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We all start as one cell and end up with several trillion. Because all cells arise from cells, cells must reproduce themselves accurately.

•Principles of the cell cycle
•Activation of cyclin-CDK complexes
•Regulation of DNA replication
•Mitosis and separation of chromosomes

Cell division requires cell growth, chromosome
duplication and separation.

There are several basic steps in cell division:
1. Cell growth.
1.1. Cells often but not always attain certain size to begin division.
1.2. Accumulate enough material to support 2 cells.
2. Duplication of chromosomes.
2.1. Cells need full and accurate complement of DNA.
2.2. Repair damage and copy DNA.
3. Chromosome segregation.
3.1. Ensure that both daughter cells receive full set of chromosomes.
4. Cell division.
4.1. Separating 2 cells.
4.2. Pinching and closing plasma membrane.

Cell cycle divided into four separate phases.

Morgan,
DO: The
Cell
Cycle 1st
Edition
The cell cycle is divided into 5 phases:
1. G1 = growth phase.
1.1. Cells increase in size.
1.2. Decide whether to divide.
2. S phase = DNA replication.
2.1. Copy DNA once and only once.
3. G2 = growth phase.
3.1. Preparation for mitosis.
3.2. Separation of centrosomes.
3.2.1. Set up assembly of spindle.
4. Mitosis = separation of chromosomes.
4.1. Most visible changes in cell structure.
4.2. Assemble mitotic spindle.
4.3. Align chromosomes.
4.4. Separate sister chromatids and pull to opposite sides of cell.
5. Cytokinesis.
6. G0 = resting state.
6.1. Do not enter cell cycle.
6.2. Differentiated cells -> neurons

Cyclins and cyclin dependent kinases drive cell
cycle events.

The ell cycle must proceed in an ordered fashion. DNA replication must precede chromosome separation, and chromosome separation must precede
cytokinesis. A centralized controller ensures ordered progression through the cell cycle. The controller initiates cell cycle events at the proper time and makes
sure that prior events are completed before the next stage is initiated. The cell cycle controller is a complex of two proteins: cyclin-dependent kinase (CDK)
and cyclin. CDKs phosphorylate proteins to trigger specific cell cycle events. Cyclins regulate activity of CDKs and help target them to their substrates.
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Waves of cyclin expression and degradation
mediate ordered progression of cell cycle.

Different types of cyclins are expressed during different phases of cell cycle. G1/S cyclins (cyclin E) trigger Start or entry into cell cycle. S phase cyclins (cyclin
A) trigger DNA replication. M phase cyclins (cyclin B) initiate spindle assembly and attachment to chromosomes. Destruction of all cyclins initiates separation of
sister chromatids Cyclins activate CDKs by similar mechanism but lead CDKs to different targets. Cyclins are expressed in a wave-like progression. Cyclin-CDK
complexes trigger expression of next set of cyclins.
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Checkpoints ensure completion of one stage of cell
cycle before starting the next.

The cell monitors its progress through the cell cycle to ensure each event is complete before proceeding to next step and checks that conditions are okay for
it to proceed to the next step.
Checkpoints sense the progress of each step and any DNA damage. When activated, checkpoints arrest the cell cycle before the next stage. Activation of
checkpoint with inhibit the activity of cyclin-CDK complex and prevent it from initiating next phase of cell cycle.

Activation of Cyclin-Dependent Kinases

Association with cyclin opens ATP-binding pocket
of CDKs.

The first level of control of CDK activity is binding to cyclin. Cyclins bind to a conserved 100 amino acid domain in CDKs called the cyclin box. Cyclins activate
CDKs by partially opening kinase pocket. In absence of cyclin, small domain occludes pocket and substrates can’t enter. Binding of cyclin causes
conformational change in CDK that opens pocket.

CDK-activating kinases phosphorylate CDKs to
open substrate binding site.

The second level of control is mediated by CDK-activating kinases (CAK). CAKs phosphorylate CDK leading to a complete opening of the substrate-binding
site. CAKs seem to be constitutively active.

Inhibitory phosphate inactivates cyclin-CDK
complexes.
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The third level of control level 3 is an inhibitory phosphorylation by Wee 1. Wee1 adds phosphate in ATP binding pocket and affects the orientation of
phosphates in ATP and reduces kinase activity. CDK bound to cyclin and phosphorylated by Wee1 is inactive. CDC25 catalyzes dephosphorylation to activate
CDK-cyclin. This is the level at which checkpoints will often control cell cycle progression.

Positive feedback loops increase the amount of
active cyclin-CDK.

Summary of activation of CDKs.
1. Cyclin binds to CDK opens ATP-binding pocket.
2. Cyclin-CDK complex phosphorylated by 2 kinases.
2.1. CAK -> opens substrate binding region.
2.2. Wee1 -> inhibits kinase activity.
3. Active Cdc25 removes inhibitory phosphate leading to active cyclin CDK.
3.1. Cdc25 activated by phosphorylation.
The pathway is regulated by positive feedback. Active cyclin-CDK phosphorylates Cdc25 producing more active Cdc25 and more active cyclin-CDK. Active
cyclin-CDK also inhibits Wee1 preventing addition of the inhibitory phosphate.

Switch-like activation of CDKs ensures rapid and
irreversible initiation of cell cycle events.
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To demonstrate the importance of positive feedback in activating cyclin-CDK, we can compare what would happen in the absence of positive feedback. When a
signal triggers expression of cyclin, the levels of cyclin protein slowly increase leading to a linear increase in the amount of active cyclin-CDK. The drawbacks
of this type of activation is that the slow increase in cyclin CDK activity would mean that the events in one stage of the cell cycle would likely start at different
times as some events might require a more active cyclin-CDK than other events. In addition, the activity of cyclin-CDK is reversible because if the signal that
triggered cyclin expression is removed, the amount of cyclin would decrease leading to less cyclin-CDK.
To avoid these pitfalls the cell uses positive feedback to produce a switch-like activation of cyclin-CDK. Expression of cyclin starts before the next stage of the
cell cycle. Cyclin binds CDK but is inactive due to the inhibitory phosphate. This allows the cell to build up a large concentration of inactive cyclin-CDK. When
the cell is ready to initiate the next stage of the cell cycle, it activates CDC25 which removes the inhibitory phosphate on CDK leading to some active cyclinCDK. This active cyclin-CDK can activate more CDC25 and inhibits Wee1 producing even more active cyclin-CDK. The net effect is a sharp increase in the
amount of active cyclin-CDK. In addition, the activity of cyclin-CDK does not require the initial signal because cyclin-CDK is able to maintain its own activity
through positive feedback.

DNA replication: once and only once

Cyclin CDK complexes trigger major events in DNA
replication.

Cyclin S/CDK

Cyclin M/CDK

CDK inactivation

The prereplication complexes assemble at origins. Active S-cyclins/CDK trigger start of DNA replication. Completion of DNA replication allows for entry into
mitosis and chromosome separation. There are no new rounds of DNA replication until the cells has completed cell division. After cell division, prereplication
complexes assemble at origins.

Phosphorylation and protein degradation ensure
one round of DNA replication.
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The prereplicative complex comprises several proteins. The origin of replication complex (ORC) remains at origin and recruits Cdc6 and Cdt1. Cdc6 and Cdt1
recruit a helicase that will unwind the DNA to allow it to be replicated. Once these components are in place at origin, the DNA is ready for replication. Active
cyclin S-Cdk phosphorylates several proteins that lead to assembly of a replication complex that starts DNA replication. Cyclin S-Cdk also phosphorylates the
ORC to inactive it and Cdc6 which triggers its degradation. Because the ORC is inactive and there is no Cdc6, the DNA cannot be replicated again until after
Ensures that prereplicative complex not assembled.
At end of mitosis when Cdk activity is low, ORC dephosphorylated and Cdc6 resynthesized.

Cohesins tether sister chromatids to prevent
premature separation.

After DNA replication, the sister chromatids are held together by cohesins. Cohesins form a ring-like structure around the chromatids and are found along the
entire length of the chromosome. Cohesins prevent premature separation of chromatids and will be degraded in anaphase after all chromosomes attached to
spindle.

Mitosis: assembling the spindle.

Microtububle-based spindle mediates
chromosome separation during mitosis.
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The events of mitosis are as follows:
1. Prophase.
1.1. Chromosome condensation.
1.2. Separation of centrosomes.
1.2.1. Spindle assembly from opposite sides of cell.
2. Prometaphase.
2.1. Nuclear envelope breaks down.
2.2. Microtubules begin to attach to chromosomes.
3. Metaphase.
3.1. Chromosomes aligned in center of spindle.
3.2. Microtubules attached to all chromosomes from opposite sides of spindle.
3.3. Transition to anaphase.
3.3.1. Activation of APC.
4. Anaphase.
4.1. A -> chromosomes separate.
4.2. B -> spindle elongates.
5. Telophase.
5.1. Plasma membrane begins to constrict.
5.2. Nuclear envelope reassembles.

Taxol prevents depolymerization of microtubules,
inhibiting cell division.
+ Taxol

Taxol is a drug that binds to the sides of microtubules and inhibits their depolymerization. Because microtubules in dividing cells must depolymerize to form
the mitotic spindle, taxol prevents formation of the mitotic spindle, preventing cell division. Taxol is a chemotherapy agent to treat lung, ovarian and breast
cancer.

Three types of microtubules comprise the mitotic
spindle.
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There are three sets of microtubules that make up the mitotic spindle. Astral microtubules extend from the centrosomes toward the cell membrane.
Interpolar microtubules extend toward the center of the cell and overlap with interpolar microtubules coming from the opposite centrosome. Kinetichore
microtubules extend toward and attach to chromosomes. The microtubules will generate the force to separate the chromosomes during anaphase.

Centrosomes separate to set up spindle from
opposite ends of cell.

This first step in building the spindle is the separation of the centrosomes to opposite sides of the cell. Molecular motor proteins, kinesins and dynein, push
and pull the centrosomes to position them. See next slide for details.

Kinesins and dynein help assemble and position
the spindle.

Kinesin-14
Kinesin-5
Dynein

Dynein

Chromosomes
Kinesin-4/10

Kinesin-5

Four sets of motor proteins position the spindle and mediate attachment of microtubules to chromosomes. Dynein localizes to the cell membrane and bind
astral microtubules. Dynein walks toward minus end of the astral microtubules, pulling the centrosome toward the cell membrane. The second motor protein
is kinesin 5 which is tetramer (4 motor domain). Kinesin 5 crosslinks interpolar microtubules from opposite centrosomes. It walks toward the plus ends of the
interpolar microtubules, pushing the centrosomes toward the cell membrane. To counteract the separation of centrosomes, cells employ kinesin 14. Kinesin
14 is unique in that in moves toward the minus ends of microtubules. The motor domains bind to an interpolar microtubule from one centrosome and the tail
of kinesin 14 binds to an interpolar microtubule coming from the opposite centrosome. As it walks toward the minus end of one interpolar microtubule, it
pulls the opposite centrosome. Finally the cell uses chromokinesins (kinesins 4/10) to position the chromosomes near the plus ends of microtubules.
Chromokinesins bind chromosomes and walk toward the plus ends of microtubules.
Because of the importance of these motor proteins to building the spindle and completing mitosis, companies are developing drugs that specifically inhibit
each of these motor proteins as potential anti-cancer drugs. Because the drugs would only affect kinesins that are involved in mitosis, they might have fewer
side effects than drugs like taxol globally affects microtubules.

Chromosome attachment to microtubules from
both centrosomes triggers anaphase.

The transition to anaphase is triggered when all chromosomes are attached to the spindle by microtubules emanating from opposite centrosomes. A single
unattached chromosome is sufficient to arrest the cell in metaphase. In addition, if a chromosome is bound by microtubules from the same centrosome, cells
will remain in metaphase.
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The transition to anaphase is triggered when all chromosomes are attached to the spindle by microtubules emanating from opposite centrosomes. A single
unattached chromosome is sufficient to arrest the cell in metaphase. In addition, if a chromosome is bound by microtubules from the same centrosome, cells
will remain in metaphase.

Chromosome attachment to microtubules from
both centrosomes triggers anaphase.

Mitotic arrest

Mitotic arrest

Mitotic arrest

The transition to anaphase is triggered when all chromosomes are attached to the spindle by microtubules emanating from opposite centrosomes. A single
unattached chromosome is sufficient to arrest the cell in metaphase. In addition, if a chromosome is bound by microtubules from the same centrosome, cells
will remain in metaphase.

Activation of anaphase promoting complex triggers
entry into anaphase and separation of chromosomes.
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The transition to anaphase is not triggered by a cyclin but my a complex of proteins called the anaphase promoting complex (APC). APC causes the
degradation of all cyclins, reducing the activity of CDKs in the cell. The reduction of CDK activity initiates the events of anaphase.

Anaphase promoting complex is an E3 ubiquitin
ligase that targets mitotic proteins for degradation.

APC is an E3 ubiquitin ligase and marks cyclins for degradation by catalyzing the formation of an ubiquitin chain on cyclins.

APC triggers degradation of cohesins allowing
chromosomes to separate.
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Sister chromatids are held together by cohesins and must be dissolved to separate the chromatids. Separase is an enzyme that degrades cohesins allowing
chromatid separation. Before anaphase separase is kept inactive by securin. The APC degrades securin to activate separase and start anaphase.

Unattached chromosomes prevent activation of
anaphase promoting complex.
Unattached
kinetichores

The APC is kept inactive until all the chromosomes are properly attached to microtubules in the spindles. Active APC requires Cdc20. Cdc20 interacts with
proteins at unattached chromosomes and is kept inactive. When all chromosomes are attached to microtubules, Cdc20 is activated and can in turn activated
APC.

Kinesins and microtubule depolymerization
mediate separation of chromosomes.

Two forces drive the separation of chromosomes during anaphase. In anaphase A microtubule depolymerization pulls chromosomes toward spindle poles. In
anaphase B motor proteins pull and push the centrosomes apart.
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Kinetichore complex captures microtubules and
harnesses force of depolymerization.

How do MTs pull apart chromosomes? Microtubules associate with chromosomes at the kinetichore. A set of proteins tether microtubules to the kinetochore,
including proteins that form a ring around the microtubule. When microtubules depolymerize in anaphase, the protofilaments splay and generate a pulling
force on the ring. The force is sufficient to pull the chromosome toward the centrosome.

Cytokinesis: producing two cells

Actin-myosin filament rings assemble at the
midpoint of a dividing cell.

To divide a cell into two, rings of actin and myosin filaments assemble at the midpoint of the cell. The myosin filaments pull on the actin filaments to pinch
the cell membrane. Eventually the cell membrane will constrict enough to allow the two cells to separate.

Actin-myosin filament rings assemble at the
midpoint of a dividing cell.
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To divide a cell into two, rings of actin and myosin filaments assemble at the midpoint of the cell. The myosin filaments pull on the actin filaments to pinch
the cell membrane. Eventually the cell membrane will constrict enough to allow the two cells to separate.

Force of myosin filaments constricts cell at
midpoint.

Take home points...
• Cyclin-dependent kinases and stage-specific cyclins drive cell cycle events
• CDK-cyclin complexes are activated by Cdc25 in a positive feedback loop
• Motor proteins and microtubule dynamics assemble the mitotic spindle
• Chromosomes not attached to spindle arrest mitosis
• Myosin and actin filaments constrict the cell during cytokinesis

