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INTRODUCTION

The ability to divide is an inherent property of cells.  In 1855, Rudolf Virchow, a German physiologist, concluded ‘omnis cellula e cellula’ which means all cells arise from pre-existing cells and this became the third tenent of modern Cell Theory. New cells are formed by cell-division. All multicellular organisms with sexual cycle are formed by a number of cell divisions from a single-celled zygote [fertilized egg].  Thus, cell division is the basis of growth and development of cell and continues throughout its life, e.g. a man contains 2.5 x 1013 RBCs [ 5 litre of blood, with 5,00,000 RBCs/mm3] and average life span of RBC is 120 days and therefore, to maintain a constant blood supply,  2.5 x 1013 cells must be produced every 107 seconds. But certain cells do not divide such as nerve cells and skeletal muscle cells after differentiation. 

Cell division is simple and rapid in prokaryotes (Bacteria).  Unlike the prokaryotes, there are a number of cell organelles in eukaryotic cells.  The usual method of prokaryote cell division is termed binary fission.  The prokaryotic chromosome is a single DNA molecule that first replicates then attaches each copy to a different part of the cell membrane. When the cell begins to pull apart, the replicate and the original chromosome are separated.  Cell splitting division, results in two cells of identical genetic composition. As a consequence of asexual reproduction in prokaryotes, all organisms in a colony are genetic equals.  

Due to their increased number of chromosomes, organelles and complexity, eukaryote cell division is more complicated, although the same process of replication, segregation and cytokinesis still occur.  Thus complex cytoplasmic and nuclear processes have to be coordinated with one another during eukaryotic cell cycle

The cellular & molecular events which occur between one division of cell to the next one is termed ‘cell cycle’.  The details of events may vary from organism to organism and also at different times in life cycle of the organism. Certain characteristics, however, are common, as the cell cycle must comprise a minimum set of processes that a cell has to perform to accomplish its most fundamental task – to copy and pass on its genetic information to the next generation of cells.  To accomplish this task, DNA must be faithfully replicated and the duplicated chromosome must be accurately separated into two daughter cells so that each cell receives a copy of the entire genome.

The cell (mother cell) grows and divides, to form the new cell [daughter cell] which contains all the genetic information of the parent cell.  Therefore, all the DNA of the parent cell must be duplicated and carefully distributed to the daughter cells during the normal process of cell division for genetic uniformity.  In doing this, a cell passes through a series of discrete stages, collectively known as cell cycle Fig 1.  The cell cycle essentially consists of two phases:

1. Interphase

2. Mitosis or meiosis or M phase as the cells are mitosis in somatic cells and meiosis in germ cells. 

The Interphase cytologically appears as a resting phase and it prepares the cells to enter into M phase.  Interphase is divided into –


G​​1 (Gap period 1)     =  Growth and preparation of the chromosomes for replication. 


S   (Synthesis period)  = Synthesis of DNA (and centrosome)


G2 (Gap period 2)        = Preparation for mitosis

During G2 a cell contains two times (4C), the amount of DNA present in the original diploid stage (2C). Following mitosis, the daughter cells again enter the G1 period and again have DNA content equivalent to 2C

M phase is divided into two phases –

1. The process of mitosis, during which duplicated chromosomes are separated into two nuclei 

2. The process of cytokinesis during which the entire cell divides into two daughter cells.
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Fig. 1 : Diagram depicting the various phases of the typical eukaryotic cell cycle.

DETERMINATION OF CELL CYCLE TIMES

How does one determine the length of each phase of the cell cycle?  First,  it is necessary to establish the length of the total cycle, which can easily be done in a homogenous population of cultured cells by periodically counting the number of cells present under a  microscope and recording the number of hours required for the total cell number to double.  Alternatively, the total cell mass can be maintained once this interval is known the length of S phase can be estimated by adding 3H Thymidine to the culture for a brief period. Since this is the phase of DNA replication 3H thymidine will be incorporated only in those cells which are in S phase.  The cells are then processed for autoradiography and the fraction of the cells that have incorporated radioisotope is determined by counting the fraction of cells with exposed/reduced  Ag grains.  

The length of each phase of the cell cycle is appropriately equal to the fraction of the cells in that phase at any instant multiplied by the total cell cycle time and a correction factor.  A correction factor is needed because there are always more young cells than old cells in a continuously dividing population.  A correction factor ranges from 0.7 for G1 to 1.4 for M and with an intermediate value for S-Phase cells.

The length of M phase can be determined in an analogous fashion by scanning the cell population by light microscopy and determining the fraction of cells containing condensed chromosomes at any one time.  This multiplied by total cell cycle time and correction factor will give the length of M phase




The length of G2 phase is revealed as one continues to take samples of cells from the culture until labeled mitotic chromosomes are observed. The first cells where mitotic chromosomes are labeled must have been at the last stages of DNA synthesis at the start of the incubation with 3H thymidine. The interval of time from the start of the labeling period and the appearance of cells with labeled mitotic figures corresponds to the duration of G2.

Since there is no marker for G1 phase, the length of G1 can be calculated by adding G2 + S + M and subtracting this value from the total cell cycle time.

Cell cycle analysis has been made much easier by the use of fluorescence – activated cell analyses.  With the help of this analyses one can rapidly determine the relative fluoresce of a large number of cells, and their relative amounts of DNA . Those cells with the normal amount of DNA (diploid/2C) are in G1 phase and those with double the amount (4C) are either in G2 or M, while cells in S have intermediate amounts.

G1 – THE MOST VARIABLE PERIOD OF THE CELL CYCLE. 

For mammalian cells in culture the duration of S phase is 6-8 hours, M phase lasts for less than an hour.  G2 is generally shorter than G1 and is more uniform in duration and usually lasts for 4-6 hours.  The length of G1 is quite variable, depending on the cell type.  A typical G1 lasts for 8-10 hours, some cells spend only minutes or hours in G1 where as other spend weeks, month or years.  During G1, a major decision is made as to whether and when the cell would divide again.  Cells that are arrested in G1, for long periods are  said to be is a Go state.  Those tissues that normally do not divide [such as nerve cells or skeletal muscle] or that divide rarely such as circulating lymphocytes, contain the amount of DNA present in G1 period.  Cultured cells that slop multiplying because of density dependent inhibition of growth (or contact inhibition) also stop at G1. 

Eukaryotic chromosomes undergo condensation- decondensation cycles at cell division, whereas the DNA of prokaryotes is never cycled this way.  Interphase chromosomes are decondensed and can not be distinguished under microscope. With the advent of techniques like somatic cell hybridization it is now possible to visualize interphase chromosomes. Here, when mitotic cell is fused with interphase cell, there is an induction of chromosomal condensation in interphase nuclei. This is known as premature chromosome condensation [PCC]. PCC from G1 nuclei show only one chromatid where as G2 nuclei have two chromatids.  This clearly proves that DNA replication takes place after G1but before G2 phase. 

If a mitotic cell is fused with S-phase cell, the S phase chromatin also becomes condensed.  However, replicating DNA is particularly sensitive to damage, so that condensation in S-phase nucleus can led to formation of ‘pulverized’ chromosomal fragments rather than intact condensed chromosomes. 

VARIOUS MOLECULAR EVENTS OCCURRING DURING CELL CYCLE.

1. The process of transcription takes place throughout the interphase.  When the cells are labeled with 3H uridine for a brief period of time, all of the interphase nuclei become labeled.  This suggests RNA synthesis does not stop during interphase.  However, there is dramatically decline in RNA synthesis in late prophase and no transcription takes place during metaphase and anaphase. The chromosomes are highly condensed during metaphase and these condensed chromosomes does not transcribe perhaps because the DNA cannot be reached by RNA polymerase.

2. The major molecular event that takes place during the S phase of interphase is the process of DNA replication.  This is the time when the DNA content of the cell doubles and sister chromatids are formed. S phase cells contain factors that induce DNA synthesis.  This is demonstrated by cell fusion experiments in which the onset of replication in G1 can be accelerated by fusion with S phase cells.  G2 nuclei do not respond to this factor.  This clearly shows that there is some mechanism which blocks DNA synthesis during G2 phase.In all cells, the more condensed, heterochromatin regions of the chromosomes replicate late during S phase.  The centromeric heterochromatin, the inactive X chromosome in mammalian females are therefore, late replicating.  

3. Protein synthesis takes place through out the interphase and there is a decrease in the process as the cell enters mitosis.  The major basic protein-histones which combine with DNA to form chromatin, are synthesized during the  S phase of interphase

4. Various other molecular events linked to the cell cycle are:

i) The decrease in C-AMP levels during mitosis.

ii) Phosphorylation of histones (especially H1) during chromatin condensation.
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Fig. 2 : The diagram showing the various molecular events which takes place during cell cycle.

MODEL SYSTEMS USED TO STUDY CELL CYCLE

The model organisms used to study cell cycle vary from single cell organisms to amphibian eggs to human tissue culture cells. Some experimental organisms widely used have synchronous cell divisions.  For example oocytes of  sea-urchins, frogs and calms can be induced to undergo meiotic maturation synchronously by treatment with appropriate hormones. Hormone stimulation drives the oocyte from an interphase–arrested state, in which it awaits fertilization to maturation division. Following fertilization, the early embryonic cell divisions of these oocytes are also synchronous.

Budding Yeast (Saccharomyces cerevisiae) and fission yeast (Saccharomyces pombe) have also been used extensively for cell cycle studies. These single cell eukaryotes carry out all the basic steps of the cell cycle  and they offer many experimaental advantages over multicellular eukaryotes. They are easy to grow and manipulate under laboratory conditions; they are fast growing with a division cycle time of 1-4 hours. One difference between the cell cycles of yeast and multicellular eukaryotes is that the nuclear envelope of yeast does not break down during mitosis i.e.  a closed mitosis. However, the cell cycle control system and check points are all present. A budding yeast, as the name suggests, replicates itself by forming a bud that grows during interphase and separates from the preexisting mother cell during mitosis to form a new daughter cell. The size of the bud is an indicator of the stage of the cell-cycle that the cell is in. Unbudded cells are in G1 where as large budded cells are in G2 or M phase.

Both budding and fission yeast can be grown as haploid cells and conditional loss of function mutants defective in any process can be isolated. Unlike budding yeast, fission yeast cells are cylindrical grow by tip elongation and divide using a medically placed septum.  

Mammalian tissue culture cells have also provided significant insights into cell cycle control. It would be ideal to study the mammalian cell cycle in tissue control using normal primary cells. However, normal primary cells do not proliferate indefinitely in culture, but stop dividing after 25-40 cell divisions and enter senescence. For this reason, immortalized cell lines derived from normal as tumour cells have been used widely for cell cycle analyses. Each experimental system has its advantages and disadvantages. For example, the amenability of frog, clam and sea urchin oocytes to biochemical studies have given them an advantage over other experimental systems in reconstructing cellular processes in vitro. On the other hand, the powerful genetics of yeast, fungi and fruitfly have paved the way for the identification of key regulators of cell-cycle progression. Together, these experimental systems have provided a wealth of information about mechanisms of cell cycle control.

REGULATION OF CELL CYCLE

Checkpoints

The control system that regulates progression through the cell cycle must accomplish several tasks. First, it must ensure that the events associated with each phase of the cell cycle are carried out at the appropriate time and appropriate sequence. Secondly, it must make sure that each phase of the cycle has been properly completed before the next phase is initiated. And finally, the control system must be able to respond to external conditions that indicate the need for cell growth and division.

A series of control points in the cell cycle known as check points, accomplish these objectives. At each checkpoint, conditions within the cell determine whether or not the cell will proceed to the next stage of the cell cycle. The first checkpoint occurs late during G1 phase. In yeast, this G1 checkpoint is called ‘Start’.  In animal cells, the G1 checkpoint is called ‘restriction point’. The ability to pass through the restriction point is controlled to a large extent by extracellular growth signalling proteins called ‘growth factors’. Cells that have successfully passed through the restriction points are committed to S phase, where as those that have not passed this point can remain in G1 indefinitely, in the resting state called G0.

In addition to the G1 checkpoint, two other cell cycle checkpoints are G2 checkpoint and spindle assembly checkpoint. The G2 checkpoint is located at the boundary between G2 and M phase, proper completion of DNA synthesis is required before the cell can initiate mitosis. The spindle assembly checkpoint is at the junction between metaphase and anaphase. Before cells can pass through the spindle assembly checkpoint and begin anaphase, all chromosomes must be properly attached to the spindle. If the two chromatids that make up each chromosomes are not properly attached to opposite spindle poles, the cell cycle is temporarily arrested at this point.

The identity of the molecules involved in checkpoint  come from cell fusion experiments carried out in early 1970s. In some of the earliest studies, two cultured mammalian cells in the different phases of the cell cycle were fused to form a single cell with two nuclei, a heterokaryon. If one of the original cells is in S phase and the other is in G1, the G1 nucleus in the heterokaryon quickly initiates DNA synthesis, even if it would normally have reached S phase until many hours later. This indicates that S phase cell contains one or more molecules that trigger progression through G1 checkpoint and into S phase. In contrast, when S phase cells are fused with cells in G2 , the G2 nucleus does not initiate DNA synthesis. This finding suggests that the G2 cell contains same factor that prevents it from carrying out an unwanted second round of DNA replication

These cell fusion experiments suggested that specific molecules present in the cytoplasm are responsible for moving cells through G1 and G2 checkpoints i.e. for triggering the onset of DNA replication and mitosis. Additional evidence regarding the mitosis triggering signal has come from experiments involving frog eggs. During development of the frog oocyte, the cell cycle is arrested in G2 until hormones stimulate meiosis. The oocyte then proceeds through first maturation division of meiosis but is arrested during metaphase of the second division.  It is now a mature egg cell capable of being fertilized. A crucial experiment demonstrated that if cytoplasm taken from a mature egg cell is injected into the cytoplasm of a immature oocyte, the oocyte immediately begins meiosis. The researchers hypothesised that a chemical, which named MPF Maturation Promoting factor, induces this oocyte maturation.

In addition to inducing meiosis, MPF can also trigger mitosis because of the general role played by MPF in triggering passage through the G2 checkpoint and into mitosis, the acronym MPF which originally stood for Maturation Promoting factor, is now understood to mean Mitosis-Promoting Factor, which more accurately describes the molecular role.

Biochemical examination has revealed that the protein encoded by the yeast cdc2 gene functions as a protein kinase. Though the protein produced by the cdc2 gene functions as a protein kinase, it is active only when bound to a member of another group of proteins known as cyclins. The protein product of the cdc2 gene is therefore a cyclin-dependent kinase (Cdk). It has now been  revealed that control of the eukaryotic cell cycle involves several kinds of Cdk molecules and their interaction with multiple forms of cyclin, thereby creating a variety of different Cdk-cyclin complexes. As the name suggests, cyclins are proteins whose level in the cell oscillates, thereby allowing them to control the activity of the various Cdk molecules at different points in the cell cycle. Cyclins involved in regulating passage through the G2 checkpoint into M phase are called mitotic cyclins, and the Cdk molecules to which they bind are known as mitotic Cdk’s. Likewise, cyclins involved in regulating passage through the G1 checkpoint into S phase are called G1 cyclins, and the Cdk molecules to which they bind are known as G1 Cdk’s.

Although the activation of mitotic Cdk requires its binding to cyclin, phosphorylation and dephosphorylation of the Cdk protein also play key roles in the activation mechanism. When mitotic cyclin initially binds to mitotic Cdk, the resulting complex is inactive. To trigger mitosis, the complex requires the addition of an activating phosphate group to a particular amino acid of the Cdk molecule. Before this phosphate is added, however, an inhibiting kinase phosphorylates the Cdk molecule at two other locations, causing the active site to be blocked. The activating phosphate group, is then added by a specific activating kinase. The last step in the activation sequence is the removal of the inhibiting phosphates by a specific phosphatase enzyme. Once the phosphatase begins removing the inhibiting phosphates, a positive feedback loop is set up: The activated Cdk cyclin complex generated by this reaction stimulates the phosphatase, thereby causing the activation process to proceed more rapidly. After the mitotic Cdk-cyclin complex has been activated, it functions as an active MPF whose protein kinase activity triggers the onset of mitosis. . Active MPF stimulates nuclear envelop- breakdown, chromosome condensation, mitotic spindle formation and targeted p-protein degradation.

Passing through the G1 checkpoint and into S phase is the main step that commits a cell to the process of cell division; it is therefore subject to control by factors such as cell size, the availability of nutrients, and the presence of external growth factors that signal the need for cell proliferation. These various types of signals function by activating Cdk-cyclin complexes that trigger entry into the S phase by phosphorylating several target proteins. In its normal dephosphorylated state, the Rb protein binds to the E2F transcription factor. This binding prevents E2F from activating the transcription of genes coding for proteins required for DNA replication, which are needed before the cell can pass though the G1 checkpoint into S phase. In cells that have been stimulated by growth factors, the Ras pathway is activated which leads to the production and activation of a G1 Cdk-cyclin complex that catalyzes the phosphorylation of the Rb protein. Phosphorylated Rb can no longer bind to E2F, thereby allowing E2F to activate gene transcription and trigger the onset of S phase. During the subsequent M phase, the Rb protein is dephosphorylated so that it can once again inhibit E2F.

In addition to acting at the G1 and G2 checkpoints, Cdk-cyclin complexes are also involved in the spindle assembly checkpoint, where the decision is made to separate the sister chromatids and thus initiate anaphase. But here, neither a new cyclin nor a new Cdk appears to be involved. Instead, the onset of anaphase is triggered by a protein degradation pathway activated near the end of metaphase by MPF (the mitotic Cdk-cyclin complex that also acts at the G2 checkpoint). MPF triggers passage through the spindle assembly checkpoint by catalyzing one or more protein phosphorylation reaction that lead to the activation of the anaphase-promoting complex, a large protein complex that controls many events associated with final phases of mitosis. The complex exerts its effects by targeting selected proteins for degradation by joining them to ubiquitin. Fig. 3.
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Fig. 3 : The diagram showing the regulation of cell cycle.
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