain the fertilized embryo. During oogenesis the oocyte grows and passes 

through six stages (l-VI). Transcriptional activity is high by stage II with the oocyte 

making 3X10^ RNA molecules per second. Maximal poly(A) RNA synthesis occurs by 

stage 111 and remains constant through stage VI (Matten and Vande Goude, 1994). A 

fully-grown stage VI oocyte is about 1.3 mm in diameter and has an intracellular 

volume of about 1 | i l , which is about one million times the volume of a typical 

somatic cell. About half of the oocytes volume is composed of yolk platelets while 

the remainder consists largely of cytoplasm and nucleoplasm. Once the oocyte is 

fully grown (Stage VI), it enters what is essentially a G2 arrest (Ferrell, Jr., 1999). 

Stage VI oocytes remain arrested in prophase I of meiosis 1 until they are 

stimulated by the hormone progesterone. Upon progesterone stimulation, oocytes 

re-enter meiosis I, the germinal vesicle (nucleus) breaks down (GVBD), oocytes 

complete meiosis I by emitting the first polar body, and then oocytes enter meiosis II 

without an intervening interphase and once again arrest. The arrest in meiosis II is 
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during metaphase II and is maintained until fertilization. The act of fertilization 

releases the arrest and triggers a series of rapid embryonic cell cycles. These cycles 

consist of only S and M phases. Since the oocyte provides stockpiles of maternal 

components and nutrients, there is no need for any growth phases. These rapid 

cycles continue until the embryo reaches the 4000-cell stage (about twelve cycles). 

At this time the mid-blastula transition occurs and transcription of the embryo's 

genome begins. 

The maturation process consists of a multitude of complex events at the 

molecular level. Within minutes of stimulation, progesterone begins the maturation 

process by causing a decrease in intracellular cAMP, which results in a decrease in 

cAMP-dependent kinase (PKA) activity. This leads to the translation of c-mos RNA 

and production of c-mos protein. C-mos protein synthesis leads to the activation of 

MPF and the mitogen-activated protein kinase (MARK) cascade (Sagata et al., 1989; 

Sheets et al., 1995). MPF and MARK activation results in numerous 

phosphorylations that drive the oocyte to reenter meiosis 1 and undergo GVBD 

(reviewed in Nebreda and Ferby, 2000). 1 will discuss both of these kinases and 

most of the M phase regulators in detail (see Table 1.1 for reference). 

1.6.1 c-mos 

c-mos is the cellular homolog of the Moloney murine sarcoma viral oncogene. 

Mos protein is essential for oocyte maturation because ablation of the Mos message 

or removal of its poly(A) tail, which regulates its translation, inhibits progesterone-
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induced GVBD (Sagata et al., 1988; Sheets et al., 1995). Mos mRNA encodes a 

serine/threonine protein kinase that phosphorylates and activates the mitogen-

activated protein kinase (MARK) kinase, MEKl, on Ser-218 and Ser-244 (Resinget 

al., 1995). The mos RNA is detectable early during oogenesis and remains at 

constant levels until gastrulation. The Mos protein is first synthesized at low levels 

after progesterone stimulation. Mos protein accumulates due to an increase in 

synthesis and a decrease in its degradation (reviewed in Sagata, 1997). Numerous 

studies agree that the phosphorylation of Mos results in its stabilization. However, 

these studies disagree on the kinase responsible for the phosphorylation of Mos and 

the site of phosphorylation. Early studies reported that Mos was stabilized 

throughout meiosis I and meiosis II by phosphorylation on Ser-3 by MARK because 

this phosphorylation prevented the recognition of the adjacent proline-2, by the 

ubiquitin-mediated degradation machinery (Nishizawa etal., 1992,1993). Later 

studies also demonstrated that the phosphorylation of Mos on Ser-16 also resulted 

in Mos stabilization by protecting it from degradation by the ubiquitination pathway 

(Pham etal., 1999). Two kinases, Cdc2/Cyclin B (Bai etal., 1991) and MARK 

(Matten et al., 1996) were implicated in the phosphorylation of Ser-16. Recent 

studies report that Cdc2/Cyclin B phosphorylates Mos on Ser-3, and that this 

phosphorylation results in its stability during meiotic maturation (Castro et al., 2001). 

Mos synthesis is preceded by and requires the polyadenylation of mos RNA. 

This polyadenylation requires the phosphorylation of the cytoplasmic polyadenylation 

element binding (CPEB) protein (Stebbins-Boaz and Richter, 1996). CPEB is 
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phosphorylated on Ser-174 upon progesterone stimulation by the Eg2 kinase. It is 

believed that this phosphorylation results in the translation of mos RNA (Mendez et 

al., 2000). 

Mos is not only involved in the activation of MPF, but it also an essential 

component of cytostatic factor (CSF). CSF is responsible for MPF stabilization, which 

causes the metaphase II arrest of meiosis II (Sagata et al., 1989). 

1.6.2 MPF 

Stage VI oocytes contain a pool of inactive MPF (pre-MPF), which is a protein 

kinase composed of p34cdc2 and Cyclin B. Ten percent of the oocytes Cdc2 is 

associated in pre-MPF. Pre-MPF is kept inactive by inhibitory phosphorylations of 

Cdc2 on Thr-14 and Tyr-15, which are maintained by the Myt l kinase. Stage VI 

oocytes do not contain the Weel kinase so Myt l is responsible for both these 

inhibitory phosphorylations. Pre-MPF is also regulated by an activating 

phosphorylation atThr-161. This phosphorylation is catalyzed by a cyclin-dependent 

kinase activating kinase (OAK), which consists of Cdk7 and Cyclin H. Although 

phosphorylation of Thr-161 activates MPF, the inhibitory phosphorylations of Thr-14 

and Tyr-15 override this activation. Progesterone stimulation causes the activation of 

the Cdc25C phosphatase. Cdc25C is a dual specificity phosphatase that 

dephosphorylates Cdc2 on both Thr-14 and Tyr-15 resulting in the activation of MPF. 

The activation of MPF is likely the result of both Cdc25C activation and the 

inactivation of the Myt l kinase. The link between Myt l inactivation and the MARK 
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pathway is discussed below. Interestingly, Myt l can also be phosphorylated by a 

kinase dependent on MPF activity that may be Cdc2/Cyclin B itself or another 

Cdc2/Cyclin complex (Palmer et al., 1998). Recent studies also report Mos is 

capable of phosphorylating Myt l in vitro (Peter et al., 2002). The activation of MPF 

causes autoamplification, which involves a positive feedback loop between 

Cdc2/Cyclin B, the Cdc25C phosphatase and the Myt l kinase. Basically, Cdc2 

activation brings about the activation of Cdc25C (hyperphosphorylation of Cdc25C by 

Cdc2 and PIxl) and inactivation of Myt l (hyperphosphorylation of Myt l by Cdc2 and 

p90rsk). The activation of Cdc25C and inactivation of Myt l activates Cdc2 

(Karaiskou etal., 1999). 

MPF is activated at meiosis 1 and then declines between meiosis 1 and 

meiosis II due to the degradation of Cyclin B by the anaphase-promoting complex 

(ARC) (Peter et al., 2001; Taieb et al., 2001). Residual Cdc2 activity, due to the 

incomplete degradation of Cyclin B (Ohsumi et al., 1994), during the transition from 

meiosis I to meiosis II is required to suppress any entry into interphase. The low level 

of Cdc2 activity is present during this transition due to the absence (Nakajo et al., 

2000) or suppression of the Weel kinase (Iwabuchi et al., 2000). Myt l is also 

believed to be down regulated during this period by the Mos/MAPK pathway (Palmer 

et al. 1998) or by Mos alone (Peter et al., 2002). MPF activity rises at the beginning 

of meiosis II following a second surge of c-mos and Cyclin B synthesis (Gross et al., 

2000; Hochegger et al., 2001). MPF activity remains high throughout the metaphase 

II arrest. 

24 



1.6.3 Cdc25C 

In stage VI oocytes, Cdc25 is complexed with 14-3-3 proteins via a binding 

site created by phosphorylation of Ser-287. This phosphorylation is catalyzed by the 

Chkl protein kinase (Nakajo et al., 1999). It is thought that the complex of Cdc25 

and 14-3-3 proteins helps sequester Cdc25 to the cytoplasm and this maintains the 

prophase I (G2 arrest) arrest. Upon progesterone stimulation Cdc25 dissociates from 

14-3-3 proteins (Yang et al., 1999), allowing it to gain access to the nucleus. 

Cdc25C must also be activated in order to dephosphorylate Cdc2. Cdc25C 

becomes hyperphosphorylated during oocyte maturation. It is believed that the PIxl 

kinase is responsible for this phosphorylation during maturation. It has been shown 

to be capable of phosphorylating Cdc25C in vitro (Kumagai et al., 1996) and is 

activated at the same time as Cdc25C during oocyte maturation (Qian et al., 1998). 

The protein kinase, xPlkkl, is a candidate activator for PIxl because it can 

phosphorylate PIxl in vitro and is also activated at the same time as PIxl during 

maturation. Furthermore, xPlkkl is regulated by phosphorylation suggesting that 

there is a protein kinase cascade targeting Cdc25C activity through PIxl (see Fig. 

1.4) (Qian eta/., 1998). 

1.6.4 MARK 

The protein kinase Mos phosphorylates and activates MARK at the same time 

MPF is activated. This activation has been shown to be necessary and sufficient for 
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releasing the G2 arrest. There is no direct evidence that MARK phosphorylates and 

activates Cdc25 to trigger MPF activation. However, it has been hypothesized that 

the MARK pathway could target negative regulators of MPF activity. The protein 

phosphatases, PP-1 and PP-2A, could be targeted to help in the inactivation of Cdc25 

(Clarke eta/., 1993). 

It is also likely that the MARK pathway plays a role in inhibiting Myt l , the Cdc2 

inhibitory kinase. The p90rsk kinase is a substrate of MARK. During the G2 arrest, 

p90rsk is associated with inactive MARK to form a heterodimer. Upon 

phosphorylation and activation during maturation, these two dissociate (Hsiao etal., 

1994). Once activated, p90rsk can bind to the c-terminal regulatory domain of Myt l . 

p90rsk then phosphorylates Myt l down-regulating its inhibitory activity on 

Cdc2/Cyclin B and resulting in the activation of MPF (see Fig. 1.4). This shows a 

direct link between the MARK pathway and the activation of MPF during maturation. 

Interestingly, Myt l can also be phosphorylated by a kinase dependent on MPF 

activity that may be Cdc2/Cyclin B itself or another Cdc2/Cyclin complex. This 

suggests that phosphorylation of Myt l by Cdc2/Cyclin B may be involved in a 

feedback loop of autoamplification (Palmer et al., 1998). 

1.6.5 Translational Regulation of Maturation 

As mentioned earlier, polyadenylation of Mos RNA is necessary for Mos 

protein synthesis. The oocyte contains large amounts of mRNAs that are dormant 

and awaiting translation. Many of these dormant mRNAs contain short poly(A) tails 
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(about 20 nucleotides) that must be elongated (about 150 nucleotides) through 

cytoplasmic polyadenylation in order for translation to occur. Although Mos is one of 

the best studied, many other cell cycle regulators, Cyclins A l , B l , and B2, Cdk2, and 

Weel undergo cytoplasmic polyadenylation during oocyte maturation. Additionally, a 

number of mRNAs undergo polyadenylation after fertilization. Many of these mRNAs 

fall into the 0 1 class of mRNAs that are expressed during the early cleavage stages 

(Paris et al., 1988). The polyadenylation of these messages is important for germ 

layer and pattern formation of the embryo (Richter, 1999). 

Cytoplasmic polyadenylation requires two elements in the 3'UTR of the mRNA: 

the hexanucleotide sequence, AAUAAA, and the cytoplasmic polyadenylation element 

(CPE). Because the hexanucleotide is present in almost all mRNAs, CPE sequences 

are required to dictate which mRNAs undergo polyadenylation. The general 

consensus CPE sequence is UUUUUAU and is usually located 20-30 nucleotides from 

the hexanucleotide (McGrew et al., 1989). mRNAs that are polyadenylated after 

fertilization require a hexanucleotide and an embryonic-type CPE, (U)i2-27 (Simon et 

al., 1992). The precise sequence of the CPE, the number of copies of the CPE, and 

the distance between the CPE and hexanucleotide or sequences adjacent to the CPE 

are believed to regulate the time at which polyadenylation occurs. 

There are four main factors involved in cytoplasmic polyadenylation. The first 

factor is poly(A) polymerase (PAP) of which Xenopus oocytes contain many forms. 

One form lacks the carboxy-terminus that contains a nuclear localization signal and 

Cdc2 recognition sites (Gebauer et al., 1995). Since it is believed that 
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phosphorylation of these Cdc2 sites during maturation inactivates the polymerase, it 

is likely this truncated form of PAP is the PAP involved in cytoplasmic polyadenylation 

(Colgan et al., 1998). The second factor involved in cytoplasmic polyadenylation is 

the cleavage and specificity factor (CPSF). CPSF consists of four subunits (160,100, 

70, 50 kD) and is essential for nuclear polyadenylation (Zhao et al., 1999). 

Immunodepletion experiments showed that CPSF is also required for cytoplasmic 

polyadenylation. The CPSF complex involved in cytoplasmic polyadenylation consists 

of only three subunits, 160,100, and 30 kD (Dickson et al., 1999). CPSF binds to 

AAUAAA and probably facilitates the positioning of PAP on the mRNA (Mendez et al., 

2000). Cytoplasmic polyadenylation element binding protein (CPEB) is the third 

factor involved in cytoplasmic polyadenylation. CPEB has two RNA recognition motifs 

and a zinc finger and its depletion from egg extracts abolishes polyadenylation (Hake 

et al., 1994). CPEB undergoes two rounds of phosphorylation during oocyte 

maturation. It is first phosphorylated prior to Mos synthesis by the Eg2 kinase on 

Ser-174 (Mendez et al., 2000). It is later phosphorylated at the time of GVBD (when 

Cyclin B l is polyadenylated), via a Cdc2-mediated phosphorylation (Pariseta/., 

1991). This phosphorylation of Ser-210 serves to expose a PEST sequence (Reverte 

et al., 2001) that is necessary for the partial destruction of CPEB. PEST sequences 

are enriched for proline (P), aspartic acid (E), serine (S) and threonine (T) residues 

and target proteins for destruction (Rechsteiner and Rogers, 1996). The partial 

destruction of CPEB activates the translation of Cyclin B l mRNA at meiosis I, and 

helps to transition the maturing oocyte from meiosis 1 to meiosis II (Mendez et al., 
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2002). The fourth factor, the Eg2 kinase, is member of the Aurora family of 

serine/threonine kinases. Eg2s phosphorylation of CPEB is important for the 

recruitment of CPSF to AAUAAA and the subsequent recruitment of PAP to the end of 

the mRNA (Mendez et al., 2000). 

Translational repression in Xenopus oocytes is often mediated by 3'UTR 

elements. In many cases, as in Cyclin B l , CPE sequences mediate translational 

repression. Recent studies also show that efficient CPE-mediated repression 

requires the presence of a 5' mRNA cap suggesting that the cap or cap-binding 

proteins are the targets of the translational inhibitory machinery (de Moor et al., 

1999). Since CPEB binds to CPE sequences, it is likely that this protein is also 

involved in translational repression. In fact, CPEB interacts with the maskin protein, 

which mediates translational repression by inhibiting the formation of the 48S 

complex (Stebbins-Boaz et al., 1999). First a short review of translation initiation is 

necessary. 

In eukaryotes, the 43S initiation complex must be recruited to the 5' cap of 

the mRNA. The 43S initiation complex consists of the cap-binding complex (elF4E, 

elF4G, and elF4A), elF3, the ternary complex (elF2, Met-tRNA, and GTP), and the 40S 

ribosomal subunit. elF4E is the cap-binding protein, elF4G is a modular scaffold 

protein, and elF4A is the RNA helicase. elF4G forms a bridge between the ribosome 

and the mRNA through an interaction with elF3. It also binds the poly(A)-binding 

protein (PABP), which facilitates the translation of poly(A)-containing mRNAs. Once 

recruited to the cap structure, it is now called the 48S complex. The 48S complex 
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scans forward in the 3' direction until it reaches the initiation codon (AUG). Once this 

codon is reached, the GTP bound to elF2 is hydrolyzed and the initiation factors are 

released. The 60S ribosomal subunit is recruited to the mRNA with the assistance of 

elF5B resulting in an SOS monosomethat is ready for the elongation phase of 

translation (reviewed in Mendez etal., 2001). 

Maskin, which contains a motif similar to an elF4E-binding domain, binds both 

CPEB and elF4E. Because of its elF4E-binding motif, Maskin and elF4G compete for 

binding to the same region of elF4E (Mader et al., 1995). This competition mediates 

translation; when maskin is bound to elF4E, translation is repressed. In order for 

repression to be relieved, maskin must be released from elF4E. It is hypothesized 

that cytoplasmic polyadenylation facilitates the release of elF4E (Stebbins-Boaz et 

al., 1999) through poly(A)-binding protein (PAPB). PAPB interacts directly with elF4G. 

Newly formed poly(A) tails may associate with PAPB and thus help elF4G and elF4E 

form a complex that is more stable than the maskin-elF4E complex thereby relieving 

repression (Wakiyama etal., 2000). 

1.7 The GO Arrest Versus the G2 Arrest 

The G2 arrest of Xenopus oocytes during the meiotic cell cycle is very different 

from the GO arrest of cells during the mitotic cell cycle. During a GO arrest, cells are 

quiescent, with low metabolic rates and little protein synthesis. During the G2 arrest 

of meiosis, cells are busy stockpiling the components necessary for the events 

following fertilization. One similarity between the G2 arrest of Xenopus oocytes and 
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the GO arrest of mitotic cells is that neither have the ability to replicate their DNA. 

Another similarity between these two arrests is that both types of cells are stored for 

long periods of time before being induced to reenter the mitotic cell cycle at G l or to 

resume meiosis I and mature. However, due to the fact that both types of cells are 

arrested, understanding how G2 arrest is relieved by maturation will likely provide 

insight on the mechanisms that release somatic cells from GO arrest and vice versa. 

1.7.1 The GO Arrest of Somatic Cells 

During vertebrate development, most proliferating cells will at some point, exit 

the cell cycle during G l and enters a quiescent state, GO. For certain cell types, this 

exit is irreversible. For others, this exit is only temporary and cells will be allowed to 

return to G l and eventually undergo cell division. 

Numerous studies have shown that nuclei isolated from quiescent 

mammalian cells are unable to initiate DNA replication when they are incubated in 

Xenopus egg extract. However, if the nuclear membrane of these mammalian nuclei 

is permeabilized, initiation of DNA replication occurs. Furthermore, if the nuclear 

membrane is resealed prior to extract incubation, the effect of permeabilization is 

negated and initiation of DNA replication does not occur. This suggests that a 

selectively permeable nuclear membrane determines the replication competence of 

quiescent nuclei in the egg extract. Three possible ways nuclear membrane 

permeability might regulate initiation ability are as follows: (1) replication of 

quiescent nuclei could be prevented by a specific inhibitor which remains within the 

31 



nucleus (Leno and Munshi, 1994); (2) an intact nuclear membrane could prevent the 

initiation of DNA replication in quiescent cell nuclei by preventing the licensing of GO 

DNA (Munshi and Leno, 1998); and (3) quiescent cell nuclei could be prevented from 

replicating in egg extracts by a variety of specific GO arrest-related changes in nuclear 

structure and/or function (Leno and Munshi, 1994). 

Lu and colleagues used quiescent cells that were terminally differentiated, 

Xenopus erythrocytes, to study the replication ability of quiescent nuclei. They found 

that these cells lacked ORC, Cdc6, and the Mcms. If they incubated intact nuclei in 

Xenopus egg extract, no replication occurred even though the pre-RC proteins were 

capable of crossing an intact nuclear envelope. When they incubated permeable 

nuclei, pre-RCs formed and replication ensued. They concluded that an intact 

nuclear envelope prevents initiation in quiescent nuclei, in part by preventing 

assembly of the pre-RC on chromatin. Initiation in erythrocyte nuclei required the 

acquisition of pre-RC proteins from the egg extract and pre-RC assembly required the 

loss of nuclear envelope integrity (Lu et al., 1999). 

Stoeber and colleagues created a mammalian cell free system to study 

quiescence in which they incubated nuclei from murine 3T3 cells with S phase 

cytosol from HeLa cells. They found that nuclei from GO arrested cells were unable to 

initiate DNA replication, whereas nuclei from G l cells exhibited efficient DNA 

replication. They observed that the nuclei from the GO cells had ORC bound to the 

chromatin, but they did not have any Cdc6 protein and the Mcms were not bound to 

the chromatin. When they released the cells from quiescence, Cdc6 was detectable 
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after twelve hours and protein levels increased through eighteen hours after the 

release. The nuclei became competent to initiate DNA replication in the cell free 

system at the time of maximum Cdc6 accumulation and Mem binding. They also 

found that if they added recombinant Cdc6 to cells that had permeabilized nuclear 

membranes immediately after being released from quiescence, they observed Cdc6 

bound to the chromatin and premature initiation. Based on their results using a 

mammalian cell-free system, they concluded that the Cdc6 protein plays a key 

regulatory role in determining quiescence and G l progression in mammalian cells 

(Stoeber et al., 1998). 

Numerous studies show that GO nuclei are incapable of replicating in Xenopus 

egg extracts, unless first permeabilized, suggesting that GO cells lose their license to 

replicate (Lu et al., 1999; Wu et al., 1997). Stoeber et al. reported similar 

observations when they used a mammalian cell-free system. In contrast, Hola et al. 

reported that nuclei from quiescent 3T3 cells could replicate in Xenopus egg extracts 

without nuclear membrane disruption (Hola etal., 1994,1996). To determine the 

capacity for GO cells to remain competent to replicate, Sun and colleagues analyzed 

the ability of intact GO nuclei from Swiss 3T3 cells to replicate in Xenopus egg 

extracts. They found that replication competence is not lost abruptly with the onset 

of quiescence, but that it declines with the duration of quiescence. This decline is 

accompanied by a decline in chromatin bound Mem proteins (Sun et al., 2000). This 

suggests that the failure of Mcms to bind may be due to an exclusion from nuclei of a 

loading factor, such as Cdc6 in Xenopus extracts. Access of the Mem loading factor 
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and/or Cdc6 to the nucleus is likely restricted by the nuclear envelope (Madine et al., 

1995). The fact that recombinant XCdc6 could only induce replication in 

permeabilized quiescent nuclei supports this idea (Stoeber), which ultimately 

supports the hypothesis that intact nuclear membranes prevent the licensing of GO 

DNA, assuming that GO DNA loses its license to replicate after entering quiescence. 

The involvement of the Cdc6 protein in the licensing of GO DNA is also 

controversial. While Lu reports Cdc6 is absent from the nuclei of Xenopus quiescent 

cells and Stoeber reports Cdc6 is absent from mammalian quiescent cells, Saha and 

colleagues report that Cdc6 is abundant in human GO fibroblasts (Saha et al., 1998). 

The extent to which Cdc6 limits replication in quiescent nuclei still needs to be 

clarified. 

1.7.2 The G2 Arrest of Meiotic Cells 

Like GO somatic cells, G2-arrested oocytes do not have the ability to initiate 

DNA replication (Cox and Leno, 1990). Although no chromosomal DNA replication 

occurs duringXenopus oocyte maturation, the ability to replicate develops in meiosis 

I after GVBD (Gurdon et al., 1967; Ohsumi et al., 1994). If MPF activity is delayed by 

inhibition of protein synthesis, by cycloheximide treatment (CHX) thirty minutes after 

GVBD, oocytes are able to support formation of interphase nuclei and DNA replication 

between meiosis 1 and meiosis II. However DNA replication does not occur if CHX is 

added before or at GVBD. With these treatments, oocytes reform interphase nuclei, 

but do not replicate their DNA, suggesting that the ability to replicate depends on 
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new protein synthesis around GVBD. One new protein needed for suppressing 

replication between meiosis I and meiosis II is Mos because inhibition of Mos 

function around GVBD allows oocytes to enter interphase and replicate their DNA 

after meiosis I. However, another novel protein(s) is also needed because injection 

of stable Mos in maturing oocytes and subsequent CHX treatment does not induce 

DNA replication (Furuno etal., 1994). 

1.8 Prevention of Replication During G2 
Phase of Mitotic Cell Cycle 

Since the release from prophase arrest in immature oocytes is similar to the 

G2/M transition in mitosis, understanding how mitotic cells are kept from initiating 

DNA replication in G2 may provide insight to the mechanisms which regulate the 

ability of the prophase arrested immature oocyte to initiate DNA replication. 

Phosphorylation is a key regulatory mechanism of pre-RC assembly and 

disassembly that helps to ensure that only one round of replication occurs per S 

phase and prevents other replications during the same cell cycle. CDK activity largely 

blocks the re-assembly of pre-RCs by inhibiting the recruitment of the Mcms to the 

chromatin. They accomplish this by affecting the proteins necessary for Mem 

binding, ORC and Cdc6 and possibly Cdt l . The kinases likely responsible for pre-RC 

protein phosphorylations are the two mentioned above, S phase CDK and 

Cde7/Dbf4, along with the M phase CDKs, which trigger entry into mitosis. 

In yeast, three of the six ORC proteins, Orel, Ore2, and Ore6, have consensus 

CDK phosphorylation sites ((S/T)-P-X-(K/R)), and 0re2 and 0rc6 are 
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hyperphosphorylated in G l by Clb-Cdc28 (Nguyen et a/., 2001). In Xenopus, ORCl 

and 0RC2 are phosphorylated during M phase. Xenopus ORCl and 0RC2 physically 

interact with Cdc2/Cyclin A l , and Xenopus 0RC2 can be phosphorylated in vitro by 

recombinant Cde2/Cyclin A l . Cdc2/Cyclin A l is a kinase, which is expected to play a 

negative role in initiation because Cdc2/Cyclin A l activity in S and G2 phases helps 

ensure that the Mcms will not bind, preventing re-replication within the same cell 

cycle. It is possible that the phosphorylation of ORCl and 0RC2 by Cdc2/Cyclin A l 

aids in blocking pre-RC re-assembly (Tugal et al., 1998; Carpenter et al., 1996; 

Romanowski et al., 2000). Furthermore, human 0RC2 and 0RC6 are constitutively 

phosphorylated during the cell cycle, while ORCl is phosphorylated only during M 

phase. Although the significance of this phosphorylation is unknown, it is possible 

that this phosphorylation affects ORCs association with the chromatin (Dhar and 

Dutta, 2000; Thome et al., 2000; Tatsumi et al., 2000). 

The Cdt l protein also appears to be regulated via phosphorylation. A recent 

study in Xenopus reported that XCdtl has a slower mobility in mitotic extracts than 

interphase extracts and that the slower migrating form is stabilized with treatment by 

a phosphatase inhibitor (Maiorano et al., 2000). Since the Cdt l protein appears to 

be phosphorylated in Xenopus mitotic egg extracts, is likely that this phosphorylation 

could affect the function of the Cdt l protein. Specifically, phosphorylation of the 

Cdt l protein could regulate the ability of the Cdt l protein to bind to the chromatin 

and thus participate in the initiation of DNA replication by loading the Mem family of 

proteins. Since Cdt l is phosphorylated during M phase while it is bound to geminin, 
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phosphorylation could also regulate the binding of Cdt l and geminin. Geminin is 

involved in initiation by specifically inhibiting DNA replication by binding to and 

inactivating the Cdt l protein. The degradation of geminin at the exit of mitosis, 

releases Cdt l freeing it to participate in Mem loading (Tada et al., 2001; 

Wohlschlegel et al., 2000). However, to date, the role of phosphorylation of Cdt l has 

not been identified. 

Studies of the phosphorylation of the Cde6 protein in yeast and humans show 

that phosphorylation is used to regulate the Cde6 protein in two different ways. 

Phosphorylated Cdc6 in yeast is targeted for proteolysis, while phosphorylation of the 

human Cdc6 protein results in its translocation. Previous studies in yeast show that 

a Cdc6 phosphorylation mutant can bypass the CDK inhibition of re-replication. This 

suggests that the negative regulation of initiation by CDKs is mediated through Cdc6. 

In yeast, Cdc6 is a labile protein that is rapidly degraded after S phase. The Cde6 

protein associates with CDKs in vivo and is phosphorylated by CDKs in vitro on six 

consensus CDK phosphorylation sites (Elsasser et al., 1996; Brown et al., 1997). If 

the CDK phosphorylation sites of Cdc6 are mutated, the stability of the protein is 

increased (Jallepalli et al., 1997). Furthermore, phosphorylation of Cde6 targets it for 

ubiquitination and degradation by the proteasome (Jallepalli et al., 1998; Drury et al., 

1997). Cdc6 is the first initiation protein that is regulated in vivo by CDK-dependent 

phosphorylation and proteolysis (Jallepalli et al., 1997). Since Cdc6 has to be 

synthesized de novo at the beginning of each cycle to participate in pre-RC assembly, 

its destruction following S phase ensures that it will not be available for replication 
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during G2. Phosphorylation of Cde6 in yeast has also been shown to inhibit the 

intrinsic activity of the protein (Jallepalli et al., 1997). Phosphorylated Cdc6 also has 

a lower affinity for Mcm2 binding (Jang et al., 2001). Thus, when CDK is actively 

phosphorylating Cdc6, Cdc6 fails to load the Mcms onto the chromatin because it is 

being rapidly degraded and its association with the Mcms is perturbed. In contrast to 

the phosphorylation of the yeast Cdc6 protein, which targets Cdc6 for proteolysis, 

phosphorylation of the human Cdc6 protein targets it for re-localization. In humans, 

Cde6 is present throughout the cell cycle (Williams et al., 1997), but its subcellular 

localization changes during the cell cycle. Human Cdc6 is in the nucleus during G l 

but translocates to the cytoplasm at the beginning of S phase (Peterson et al., 1999) 

via a Crml-dependent export mechanism (Jiang et al., 1999). Human Cdc6 contains 

three consensus CDK phosphorylation sites in its N-terminus. A Cdc6 mutant that 

lacks these sites remains nuclear throughout the cell cycle, suggesting that Cdc6 

translocation requires CDK-dependent phosphorylation. Cdk2/Cyclin A 

phosphorylates these sites in vivo and in vitro. Phosphorylated hCdc6 is translocated 

from the nucleus to the cytoplasm thereby preventing its reassociation with the 

chromatin after the on-set of S phase (Jiang et a/., 1999; Petersen et al., 1999). 

The regulation of the Mem complex of proteins is also CDK-dependent. In 

budding yeast, Cln-Cdc28 activation causes the export of Mcm4 from the nucleus as 

G l cells pass Start or once cells are committed to replicating their DNA. This 

exclusion from the nucleus keeps Mcm4from participating in pre-RC assembly until 

the end of the next mitosis when Cdc28 activity is low and Mem proteins can once 
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again accumulate in the nucleus (Labib et al., 1999). In Xenopus, the Mem4 protein 

is the main subunit of the Mem complex that is actively phosphorylated during the 

cell cycle. It has three phosphorylation states, hyperphosphorylation, intermediate 

phosphorylation and hypophosphorylation, which are achieved through the activity of 

Cdc2/Cyclin B and other unknown kinases. The hyperphosphorylated isoform, which 

is present in mitosis, is likely to be a preactivation form of the Mcm4 protein, which 

ensures that the Mcm4 protein is at least partially phosphorylated in the active form. 

The intermediate phosphorylation isoform (the active form) assembles in the pre-RC. 

Following replication, the Mcm4 protein becomes hypophosphorylated and can no 

longer bind to the chromatin (Pereverzeva et al., 2000). It is likely that the other 

kinase responsible for Mcm4 phosphorylation is Cdc7/Dbf4. However, at this time, 

studies agree only that Cdc7/Dbf4 is responsible for phosphorylating the Mcm2 

protein. Although the relevance of Mcm2 phosphorylation is presently unknown, it is 

postulated that the phosphorylation of Mcm2 allows the Mem helicase to move with 

the replication fork (reviewed in Sclafani, 2000). The kinase activity of Cdc7/Dbf4 is 

likely regulated via phosphorylation by Rad53p (Kihara etal., 2000). 

1.9 Purpose of Study 

Immature Xenopus oocytes do not have the ability to replicate. However, the 

ability to replicate arises during meiosis 1 after GVBD and then must be suppressed 

between meiosis I and meiosis II. It is imperative that the ability to replicate be 

established during the Xenopus maturation process because the early division cycles 
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of the embryo following fertilization are absolutely dependent upon stored maternal 

factors for replication. The purpose of the study described here is to determine why 

immature oocytes do not have the ability to replicate and how the ability to replicate 

is gained during the maturation process. This study was based on the hypothesis that 

the ability of the immature oocyte to replicate DNA is controlled at the initiation step 

of DNA replication. Chapter two records the discovery of three reasons why the 

immature oocyte is not able to initiate DNA replication, and the discovery of the 

requirements necessary for gaining replication competence during meiosis 1. The 

third chapter addresses the reasons why one of the key components necessary for 

replication, the Cdc6 protein, is not expressed in the immature oocyte. 
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Figure 1.1. Schematic of Xenopus oocyte maturation. 
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Figure 1.2. Eukaryotic initiation requires the assembly and activation of pre-
replication complexes. Members of the pre-RC are ORC (Origin Recognition 
Complex), Cdc6, Cdt l , the Mem proteins and Cdc45. The kinases responsible for 
pre-RC activation are Cdk2/Cyclin E and Cdc7. 
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Table 1.1. Regulators of the meiotic cell cycle in Xenopus oocytes. 

Regulator Mechanism 

PKA 
PP2A 
Myt1 
Chk1 
14-3-3 

Eg2 
CPEB 
Mos 
MEK 
MARK 
p90rsk 
Plx1 
Cdc25C 
MPF 

G2 arrest 

Inhibition of maturation at multiple levels 
Inhibition of maturation at multiple levels 
Inhibition of MPF by phosphorylation of Cdc2 
Phosphorylation of Cdc25C to generate 14-3-3 binding site 
Sequestering/inhibition of Cdc25C in the cytoplasm 

M phase entry 

Activation of CPEB by phosphorylation 
Stimulation of Mos mRNA translation 
Activation of MEK by phosphorylation 
Activation of MARK by phosphorylation 
Activation of pSOrsk by phosphorylation 
Inhibition of Myt1 by phosphorylation 
Activation of Cdc25 by phosphorylation 
Activation of MPF by dephosphorylation of Cdc2 
Phosphorylation of many structural and regulatory proteins 

Adapted from Nebreda and Ferby, 2000 . 
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Figure 1.4. Signaling pathways that may lead to the activation of MPF during 
progesterone-induced oocyte maturation. Progesterone stimulates translation of 
maternal mRNAs stored in the oocyte. One of these mRNAs encodes for the protein 
kinase Mos, which upon accumulation can induce the activation of MARK, via 
activation of MARK kinase. MARK activates p90rsk, which in turn down-regulates the 
p34cdc2 inhibitory kinase Myt l . An additional pathway that leads to the activation of 
Cdc25 involves the protein kinase PIxl and its activator PIkkl. The possibility that 
additional progesterone-triggered pathways, may also target Myt l and Cdc25 
perhaps involving the translation of other (unidentified) maternal mRNAs, is indicated 
by a question mark. Adapted from Palmer and Nebreda, 2000. 
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CHAPTER 11 

Cdc6 SYNTHESIS REGULATES REPLICATION 

COMPETENCE IN XENOPUS OOCYTES 

2.1 Introduction 

Xenopus oocytes replicate their DNA very early in development during pre-

meiotic S phase. After this one round of DNA replication, the ability to replicate is 

quickly lost and oocytes proceed through oogenesis while arrested in prophase of 

meiosis I. Upon hormonal stimulation, these G2 arrested oocytes resume meiosis I, 

and their germinal vesicles breakdown. Oocytes complete meiosis I and enter 

meiosis II without an intervening S phase or round of DNA replication. 

The ability of the Xenopus oocytes to replicate DNA is established early during 

meiosis I shortly after GVBD (Furuno et al., 1994). Although oocytes gain the ability 

to replicate during meiosis I, all replication is suppressed until fertilization. The 

establishment of the ability to replicate during meiosis is necessary for the early 

division cycles of the embryo following fertilization. How oocytes lose and regain 

replication competence during meiosis are important questions underlying the 

production of functional gametes and are the main focuses of this study. 

Since the ability to replicate is lost after pre-meiotic S phase, immature 

oocytes do not have the ability to replicate their DNA. However, immature oocytes 

contain the factors necessary for the elongation step of DNA replication and in fact 

can support semi-conservative replication of single stranded DNA. This synthesis 
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differs from double stranded DNA synthesis in that it resembles lagging strand 

synthesis and does not involve the movement of a complete replication fork (Cox and 

Leno, 1990). For these reasons, we believe the immature oocyte is defective in the 

initiation step of DNA replication. As mentioned in detail earlier, the initiation of DNA 

replication in eukaryotic cells requires the assembly onto chromatin and subsequent 

activation of pre-replication complexes. Since numerous initiation proteins are 

involved in pre-RC assembly, a number of defects involving these proteins could keep 

the oocyte from having the capacity to initiate DNA replication. 

The hypothesis for this study is that the ability of an oocyte to replicate is 

controlled at the initiation step of DNA replication. In order to test this hypothesis, we 

analyzed the expression and localization of the initiation proteins in the immature 

oocyte and determined why the immature oocyte does not have the ability to initiate 

replication. We next determined what were the requirements for re-establishing 

replication competence during meiosis I. 

2.2 Materials and Methods 

2.2.1 Animals 

Xenopus laevis are ordered from Xenopus express in Homosassa, Florida, 

which imports frogs monthly from South Africa. The frogs are kept in the fully staffed 

Laboratory Animal Care Facility at the Texas Tech University Health Sciences Center 

in a climate-controlled room. Frogs are kept in approximately 2'X3'Xr tanks, with no 

more than five frogs per tank. The frogs are fed twice weekly and tanks are cleaned 
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the morning following each feeding. Female frogs, which are induced to ovulate, are 

used many times for extract preparation and are allowed a three-month recovery 

period between injections. Female frogs, which are used for oocyte recovery, are 

operated on a maximum of six times for oocyte removal and then euthanized by an 

overdose injection of Tricaine anesthetic (1 ml @ 10 g/L). Female frogs that undergo 

surgery for oocyte removal are used only for this purpose. Sexually mature male frogs 

are euthanized before testes removal for sperm chromatin preparation. 

2.2.2 Protein Extracts 

2.2.2.1 Mitotic Egg Extracts 

Female frogs were primed by injection of 1000 units human chorionic 

gonadatropin (HCG) into dorsal lymph sac. Laid eggs were collected, rinsed, and 

dejellied. Eggs were washed in extract buffer (XB: lOOmM KCl, lOmM HEPES-KOH, 

pH7.6, 2mM MgCb, 50mM sucrose, O.lmM CaCb, 5mM EGTA) and placed in a 

centrifuge tube containing protease inhibitors and 100|ig/ml cytochalasin B. Eggs 

were crushed by centrifugation in a swinging bucket rotor for ten minutes at 

10,000rpm and the cytoplasmic layer was collected using a needle and syringe via 

side puncture of the centrifuge tube. To the cytoplasmic extract, leupeptin, 

pepstatin, and cytochalasin B were added to a final concentration of 10 ^g/ml 

followed by 1/20 volume energy mix (EM: 150mM creatine phosphate, 20mM ATP, 

and 20mM MgCb). 
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2.2.2.2 Interphase Egg Extracts 

Extracts were prepared the same as mitotic egg extracts except eggs are 

activated by two one-second pulses of 12 V AC, separated by 5 seconds, before 

centrifugation and the buffer does not contain EGTA (Murray, 1991). 

2.2.2.3 Total Oocyte Extracts 

Frogs were anesthetized in 1.2g/L Tricaine (Sigma) for twenty minutes. 

Ovarian pieces were removed from an incision in the ventral wall, washed in Modified 

Barth's Saline (MBS: 88mM NaCl, ImM KCl, 0.91mM CaCb, 0.33mM Ca(N03)2, 0.82 

mM MgS04, 2.4mM NaHCOs, lOmM Hopes, pH7.5) and subsequently treated with 2 

mg/ml Collagenase (Roche) in 0R2 (82.5mM NaCI, 2.5 mM KCl, ImM MgCb, ImM 

Na2HP04, 5mM Hopes) for four hours with gentle agitation. After follicular cell 

digestion, oocytes were washed thoroughly with MBS and staged according to the 

Dumont system (Dumont, 1972). 10 stage VI oocytes were homogenized in 100 )j.l of 

extract buffer (EB; 20mM K-Hepes pH 7.6, 200mM KCl, 3mM MgCl2.5mM EGTA, 

SOmM p-glycerophosphate, lOmM sodium fluoride, ImM sodium vanadate and 10 

)ag/ml aprotinin, leupeptin and pepstatin) by repeated pipetting through a 200}al tip. 

Extracts were clarified by centrifugation at 4°C for 10 minutes at 20,000g. The 

supernatants were stored at -20°C or -80°C. 
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2.2.2.4 GV and Cytoplasmic Fxtrant<; 

Stage VI oocytes were manually enucleated and germinal vesicles rinsed and 

collected in EB or in 5X Laemmli buffer. The remaining cytoplasms were collected 

and homogenized in EB and centrifuged at 4°C at 20,000g for 10 minutes. 

2.2.3 Antibodies 

Many antibodies were generously provided by the following colleagues: Orel 

U. Strausfield, Orc2 - M. DePamphilis, hMcm2 1. Todorov, XMcmS - R. Laskey, 

XMcm6,7 H.Takisawa, Cdc45 - 1 . Takisawa, Cyclin B l and Cdc25 - M. Doree. Many 

of the antibodies were generated in the Coue lab: Cdc6 (from cDNA provided by W. 

Dunphy), Mcm4, Cdc45, Cdc7 (from cDNA provided by H. Masai) and Cdt l . These 

polyclonal antibodies were raised in rabbits using E. coli His-Tag recombinant 

proteins as antigens (BioStrategic Solutions). Cdc2 and PSTAIRE (Cdc2 and Cdk2) 

antibodies were purchased from Santa Cruz Biotechnology, Inc. 

2.2.4 Western Blot Analysis 

SDS-PAGE and electrophoretic transfers were performed according to 

standard protocols using BioRad equipment. Immunoblots were blocked in 5% non

fat milk in PBS containing 0.02% Tween-20 (PBST) for one hour at room temperature. 

They were washed in PBST and probed with various primary antibodies at a dilution 

of 1:500-1:1000 for one hour at room temperature. Immunoblots were washed in 

PBST and then incubated for 30 minutes in horseradish peroxidase-conjugated 
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secondary antibody diluted 1:30,000 in 5% milk/PBST. Blots were rinsed and 

developed with Super Signal chemiluminescence (Pierce) (Harlow and Lane, 1988). 

2.2.5 Phosphatase Treatment 

Thirty ^\ of GV extract (corresponding to five GV) was supplemented with 10 

Hg/ml aprotinin, leupeptin and pepstatin and incubated with 5 units of Shrimp 

Alkaline Phosphatase (Roche) for 30 minutes at 37=0. The reaction was stopped 

with the addition of 5X Laemmli sample buffer (SB: 312.5mM Tris (pH 6.8), 10% 

SDS, 50% glycerol, 2.5M Bromophenol blue, 0.015% p-mercaptoethanol). The 

extract (corresponding to two GV) was subsequently analyzed by SDS-PAGE and 

Western blot analysis using a-Mcm4 antibodies. 

2.2.6 Phosphopeptide Mapping 

Fifty-five immature oocytes were incubated in MBS containing 500 iiCi 32p-

orthophosphate for a period of three hours and subsequently made into extract by 

homogenization in EB. 50 yi\ of mitotic (CSF) extract was labeled with 50 jiCi [y-

32p]ATP (3000 Ci/mmol; 10 mCi/ml) for 30 minutes. Both extracts were 

subsequently immunoprecipitated with a-Mcm4 coated protein-ASepharose beads 

(Pharmacia). Following separation by SDS-PAGE, the proteins were transferred to 

nitrocellulose membrane and exposed to X-ray film. The proteins were cut out of the 

membrane (using the developed film for alignment) and digested with 20 jig trypsin. 

The digested phosphopeptides were loaded onto thin-layer chromatography plates 
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and separated by thin-layer electrophoresis in pH 1.9 buffer in the first dimension 

using an HTLE-7000 apparatus (C.B.S. Scientific) and ascending chromatography in 

the second dimension (Boyle et al., 1991). The resulting map was visualized by 

Phosphorlmager analysis (Molecular Dynamics). 

2.2.7 Leptomycin B Treatment 

Immature oocytes were incubated in MBS containing 200 nM Leptomycin B 

(LMB) for twelve hours at 18°C. Total, cytoplasmic, and GV extracts were made and 

analyzed by SDS-PAGE and Western blot analysis with a-Mcm4, Cyclin B l , and Cdc25 

antibodies. 

2.2.8 Chromatin Binding Assay 

2.2.8.1 Preparation of Sperm Chromatin 

The testes from primed (50 units of FSH) male frogs were removed and 

homogenized. Material was filtered through 25^m nylon mesh filter and spun twice 

at 2000g for 5 minutes. The pellet was resuspended in 2 ml SuNaSp (0.25mM 

sucrose, 75mM NaCI, 0.5mM spermidine trihydrochloride, 0.15mM spermine 

tetrahydrochloride) plus 100 ^il of lysolecithin (2 mg/ml). Additional 100 (il aliquots 

of lysolecithin were added until 95% nuclei were dye permeable as visualized by UV 

microscopy. The lysolecithin was quenched by addition of 300 |iil of 30% BSA in 

SuNaSp. Sperm were spun at 2000g for 5 minutes. The supernatant was removed 

and respun at SOOOrpm for 10 minutes. The pellets were pooled and resuspended 
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in chromatin buffer (CB: 50mM KCl, 50mM HEPES-KOH, pH7.6, 5mM MgCb, 2mM 

DTT), supplemented with 30% glycerol. A small aliquot was diluted 1:100 in EB and 

counted in a hemocytometer. The DNA content was calculated assuming a Xenopus 

haploid genome of approximately 3 pg of DNA. Sperm stocks were stored at -80°C 

(Lohka and Masui, 1983). 

2.2.8.2 Chromatin Isolation 

Demembranated sperm chromatin was incubated for two hours in immature 

oocyte extracts with or without recombinant Cdc6 protein (1.8ng/|.tl extract). The 

chromatin was then isolated by centrifugation through a 15% sucrose cushion 

prepared in nuclei buffer (NB: 20mM Hepes (pH7.4), 50mM sucrose, 50mM KCl, 

5mM MgCb, and 0.1% NP-40). The pellet material was resuspended in 5X Laemmli 

sample buffer for SDS-PAGE and Western blot analysis. Western blot analysis was 

performed with a-ORC, Cdc6, Cdt l and Mcm4 antibodies. 

2.2.9 In Vitro Maturation 

Ten p.g/ml progesterone (Sigma) was added to oocytes in MBS. Maturation 

was scored by germinal vesicle breakdown, which is marked by the appearance of a 

white spot in the animal hemisphere. 
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2.2.10 H I Kinase Assay 

Thirty jal of oocyte extract (equivalent to three oocytes) was incubated in a 

reaction mixture of 90mM MgCI2, 0.7mM cold ATP, 0.7% NP-40, 4 jig histone H I and 

0.6 îCi of [Y-32p]ATP (3000 Ci/mmol; 10 mCi/ml) for thirty minutes at room 

temperature, then stopped with the addition of sample buffer. The equivalent of one 

oocyte was analyzed by SDS-PAGE and autoradiography. 

2.2.11 DNA Replication Assay 

Immature oocytes were treated with 10 |ag/ml progesterone to induce 

maturation. Oocytes were microinjected, usually at the time of GVBD, with 50 nl of a 

solution containing [a-32p]dCTP (3000 Ci/mmol; 40 mCi/ml) with or without the 

addition of recombinant protein. Maturing oocytes were treated with various 

treatments and were usually collected 3-4 hours after GVBD. Oocytes were 

homogenized in stop buffer (8mM EDTA, SOmM Tris-HCI (pH 8.0), 0.13% (w/v) 

phosphoric acid, 10% (w/v) Ficoll, and 5% (w/v) SDS) and treated overnight with 

10 jag/ml proteinase K (Ambion). After an overnight incubation at 37°C, DNA was 

extracted with phenol. DNA corresponding to 20 oocytes was loaded on 1% agarose 

gel, electrophoresed, and processed for autoradiography. 
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2.3 Results 

2.3.1 Defects in Pre-RC Assembly Result in Inability 
of the Immature Oocyte to Replicate DNA 

2.3.1.1 Expression and Localization of Pre-RC Components 
in the Immature Oocyte 

Since we believe the defect in the immature oocytes ability to replicate is at 

the level of initiation, we wanted to analyze the immature oocyte for possible defects 

in the initiation factors. A defect in one or more of the proteins that are necessary for 

mitotic initiation of DNA replication could correspond to a defect in pre-RC assembly 

or activation. We hypothesized that possible defects could be related to the 

expression, localization or post-translational modification of these initiation factors. 

With this in mind, we first examined the immature oocyte for the presence of each of 

these factors through Western blots analysis. We also tested mitotic and interphase 

egg extracts as positive controls. We found that all of the pre-RC components were 

present in the immature oocyte except for the Cdc6 protein (Fig. 2.1, lane 3). The 

other initiation factors involved in the pre-RC activation step, such as Cdc7, Cdc45, 

and Cdk2, were also expressed in the immature oocyte. When we compared the 

initiation factor expression pattern of immature oocytes to the pattern of expression 

in Xenopus eggs, we found the Orel and 0re2 subunits, Cdtl , the Mcms, Cde45, and 

Cdk2 were present in Xenopus Stage VI oocytes at levels comparable to those found 

in Xenopus eggs before fertilization (Fig. 2.1, lanes 1-3). The absence of the Cdc6 

protein in immature Xenopus oocytes suggests that these oocytes cannot assemble 

pre-RCs and therefore cannot initiate DNA replication. 
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Next we examined the sub-cellular localization of the initiation factors present 

in stage VI Xenopus oocytes by collecting manually enucleated germinal vesicles and 

their remaining cytoplasms for Western blot analysis (Fig. 2.1, lanes 4 and 5). We 

found that Orel, Ore2, Cdc7, and Cdk2 were primarily localized to the cytoplasm, 

while Cdt l , Cdc45 and the Mcms were primarily localized to the GV. The nuclear 

exclusion of two Ore subunits provides further evidence that the inability of immature 

oocytes to initiate DNA replication is linked to their inability to assemble pre-RCs. The 

cytoplasmic localization of the Cdc7 and Cdk2/Cyclin E kinases also suggests that 

even if pre-RCs could form on the chromatin they could not be activated by these two 

kinases (see Table 2.1). 

2.3.1.2 Mcm4 Phosphorylation in the Immature Oocyte 

Phosphorylation of pre-RC components is another mechanism believed to 

regulate pre-RC assembly and function during the cell cycle. Among the pre-RC 

components expressed in the immature oocyte, only the Mcm4 subunit appeared to 

be phosphorylated. Through the isolation and analysis of GV extracts, we observed a 

migration of Mcm4 that our lab had not previously seen indicating that the protein is 

phosphorylated (Fig. 2.1, Mcm4 in lane 5). The Mcm4 in the GV appeared to be an 

intermediate form between the mitotic and interphase forms. The mitotic form is 

hyperphosphorylated, and the interphase form is the maximally dephosphorylated 

form (Fig. 2 .1 , Mcm4 in lanes 1 and 2). We treated the Mcm4 isoform in the GV with 
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alkaline phosphatase and it showed a faster electrophoretic mobility confirming that 

Mcm4 in the GV is phosphorylated (Fig. 2.2a). 

We also further confirmed the Mcm4 in the GV was being actively 

phosphorylated, by determining that it was capable of incorporating [y-32p]ATP (data 

not shown). However, we discovered through numerous experiments that 32p 

incorporation varied greatly. We reasoned that we might be accidentally activating 

Cdc2/Cyclin B by the manual extraction of the GV, so we performed phosphopeptide 

mapping on labeled Mcm4 from the immature oocyte. We performed total oocyte 

labeling with inorganic phosphate and then isolated the Mcm4 by 

immunoprecipitation. We identified four spots that appeared to be very similar to 

four spots from the phosphopeptide map of mitotic Mcm4, indicating that the 

targeted phosphorylation sites of GV Mcm4 were a subset of the Mcm4 sites 

phosphorylated during mitosis (Fig. 2.2b). As previously shown, Cdc2/Cyclin B 

phosphorylates these sites in vitro (Pereverzeva et al., 2000); therefore, we 

examined the possibility that Cdc2/Cyclin B was phosphorylating Mcm4 in the GV. 

Since Cdc2/Cyclin B and its co-activator Cdc25 are known to continuously shuttle in 

and out of the GV (Yang et al., 1998,1999; Li et al., 1997), we used Leptomycin B, 

an inhibitor of nuclear export (a generous gift from M. Yoshida). This treatment 

caused a build-up of Cdc2/Cyclin B in the GV and resulted in an increase in 

phosphorylation in Mcm4 (Fig. 2.3a,b). Taken together these results suggest that 

Mcm4 phosphorylation in the GV of immature oocytes is likely the result of a 

transient Cdc2/Cyclin B activity. 
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2.3.1.3 Pre-RC Assembly in Immature Oocyte Extracts 

Thus far we have identified three main defects in pre-RC assembly and thus 

replication ability: (1) absence of Cdc6 protein, (2) differential localization of pre-RC 

components, and (3) Mcm4 phosphorylation. If these three factors were the only 

ones preventing pre-RC assembly, we reasoned that pre-RCs should be capable of 

assembly on sperm chromatin incubated in a total immature oocyte extract 

supplemented with recombinant Xenopus Cdc6 protein. In these extracts, Cdc6 

would be available to bind to the chromatin, the differential localization of the 

initiation factors would be relieved by removal of the nuclear membrane, and Mcm4 

could be dephosphorylated by cytoplasmic phosphatases. When we incubated 

recombinant Cdc6 protein and sperm chromatin in a total immature oocyte extract, 

we found that complete pre-RC assembly (measured by Mem binding) did not occur 

without the addition of Cdc6. While both ORCl and Cdt l were bound to the 

chromatin without Cdc6 addition, Mcm4 binding required Cdc6 protein (Fig. 2.4). 

Thus, Cdc6 is the only missing pre-RC component and germinal vesicle breakdown is 

necessary for pre-RC assembly. Our results clearly establish that the initiation defect 

in immature oocytes corresponds to a defect in pre-RC assembly. 

2.3.2 Replication Competence Requires Cdc6 Synthesis 

2.3.2.1 Expression of Initiation Factors During Maturation 

Since Cdc6 was not present in the immature oocyte, we looked to see if it is 
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synthesized during the maturation process, when the ability to replicate is known to 

develop (Furuno et al., 1994). We induced oocytes to mature in vitro by the addition 

of progesterone to the media. We synchronized the maturation of a batch of oocytes 

by pooling oocytes as they went through GVBD, which was visualized by the 

appearance of a white spot on the animal hemisphere of the oocyte. We also 

monitored the progression of the maturation process by monitoring H I kinase 

activity, which indicated that Cdc2/Cyclin B activity was highest at GVBD (0') and 

lowest preceding the interval between Meiosis I and Meiosis II (45-60'). At given time 

points after GVBD, we collected ten oocytes, made total extract, and analyzed the 

extracts by Western Blot analysis. For the time points before GVBD, we took ten 

oocytes from the batch. The first expression of Cdc6 appeared shortly after GVBD 

(about 15 minutes after GVBD) and the expression of Cdc6 continued through the 

metaphase 11 arrest (Fig. 2.5). The expression of Cdc6 appeared to be biphasic with 

a low level of expression between 15-60' after GVBD (Meiosis I) and a higher level of 

expression starting at about 120' after GVBD (Meiosis II). The low level of expression 

correlated to the time when the ability to replicate DNA is known to arise (shortly after 

GVBD). The other initiation factors (Orel, Cdt l , the Mcms, Cde45, and Cdc7) were 

present throughout the maturation process. Some appeared to be phosphorylated at 

GVBD when a surge of Cdc2/Cyclin B activity is known to occur and remained 

phosphorylated through the metaphase II arrest (see mobility shift of Orc2, Cdt l , 

Mcm4, and Cdc7 proteins at 0' in Fig. 2.5). Although a representative experiment is 

shown here, this experiment was repeated several times. Although the length of time 
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to reach maturation varied somewhat (usually about 2-4 hours), the kinetics of 

maturation after GVBD and the expression of Cdc6 were always reproducible. 

2.3.2.2 Effect of Cycloheximide Treatment on Initiation 
Factor Expression 

While oocytes normally do not replicate their DNA between meiosis 1 and 

meiosis II, oocytes can be artificially forced to replicate their DNA between meiosis I 

and meiosis II by the addition of cycloheximide 30'-60' after GVBD (Furuno et al., 

1994). This treatment prevents MPF reactivation at the end of meiosis I because c-

mos and Cyclin B synthesis is inhibited. Therefore, progression into meiosis II is also 

blocked, instead, following meiosis I, the oocytes enter into interphase, reform nuclei 

and replicate their DNA. However, if CHX is added at GVBD, oocytes reform nuclei but 

are unable to replicate their DNA. These different CHX treatments have established 

that the replication competence of Xenopus oocytes arises during meiosis I and 

requires the synthesis of one or several essential, unknown factors about the time of 

GVBD (Furuno et al., 1994). Since Cdc6 begins to be synthesized shortly after GVBD, 

we reasoned that it could be an essential factor necessary for replication 

competence. To determine if this was so, we looked at the effect the various CHX 

treatments had on Cdc6 expression. We induced oocytes to mature in vitro by the 

addition of progesterone and then added CHX to the media at the appropriate time. 

We collected these extracts as described above and assayed them by Western blot 

analysis. Addition of CHX 30' minutes following GVBD allows oocytes to replicate 
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their DNA. CHX addition at 30' had little effect on the low level expression of Cdc6 

during meiosis I, but completely inhibited the meiosis II expression (Fig. 2.6). This 

treatment did not inhibit the expression of the other initiation factors as represented 

here by Mcm4 expression (Fig. 2.6 and data not shown). Although Mcm4 expression 

was not affected by this treatment, its phosphorylation status was changed due to 

the absence of MPF reactivation, which is necessary for maintained Mcm4 

phosphorylation. CHX treatment at GVBD does not allow for DNA replication, only 

the reformation of the nuclear envelope. CHX addition at GVBD completely 

obliterated Cdc6 expression (Fig. 2.6). The timing of Cdc6 expression during 

maturation and its changes upon CHX treatment strongly suggest that Cdc6 is an 

important factor for the development of the oocyte's replication competence. 

2.3.2.3 DNA Replication Rescue by Injection of Cdc6 Protein 

To determine if Cdc6 was the only factor limiting the ability of oocytes to 

replicate their DNA after GVBD, we tested the ability of Cdc6 to rescue DNA 

replication by injecting it into maturing oocytes treated with CHX at GVBD. Under 

these conditions protein synthesis occurs before GVBD but the synthesis of 

endogenous Cdc6 protein (Fig. 2.6), or any other essential replication factors after 

GVBD, is prevented. We induced oocytes to mature in vitro by the addition of 

progesterone and waited for GVBD. At GVBD oocytes were placed in media 

containing CHX and injected with [a-32p]dCTP and Cdc6 or with [a-32p]dCTP and the 

control proteins, Cdc45 and Bovine Serum Albumin (BSA). The oocytes were allowed 
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several hours for DNA replication before collection for DNA extraction. Analysis of 

chromosomal DNA indicated that oocytes injected with buffer, BSA or recombinant 

Cdc45 proteins were unable to replicate their DNA after meiosis 1 (Fig. 2.7a). On the 

other hand, injection of the Cdc6 protein induced DNA replication in a concentration 

dependent manner (Fig. 2.7a and Fig. 2.8). As a positive control for replication, 

oocytes were induced to mature, injected with [a-32p]dCTP, and placed in CHX at 60 

minutes after GVBD, which are the conditions which allow for DNA replication 

between meiosis I and meiosis II (Furuno etal., 1994). We also performed the Cdc6 

injection in the presence of aphidicolin, an inhibitor of DNA polymerase a, to make 

certain that DNA replication and not repair was occurring. Cdc6-induced replication 

was sensitive to aphidicolin indicating that DNA replication was indeed occurring (Fig. 

2.7b). These findings demonstrate that after GVBD, Cdc6 is the only factor whose 

synthesis is limiting for the establishment of the oocyte's replication competence. 

However, these experiments do not exclude the possibility that before GVBD the 

synthesis of other factors is also required for the development of the oocyte's 

replication competence. 

2.3.3 GVBD and Cdc6 are the Only Requirements 
for Replication Competence 

Although our findings demonstrate that Cdc6 is the only factor that needs to 

be synthesized after GVBD, they do not answer whether another factor necessary for 

replication competence has to be synthesized before GVBD. To test if other protein 

synthesis before GVBD is necessary for replication competence, we tested the ability 
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of Cdc6 to induce DNA replication in the absence of protein synthesis. We injected 

recombinant Cdc6 into the cytoplasm or GV of immature oocytes incubated in CHX to 

block protein synthesis. Neither of these injections induced DNA replication (Fig. 

2.9a). Although this negative result could indicate the required synthesis of other 

unknown initiation factors, it is likely that that these injections did not induce 

replication because the pre-RC was not able to assemble due to the differential 

localization of the pre-RC components. To test this and allow pre-RC assembly in 

immature oocytes treated with CHX, we treated oocytes with CHX and induced GVBD 

by the injection of Cyclin A protein. Cyclin A injection activates pre-MPF and triggers 

GVBD (Swenson et al., 1986; Roy et al., 1991), allowing the pre-RC to assemble. 

Because this process occurs in the absence of protein synthesis, oocytes do not 

proceed toward meiosis II but instead enter interphase at the end of meiosis I. 

Injection of a low concentration of Cyclin A (50 nM intracellular concentration) in 

oocytes treated with CHX, induced oocytes to undergo GVBD (Fig. 2.10a) and a 

transient increase in H I kinase activity followed by a decrease to a level lower than 

that reached between meiosis I and meiosis II of the progesterone control (Fig. 

2.10b). These oocytes were unable to maintain a high Cdc2 kinase activity and did 

not proceed toward meiosis II (Fig. 2.10b). Injection of 50 nM Cyclin A alone, in the 

absence of protein synthesis, did not allow DNA replication during this interphase, 

but co-injection of 50 nM Cyclin A and Cdc6 proteins did induce DNA replication (Fig. 

2.9b). However, the ability of Cdc6 to induce DNA replication was inhibited when a 

ten fold higher concentration of Cyclin A was used to induce GVBD (Fig. 2.9b). This 
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inhibition is most likely the result of the sustained high Cdc2 kinase activity in 

oocytes injected with 500 nM Cyclin A. H I kinase activity is elevated to levels higher 

than that in the progesterone control at GVBD and remains high (Fig. 2.10b). We 

believe that such high MPF activity pushes the oocyte to enter meiosis II after 

meiosis I preventing DNA replication. Meanwhile oocytes injected with a low 

concentration of Cyclin A are not able to sustain the high level of MPF activity that is 

required for the meiosis II arrest. All together, our results demonstrate that GVBD 

and Cdc6 synthesis are the only events that limit the development of the oocyte's 

replication competence during meiosis. 

2.4 Discussion 

Our experiments define the parameters controlling the development of 

replication competence in Xenopus oocytes during meiosis. The inability of the 

immature oocyte to initiate DNA replication is linked to a deficiency in assembling 

pre-RCs on chromatin. The main reason for this deficiency is the absence of the 

Cdc6 protein. Cdc6 protein is essential for the initiation of DNA replication. Another 

reason for deficiency is the differential localization of the other initiation proteins. 

Orel and 0rc2 were primarily localized to the cytoplasm, while Cdt l and the Mcms 

were primarily localized to the GV. It is likely that additional parameters such as, the 

phosphorylation of the Mcm4 subunit of the Mem heterohexameric complex, may 

contribute to the initiation defect of immature oocytes. However, the extent of any 

such additional mechanisms remains to be established. 
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These parameters present similarities and differences with those preventing 

DNA replication during G2 phase of the mitotic cell cycle. The most important 

parameter is Cdc6 synthesis. Without Cdc6, immature oocytes cannot assemble pre-

RCs and are incompetent to replicate DNA. We demonstrated that Cdc6 is the only 

factor whose synthesis is required for the development of the oocyte's ability to 

replicate DNA. Inhibition of Cdc6 function seems to be the key in preventing 

replication during the mitotic G2 phase. Cdc6 is the first initiation protein that is 

regulated in vivo by CDK-dependent phosphorylation and proteolysis (Jallepalli etal., 

1997). Since Cdc6 has to be synthesized de novo at the beginning of each cycle to 

participate in pre-RC assembly in yeast, its destruction following S phase ensures 

that it will not be available for replication during G2. In contrast to the 

phosphorylation of the yeast Cdc6 protein, phosphorylation of the human Cdc6 

protein targets it for translocation from the nucleus to the cytoplasm thereby 

preventing its reassociation with the chromatin after the on-set of S phase (Jiang et 

al., 1999; Petersen et al., 1999). The mechanisms that regulate the expression and 

activity of Cdc6 in Xenopus immature oocytes have not been elucidated. We will 

present evidence in the next chapter to prove that Cdc6 expression is controlled 

mainly at the translational level in the immature oocyte and during the maturation 

process. 

The parameters preventing DNA replication in the immature oocyte are also 

similar to those preventing replication in GO arrested or quiescent cells. We have 

shown that the synthesis of Cdc6 and the relief of the differential localization of the 
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pre-RC components through GVBD are critical for replication competence. Likewise, 

numerous studies of quiescent cells have reported that Cdc6 and membrane 

permeabilization are critical for the replication competence of quiescent cells (Lu et 

al., 1999; Stoeber et al., 1998). 

The sub-cellular localization of replication factors is another parameter 

controlling replication competence in Xenopus oocytes. In immature G2 arrested 

oocytes, the Ore proteins are cytoplasmic and therefore unable to support pre-RC 

assembly. We found that depending on the batch of oocytes, at least 80 % of Orc2 

was cytoplasmic. Orel was always found in the cytoplasm. This is the first report of 

nuclear exclusion of the Ore proteins during a G2 arrest. Currently, we do not know 

the mechanisms responsible for the cytoplasmic retention of Ore or if these 

mechanisms are meiosis specific or also involved in controlling pre-RC assembly 

during the mitotic cell cycle. Although we now know that Orel and 0rc2 are localized 

to the cytoplasm in the immature oocyte, at this time we do not have information on 

the localization of 0rcs3-6. While we have information that Orel and 0rc2 are 

associated in a complex (data not shown), it could be possible that the entire ORC 

complex is not fully associated in the G2 arrested oocyte. The complex could require 

complete formation or the association of a particular subunit before it can be 

transported into the nucleus. 

Cdc7 kinase has also been described as a nuclear-localized protein during the 

somatic cell cycle (Jiang and Hunter, 1997; Sato et al., 1997) but is localized to the 

cytoplasm in G2 arrested oocytes. As with Ore, we also do not know the mechanism 
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responsible for the cytoplasmic retention of Cdc7. Cdc7 associates with the 

regulatory subunit, Dbf4. Putative Dbf4 homologues have been reported in 

numerous species (Brown and Kelly, 1998; Landis and Tower, 1999; Lepke etal., 

1999; Kumagai et al., 1999; Jiang et al., 1999), although none has been reported for 

Xenopus. Although we believe that a Dbf4 homologue does exist in Xenopus, 

currently we have no information on the characteristics of this protein. However, 

Dbf4 in humans contains a nuclear localization signal (NLS) (Jiangeta/., 1999) 

suggesting that Cdc7, which does not contain an NLS, must associate with Dbf4 in 

order to be translocated to the nucleus. 

While additional parameters (e.g., Cdk-dependent phosphorylation of Mcm4 in 

the GV) might contribute to the initiation defect of mature oocytes, the extent of any 

such additional mechanisms remains to be established. In Xenopus, the Mcm4 

protein is the main subunit of the Mem complex that is actively phosphorylated 

during the mitotic cell cycle. It has three phosphorylation states, 

hyperphosphorylation, intermediate phosphorylation and hypophosphorylation, which 

are achieved through the activity of Cdc2/Cyclin B and other unknown kinases. The 

intermediate phosphorylation isoform of Mcm4 (the active form) assembles in the 

pre-RC in mitotic initiation. Following replication, the Mcm4 protein becomes 

hypophosphorylated and can no longer bind to the chromatin (Pereverzeva et a/., 

2000). It is likely that the phosphorylation status of Mcm4 in the GV affects its ability 

to participate in pre-RC assembly. It is possible that the GV Mcm4 is either 

phosphorylated too much or too little to participate in pre-RC assembly. 
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We have shown that replication competence in Xenopus oocytes is 

established during meiosis 1 after Cdc6 synthesis and nuclear envelope breakdown. 

We estimate that the concentration of endogenous Cdc6 protein at the end of 

meiosis 1 is approximately 0.5ng and that the mature egg contains about 5ng of 

endogenous Cdc6 protein. We found that replication is 50% rescued when we 

injected 0.75ng of protein, which is one seventh the amount of endogenous Cdc6 in 

the mature egg. We feel that we have successfully performed the replication rescue 

experiments with a concentration of Cdc6 that mimics the normal level of 

endogenous Cdc6 protein. 

Once we determined Cdc6 and GVBD were necessary for replication 

competence, we were uncertain if other protein synthesis before GVBD was also 

necessary. In order to determine if protein synthesis before GVBD was also 

necessary for replication competence, we blocked protein synthesis with CHX 

treatment and then induced an artificial GVBD by injecting Cyclin A protein. This 

injection activated the stored pre-MPF pool and causes GVBD. Although this 

procedure worked efficiently, it was not the only method we employed to induce 

artificial GVBD. 

Recently the protein, RINGO (rapid inducer of G2/M progression in oocytes) 

has been shown to induce rapid MPF activation in CHX-treated oocytes. RINGO binds 

to and activates the kinase activity of p34c'̂ =2 ̂ j t ^ioes not associate with 

p34cdc2/QyclJn B complexes. De novo synthesis of RINGO is believed to be required 

for progesterone-induced maturation. Although RINGO can induce MPF activation 

82 



and GVBD in the presence of CHX, it only transiently activates histone H I kinase 

activity. This suggests that oocytes enter meiosis I but arrest at the meiotic 

interphase because they are unable to proceed to meiosis II (Ferby et al., 1999). We 

injected RINGO into CHX-treated oocytes and were able to induce GVBD. However, 

we did not observe any replication in control experiments or upon Cdc6 injection at 

GVBD (data not shown). Although we expected RINGO to act in a manner similar to 

Cyclin A, the fact that we did not observe positive replication is not too surprising. 

RINGO is also able to bind Cdk2 and activate its kinase activity (Karaiskou et al., 

2001). Cdk-RINGO complexes may be active under conditions in which cyclin-bound 

Cdks are normally inhibited. The activity of the Cdk-RINGO complexes may prevent 

Cdc6 from participating in replication resulting in the negative results we observed. 

Phosphorylation of the Cdc6 protein could keep it from accessing the chromatin or it 

is possible that RINGO activated Cdk2, binds to and inhibits Cdc6. Another likely 

scenario is that when RINGO binds to Cdk2, it quenches Cdk2. Therefore, Cdk2 is 

unable to bind to Cyclin E. Since Cdk2/Cyclin E is necessary for the initiation of DNA 

replication, no replication occurs. 

Our results clearly demonstrate that replication competence in Xenopus 

oocytes is established during meiosis I after Cdc6 synthesis and nuclear envelope 

breakdown. We have identified how the oocyte re-establishes replication 

competence once it is lost after pre-meiotic S phase. Once replication competence is 

re-established, DNA replication must then be repressed until meiosis is completed. 
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Future work will focus on identifying the mechanisms acting downstream of Mos and 

MPF that are responsible for this repression. 

84 



egg extract ooeytc extract 
' 11 .^ ô .:, 
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Figure 2.1 . Expression and localization of initiation factors in the immature oocyte. 
Western blot analysis of various initiation factors in total (lane 3), cytoplasmic (lane 
4) or nuclear (lane 5) extracts from immature Xenopus oocytes. Expression of the 
same factors in mitotic (lane 1) or interphase egg extracts (lane 2) is provided for 
comparison. 
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Table 2.1. Localization of initiation proteins in immature Xenopus oocytes 

Protein 

Ord 
Orc2 
CdcG 
Cdtl 
Mcm2 
Mcm3 
Mcm4 
Mcm6 
Mem 7 
Cdc45 
Cdc7 
Cdc2 
Cdk2 

Location 

cytoplasm 
cytoplasm 

absent 
GV 
GV 
GV 
GV 
GV 
GV 
GV 

cytoplasm 
cytoplasm 
cytoplasm 
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Figure 2.2. Mcm4 is phosphorylated in the immature oocyte, (a) Phosphatase 
treatment of the Mcm4 isoform found in the germinal vesicle (GV) of immature 
Xenopus oocytes, (b) Tryptic phosphopeptide maps of the Mcm4 isoforms found in 
the GV of immature oocytes or in mitotic egg extracts. 
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Figure 2.3. Cdc2/Cycrm B accumulates in the nucleus with leptomycin treatment, 
(a) Immature oocytes were incubated overnight with or without 200 nM leptomycin B, 
an inhibitor of nuclear export. Cytoplasmic and nuclear extracts were analyzed by 
SDS-PAGE followed by immunoblotting with anti-Xenopus Mcm4, Cdc25 and Cyclin 
B l antibodies. Cyclin B l migrates as a doublet above a major cross-reactive band 
(Fisher et al., 1998). (b) H I kinase activity associated with the Cdc2/Cyclin B 
complex present in the nucleus of immature oocytes treated with leptomycin B. 
pl3suci beads were used to isolate the Cdc2/Cyclin B contained ir the nuclei of 20 
oocytes. 
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Figure 2.4. Cdc6 protein is necessary for pre-RC assembly. Demembranated sperm 
chromatin was incubated 2 hours in immature oocyte extracts with or without 
recombinant Cdc6 protein (1.8 ng/|il extract). Chromatin was isolated and the bound 
proteins were separated by SDS-PAGE and analyzed by Western blotting. 

89 



•• o 0' 15' 30' 45' 60' 120' 240' 
t 1 I I I 

IBZ 

.mm mmm » W i W . r • « "^ ] ORC2 

<.-. « « * ^ -Cdc6 

—i«i^irr'^]Mcm4 

Meiosis I Meiosis n 

Figure 2.5. Cdc6 synthesis occurs during meiosis 1 shortly after GVBD. Immature 
oocytes were treated with progesterone (10 |ig/ml) to induce the maturation process 
and resumption of meiosis. Maturing oocytes were collected at the indicated times 
after GVBD and subjected to Western blot analysis with the indicated antibodies. The 
time of GVBD was determined by the appearance of a white spot on the animal pole. 
Progression through meiosis was followed by determining the H I kinase activity in 
oocyte extracts during the maturation process. 
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Figure 2.6. CHX treatment does not affect the early expression of Cdc6. 
Progesterone-induced maturation was carried out in the presence or absence of 
cycloheximide (CHX). CHX (100 ^g/m\) was added to oocytes either at GVBD or 30' 
after GVBD. Mcm4 and Cdc6 expression was analyzed by Western blotting at the 
indicated times after GVBD. 
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Figure 2.7. Cdc6 injection into oocytes undergoing GVBD in the absence of protein 
synthesis induces DNA replication, (a) Immature oocytes were treated with 
progesterone (10 )ag/ml) to induce maturation. Oocytes were injected at GVBD with a 
50 nl solution containing [a-32p]dCTP (3000 Ci/mmol; 40 mCi/mL) with or without 
the indicated recombinant proteins. CHX was added either 1 hour after GVBD (lane 1) 
or at time of GVBD (lane 2-6). Oocytes were collected 4 hours after GVBD and DNA 
was extracted. DNA corresponding to 20 oocytes was loaded on a 1% agarose gel, 
electrophoresed and processed for autoradiography, (b) Maturing oocytes 
undergoing GVBD were treated with CHX (100 |j.g/ml) in the presence or absence of 
20 M-g/ml aphidicolin. Oocytes were immediately injected with [a-32p]dCTP and 2.5 ng 
recombinant Cdc6 protein. Oocyte DNA was extracted and analyzed 4 hours after 
GVBD. 
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Figure 2.8. Injection of Cdc6 increases replication in a dose-dependent manner. 
Immature oocytes were treated with progesterone (10 [ig/m\) to induce maturation. 
Oocytes were injected at GVBD with a 50 nl solution containing [a-32p]dCTP (3000 
Ci/mmol; 40 mCi/mL) and 0 to 12.5 ng of Cdc6 protein. CHX was added at the time 
of GVBD. Oocytes were collected 4 hours after GVBD and DNA was extracted. DNA 
corresponding to 20 oocytes was loaded on a 1% agarose gel, electrophoresed and 
processed for autoradiography. The autoradiography results were analyzed with 
Image Pro-Plus software (MediaCybernetics). The results are represented as percent 
replication versus nanograms of Cdc6 protein injected. 
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Figure 2.9. Cdc6 and GVBD are the only requirements for replication competence, 
(a) Immature oocytes, incubated in the presence of 100 ug/ml CHX, were injected 
either into the cytoplasm or the germinal vesicle (GV) with [a-32p]dCTP and 2.5 ng 
recombinant Cdc6 protein. DNA extraction and analysis was performed 4 hours after 
injection. A positive replication control was obtained from the same batch of oocytes 
treated with progesterone and CHX 60 minutes after GVBD. (b) Immature oocytes 
were injected with recombinant Cyclin A (50 nM or 500 nM intracellular 
concentration) to induce GVBD. CHX (100 jig/ml) was added either at the time of 
Cyclin A injection (C) or 60 minutes after GVBD. At the time of GVBD oocytes were 
injected again with [a-32p]dCTP with or without 2.5 ng recombinant Cdc6 protein. 
DNA extraction and analysis was performed 4 hours after injection. 
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Figure 2.10. Comparison of the maturation process and H I kinase activity induced 
by progesterone and Cyclin A injection. Sixty immature oocytes were treated either 
with 10 mg/ml progesterone or injected with recombinant Cyclin A protein (in the 
presence of 100 ^g/ml cycloheximide) to obtain an intracellular concentration of 50 
nM or 500 nM. (a) When the percent of oocytes undergoing GVBD was scored, both 
concentrations of Cyclin A accelerated the maturation process as compared to 
progesterone treatment, (b) When H I kinase activity was measured, only the high 
(500 nM) concentration sustained high levels of H I kinase activity in the absence of 
protein synthesis. 
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CHAPTER 111 

REGULATION OF Cdc6 EXPRESSION 

IN THE IMMATURE OOCYTE 

3.1 Introduction 

Multiple levels of pre-RC component regulation exist in the immature oocyte 

so that it is unable to replicate its DNA. The Cdc6 protein, an essential pre-RC 

component, is absent from the immature oocyte. The ORC proteins and Cdc7 are 

compartmentalized in the cytoplasm so that they cannot access the chromatin and 

participate in pre-RC assembly. Lastly, the Mcm4 subunit of the Mem complex is 

phosphorylated. The combination of these three ensures that the immature oocyte 

does not have the ability to initiate DNA replication. 

In the previous chapter, we demonstrated that the oocyte overcomes these 

restraints during the maturation process as it gains replication competence early 

during meiosis I after GVBD. The requirements for replication competence are the 

synthesis of the Cdc6 protein and GVBD, which relieves the differential localization of 

the expressed initiation proteins. 

Since synthesis of the Cdc6 protein is critical for the development of the 

immature oocyte's ability to replicate and the ability to replicate is essential for the 

early divisions and development of the embryo following fertilization, we wanted to 

better understand the mechanisms that control Cdc6 protein expression in the 

immature oocyte and during the maturation process. 
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The regulation of mRNA translational via cytoplasmic polyadenylation is a 

common phenomenon in Xenopus oocyte maturation. Several key regulators of cell 

cycle progression have short poly(A) tails and are translationally silent in the 

immature oocyte. For example, both the Mos and Cyclin B l mRNAs are dormant in 

the immature oocyte. Upon progesterone stimulation and reinitiation of meiosis, 

these mRNAs and others are polyadenylated and translated (McGrew and Richter, 

1990; Sheets, et al., 1994; Stebbins-Boaz and Richter, 1994). The translational 

silencing or masking of these maternal mRNAs appears to require active repression 

(deMoor and Richter, 1999). At this time it appears that derepression and 

polyadenylation of masked mRNAs are linked (deMoor and Richter, 1997; Barkoff et 

al., 2000) in the translational control of some proteins, but separate events in others 

(Charlesworth et al., 2000). Cyclin B l mRNA is translationally repressed by cis 

sequences in its 3'UTR and is polyadenylated in response to progesterone. Barkoff 

and colleagues found that cytoplasmic polyadenylation was necessary for the 

derepression of the Cyclin B l mRNA suggesting that full translational activation of 

Cyclin B l mRNA requires both cytoplasmic polyadenylation and derepression of the 

mRNA (Barkoff et al., 2000). The Weel mRNA is also translationally repressed by c/s 

sequences in its 3'UTR and is polyadenylated in response to progesterone. However, 

cytoplasmic polyadenylation of the Weel mRNA is not required for the translational 

derepression of the Weel 3'UTR in response to progesterone suggesting that 

derepression and cytoplasmic polyadenylation of the Weel mRNA are separate 

functions (Charlesworth etal., 2000). 

100 



The 3'UTR of many translationally regulated mRNAs contain cytoplasmic 

polyadenylation elements (CPEs) in close proximity to the ubiquitous polyadenylation 

hexanucleotide (AAUAAA), which is necessary for progesterone-dependent 

polyadenylation. CPEs are c/s elements that have the general sequence of 

U4-5 Ai-2 Ui-2. CPE sequences and the trans-acting proteins that bind to them have 

been implicated in both translational repression and translational stimulation of 

specific mRNAs. However, the extent and timing of both polyadenylation and 

translation of CPE-containing mRNAs are variable suggesting that additional 

mechanisms may cooperate to achieve the strict temporal pattern of maternal mRNA 

translation (Ballantyne eta/., 1997; deMoor and Richter, 1997). 

Initial analysis of the 3'UTR of Xenopus Cdc6 revealed multiple potential CPE 

sequences. We hypothesized that Cdc6 in the immature oocyte is regulated at the 

level of translation. To address this hypothesis, we focused studies on determining 

why Cdc6, which is critical for replication competence and normal embryo 

development, was absent from the immature oocyte. 

3.2 Materials and Methods 

3.2.1 RNA Extraction and Northern Blot Analysis 

Total RNA was extracted from 20-100 oocytes using Trizol (Gibco/BRL) 

according to the manufacturer's instructions. RNA was resuspended in DEPC-treated 

water and stored at -80°C. RNA integrity was estimated by examination of 18S and 

28S rRNA following ethidium bromide staining of formaldehyde gels. 
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Either 12.5 |ag or RNA equivalent to one oocyte was separated on a 1.5% 

agarose gel, transferred to a nylon membrane (Osmonics) via vacuum blotting, and 

UV cross-linked. For probe preparation, a 270bp portion or 1662bp (the entire 

coding region) of pVL-XCdc6 cDNA (Coleman et al., 1996) was PCR amplified and gel 

purified. The DNA was labeled with [a-^^PjdCTP (3000 Ci/mmol; 10 mCi/ml) using 

All-ln-One random prime DNA labeling mix (Sigma) according to the manufacturer's 

instructions and purified using G-50 spin columns (Roche). RNA blots were pre-

hybridized at least one hour in Church buffer at 65°C. Hybridization was performed 

according to Church's protocol (Church and Gilbert, 1984). Briefly, the DNA probes (1 

million cpm/ml) were incubated with the RNA blot in Church buffer at 65°Cfor 16 

hours. Blots were washed twice in IX SSC, 0.1% SDS for 15 minutes at room 

temperature followed by two washes at 65°C for 30 minutes. Lastly the blots were 

washed in IX SSC at 65°C for 30 minutes and subjected to Phosphorlmager analysis. 

3.2.2 35S-methionine-labelingand Immunoprecipitation 

Oocytes were placed in ND-96 media (96mM NaCI, 2mM KCl, l.SmM CaCb, 

ImM MgCl2, 5mM Hepes, 5 mg/L Penicillin, 10,000 units Streptomycin, 0.5mM 

Theophylline, 50 mg/L Gentamicin, 80|ig/ml Sulfamethoxazole, and 16mg/ml 

Trimethoprim) containing 1.5 mCi psjmethionine. Oocytes were incubated at room 

temperature for 48 hours and then collected and made into total extract. 450 |al of 

extract (corresponding to 45 oocytes) was incubated with 50 ]x\ of a-Cdc6 coated 

protein-A Sepharose beads for 60 minutes at 4°C on a horizontal rotor. The beads 
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were washed thoroughly with EB and resuspended in 2X Laemmli buffer for SDS-

PAGE and subsequent Western blot analysis. Following Western blot analysis, the 

membrane was dried and subjected to Phosphorlmager analysis. 

3.2.3 Polysome Analysis 

Polysomes were isolated from oocytes using standard procedures with a few 

modifications (Wormington, 1991). Twenty oocytes were homogenized in 1 ml of ice-

cold polysome buffer [PB: SOOmM KCl, 2mM MgCb, 20mM Tris-HCI (pH 7.4), 4 ^g/ml 

polyvinylsulfate, supplemented prior to use with 0.5% sodium deoxycholate, 4mM 

dithiothreitol (DTT), and 25U/ml RNasin (Promega)]. Homogenates were spun at 

12,000g at 4°C for 15 minutes. The supernatant was removed and added to 2 ml of 

PB +/- 15mM EDTA. Diluted supernatants were layered over 2.5 ml of PB or PB + 

EDTA, containing 25% (w/v) sucrose and ultracentrifuged at 149,000g (40,000rpm) 

for 2 hours in a Beckman SW50.1 rotor. Following ultracentrifugation, the 

supernatant fractions and sucrose cushions were recovered. RNA was isolated from 

both the non-polysomal fractions and polysomal fractions with Trizol, according to the 

manufacturer's instructions. 

3.2.4 In Vitro Transcription and Translation 

Polypeptides corresponding to wild-type Cdc6 (Coleman etal., 1996) and 

A114Cdc6 cDNAs were prepared in vitro using the TNT T7 Coupled Reticulocyte 

Lysate System or TNT Coupled Wheat Germ Extract System (Promega) with 
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[35S]methionine (New England Nuclear). A114Cdc6 was generated by restriction 

enzyme digestion and subcloned into the pRSET B vector (Invitrogen). 

3.2.5 Oocyte Microinjection and Degradation Kinetic 

Oocytes were microinjected with 50 nl of in vitro transcription and translation 

protein in the cytoplasm at the region between the animal and vegetal hemispheres. 

Oocytes were immediately placed at 18°C and incubated at ISoC over the duration of 

the kinetic. At given time points, oocytes were collected and made into total, 

cytoplasmic or GV extracts. The extracts were analyzed by SDS-PAGE followed by 

transfer to nitrocellulose membrane. Membranes were dried prior to exposure. 

Image analysis was by Phosphorlmager detection with quantitation using 

ImageQuant (Molecular Dynamics). For the in vitro control, in vitro transcription and 

translation protein was incubated in extract buffer at 18°C. At given time points, 

reactions were stopped by the addition of 2X Laemmli buffer and analyzed as above. 

3.2.7 In Vitro Transcription 

The luciferase/Cyclin B l plasmid has been previously described (Sheets et al., 

1994). The luciferase/polylinker plasmid is identical to Iuciferase/Xii4 mRNA 

(Gillian-Daniel etal., 1998). These plasmids plus the luciferase plasmid (pT7-Luc 

Bglll at stop codon) were kindly provided by Marvin Wickens. The Cdc6 3'UTR was 

PCR amplified using primers 5'-cagatctgttagttttagtctac-3' and 5'-ggatccaatggtttaatg-3' 

and pVL-XCdc6 cDNA as the template (Coleman et a/., 1996). The primers used to 
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generate the CPE mutant were 5'-cagatctgttagttttagtctac-3' and 5'-

ggatccagcagaaactagttatgtc-3'. The primers used to generate the hexanucleotide 

mutant were 5'-cagatctgttagttttagtctac-3' and 5'-ggatccaatggtttaatgtctattaaaac-3'. 

The Mcm4 3'UTR was PCR amplified using the primers 5'-ggatccattatgtaacaggtgc-3' 

and 5'-cagatctagagatactgtcctg-3' and X6Mcm4 cDNA as the template (Coue et al., 

1996). The resulting DNA fragments were cloned into the Bglll and BamHI sites of 

pT7Luc Bglll at stop codon to generate luciferase constructs. All plasmids were 

prepared by cesium chloride equilibrium centrifugation. Plasmid templates were 

then linearized by digestion with BamHI and transcribed in vitro using mMessage 

mMachine T7 kit (Ambion) according to the manufacturer's instructions. The Cdc6 

and Mcm4 3'UTRs were also inserted into the pSP64 vector (Promega). These 

plasmids were linearized by digestion with BamHI and transcribed in vitro using 

mMessage mMachine SP6 kit. 

3.2.8 Luciferase Assay 

Stage VI oocytes were collected and allowed to recover overnight in MBS at 

18°C. Oocytes were injected with 50 nl of mRNA. Following incubation for various 

amounts of time, oocytes were pooled into groups of five and homogenized in 200 )_il 

IX Cell Lysis Buffer (Promega). The homogenate was centrifuged at 12,000g at 4°C 

for 10 minutes and the clear supernatant isolated. The lysate was brought to room 

temperature for 15 minutes before 1-45 |Ltl was assayed. The reaction was initiated 
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by adding 100 îl of Bright-Glo Luciferase Assay Reagent (Promega). Photons were 

counted with a TD-20/20 luminometer (Turner Designs). 

3.2.9 RNase H/oligo d(T) Treatment 

Fifteen [ig of RNA from immature or mature oocytes was mixed with 2 |uig oligo 

d(T)i2-i8 (Pharmacia) in 19 î l 40mM Tris-HCI (pH 7.9), 4mM MgCIa, ImM DTT, and 30 

ng/ml BSA. This was heated at 85°C for 5 minutes, 42oC for 10 minutes and cooled 

to room temperature. Two units of RNase H (Promega) were added and the samples 

were incubated at 37°C for 30 minutes. The reaction was terminated by the addition 

of 80 )il water, followed by phenol-chloroform extraction and ethanol precipitation. 

As a control, oocytes were treated in the same manner only without the addition of 

oligo d(T)i2-i8. RNAs were resuspended in DEPC-treated water and electrophoresed 

and blotted as above. 

3.3 Results 

3.3.1 Expression of Cdc6 mRNA and 
Protein During Oogenesis 

Based on our initial observation that the Cdc6 protein is absent from the 

immature oocyte, we wanted to determine if the Cdc6 protein is also absent during 

oogenesis. We began by looking at the Cdc6 message and protein expression in the 

early stages (1-Vl) of the immature oocyte. We found that the Cdc6 message is 

present in all six stages of oogenesis (Fig. 3.1a); However, the protein is not 

detectable (Fig. 3.1b). 

106 



3.3,2 Stability of Cdc6 Protein in the Immature Oocyte 

It is possible that one reason Cdc6 is absent from the immature oocyte is that 

the protein is unstable and turns over rapidly. Therefore, any new Cdc6 protein 

synthesized during oogenesis would not be detectable if the protein were degraded 

as fast as it is made. To determine the stability of the Cdc6 protein in the immature 

oocyte, we injected in vitro transcribed and translated Cdc6 into the cytoplasm of 

immature oocytes. We then made total extracts from these oocytes at given time 

points during an overnight time course {in vivo). As a control we also assayed the 

stability of the TNT-Cdc6 protein outside of the oocyte during the same time course 

[in vitro). We determined that TNT-Cdc6 has a short half-life of about two and a half 

hours when injected into the immature oocyte (Fig. 3.2). 

Studies of the phosphorylation of the Cdc6 protein in yeast and humans show 

that phosphorylation is used to regulate the Cdc6 protein in two different ways. 

Phosphorylated Cdc6 in yeast is targeted for ubiquitin-mediated degradation, while 

phosphorylation of the human Cdc6 protein results in its translocation from the 

nucleus to the cytoplasm (possibly for degradation). When we looked at injected TNT 

Cdc6 at an early time point (3 hours), we noticed that it is phosphorylated and in the 

nucleus (Fig. 3.3). 

We reasoned that Cdc6 phosphorylation and/or nuclear localization, in 

Xenopus, could be necessary for its degradation. To determine if phosphorylation 

and/or translocation of Cdc6 are necessary for its degradation in the oocyte, we 

performed the same injection kinetic experiment with a truncated TNT Cdc6 protein. 
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This mutant protein is missing the first 114 amino acids (A114Cdc6), which contain 

a nuclear localization signal, three phosphorylation sites, a destruction box and a 

cyclin binding motif. We performed this experiment a total of three times. Once we 

found that A114Cdc6 was also degraded at a rate similar to the wild-type TNT Cdc6 

protein. Twice, we found that that the half-life of A114Cdc6 was about five hours, 

which is twice as long for the half-life of the wild-type Cdc6 protein (Fig. 3.4). Since 

we have performed this experiment only three times and observed different results, 

we are not ready to draw any conclusions on the importance of the first 114 amino 

acids of the Cdc6 protein for degradation. This experiment will need to be performed 

again to ensure our observations are correct. We will also need to look at injected 

A114Cdc6 at the early three-hour time point to ensure that it does not get 

transported to the nucleus and is not phosphorylated after it is injected into the 

cytoplasm. This will help us to determine the effect of phosphorylation and nuclear 

localization on Xenopus Cdc6 degradation. 

We also performed the injection of wild-type TNT Cdc6 protein in the 

presence of Carbobenzyl-leucinyl-leucinyl-leucinal (MG132). MG132 is a membrane-

permeable peptide aldehyde that is widely used to block the chymotryptic activity of 

the proteasome. Although we performed this experiment many times, we were 

unable to see a difference in the stability of Cdc6 with or without MG132 treatment 

(data not shown). This result suggests that Xenopus Cdc6 is not degraded by the 

ubiquitin-proteasome pathway. 
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3.3.3 Absence of Cdc6 Synthesis in Immature Oocytes 

It is also possible that Cdc6 is absent from the immature oocyte because it is 

not being synthesized. To determine if Cdc6 is synthesized in the immature oocyte, 

we labeled immature oocytes with S^s-methionine for a period of two days. We then 

collected the oocytes and made total protein extract. We immunoprecipitated this 

extract with anti-Cdc6 coated Sepharose beads. We analyzed the extracts and 

Sepharose beads by SDS-PAGE and autoradiography and were unable to detect any 

S^S-methionine incorporation orCdc6 expression (Fig. 3.5a). 

We then performed a polysome analysis to assay the translational activity of 

Cdc6 mRNA from both immature and mature oocytes. We also performed the 

polysome analysis in the presence of EDTA, which is a known Mg2+ chelator. The use 

of EDTA causes polysomes to dissociate and release bound mRNAs. Therefore, 

mRNAs are only considered to be associated with polysomes if they are specifically 

released into the non-polysomal fraction (N) in the presence of EDTA. Cdc6 mRNA is 

only associated with polysomes in mature oocytes (Fig. 3.5b). Since Cdc6 mRNA is 

not recruited to the polysomes in immature oocytes, it is unlikely that it is 

synthesized. 
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3.3.4 Translational Repression of Cdc6 Message by Its 3'UTR 

3.3.4.1 3'UTR of Cdc6 mRNA Represses Translation 

As mentioned above, it has been reported that translational repression of 

maturation proteins, such as Cyclin B l protein, are mediated by regulatory 

sequences in their 3'UTR. The 3' UTR of Cdc6 contains multiple CPE and 

hexanucleotide sequences (Fig. 3.6), which are sequences that are known to be 

necessary for cytoplasmic polyadenylation. To determine if sequences in the 3'UTR 

of Cdc6 cause translational repression prior to maturation, we injected the mRNAs of 

the 3'UTR of Cdc6, the 3'UTR of Cyclin B l , the 3'UTR of Mcm4, and a control 

polylinker sequence (0.1 fmol) into immature oocytes. Please see Figure 3.7 for a 

schematic of all the constructs. All mRNAs were fused to a luciferase coding 

sequence. The 3'UTR of Mcm4 and the polylinker sequence do not contain any CPE 

sequences. We used the 3'UTR of Mcm4 because it is close to the size of the Cdc6 

3'UTR and does not cause any repression of Mcm4 protein translation in the 

immature oocyte. We performed luciferase assays and normalized the results to the 

polylinker luciferase activity values (Fig. 3.8). We found that elements in the 3'UTR of 

Cdc6 caused translational repression. Oocytes injected with the Cdc6 3'UTR had a 

reduced luciferase expression compared to the control polylinker (six fold) and Mcm4 

3'UTR (nine fold). With the Cyclin B l 3'UTR, which causes repression of Cyclin B l 

translation (Barkoff eta/., 2000), we observed a threefold reduction in luciferase 

expression compared to the control polylinker and a four fold reduction compared to 

Mcm4 3'UTR. We also performed this experiment with a Cdc6 3'UTR mRNA construct 
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that had a mutated hexanucleotide (Cdc6-Hexa2) and found that it also has reduced 

luciferase expression, which was equivalent to the wild-type 3'UTR, suggesting that 

the hexanucleotide is not necessary for translational repression. 

To narrow down which CPEs sequences were likely necessary for repression, 

we made a truncation of the Cdc6 3'UTR. We removed the last half of the sequence 

thus, eliminating all but the first four CPEs. We then made this luciferase construct 

(Cdc6-CPE) and tested its translation against the other constructs. The Cdc6 3'UTR 

mRNA construct that is missing the last half of the 3'UTR did not have reduced 

luciferase expression compared to the wild-type (Fig. 3.8). The repression seen 

previously by the entire 3'UTR of Cdc6 was relieved by 57% when the last five CPEs 

were removed. This suggests that at least one or some combination of the last five 

CPEs are required for translational repression. 

3.3.4.2 Injection of Excess Cdc6 3'UTR Relieves Repression 

It is likely that the repression of the Cdc6 message is due to inhibitory factors 

bound to sequences in the 3'UTR of Cdc6. We reasoned that if this were the case, 

injecting excess Cdc6 3'UTR would allow for the competition of these factors resulting 

in translation of the Cdc6 message. We injected varying concentrations of the Cdc6 

3'UTR and Mcm4 3'UTR (0.01 to 10 fmol) and assayed for luciferase activity. We 

observed an increase in luciferase activity with increasing Cdc6 3'UTR mRNA 

concentration. The varying concentrations of Mcm4 3'UTR showed no increase in 

luciferase activities (Fig. 3.9). Thus it appears that a trans-acting factor causes 

111 



repression of the Cdc6 3'UTR mRNA. At low concentrations of Cdc6 3'UTR mRNA, al 

of the mRNA is repressed. At higher concentrations, the factor is titrated, and more 

of the mRNA is translated. 

To confirm that the Cdc6 message was translated when we injected excess 

Cdc6 3'UTR mRNA, we looked for Cdc6 protein expression by Western blot analysis. 

We injected 0.38 pmol of Cdc6 3'UTR RNA per oocyte and incubated the oocytes 

overnight. As a control for injection, we also injected 0.38 pmol of Mcm4 3'UTR, 

which does not contain any CPE sequences. Western analysis revealed that the 

injection of excess Cdc6 3'UTR resulted in the efficient translation of the Cdc6 

protein (Fig. 3.10). Injection of excess Cdc6 3'UTR also allowed for the efficient 

translation of Cyclin B l , further suggesting that the CPE is the sequence responsible 

for translational repression. Injection of Mcm4 3'UTR did not result in any Cdc6 

translation (Fig. 3.10). 

3.3.4.3 Derepression of Cdc6 Message During Maturation 

To determine whether this repression is relieved during meiotic maturation, 

we injected varying concentrations (0.01 to 10 fmol) of the Cdc6 3'UTR and Mem 3' 

UTR mRNAs into immature oocytes, and then induced maturation in one-half of the 

oocytes by progesterone addition. The repression by the Cdc6 3'UTR was relieved 

during meiotic maturation (Fig. 3.11). 
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3.3.5 Cytoplasmic Polyadenylation 
and Translational Repression 

3.3.5.1 Polyadenylation of Cdc6 mRNA During Maturation 

Although Cdc6 appears not to be synthesized in the immature oocyte, we have 

shown that it is expressed shortly after GVBD (Fig. 2.5). Somehow, Cdc6 mRNA is 

present in the immature oocyte but not translated until GVBD. When analyzing the 

Cdc6 message by Northern analysis, we noticed that the Cdc6 mRNA appears to be 

polyadenylated beginning at GVBD, which is the time when the protein begins to be 

expressed. Beginning at GVBD, the Cdc6 message shows a slower mobility (Fig. 

3.12, left panel). Given that the Cdc6 3'UTR contains the two signals necessary for 

cytoplasmic polyadenylation (CPE and hexanucleotide), we expect the Cdc6 mRNA to 

be polyadenylated. In order to determine if the slower mobility of the Cdc6 mRNA in 

maturing oocytes was due to polyadenylation, we used RNaseH/oligo d(T) treatment. 

The results from this experiment confirm that Cdc6 mRNA is indeed polyadenylated 

during oocyte maturation beginning at GVBD because when the poly(A) tail is 

removed, the Cdc6 mRNA displays the same mobility as in immature oocytes (Fig. 

3.12, right panel). 

3.3.5.2 Effect of Cytoplasmic Polyadenylation on Derepression 

Cdc6 is polyadenylated around the time of GVBD during the maturation 

process. The previous experiments show that repression by the 3'UTR of Cdc6 is 

relieved during maturation, but do not determine if polyadenylation is also required 

for the relief of repression. To determine if cytoplasmic polyadenylation is required to 
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relieve repression by the 3'UTR of Cdc6, we injected a Iuciferase/Cdc6 reporter 

mRNA containing a point mutation in AAUAAA (AAUAgA) in the second hexanucleotide 

sequence. We reasoned that the second hexanucleotide sequence is most likely the 

sequence involved in cytoplasmic polyadenylation of Cdc6 because it is the sequence 

closest to the site of poly(A) addition. If relief from repression were independent of 

polyadenylation, then an mRNA carrying this mutation would still show increased 

translational activity during maturation. We found that the mutant hexanucleotide 

reporter mRNA was translationally repressed comparable to the wild-type Cdc6 3'UTR 

suggesting that the second AAUAAA is not required for repression (Fig. 3.13, compare 

Cdc6WT- and Hexa2Mut-). Upon induction of meiotic maturation, translation of the 

mutant reporter was only about 40% of the level of wild-type reporter (Fig. 3.13, 

compare Cdc6WT+ and Hexa2Mut+). Repression was only partially relieved 

suggesting that polyadenylation is likely to be involved in the derepression of Cdc6 

mRNA but probably not the only mechanism for derepression, it is also possible that 

the first hexanucleotide sequence is involved in the cytoplasmic polyadenylation of 

Cdc6. Since we did not mutate this sequence, we cannot rule out the possibility that 

Cdc6 was not still capable of being polyadenylated in our experiment. Future studies 

will focus on mutating the first hexanucleotide sequence and then both 

hexanucleotide sequences in combination to further elucidate the role of cytoplasmic 

polyadenylation on derepression. 
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3.4 Discussion 

The ability to replicate DNA is tightly regulated during the meiotic cell cycle of 

the Xenopus oocyte. The most important parameter controlling the re-establishment 

of replication competence is Cdc6 synthesis. Since Cdc6 protein is a requirement for 

the ability to replicate, it is not too surprising that its expression is stringently 

controlled during the meiotic cell cycle. Our data demonstrates that Cdc6 synthesis 

is controlled at the level of translation in the immature oocyte. 

Our results suggest that Cdc6 is not expressed in the immature oocyte 

because it is not synthesized. It also appears that the Cdc6 protein is unstable in the 

immature oocyte. Injected Cdc6 protein has a half-life of 2.5 hours in the immature 

oocyte. This may appear to be a long half-life, but is very short when compared to the 

length of the G2 arrest of the immature oocyte. Although the lack of Cdc6 expression 

in the immature oocyte appears to result from a lack of synthesis, even if Cdc6 was 

synthesized in the immature oocyte, it is highly unstable and therefore would most 

likely be rapidly degraded and not detected. Since Cdc6 is likely involved in pre-

meiotic S phase replication, one might expect to find Cdc6 expression during the 

early stages of oogenesis. However, the unstable nature of Cdc6 suggests that it is 

rapidly degraded after it participates in the pre-meiotic S phase round of replication. 

In this study, we provide evidence that Cdc6 protein expression is dependent 

upon Cdc6 mRNA translational regulation. Like many proteins involved in the 

maturation process, the translation of Cdc6 appears to be repressed by sequences in 

the 3'UTR of Cdc6. The 3'UTR contains nine CPE sequences and two hexanucleotide 
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sequences. We demonstrate that the 3'UTR of Cdc6 causes translational repression 

of a Iuciferase/Cdc6 3'UTR reporter mRNA and that at least one of the last five CPE 

sequences is necessary for the translational repression of Cdc6 mRNA during the 

initial stages of progesterone-stimulated oocyte maturation. We also injected excess 

Cdc6 3'UTR and observed expression of not only Cdc6 protein but also Cyclin B l 

protein. This strengthens our suggestion that a CPE sequence is responsible for 

translational repression. At low concentrations of Cdc6 3'UTR mRNA, all of the mRNA 

is repressed. At higher concentrations, a factor necessary for repression is titrated, 

and more of the mRNA is translated resulting in Cdc6 protein expression. Thus, it 

appears that a trans-acting factor causes repression of the Cdc6 3'UTR mRNA. 

Although we have not yet determined the identity of this trans-acting factor(s), 

a good candidate is likely cytoplasmic polyadenylation binding protein (CPEB). In 

Xenopus (Barkoff et a/., 2000; deMoor and Richter, 1999; Stebbins-Boaz et al., 

1999), mice (Stutz et al., 1998; Tay et al., 2000) and clams (Walker et al., 1999), 

CPE sequences and the trans-acting CPEB protein have been implicated in 

translational repression of mRNAs in immature oocytes. CPEB interacts with maskin, 

which interacts with the cap-binding initiation factor elF4E. These interactions inhibit 

translational initiation, which is cap (7-methylguanosine) dependent by out-

competing elF4G (Stebbins-Boaz et al., 1999). 

The accumulation of Cdc6 protein occurs after GVBD, at a time coincident 

with the polyadenylation of the Cdc6 mRNA. If relief from repression was 

independent of polyadenylation, then an mRNA carrying this mutation would still 
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show increased translational activity during maturation. The Iuciferase/Cdc6 3'UTR 

with a mutation in the hexanucleotide sequence was translationally repressed, 

suggesting that AAUAAA is not required for repression. Upon induction of meiotic 

maturation, translation of the mutant reporter mRNA was not as efficient as the 

translation of the wild-type Cdc6 reporter mRNA, indicating that repression was only 

partially relieved. These results indicate that cytoplasmic polyadenylation is likely 

involved in derepression. Polyadenylation may be one mechanism, which the oocyte 

employs to interrupt the interaction of the cap and the repressor protein that inhibits 

translational initiation. 

Taken together, our results suggest that translational control of Cdc6 mRNA is 

achieved through related mechanisms: translational repression and cytoplasmic 

polyadenylation. One model for Ccd6 translation is that a trans-acting repressor 

binds to the repressive sequences in immature oocytes and is overridden by a 

polyadenylation-dependent mechanism during maturation. In a second model, 

meiotic maturation causes relief of repression, which is necessary for the 

polyadenylation machinery to access the mRNA. In both models the CPE has two 

functions: it activates translation by cytoplasmic polyadenylation during oocyte 

maturation and inhibits translation in the immature oocyte. The switch between 

these two functions may be controlled by the proteins that are associated with the 

CPE. 

Out of all the 3'UTR mRNA constructs we tested, the level of repression with 

the Cdc6 3'UTR was the highest. The repression by the Cyclin B l 3'UTR was next 
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highest. The repression by the Cdc6 CPE mutant was next, and the level of 

repression by the Mcm4 3'UTR was the lowest. The Cdc6 3'UTR contains the most 

CPE sequences with nine, followed by the Cdc6 CPE mutant with four, followed by the 

Cyclin B l 3'UTR with three CPEs and one potential CPE and the Mcm4 3'UTR which 

does not contain any CPEs. Thus, it appears that the number of CPE sequences 

affects the level of translational repression. 

Mendez et al. recently proposed a model of how CPE number could affect the 

timing of translational repression and cytoplasmic polyadenylation. mRNAs with only 

one CPE (such as mos) are polyadenylated after exposure to progesterone, in 

response to the phosphorylation of CPEB by Eg2 kinase. A simple CPEB-CPSF 

interaction occurs and promotes polyadenylation. mRNAs with more than one CPE, 

such as Cyclin B l , are not polyadenylated solely in response to phosphorylation of 

CPEB. Because more than one CPEB is bound, the CPEBs could bind to one another, 

which could result in dimerization or multimerization, preventing CPEB-CPSF 

interactions and polyadenylation. During meiosis I, a second round of CPEB 

phosphorylation leads to the partial destruction of CPEB. As a result of this 

destruction, only a single CPEB would remain per mRNA. This CPEB could recruit 

CPSF and stimulate the polyadenylation of these mRNAs (Mendez et al., 2002). 

Since Cdc6 mRNA contains numerous CPE sequences, it is reasonable that it 

polyadenylated during meiosis 1. It is likely that CPEB is the trans-acting factor that 

binds the 3'UTR of Cdc6 and CPEB must be degraded in order for Cdc6 to be 

polyadenylated. 
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Ballantyne et al. identified two classes of polyadenylated mRNAs. 

Polyadenylation of the first class (class 1) was independent of c-mos and CDKl 

(Cdc2) activity, while polyadenylation of the second class (class 2) of mRNAs required 

both c-mos and CDKl. They reported that the two classes define a dependent 

pathway in which polyadenylation of certain mRNAs required prior polyadenylation of 

another. They proposed that this provided a mechanism by which the temporal order 

of polyadenylation events were regulated and coupled to the progression of the 

meiotic cell cycle. Specifically, they found that the Class 1 member, c-mos, was 

polyadenylated in response to progesterone and was independent of CDKl and MPF 

activity. Polyadenylation of Mos mRNA preceded the accumulation of Mos protein. 

The polyadenylation of the Class 2 member, Cyclin B l , was dependent on both Mos 

and MPF activity (Ballantyne et al., 1997). 

When they inhibited meiotic maturation by the presence of a kinase-inactive 

p34cdc2 (K33R), the mos mRNA was still polyadenylated, but Cyclin B l mRNA was not 

polyadenylated (Ballantyne et al., 1997). Another group found that under the same 

conditions, the Mos mRNA was polyadenylated but the protein did not accumulate 

(Nebreda et al., 1995). Subsequent studies using the cyclin-dependent kinase 

inhibitor, p21C'P, which blocks progesterone-induced GVBD as well as the activation 

of both MARK and MPF, found that when p2icip was injected into oocytes, p34'='̂ =2 

activity was blocked resulting in no Mos accumulation after progesterone stimulation 

(no accumulation probably linked to the stability of the protein). However, Cyclin B l 

accumulated normally after progesterone treatment. These results not only showed 
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that the accumulation of Cyclin B l is regulated differently from that of Mos in 

response to progesterone, but that Cyclin B l was translated without first being 

polyadenylated (Frank-Vaillant et al., 1999). So, mRNA polyadenylation does not 

always equal protein accumulation. 

We have reproduced the p2icip injections, and preliminary results show that 

Cdc6 protein accumulates in a manner similar to Cyclin B l accumulation after p2icip 

injection and progesterone stimulation (data not shown). These results suggest that 

although polyadenylation is involved in Cdc6 translation, an alternate mechanism 

that participates in Cdc6 translational regulation and is independent of 

polyadenylation could also exist. This mechanism would also likely be one that 

derepresses the Cdc6 mRNA resulting in its translation. Currently, we have only 

preliminary results and have not fully tested if indeed Cdc6 is translated when 

polyadenylation is blocked. Future experiments will focus on determining if another 

pathway of translational regulation exists and what mechanism is involved. 
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Figure 3.1 . Cdc6 message but not protein is detected in the immature oocyte, (a) 
RNA was extracted from stage l-VI and progesterone treated oocytes. RNA equivalent 
to 12.5 î g or one oocyte was resolved on a 1.5% agarose-formaldehyde gel and 
analyzed by Northern blot with a probe specific for Cdc6 mRNA. (b) Protein lysates 
were prepared from stage 1-Vl and progesterone treated oocytes and an amount of 
protein equivalent to one stage VI oocyte (30 |ig) was resolved on a 8% SDS-PAGE 
and analyzed by Western blot with antibodies against Cdc6 and Mcm4. 
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Figure 3.2. Stability of microinjected Cdc6. {in vivo) Fifty immature oocytes were 
microinjected with 50 nl of pssjmethionine-labeled TNT-Cdc6 and incubated at 18°C 
overnight. Ten oocytes were collected at different times and homogenized, {in vitro) 
0.5 ^1 of [35S]methionine-iabeled TNT-Cdc6 was incubated with 9.5 ^1 EB at 18°C 
overnight. At different times, a sample was removed and 2X Laemmli buffer added. 
Oocyte extracts and in vitro samples with equivalent amounts of psjmethionine-
labeled TNT-Cdc6 were analyzed by SDS-PAGE and autoradiography. 
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Figure 3.3. Localization of Cdc6 protein at three hours after injection. Twenty 
oocytes were injected with 50 nis of pSjmethionine-labeled TNT-Cdc6 and incubated 
at 18°C for three hours. Total, cytoplasmic, and GV extracts were made and analyzed 
by SDS-PAGE and autoradiography. 
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Figure 3.4. The stability of injected Cdc6 protein compared to injected A114-Ccd6 
protein. Fifty immature oocytes were microinjected with 50 nl of pssjmethionine-
labeled TNT-Cdc6 or TNT-A114Ccd6 and incubated at 18°C for twenty-four hours. 
Ten oocytes were collected at different times, homogenized and analyzed by SDS-
PAGE and autoradiography. The plot here is representative of an experiment where 
there seems to be a difference in the stability of Cdc6 and A114Ccd6. 

124 



CSF beads 

Cdc6- i 
a-Cdc6 S35 

immature mature 
I II 1 

N P N P N P N P 

I 1 I I 
EDTA EDTA 

Figure 3.5. Cdc6 protein is not synthesized in the immature oocyte, (a) 45 immature 
oocytes were labeled with pssjmethionine for 48 hours. Oocytes were collected and 
made into total extract that was immunoprecipitated with anti-Cdc6 coated 
Sepharose beads. Bead-bound protein was analyzed by Western blot with anti-Cdc6 
antibodies and autoradiography. CSF extract was also analyzed as a control, (b) 
Stage VI and mature oocyte extracts were centrifuged through a 25% (w/v) sucrose 
cushion. Following centrifugation, polysomal (P) and nonpolysomal (N) RNA was 
isolated and electrophoresed on a 1.5% agarose-formaldehyde gel and subjected to 
Northern blot analysis with a probe specific for the Cdc6 mRNA. mRNAs that are 
genuinely associated with polysomes will fractionate with the polysomal pellet in the 
absence of EDTA and with the nonpolysomal supernatant in the presence of EDTA. 
Treatment of the extracts with EDTA prior to centrifugation resulted in the release of 
Cdc6 mRNA from the mature oocytes from the polysomal pellet (P) into the 
nonpolysomal pellet (NP) supernatant. 
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1 attttgccgcgctgggggtcagtgtgcggcgacgtttagagcagaagaagcagcggtggc 
61 agcagtgagggcagcgcgtttttatttctgactggaatccgccacagcctcgctgacaag 
121 cagccat^ccaagcaccaggtctcggtctcaaagctccattcagtttcccaagaaaaaga 

M P S T R S R S Q S S I Q F P K K K 
181 cttctcagacgctcgccaaagaggtctcacgtgcaaagagcaagtctgagatctgctcct 

T S Q T L A K E V S R A K S K S E I C S 
241 ctgtctccctcccgctctctccacttcccaaagagcttcccctcagtccacgcaaacggc 

S V S L P L S P L P K E L P L S P R K R 
3 01 tcggtgatgacaatcgttgcaacattcctccgacattaagctgctccccacccaagcagt 

L G D D N R C N I P P T L S C S P P K Q 
3 61 ctcgcaaagagactggccagccaaccacccctaaggggggccgtttactttttgatgaga 

S R K E T G Q P T T P K G G R L L F D E 
421 accaggc tgcagcagcgacaccac ta tcccccc tcaagaagc tacagga tcc t t a tcagc 

N Q A A A A T P L S P L K K L Q D P Y Q 
4 81 tg tcccctg tgagaaaggggcaagagaccccacccagctc tcgtaagcaaaggaacagtg 

L S P V R K G Q E T P P S S R K Q R N S 
541 tgggggtccagctatttaaacaggagggctcctgctatcagaaggctaagcacgctttga 

V G V Q L F K Q E G S C Y Q K A K H A L 
SOI atacggctatacccgagcgcctgttggctcgtgagagtgagactgcatttatcaagacct 

N T A I P E R L L A R E S E T A F I K T 
661 tcctgacaagtcatgtttctgctaggaaagccgggagcctttacatatctggtgctcctg 

F L T S H V S A R K A G S L Y I S G A P 
721 gaactggcaaaactgcgtgcttgaataagctgctgcaggagagcaaggatgatctcaagc 

G T G K T A C L N K L L Q E S K D D L K 
781 agtgcaagactgtttacatcaactgcatgtcattacgcagctcccaggcagtgtttccgg 

Q C K T V Y I N C M S L R S S Q A V F P 
841 caatagctgaagaaatctctggggggaaatcttcccttgctgcaaaagacatggtcagga 

A I A E E I S G G K S S L A A K D M V R 
901 atttggaaaagctggtgacttcaaagggtccaatcatcttgttggtgttggatgagatgg 

N L E K L V T S K G P I I L L V L D E M 
961 atcagctggacagtagaggacaggatgtcttgtacacagtgtttgagtggccttggctcc 

D Q L D S R G Q D V L Y T V F E W P W L 
1021 caaattccaggatggttctaattggcattgctaatgcgttggatttgacagaccgtattt 

P N S R M V L I G I A N A L D L T D R I 
1081 tgccaaggctacaagctcgtccccagtgcaagccacagctgcttaatttttctccatata 

L P R L Q A R P Q C K P Q L L N F S P Y 
1141 caaaggatcagattgctaccattctgcaagacagactaaatcaggtgtcaggtgatcaag 

T K D Q I A T I L Q D R L N Q V S G D Q 
12 01 ttctggataatgctgctattcagttctgtgccaggaaaatctcagcggtctctggagatg 

V L D N A A I Q F C A R K I S A V S G D 
12 61 cacggaaggcactagatatctgcaggagagccgtggaaattgtggaagcggatgtacggg 

A R K A L D I C R R A V E I V E A D V R 
1321 g c c a g a c t g t c c t t a a g c c g c t a a c t g a a t g t c t a t c t c c t a g t a a a g a a g c c c c a t c a a 

G Q T V L K P L T E C L S P S K E A P S 
13 81 a c c c t g t t c c a a a a a a g g t c a g t c t t c c a c a c a t c t c c c g t g t t c t g t c a g a c g t g t a c g 

Figure 3.6. Nucleotide and corresponding amino acid sequence of the Xenopus Cdc6 
cDNA clone (Coleman et al., 1996). The 5' and 3' UTRs are in bold type to 
differentiate them from the coding region. The CPE sequences are depicted in dark 
gray boxes. The hexanucleotide sequences are depicted in light gray boxes. 
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N P V P K K V S L P H I S R V L S D V Y 
1441 g a g a c a a g a t g g c a a g c a a t g g g g g g t c c a g c g a c a g t t t t c c t t t a c a g c a g a a a c t g c 

G D K M A S N G G S S D S F P L Q Q K L 
15 01 t g g t c t g t g c c c t g c t g c t a a t a a c t c g c c a a a g c a a g a t c a a g g a g g t c a c g c t t g g c a 

L V C A L L L I T R Q S K I K E V T L G 
1561 aggtgcatgaggcatacagtaaagtctgccgaaagcaacaggttcctggagttggccaat 

K V H E A Y S K V C R K Q Q V P G V G Q 
1621 cagagtgcctgtcgctttgtcagctcctggagacgaggggtattctgggcctaaagaaag 

S E C L S L C Q L L E T R G I L G L K K 
16 81 ccaaggaggcccggcttacaaaggtctctctcaagatagaggagcgggatattgagcatg 

A K E A R L T K V S L K I E E R D I E H 
1741 c a t t c a a g g a t a a a c t t c t a a t c g g g a a t g t t c t c a a t t c a g g g a t t t a a t g t t a g t t t t 

^ ^ K D K L L I G N V L N S G I * 
18 01 agtctacfcfefej£j:a^ct^agcctaacttctqtaaaattatqtacaa]b"ttFa^^ 
18 61 t a t a t t t a g a a f e t t t B a S a t t t t g g a c a c a t g a c t g t a t a t a t c c t t t t t t t J l t t a t a 
1921 a a g g a g g g t g a a a a a t c a c a g g c c t t t t a a a c a c a g g c a a a c a a t t a c t t t t c a a t a t t t 
1981 g g t t g t t t t c t a c t g t t c a g t a c a g t c a t a a a g a t t g a c c t g t t t t g t a a a g t a t c t g c a 
2 041 c g t g a c a t a a c t a g t t t c t g c t g t a a a t a a a t a t a g t c t g g l ^ j g a a i t t g c t g t c g t g t 
2101 g c a g c a g a t g t t a a t c t t t a a g t a t c t g t a a g g t a c g g c c c t g t t t g t t t t t ^ ^ ^ ^ a g 
2161 acaaggtg^ttt^algccctggattagacttgcgfcfej:;^^^ 
2221 E a a t a a a c a t t a a a c c a t t 

Figure 3.6. con't. 
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control -114 114bp 

Mcm4 2655- ^AAUAAA|3033 378bp 

CyclinBl 1337-BOIEH^B-1395 58bp 

Cdc6 1791- -"—^^^^ ^ ^ - 2 2 4 0 449bp 

C d c 6 - C P E 1791 -'—2063 272bp 

Cdc6-Hexa2 i79i- |AAUA8A|- 2240 4 4 9 b p 

IAAUAAJI Hexanucleotide sequence 

• CPE 

D Potential CPE 

Figure 3.7. 3'UTR constructs. 
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140-

3 

3'UTR: control Mcm4 Bl Cdc6 Cdc6 Cdc6 
WT CPE Hexa2 

Figure 3.8. The Cdc6 3'UTR causes translational repression. Oocytes were injected 
with 0.1 fmol/cell of luciferase reporter mRNA. Following incubation for 4 hours, 
oocytes were homogenized and prepared for luciferase assay. The control mRNA 
contained a polylinker sequence (114bp) approximately equivalent to the length of 
the 3'UTR of Cyclin B l . The Mcm4 mRNA contained the 3'UTR of Mcm4 (378bp). 
The Cyclin B l mRNA contained the 3'UTR of Cyclin B l (58bp). The Cdc6 mRNA 
contained the 3'UTR of Cdc6 (449bp). The Cdc6 CPE mRNA contained the first half 
of the Cdc6 3'UTR (272bp). The Cdc6 Hexa2 mRNA contained the Cdc6 3'UTR with a 
mutated second hexanucleotide sequence. Several experiments were performed 
and a representative experiment is shown. The histograms of each luciferase activity 
is normalized to the luciferase activity directed by the luciferase/control polylinker 
mRNA. 
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Figure 3.9. A titratable factor is responsible for translational repression of Cdc6. 
Oocytes were injected with four different concentrations of Iuciferase/Cdc6 reporter 
mRNA (0.01, 0.1,1.0, or 10.0 fmol/cell; (A) or with three different concentrations of 
Iuciferase/Mcm4 reporter mRNA (0.1,1.0, or 10.0 fmol/cell; (C). Oocytes were 
collected at 18-24 hours. A representative experiment is shown. Each plot graphs 
"translational efficiency," defined as luciferase activity per femtomole of mRNA 
injected, versus the amount of mRNA injected (fmol). (A) Luciferase/Cdc6 mRNA 
injected and (C) Luciferase/Mcm4 mRNA injected. 
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^^ ^^ &^ 
I I I 

f/g ••*^-Cdc6 

^g Mflgf-CyclinBl 

Figure 3.10. Injection of Cdc6 3'UTR induces Cdc6 synthesis. Immature oocytes 
were injected or not injected with 0.38 pmol of RNA/oocyte of Cdc6 3'UTR or Mcm4 
3'UTR and incubated at 18°C for 12 hours. Control oocytes were induced to mature 
with 10 (ig/mi progesterone. Oocytes were collected, extracts prepared for SDS-
PAGE, and immunoblotted with antibodies against Cdc6 and Cyclin B l . 
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Figure 3.11. Repression is relieved during meiotic maturation. Oocytes were 
injected with four different concentrations of Iuciferase/Cdc6 reporter mRNA (0.01, 
0.1, 1.0, or 10.0 fmol/cell; A and B) or with three different concentrations of 
Iuciferase/Mcm4 reporter mRNA (0.1,1.0, or 10.0 fmol/cell; C and D). Half of each 
batch of oocytes was treated with progesterone. Oocytes were collected at the end of 
maturation (2-3X 50% GVBD). A representative experiment is shown. Each plot 
graphs "translational efficiency," defined as luciferase activity per femtomole of 
mRNA injected, versus the amount of mRNA injected (fmol). (A) Luciferase/Cdc6 
mRNA injected, no progesterone; (B) Luciferase/Cdc6 mRNA injected, progesterone 
added; (C) Luciferase/Mcm4 mRNA injected, no progesterone; (D) Luciferase/Mcm4 
mRNA injected, progesterone added. 
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Figure 3.12. Cdc6 message is polyadenylated during maturation, (left panel) 
Oocytes were treated with lO^g/ml progesterone to induce maturation. RNA was 
extracted from pools of twenty oocytes at indicated time before and after GVBD. 
12.5 |ig of total RNA was resolved on a 1.5% agarose-formaldehyde gel and analyzed 
by Northern blot with a probe specific to Cdc6 mRNA. Retardation in the gel 
indicates polyadenylation. (right panel) RNA from stage VI oocytes and progesterone 
treated oocytes was run in duplicate with one of each sample being treated with 
oligo(dT) and RNase H to remove the poly(A) tail. 
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Figure 3.13. Cytoplasmic polyadenylation is not required for derepression. Oocytes 
were injected with 0.1 fmol/cell of luciferase reporter mRNA. Half of each batch of 
oocytes was treated with progesterone to induce maturation. At the end of 
maturation (2X 50% GVBD), oocytes were homogenized and prepared for luciferase 
assay. The two reporter mRNAs differ in only one nucleotide, the fifth nucleotide of 
the hexanucleotide polyadenylation signal. "Cdc6WT" has AAUAAA whereas 
"Hexa2Mut" has AAUAgA. The histogram of each luciferase activity is normalized to 
the luciferase activity directed by the luciferase/Cdc6WT mRNA. 
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CHAPTER IV 

CONCLUSIONS AND FUTURE STUDIES 

4.1 General Conclusions 

Meiosis has many important features that are responsible for the production 

of a healthy haploid gamete. From the standpoint of DNA replication, we consider 

that an oocyte has to execute two equally important tasks during meiosis: (1) 

establish its replication competence; and (2) never replicate its DNA during meiosis. 

The execution of these two tasks may not be necessary for the dividing process of 

meiosis but they are critical for the early development of the embryo. Our results 

provide strong evidence for the requirement of the first task, the establishment of 

replication competence. We found that the two requirements for replication 

competence of Xenopus oocytes are Cdc6 and GVBD. In addition, our data also 

helps to understand how the second task is achieved during the lengthy arrest of the 

oocyte in prophase of meiosis-l. During that time the oocyte does not replicate DNA 

because it lacks replication competence due to the absence of Cdc6 and the 

existence of some other redundant mechanisms such as differential localization of 

components and possibly phosphorylation of initiation factors. 

The main reason the immature oocyte is not capable of initiating DNA 

replication is that it lacks one of the essential factors for replication initiation, the 

Cdc6 protein. Since synthesis of the Cdc6 protein is critical for the development of 

the immature oocyte's ability to replicate and the ability to replicate is essential for 
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the early divisions and development of the embryo following fertilization, our goal was 

to better understand the mechanisms that control Cdc6 protein expression in the 

immature oocyte. We found that Cdc6 is not expressed in the immature oocyte even 

though its message is present, because it is not synthesized and it is unstable. Cdc6 

mRNA is translationally repressed in the immature oocyte by sequences in its 3'UTR. 

Although we have determined the requirements for replication competence 

and the mechanisms of CdcC's absence, we are still left with many unanswered 

questions as to the mechanisms employed by the immature oocyte so that it is 

unable to replicate its DNA. We are also left with an incomplete model for the 

translational regulation of Cdc6 during the maturation process. 

4.2 Future Studies 

4.2.1 Replication Competence 

One of the main unresolved issues is how the oocyte achieves the 

differential localization of the expressed pre-RC components. The Ore proteins and 

Cdc7 are localized in the cytoplasm while Cdt l , the Mcms and Cdc45 are primarily 

localized to the GV. Future studies will concentrate on determining the mechanisms 

responsible for the cytoplasmic retention of the Ore and Cdc7 proteins. Developing 

the tools to detect the other members of the ORC complex and the Cdc7 homologue, 

Dbf4, will be necessary. Once these tools are developed, many experiments can be 

performed in order to address the cytoplasmic retention of these proteins. 
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Since the purpose of the Mcm4 phosphorylation has also not been 

established, future studies will also be directed at determining the purpose of this 

and any other phosphorylations. 

Once these questions are addressed, future work can then focus on 

understanding how DNA replication is suppressed between meiosis 1 and meiosis II 

once replication competence is re-established during meiosis I. These studies will 

focus on identifying the mechanisms acting downstream of Mos and MPF that are 

responsible for this repression. 

4.2.2 Translational Regulation of Cdc6 

Cdc6 protein is absent from the immature oocyte although the mRNA is 

present. The translational regulation of Cdc6 mRNA duringXenopus oocyte 

maturation appears to be complicated. Our results suggest that translational control 

of Cdc6 mRNA is achieved through related mechanisms: translational repression and 

cytoplasmic polyadenylation. Cdc6 mRNA is translationally repressed in the 

immature oocyte by sequences in its 3'UTR and cytoplasmic polyadenylation is likely 

involved in derepression. We also have preliminary results that suggest that 

although polyadenylation is involved in Cdc6 translation, an alternate mechanism 

that participates in Cdc6 translational regulation and is independent of 

polyadenylation could exist. 

The first issue, which needs to be resolved, is what is necessary for the 

degradation of Cdc6. Our preliminary results on the role of phosphorylation and 
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translocation in Xenopus Cdc6 degradation are conflicting. We cannot draw any 

sound conclusions using our mutant that lacks a nuclear localization and three 

phosphorylation sites. We need to repeat these experiments until we feel certain 

that we have strong evidence about the effects of phosphorylation and translocation 

on Cdc6 degradation. We also need to control that our mutant is not phosphorylated 

because Cdc6 does have more possible phosphorylation consensus sites other than 

the three sites that we mutated. 

Next, we need to determine the 3 'UTR sequences necessary for translational 

repression. Although our results suggest that CPE sequences are responsible for this 

repression, we have not conclusively proven this. To do so, we will make use of an 

mRNA construct that consists of a polylinker sequence that contains one CPE. We 

will inject excess amounts of this mRNA into immature oocytes and look at Cdc6 

protein expression. If a trans-acting factor bound to 3'UTR CPE sequences is 

responsible for translational repression, the factor will be titrated and Cdc6 protein 

will be translated. We will also use site-directed mutagenesis in order to make CPE 

mutant constructs. We will mutate each of the last five CPEs in order to determine 

which one(s) is necessary for repression. 

Once we determine which CPE 3'UTR sequences are responsible for 

translational repression of Cdc6 mRNA, we will then determine what factors bind to 

these sequences and cause this repression. We will use UV crosslinking experiments 

and gel-shift assays to test for interactions with proteins such as CPEB. 
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We will also need to determine the role that cytoplasmic polyadenylation has 

on translational repression and derepression. We will focus on mutating the first 

hexanucleotide sequence and then both hexanucleotide sequences in combination 

to determine if cytoplasmic polyadenylation is necessary for derepression. 

Ultimately, we will try to determine how meiotic maturation and cytoplasmic 

polyadenylation affect the translation of the Cdc6 mRNA. 

Lastly, we will continue the p21C'P experiment in order to determine if an 

alternate mechanism exists that participates in Cdc6 translational regulation and is 

independent of polyadenylation. 
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