Topic 1: Introduction to Cell Biology and the Cell’s Features
1.1, 2.3, 3.1, 4.1, 6.1-6.4

6.1: Microscopy to study cells

Light microscope: visible light is passed through the specimen and then through glass lenses, which regract the light in such a way to magnify the image of the specimen.
· Magnification: the ratio of an object’s image size to its real size
· Resolution: measure of the clarity of the image
· Contrast: difference in brightness between light and dark areas
Electron microscope: focuses a beam of electrons through the specimen of onto its surface
· Scanning electron microscope: beam of electrons excites electrons on the surface of the cell – which are translated into an electronic signal
· Transmission electron microscope: studies the internal structure of cells

Cell fractionation: takes cells apart and separates major organelles from one another. Uses centrifuge to separate contents. Allows us to identify organelle function.

6.2: Eukaryote vs. Prokaryote cells

Qualities of all cells
All have a selective plasma membrane with a semifluid cytosol inside. All contain chromosomes and ribosomes.

Eukaryotes
· DNA is contained in the nucleus, bound by a double membrane
· Have membrane-bound organelles
· Much larger

Prokaryotes
· DNA is concentrated in non-membrane enclosed nucleoid

6.3: Nucleus and ribosomes of the eukaryotic cell

The nucleus contains most of the genes. It is enclosed by the nuclear envelope, which separates its contents from the cytoplasm. It has pore structures that regulate entry and exit of proteins and RNA. The nuclear lamina is composed of protein filaments that maintain the shape and support the nuclear enevelope.

Inside the nucleus is the nucleolus, where rRNA is synthesized, and proteins are assembled.
Ribosomes carry out protein synthesis. Free ribosomes are suspended in the cystosol and bound ribosomes are attached to the outside of the ER or nuclear envelope.

6.4: The endomembrane system
The endoplasmic reticulum
Smooth ER: lacks ribosomes
· Synthesis of lipids
· Metabolism of carbohydrates
· Detoxification of drugs and poisons
· Adding a hydroxyl geoup to make them more soluble and flush out
· Storage of calcium ions
Rough ER: studded with ribosomes
· Makes secretory proteins
· Membrane factory

The Golgi Apparatus
Products of the ER (proteins) are modified and stored before being sent away by transport vesicles. Products enter via thecis region and go to the trans region.

Lysosomes - digest macromolecules
· Intracellular digestion (phagocytosis forms a food vacuole that fuses with a lysosome where its enzymes digest the food)
· Autophagy – recycle the cell’s own material using enzymes

Vacuoles
Contractile vacuoles pump excess water out of the cell.
Plant cells have a central vacuole which stores inorganic ions and water.


Topic 2: Macromolecules and chemistry of the cell
5.1, 5.4

5.1: Intro to macromolecules
Monomers are conencted by a dehydration reaction (two molecules are covalently bonded to eachother and release a water molecule)
Polymers become monomers by hydrolysis (reverse of dehydration)

5.4: Protein structure and function

Held together by peptide bonds between amino acids (called a polypeptide).

Protein functions
1. Enzymes – catalyst of chemical reactions
2. Defensive proteins – protects against disease
3. Storage proteins – stores amino acids
4. Transport proteins
5. Hormonal proteins – coordinates an organism’s activities
6. Receptor proteins – response of cell to chemical stimuli
7. Contractile/motor proteins - movement
8. Structural proteins – support (example: keratin) 

Non-polar side chains are hydrophobic
Polar side chains are hydrophilic
Negatively charged side chains are acidic, and positively charged side chains are basic. Both are hydrophilic.
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Protein structure
1. Primary structure
· The sequence of amino acids
2. Secondary structure
· Coils and folds in the primary structure, as a result of hydrogen bonds between parts of the polypeptide backbone
· Alpha helix: coil held by an H bond between every 4th amino acid
· Beta pleated sheet: two or more segments are connected by H bonds between parts of the paprallel segments of the polypeptide backbone

3. Tertiary structure
· Shape resulting from interactions between side chains of amino acids
· Hydrophobic reaction: hydrophobic side chains end up in clusters at the core of the protein where they are out of contact with water
· Disulphide bridges: form where two cysteine monomers are brought close together
4. Quaternary structure
· The overall functional protein structure that results from the aggregation of polypeptide subunits


Topic 3: Cytoskeleton and the extracellular matrix
6.6. 6.7

6.6: The cytoskeleton
The cytoskeleton is a network of fibers extending throughout the cytoplasm. It is composed of three structures, microtubules, microfilaments, and intermediate filaments.


Functions
· Gives mechanical support and maintains shape of the cell
· Cell motility: changes in cell location and movements of cell parts; requires the interaction of the cytoskeleton with motor proteins
· Manipulates the plasma membrane by bending it to form vesicles

Microtubules
Hollow rods constructed from the tubulin protein (each of these is a dimer – composed of alpha and beta tubulin)
They are able to grow in length by adding tubulin dimers.
The two ends are slightly different due to orientation. The plus end can accumulate or release dimers at a higher rate (able to shrink and grow).
· Shape and support the cell
· Serve as tracks for motor proteins to move along
· Involved in the separation of chromosomes during cell division

· Centrosomes: microtubules will grow out from a centrosome (located near the nucleus)
· Centrioles: are within the centrosome and composed of nine sets of triplet microtubules arranged in a ring

· Cilia and flagella: extensions made of microtubules that project from some cells. They act as locomotor appendages. The microtubule assembly is anchored to the cell by a basal body. The bending motion is produced by motor proteins called dyneins. These proteins have two “feet” that walk along the microtubule of the adjacent doublet, using ATP for energy.
· Cilia: occur in large numbers on the cell surface. May have one cilium per cell that acts to receive signals
· Flagella: limited to one or a few per cell and are longer

Microfilaments
Thin solid rods built from molecules of actin. A microfilament is a twisted double chain of actin subunits.
· Bear tension from pulling forces
· Supports cell shape (gives the cortex of the cell a gel-like consistency)
· Motility – together with myosin will cause contraction of muscle cells

Intermediate filaments
Intermediate size, only found in animal cells. They are more permanent fixtures of cells that remain even after cells die
· Bearing tension
· Reinforce cell shape
· Fix the position of organelles
· Make up the nuclear lamina

6.7: Extracellular components that help coordinate cell activities

Cell walls of plants
Protects the plant cell, maintains its shape, and prevents excessive uptake of water.
Poduction of the cell wall;
· Microfibrils made of cellulose are synthesized by the cellulose synthase enzyme
· It is secreted into the extracellular space, where they become embedded in a matrix of other polysaccharides and proteins
· This begins the initial secretion of the thin and flexible primary cell wall.
· Between primary walls of cells is the middle lamella (glues cells together)
· Some cells add a secondary cell wall for extra strength
· They are usually perforated by pores called plasmodesmata


The extracellular matrix of animal cells
Mainly composed of glycoproteins and other carbohydrate-containing molecules that get secreted by cells. The most abundant is collagen, which forms strong fibers; which are embedded in a network woven out of proteoglycans.

Some cells are attached to the ECM by glycoproteins such as fibronectin, which binds to cell-surface receptor proteins called integrins (built into the plasma membrane)

Cell junctions
1. Tight junctions: plasma membranes of neighbouring cells are pressed tightly against eachother, forming a continuous seal.
2. Desmosomes: intermediate filaments anchor desmosomes in the cytoplasm, they attach muscle cells to eachother in a muscle
3. Gap junctions: cytoplasmic channels from one cell to another. Consists of membrane proteins that surround a pore for ions, sugars, etc. to move through

Topic 4: Membranes
5.3, 7.1-7.5

5.3: Lipids
Mix poorly with water (hydrophobic)
1. Fats
· Large molecules assembled from smaller molecules by dehydration reactions
· Constructed from glycerol and fatty acids
· A fatty acid has a long carbon skeleton with a carboxyl group at the end.
· The nonpolar C-H bonds are the reason why fats are hydrophobic
· A fat is composed of three fatty acids goined to a glycerol by an ester linkage – this is called a triacylglycerol, or triglyceride
· Function of energy storage, cushioning and insulation

· Saturated fats: no double bonds between carbon atoms
· Unsaturated fats: has one or more double bonds (nearly all are cis, which cause a kink in the hydrocarbon chain)
· Trans fats: the double bonds are trans
2. Phospholipids
· Has two fatty acids attached to a glycerol, with a small charged or polar molecule attached to the phosphate group
· Hydrocarbon tails are hydrophobic
· The phosphate group and its attachments form a hydrophilic head
3. Steroids
· Carbon skeleton consisting of four fused rings
· Cholesterol

7.1: Fluid mosaic model

A phospholipid is an amphipathic molecule, it has both hydrophobic and hydrophilic regions. This causes the bilayer orientation with heads exposed and tails on the interior. 

Fluid mosaic model: the membrane is a mosaic of protein molecules bobbing in a fluid bilayer of phospholipids. Groups of proteins are specialized for their function.
Membrane fluidity
A membrane is held together primarily by hydrophobic interactions (much weaker than covalent bonds). Lipids and proteins are able to shift laterally within the membrane, and may even flip-flop between layers.

Factors influencing membrane fluidity;
· Temperature
· High temperature = more fluid
· Low temperature = more rigid
· Saturation of fatty acid tails
· Unsaturated (kinked) tails prevent close packing = more fluid
· Saturated tails pack closer together = more rigid
· Prescence of cholesterol
· Regulates the fluidity with changing environment

Membrane proteins and their functions

Integral proteins penetrate the hydrophobic interior of the bilayer. Most are transmembrane proteins and will span both layers, some extend only partly.
Peripheral proteins are not embedded in the bilayer, but are appendages loosely bound to the surface of the membrane – often to integral proteins.

1. Transport
· Provides a hydrophilic channel across the membrane
2. Enzymatic activity
3. Signal transduction
· Receptors that change shape to relay a message inside the cell
4. Cell-cell recognition
· Serves as an identification tag
5. Intercellular joining
· Junctions
6. Attachment to cytoskeleton and ECM

7.2: Membrane structure and selective permeability
Some small molecules can diffuse across the membrane, others require transport proteins;
· Aquaporins: pass water molecules across the membarne
· Carrier proteins: hold onto the cargo and change shape to shuttle it across

7.3: Passive transport

Tonicity: the ability of a surrounding solution to cause a cell to gain or lose water.
· Hypertonic: the cell will lose water and shrivel
· Isotonic: no net movement of water
· Hypotonic: water will enter the cell, causing it to swell and lyse

Facilitated diffusion
Uses the help of transport proteins (channel and carrier proteins)
· Channel proteins provide corridors that allow specific molecules to travel. There are ion channels and gated channels, where the stimulus is electrical
· Carrier proteins undergo a shape change to release the cargo, which is triggered by its binding. It moves down the concentration gradient therefore no energy is required

7.4: Active transport
This process moves solutes against their concentration gradient by expending energy. They require the use of solely carrier proteins. The energy is supplied by ATP transferring its terminal phosphate group directly to the transport protein.


The sodium-potassium pump: sodium outm potassium in. This creates a voltage difference called a membrane potential
Proton pump: actively pumps protons (hydrogen ions) out of the cell
Cotransport: a transport protein can couple the downhill diffusion of the solute to the uphill transport of a second substance against its own concentration gradient

Topic 5: Energetics and Cell Death
Energetics: Ch 6.5, 8.1, 8.3, 8.5, p. 177-188, Ch 10.1, p. 207-211 

6.5: Mitochondria and chloroplasts

Mitochondria
The site of cellular respiration – drives the generation of ATP by extracting energy from fuels.
The number of mitochondria in a cell correlates with the cell’s level of metabolic activity.
· Outer membrane is smooth
· Inner membrane has infoldings called cristae. It divides into the intermembrane space and the mitochondrial matrix (which contains enzymes, DNA and ribosomes)
· These enzymes catalyze steps of cellular respiration

Chloroplasts
Found in plants and algae, are the sites of photosynthesis. Converts solar energy to chemical energy by absoring sunlight and using it to drive the synthesis of organic compounds such as sugars from carbon dioxide and water. 
· Intermembrane space has inner membranes in the form of thylakoids
· Each stack of thylakoids is called a granum
· The fluid is called stroma, which contains the DNA, ribosomes and enzymes

Peroxisomes

8.1: Metabolism and Thermodynamics
Metabolism: the totality of an organism’s chemical reactions.
Metabolic pathway: begins with a specific molecule, which is then altered in a series of defined steps, resulting in a certain product. Each step is catalyzed by a certain enzyme.
Forms of energy
· Kinetic energy: relative motion of objects
· Thermal energy: the kinetic energy associated with the random movement of atoms or molecules.
· Potential energy: possessed by matter that is not moving, because of its location or structure.
· Chemical energy: potential energy available for release in a chemical reaction


The laws of thermodynamics
1. The energy of the universe is constant: energy can be transferred and transformed, but it cannot be created or destroyed
2. During every energy transfer or transformation, some energy becomes unavailble to do work. Each increases the entropy, or disorder of the universe.

8.3: ATP powers cellular work
· Chemical work: the pushing of endergonic reactions that would not occur spontaneously, such as the synthesis of polymers from monomers
· Transport work: pumping of substances across membranes
· Mechanical work: beating of cilia, contraction of muscle cells
Energy coupling: the use of an exergonic process to drive an endergonic one



ATP (adenosine triphosphate)
Containts the sugar ribose, with the nitrogenous base adenine and a chain of three phosphate groups. It is one of the nucleoside triphosphates used to make RNA.
The bonds between phosphate groups of ATP can be broken by hydrolysis. When the terminal phosphate is broken off by the addition of a water molecule, it becomes ADP.
Phosphorylation: the transfer of a phosphate group from ATP to another molcule. 

8.5: Regulation of enzyme activity

Allosteric regulation: a protein’s function at one site is affected by the binding of a regulatory molecule at a separate site. May be inhibitory or stimulatory.
· An activating or inhibiting molecule binds to a regulatory site (where subunits join, also called allosteric site)
· The binding of an activator stabilizes the shape that has functional active sites
· The binding of an inhibitor stabilizes the inactive form of the enzyme
· The subunits figt together in a way that a change in shape in one subunit is transmitted to all others
· ATP binds to several catabolic enzymes allosterically, lowering their affinity for substrate and thus inhibiting their activty. It can also function as an activator for the same enzymes (if it does not bind)
· Cooperativity: a substrate molecule binding to one active site in a multisubunit enzyme triggers a shape change in all subunits, thereby increasing the catalytic activity of other sites (one binding increases affinity for others)

p.177-188: Cellular Respiration

Glycolysis
Breaks down glucose into two molecules of pyruvate.
2 ATP, 2 NADH, 2 pyruvate, 2 H2O, 2 H+
Pyruvate Oxidation
It then enters the mitochondrion, and is oxidized into acetyl CoA.
Citric acid cycle
The breakdown of glucose to carbon dioxide

Oxidative Phosphorylation
Accounts for most of the ATP produced in cellular respiration;

Redox
The transfer of one of more elctrons from one reactant to another
Oxidation: loss of electrons
Reduction: gain of electrons
Reducing agent: electron donor
Oxidizing agent: electron acceptor
During cellular respiration, glucose is oxidized and the oxygen is reduced. As electrons lose potential energy along the pathway, energy is released. 

The electron transport chain
Glucose is broken down in a series of steps, each one catalyzed by an enzyme. As hydrogen atoms are passed down, they first go through an electron carrier (coenzyme NAD+) – it is ideal because easily cycles through NAD+ and NADH when carrying.

Dehydrogenases remove a pair of hydrogen atoms from glucose, which oxidizes it. The enzyme delivers the 2 electrons and 1 proton to the coenzyme NAD+ (which then becomes NADH). The other proton gets released as a hydrogen ion into the surrounding solution.

The ETC consists of a number of molecules built into the membrane of the mitochondria. Electrons taken from glucose are shuttled by NADH to the higher energy end of the chain. At the lower end, oxygen carries these electrons along with hydrogen ions, forming water.
· Each dowhill carrier is more electronegative, which makes it capable of oxidizing
· The folding of the inner membrane to form cristae increases its surface area

Chemiosmosis
In the inner membrane of the mitochondrion there are many copies of a protein complex called ATP synthase, which is the enzyme that makes ATP from ADP and inorganic phosphate. It uses the energy of an existing ion gradient to power ATP synthesis: a difference in the concentration of H+ on opposite sides of the inner mitochondrial membrane. 
1. Hydrogen ions flowing down their gradient enter a membrane channel (stator)
2. They bind sites within a rotor, changing the shape of each subunit so that the rotor spins within the membrane
3. Each hydrogen ion makes one complete turn before leaving the rotor and passing through a second channel in the stator (channel), and into the mitochondrial matrix
4. Spinning of the rotor causes an internal rod to spin as well. This rod extends like a stalk into the knob below it, which is held stationary by part of the stator
5. Turning of the rod activates catalytic sites in the knob that produce ATP from ADP and Pi

10.1: Photosynthesis
Chloroplasts are found mainly in the cells of the mesophyll, the tissue in the interior of the leaf.
Each chloroplast has an envelope of two membranes, and is surrounded by a dense fluid called the stroma. Suspended within the stroma is a third membrane system, made up of sacs called thylakoids. These sare stacked in columns called grana.

In the presence of light, the green parts of plants produce organic compounds and oxygen from carbon dioxide and water.

1. Light reactions: convert solar energy to chemical energy. Water is split, providing electrons and protons, and giving off oxygen. Light absorbed by chlorophyll drives a trasnfer of the electrons and hydrogen ions from water to an acceptor called NADP+, which is reduced to NADPH by adding a pair of electrons and a hydrogen ion. These reactions also generate ATP by using chemiosmosis (photophosphorylation) 
2. Calvin Cycle: Begins with carbon fixation, where carbon dioxide from the air is incorporated into existing organic molecules. This fixed carbon then gets reduced to carbohydrate by the addition of electrons (made possible by NADPH and ATP)

p.207-211: Chlorophyll and photosystems
A photosystem is composed of a reaction-centre complex syurrounded by several light-harvesting complexes. 
· Each light harvesting complex consists of various pigment molecules that are bound to proteins. The number and variety increase the light harvesting surface area. 
· Once a pigment molecule absorbs a photon, the energy is transferred from pigment molecule to pigment molecule within a light harvesting complex, until it is passed into the reaction-centre complex
· It has a molecule that accepts electrons and can be reduced, called the primary electron acceptor
The light reactions of photosynthesis can be split into two categories
1. Photosystem II
· A  photon of light strikes one of the pigment molecules in a light harvesting complex
· This boosts an electron to a higher energy level. When it returns, a nearby electron is raised to an excited state, and the process continues
· An electron gets transferred to the primary electron acceptor
· An enzyme catalyzes the splitting of water into two hydrogen ions (released into thylakoid space) and an oxygen atom (combines with another to form oxygen)
· Photoexcited electrons pass to next step using an electron transport chain


2. Photosystem I
· ETC made up of electron carrier plastoquinone, cytochrome complex, and plastocyanin
· The call of electrons to a lower energy level provides energy for the synthesis of ATP
· As electrons pass through the cytochrome complex, hydrogen is pumped out (which provides the proton gradient for chemiosmosis)

Alternate path: cyclic electron flow, which uses only photosystem I.

Chemiosmosis: chloroplasts v. mitochondria
The same basic mechanism to generate ATP: ETC in a membrane pumps protons out through a series of carriers. This creates potential energy stored in the form of a proton gradient across the membrane. ATP synthase complex couples the diffusion of hydrogen ions down their gradient to the phosphorylation of ADP, which forms ATP.

Chloroplasts do not need molecules from food, their photosystems capture light energy to drive the electrons from water to the top of the transport chain.


Cell death: Ch 11.1, 11.5, 45.1, p. 1109-1110


11.1: Intro to cell signalling

Growth factors: compounds that stimulate nearby target cells to grow and divide

Local signalling
1. Paracrine signalling: a secreting cell acts on nearby target cels by secreting molecules of a local regulator
2. Synaptic signalling: a nerve cell releases neurotransmitter molecules into a synpase, stimulating the target cell
Long distance signalling
1. Endocrine (hormonal) signalling: specialized endocrine cells secrete hormones into body fluid. They then reach all body cells, but are bound to only some cells

The three stages of cell signalling
1. Reception
· The detection of a signalling molecule
· Occurs when the molecule binds to a receptor protein located on the cell membrane or inside
2. Transduction
· The receptor protein is changed in some way, which initiates the process
· The signal transduction pathway has for a goal of initiating a cellular response
3. Response
· Can be any imaginable cellular activity

11.5: Apoptosis
Cells that are infected, damaged, or have reached the end of their life span will undergo programmed cell death.
Cellular agents chop up the DNA and fragment the organelles and other cytoplasmic components. The cell shrinks and becomes lobed, then its parts are packaged into vesicles that are engulfed and digested by specialized scavenger cells. This process also protects neighbouring cells from being damaged by the cell’s digestive enzymes.
Initiation;
1. Mitochondrial proteins are triggered to form molecular pores in the mitochondrial outer membrane, causing it to leak and release other proteins that promote apoptosis (cytochrome C)
2. A death-signalling ligand binds to a surface receptor, which leads to activation of caspases and other enzymes
3. A signal originates from the nucleus when the DNA has suffered irreparable damage


Topic 6: Cell communication and signal transduction

Ch 11.2, 11.3, 11.4, 5.5

11.2: Reception
A receptor protein on or in the target cell allows the cell to hear a signal and respond to it. The signalling molecule is called a ligand, and its binding causes the receptor protein to undergo a change in shape (conformation). This action will directly activate the receptor, which enables it to interact with other cellular molecules and initiate a signal transduction pathway.

Receptors in the plasma membrane
Water soluble signalling molecules bind to receptor sites on transmembrane proteins (since they cannot enter the cell like lipid soluble molecules). 

1. G protein coupled receptors
I The ligand reaches the extracellular side of the receptor, which activates it (by causing GTP to replace the GDP) and changes its shape.
II The activated G protein dissociates from the receptor, diffuses along the membrane and then binds to an enzyme – which alters this enzyme’s shape and activity. This can trigger the next response
2. Receptor Tyrosine Kinase
I The receptor molecule exists normally as a monomer with an extracellular binding site
II The binding of a ligand causes the two receptor monomers to associate closely with each other, forming a dimer by dimerization
III This activates the tyrosine kianse region on the tail of each monomer, which then adds a phosphate from an ATP molecule to a tyrosine on the tail of the other monomer
IV The complex can then be recognized by an activator protein that relays the information in the cell
3. Ligand-gated ion channel
I The gate of the channel will remain closed until a ligand binds
II When this occurs, specific ions can flow through the chanel and rapidly change the concentration of this ion inside the cell. This can change the activity of the cell
III When the ligand dissociates from the receptor, the gate closes

Intracellular receptors
These receptors are found either in the cytoplasm or the nucleus of the target cell. The signalling molecules (steroid hormones and gases for example) for this process are small enough to diffuse across the membrane or are hydrophobic and can pass through the lipid bilayer. 

*Transcription factors are specialized proteins that control which genes are turned on (which ones are transcribed into mRNA) at a particular time in the cell

An example of a steroid hormone interacting with an intracellular receptor;
I. The steroid hormone aldosterone passes through the plasma membrane
II. Aldosterone binds to a receptor protein in the cytoplasm, activating it
III. The hormone-receptor complex enters the nucleus and binds to specific genes
IV. The bound protein acts as a transcription factor, stimulating the transcription of the gene into mRNA
V. The mRNA is translated into a specific protein







11.3: Transduction

Protein phosphorylation and dephosphorylation
This is a popular cellular mechanism for regulating protein activity. An enzyme that transfers phosphate groups from ATP to a protein is generally known as a protein kinase. (this is what the tyrosine kinase receptor is, and what it does. However, cytoplasmic protein kinases will phosphorylate either serine or threonine)

A phosphorylation cascade is described below;
I. A relay molecule activates protein kinase I
II. The activated protein kinase I transfers a phosphate from ATP to an inactive molecule of protein kinase 2, thus activating it
III. Active protein kinase 3 then cataluses the phosphorylation and activation of protein kinase 3
IV. This will then phosphorylate a protein that brings about the cellular response

**Protein phosphatases: are enzymes that can rapidly remove phosphate groups from proteins (dephosphorylation). This inactivates protein kinases, and allows them to turn off the signal transduction pathway.

Second messengers
These are small water soluble molecules or ions that can spread throughout the cell by diffusion. The two most widely used are cyclic AMP and calcium ions.
1. Cyclic AMP (cAMP)
I Adenylyl cyclase, an enzyme embedded in the plasma membrane, converts ATP to cAMP in response to an extracellular signal (in this case is epinephrine) 
II cAMP broadcasts the signal to the cytoplasm (cAMP does not las long because it will be converted to AMP by phosphodiesterase)
2. Calcium ions and inositol triphosphate (IP3)
I A signalling molecule binds to a receptor, leading to the activation of phospholipase C
II It then cleaves a plasma membrane phospholipid called PIP2 into DAG and IP3
III DAG functions as a second messenger in other pathways
IV IP3 diffuses through the cytosol and binds to an IP3 gated calcium channel in the ER membrane, causing it to open
V Calcium ions flow out of the ER down their concentration gradient, raising the calcium level in the cytosol
VI The calcium ions activate the next protein in one or more signalling pathways

11.4: Response
The response at the end of the pathway may occur in the nucleus or in the cytoplasm. Many have for end goal of regulating protein synthesis, usually by turning specific genes on or off in the nucleus

Regulation of the response
The steps in a multistep pathway provide control points at which the cell’s response can be further regulated, contributing to the specificity of the response and allowing coordination of other pathways. 
1. Pathway leads to a single response
2. Pathway brances, leading to two responses
3. Cross talk occurs between two pathways
4. Different receptor leads toa different response
**The efficiency of signal transduction is increased by the presence of scaffolding proteins – large relay proteins to which several other relay proteins are also attached





5.5: Nucleic Acids
Nucleic acids are polymers made of monomers called nucleotides.
Roles;
Two types: DNA and RNA. DNA provides directions for its own replication, and directs RNA synthesis as well as protein synthesis.
Each gene along a DNA molecule directs synthesis of a type of RNA called messenger RNA (mRNA). It will interact with the cell’s protein synthesizing machinery to direct prodution of a polypeptide, which folds into all or part of a protein. The sites of protein synthesis are ribosomes.

DNA > RNA > protein

The components of nucleic acids
Composed of three parts: nitrogenous base, five carbon sugar, and one of more phosphate groups.
There are two families of nitrogenous bases: pyrimidines and purines
· Pyrimidines have a six membered carbon ring and nitrogen atoms. Its members are cytosine (C), thymine (T) – only DNA, and uracil (U) – only RNA.
· Purines are larger, with a six membered carbon rind fused to a five membered ring. Its members are adenine (A) and guanine (G).
+
Deoxyribose for DNA – lacks an oxygen atom on the second carbon in the ring
Ribose for RNA
+
Phosphate group on the 5’ carbon of the sugar
=
nucleoside monophosphate, or a nucleotide.

Nucleotide polymers
The linkage into polymers involves a dehydration reaction. Adjacent nucleotides are joined by a phosphodiester linkage, which consists of a phosphate group that links the sugars of the two nucleotides.
One end has a phosphate attached to a 5’ carbon, and the other end has a hydroxyl group on a 3’ carbon – giving the polynucleotide built in directionality. 
Structure
DNA molecules have two polypeptides, or strands, that wind around an imaginary axis – which forms a double helix. The two sugar-phosphate backbones run in opposite 5’ > 3’ directions – called antiparallel. The two strands are held together by hydrogen bonds.

A-T
G-C
RNA molecules exist as single strands.
A-U













Topic 7: Transcription (DNA to RNA) and regulation, Translation

17.1, 17.2, 17.3, 17.4, 18.1, 18.2, p 394-395, p. 91

17.1: Genes specify proteins by transcription and translation

One gene-one enzyme hypothesis: the function of a gene is to dictate the production of a specific enzyme. This theory was then replaced by the one gene-one polypeptide hypothesis; which states that the function of a gene is to produce a polypeptide sequence. 

Transcription
The synthesis of RNA using information in the DNA, which serves as a template for assembling a complementary sequence of RNA nucleotides. This produced molecule is a transcript of the gene’s protein building instructions, and is known as messenger RNA (mRNA). 

Translation
The synthesis of a polypeptide using the information in the mRNA. This step involves a change in language from the nucleotide sequence of an mRNA molecule into the amino acid sequence of a polypeptide. This occurs at the ribosomes.

Eukaryotes v. prokaryotes
In bacteria, the DNA is not separated by a nuclear membrane since they do not have nuclei. This allows the translation of mRNA to begin while transcription is still in process.

In a eukaryotic cell, there is separation between the two steps: transcription occurs in the nucleus, then mRNA is transported to the cytoplasm where translation occurs.
The transcription of a protein-coding eykaryotic gene results in pre-mRNA, and further processing leads to mRNA. The initial RNA transcript from any gene, including those specifying RNA that is not translated into a protein, is more generally called a primary transcript. 

The central dogma: DNA > RNA > protein

The genetic code
There are four nucleotide bases to specify 20 amino acids. This works because of the triplet code: the genetic instructions for a polypeptide chain are written in the DNA as a series of nonoverlapping, three nucleotide words. 

[image: Macintosh HD:private:var:folders:32:_b9krv2j5739_tgx6wbryxd00000gp:T:TemporaryItems:f5de6355003ee322782b26404ef0733a1d1a61b0.png]During transcription, only one of the two DNA strands is transcribed, which is called the template strand. This strand is determined by the orientation of the enzyme that transcribes the genes, which depends on particular DNA sequences associated with a given gene.

The mRNA triplets are called codons, and are written in the  5’ > 3’ direction. 

Note that AUG codes for methionine and also functions as a start signal. It signals the protein-synthesizing machinery to begin translating the mRNA at that location. An enzyme may then remove this starter from the chain.

Reading frame
Where reading starts and ends
(vs. herer eadings tartsa nde nds)



17.2: A closer look at transcription

RNA polymerase: an enzyme that pries the two strands of DNA aprt and joins together RNA nucleotides complementary to the DNA template strand (which elongates the RNA polynucleotide). They are able to assemble a polynucleotide only in its 5’ > 3’ direction – and can also do this from a 3’ > 5’ template. 
Bacteria only have a single type of RNA polymerase, but eukaryotes have three;
· RNA polymerase II: used for mRNA synthesis
· Others transcribe RNA molecules that are not translated into protein

Promoter: the DNA sequence where RNA polymerase attaches and initiates transcription. The promoter is said to be upstream from the terminator.
Terminator: the sequence that signals the end of transcription.
The stretch of DNA downstream from the promoter that is transcribed into an RNA molecule is called a transcription unit.

Synthesis of an RNA transcript

1. Initiation
· The promoter of a gene includes within it the transcription start point – the nucleotide where RNA synthesis actually begins
· RNA polymerase binds to a precise location and orientation on the promoter, which determines where transcription will start and which of the two strands of the DNA helix is used as the template
· Transcription factors: mediate the binding of RNA polymerase and the initiation of transcription. RNA polymerase II will only bind to the promoter after transcription factors are attached
· Transcription initation complex: transcription factors and RNA polymerase II attached to the promoter
· TATA box: a specific promoter DNA sequence that aids in forming the initation complex
· After all these steps are complete, the enzyme unwinds the two DNA strands and starts transcribing the template strand
2. Elongation
· As RNA polymerase moves along the DNA, it untwists the double helix. It also adds nucleotides to the 3’ end of the growing RNA molecule as this occurs
· A growing strand of RNA trails off from each polymerase, with the length of each new strand reflecting how far along the template the enzyme has travelled from the start point
3. Termination
· In bacteria: transcription proceeds through a terminator sequence in the DNA. The transcribed terminator functions as the termination signal
· This signal causes the polymerase to detach from the DNA and release the transcript, requiring no further modifications
· In eukaryotes: RNA polymerase II transcribes a sequence on the DNA called the polyadenylation sequence, which specifies a polyadenylation signal in the pre-mRNA, and binds to proteins in the nucleus 
· Downstream from this, the bound proteins cut the RNA transcript free
· The RNA then undergoes the next section – processing
· RNA polymerase II still continues to transcribe, but enzymes degrade the sequence starting at the now exposed 5’ end
· This continues until these enzymes catch up and polymerase dissociates from the DNA






17.3: Eukaryotic RNA modification after transcription

RNA processing: enzymes in the eukatyotic nucleus modify pre-mRNA in specific ways before the genetic message is dispatched to the cytoplasm. 

Alteration of mRNA ends 
The 5’ end is synthesized first: it receives a 5’ cap, which is a modified form of the guanine nucleotide. 
The 3’ end of the pre-mRNA molecule receives 50-250 more adenine nucleotides, forming a poly-A tail.
 These added features share several important functions;
· Facilitate the export of the mature mRNA from the nucleus
· Help protect mRNA from degradation by hydrolytic enzymes
· Help ribosomes attach to the 5’ end once the sequence reaches the cytoplasm

Split genes and RNA splicing
Removal of large portions of the RNA molecule, because RNA transcripts have long noncoding stretches of nucleotides (regions that are not translated). 
· Introns: noncoding segments
· Exons: get expressed
Initially, both introns and exons are transcribed, but then the introns get cut out and the exons are joined together. The introns are initially removed by a complex of proteins and small RNAs called a spliceosome. It will bind to several short nucleotide sequences along an intron, which is then released and rapidly degraded. Then, the molecule joins together the two exon ends.
· Ribozymes: RNA molecules that function as enzymes. They are capable of doing so because RNA is single stranded and can base-pair with a complementary region somewhere else on the molecule, giving it a 3D structure. Also, some of the bases in RNA contain functional groups that may participate in catalysis. It can also form H bonds with other nucleic acid molecules
Alternative RNA splicing: genes can give rise to different polypeptides depending on which segments are treated as exons.

17.4: Closer look at translation
Transfer RNA (tRNA): the translator. It transfers amino acids from the cytoplasmic pool of amino acids to a growing polypeptide in a ribosome. Therefore, each one enables translation of a given mRNA codon into a certain amino acid. 
It is able to do this task because it has a specific amino acid at one end (which attaches at the 3’ end), and a nucleotide triplet at the other end (which can base-pair with the complementary codon on mRNA). 
· The other end of tRNA has the anticodon, with is the nucleotide triplet that base-pairs to a specific mRNA codon. They are conventionally written in to 3’ to 5’ direction in order to align with codons that are written the opposite way
· tRNA is made in the nucleus and then travels from the nucleus to the cytoplasm, where it participates in translation
· Each one is used repeatedly: it picks up its designated amino acid in the cytosol, deposits the cargo onto a polypeptide chain at the ribosome, and then gets ready to pick up another of the same amino acid
· Aminoacyl-tRNA synthetases are a family of enzymes that ensure the correct matching up of tRNA and its specified amino acid.
· Wobble: the nucleotide base U at the 5’ end of tRNA can bind with either A or G at its third position. This explains why the synonymous codons for a given amino acid most often differ in their thir nucleotide base, but not in the others







Ribosomes
They facilitate the specific coupling of tRNA anticodons with mRNA codons during protein synthesis. Each is made of proteins and one or more ribosomal RNAs (rRNAs). The subunits are made in the nucleolus and then exported via nuclear pores to the cytoplasm. In addition to a binding site for mRNA, it has three others for tRNA;
· P site: holds the tRNA carrying the growing polypeptide chain
· A site: holds the tRNA carrying the next amino acid to be added onto the chain
· E site (exit): catalyzes the formation of the peptide bond, then the polypeptide passes thorugh an exit tunnel, where it is released. 

Building a polypeptide
Energy is required – provided by the hydrolysis of guanosine triphosphate (GTP).
1. Initiation
· Brings together mRNA, tRNA with the first amino acid, and the two subunits of a ribosome
· A small ribosomal subinit binds to both the mRNA and a specific initiator tRNA (with methionine)
· In bacteria: it binds the mRNA at a specific RNA sequence (upstream of the start codon AUG)
· In eukaryotes: the small subunit with the initiator tRNA already bound, binds to the 5’ cap of the mRNA and then scans downstream along the mRNA until it reaches the start codon, which the initiator tRNA forms H bonds with
· These steps are crucial to establish the reading frame
· Initiation factors are required to bring all these components together into the translation initiation complex
2. Elongation
· Amino acids are added one by one to the previous amino acid at the C-terminus growing chain
· Each addition involves the participation of elongation factors
· The mRNA is moved through the ribosome in one direction only (5’ end first)
· The empty tRNAs that are released from the E site return to the cytoplasm where they will be reloaded
3. Termination
· Elongation continues until a stop codon in the mRNA reaches the A site
· A release factor binds directly to this stop codon, then causes the addition of a water molecule instead of an amino acid
· This reaction hydrolyzes and breaks the bond between the completed polypeptide and the tRNA in the P site, releasing the polypeptide through the exit tunnel

Protein folding
During its synthesis, a polypeptide chain begins to coil and fold spontaneously as a consequence of its amino acid sequence, forming a protein with a specific shape. The gene determines primary structure, and primary structure determines shape. A chaperonin (chaperon protein) helps the polypeptide fold correctly. 

Post-translational modifications
Certain amino acids may be chemically modified by the attachment of sugars, lipids, phosphates.

Targeting polypeptides to specific locations
Free ribosomes are suspended in the cytosol and mostly synthesize proteins that will stay and function there.
Bound ribosomes are attached to the ER or the nuclear envelope, and make proteins of the endomembrane system, as well as proteins that get secreted from the cell.
· The polypeptides of proteins destined here are marked by a signal protein, which targets the protein to the ER
· This signal gets recognized by a signal-recognition particle (SRP), which functions as an escort that brings the ribosome to a receptor protein built into the ER membrane. Synthesis will continue here, as the growing polypeptide snakes across the membrane. It then travels via transport vesicle to its destination.



18.1: Regulation of transcription

Genes of related function are grouped together into one transcription unit so that one on-off switch can control the whole cluster (coordination control). 

The switch is a segment of DNA called an operator. It controls the access of RNA polymerase to the genes
Operon = operator + promoter + gene
The operon is the entire stretch of DNA required for enzyme production.

The trp operon
The operon is naturally turned on, so RNA polymerase can bind to the promoter and transcribe the genes of the operon. For this reason, it is called a repressible operon.
· It can however be turned off by a protein called the trp repressor (specific to each operon). 
· This molecule will bind to the operator and block the attachment of RNA polymerase to the promoter, preventing transcription of the genes
· The trp repressor is the protein product of a regulatory gene called trpR, which is located some distance from the operon and has its own promoter
· Only when tryptophan (corepressor) binds to the trp repressor at an allosteric site does the repressor protein change to the active form that can attach to the operator, which turns the operon off
· When cellular tryptophan levels drop, transcription of the operon’s genes resumes
· The enzymes are called repressible enzymes and synthesize essential end products from raw materials

Inducible operon: usually off but can be stimulated when a specific small molecule interacts with a regulatory protein.
Example: lac operon;
· The regulatory gene lacI (located outside the operon), codes for an allosteric repressor protein that can switch off the lac operon by binding to the operator
· The inducer inactivates the repressor in this case
· In the absence of lactose, the lac repressor is in its active configuration, and the genes of the lac operon are silenced
· If lactose is present, allolactose binds to the lac repressor and alters its conformation, nullifying the repressor’s ability to attach the operator. The lac operon is then transcribed into mRNA for the lactose-utilizing enzymes
· The enzymes of the lactose pathway are called inducible enzymes because their synthesis is induced by a chemical signal (allolactose) – usually function in catabolic pathways

Operon regulation
Regulation of both the trp and lac operons involves the negative control of genes, because the operons are switched off by the active form of the repressor protein. 
Allolactose induces enzyme synthesis not by acting directly on the genome, but by freeing the lac operon from the negative effect of the repressor.

Positive gene regulation
Gene regulation is positive when a regulatory protein interacts directly with the genome to switch transcription on.
· Cyclic AMP (cAMP) acts as an allosteric regulatory protein (accumulates when glucose is scarce)
· Catabolite activator protein is the regulatory protein that acts as an activator. It binds to DNA and stimulates transcription of a gene
· When cAMP binds to this, CAP assumes its active shape and can attach to a specific site at the upstream end of the lac promoter
· This step increases the affinity of RNA polymerase for the promoter
· Gene expression is stimulated, therefore it is positive regulation
The state of the lac repressor determines whether or not transcription occurs at all, the state of CAP controls the rate of transcription.

18.2: Eukaryotic gene expression

Differential gene expression: the expression of different genes by cells with the same genome.

Regulation of chromatin structure
The structural organization of chromatin allows it to pack tightly into the nucleus, but also helps regulate gene expression in several ways. The location of a gene’s promoter, relative to both placement of nucleosomes and to the sites where the DNA attaches to the chromosome scaffold, can affect whether the gene is transcribed.

Histone modifications and DNA methylation
Proteins called histones are wrapped around DNA. Chemical modifications to these histones plays a role in the regulation of gene transcription.
· The N-terminus of each histone molecule protrudes outward from the nucleosome
· These histone tails are accessible to various modifying enzymes that cataluze the addition or removal of specific chemical groups
· Histone acetylation (addition of an acetyl group) promotes transcription by opening up the chromatin structure
· Addition of a methyl group can lead to condensation of chromatin and reduced transcription

Epigenetic inheritance
Inheritance transmitted by mechanisms not involving the nucleotide sequence itself.

Regulation of transcription initiation
Review of transcription: transcription initiation complex assembles on the promoter sequence. RNA polymerase then proceeeds to transcribe the gene, synthesizing a primary RNA transcript (pre-mRNA). RNA processing includes enzymatic addition of a 5’ cap and a poly-A tail, as well as splicing out introns. The product is a mature mRNA.

Many eukaryotic genes have multiple control elements (segments of noncoding DNA that serve as binding sites for transcription factors – which regulate transcription). Control elements and the transcription factors they bind are critical to precise regulation of gene expression in different cell types. 


General Transcription factors at the promoter
Transcription factors are needed to start transcription, these ones specifically are needed for transcription of all protein coding genes. The polymerase can only begin to move along the DNA strand after the complete initiation complex has assembled.

Specific transcription factors
· Proximal control elements are located close to the promoter
· Groups of distal control elements called enhancers
· Mediator proteins interact with proteins at the promoter

1. Activator proteins bind to distal control elements grouped as an enhancer in the DNA. This enhancer has three binding sites, where each is called a distal control element
2. A DNA bending protein brings the bound activators closer to the promoter. General transcription factors, mediator proteins, and RNA polymerase II are nearby
3. The activators bind to certain mediator proteins and general transcription factors, helping them form an active transcription initiation complex on the promoter

Silencing: some repressors recruit proteins that remove acetyl groups from histones, leading to reduced transcription




Mechanisms of Post-transcriptional regulation

RNA processing: alternative RNA splicing: different mRNA molecules are produced from the same primary transcript, depending on which RNA segments are treated as exons and which as introns

Initiation of translation: the initiation of translation can be blocked by regulatory proteins, preventing the attachment of ribosomes. Or, translation of all the mRNAs in a cell may be regulated simultaneously. 

mRNA degradation: important in determining the pattern of protein synthesis.

Protein processing and degradation: this step produces a functional protein. Chemical modifications make them functional and the specifics of this vary. 

To mark a protein for destruction, the cell attaches molecules of ubiquitin, which triggers proteasomes to degrade them.

p.394-395: Regulation by noncoding RNAs

microRNAs (miRNAs) can bind to complementary sequences in the mRNA molecules. It then either degrades the target mRNA or blocks its translation. 
Small interfering RNAs (siRNAs): very similar to miRNAs. The blocking of gene expression by siRNAs is called RNA interference. 
These pathways may have evolved as a mechanism of natural defence against infection.

p. 91: Chaperonins
Protein molecules that assist in the proper folding of other proteins. They keep the new polypeptide segregated from disruptive chemical conditions in the cytoplasmic environment so it does not get damaged by enzymes during the folding process.



Topic 8: Translation and protein sorting

17.5: Mutations
Changes to the genetic information of a cell.
Point mutations: small-scale mutations to a single nucleotide pair of a gene. If it occurs in a gamete, it may be transmitted to offspring and future generations (basis of evolution). It then leads to an altered mRNA and the production of an abnormal protein.

**review p. 373

Types of small scale mutations
1. Single nucleotide-pair substituions
2. Nucleotide-pair insertions or deletions (can involve more than one nucleotide pair)

Substitutions
· Silent mutation: transformation of one nucleotide pair with another that gets translated into the same amino acid
· Missense mutation: substitutions that change one amino acid to another one. Produces a similar amino acid, or is in a region that does not code for the amino acid
· Nonsense mutation: changes a codon for an amino acid into a stop codon. Causes translation to be terminated prematurely and can lead to nonfunctional proteins

Insertions and Deletions
Additions or losses of nucleotide pairs. A frameshift mutation occurs whenever the number of nucleotides inserted or deleted is not a multiple of three. 

New mutations and mutagens
If an incorrect nucleotide is added to a growing chain during replication, the base on that nucleotide will then be mismatched with the nucleotide base on the other strand. Sometimes, this is corrected, however if it is not; the incorrect base will be used in the template for the next round of replication and leads to spontaneous mutations.

Mutagens: physical and chemical agents that interact with DNA in ways that cause mutations.
Example: X-rays (high radiation) can cause disruptive thymine dimers in DNA
Many mutagens can cause cancer and are therefore carcinogens

A gene is a region of DNA that can be expressed to produce a final functional product that is either a polypeptide or an RNA molecule.



Topic 9: DNA replication

Chapter 16

16.1: DNA as the genetic material

Transformation: a change in genotype and phenotype due to the assimilation of external DNA by a cell.

Chargaff’s rules
1. DNA base composition varies between species
2. For each species, the percentages of A and T bases are rougly equal, as are those for C and G

Chemical structure
· The prescence of two strands accounts for the double helix
· Negatively charged phosphate groups facing the aqueous surroundings, with hydrophobic nitrogenous bases hidden in the interior
· Antiparallel strands (running in opposite directions)
· The purines: adenine and guanine (two organic rings)
· The pyramimidines: cytosine and thymine (single organic ring)
· The bonding of the appropriate nitrogenous base forms the double helix structure

16.2: DNA replication and repair

Prior to duplication, the hydrogen bonds are broken and the two chains unwind and separate from eachother. Each unwinded strand is complementary, and can be used to build another. Therefore, it will serve as a template strand. Nucleotides will line up along the template strand according to the base-pairing rules – and will link up to form new strands. (two single strands become two double strands)
1. Conservative model: the two parental strands reassociate after acting as templates for new strands, thus restoring the parental double helix
2. ***Semiconservative model: the two strands of the parental molecule separate, and each functions as a template for synthesis of a new, complementary strand
3. Dispersive model: each strand of both daughter molecules contains a mixture of old and newly synthesized DNA



The process of DNA replication

1. Strand separation
· Begins at sites called origins of replication (short stretches of DNA that have a specific sequence of nucleotides). 
· Proteins that initiate DNA replication will recognize this sequence and attach to the DNA, separating the two strands and opening up a replication bubble
· Replication of DNA then proceeds in both directions until the entire molecule is copied (proceeds in both directions)
· At each end of the bubble is a replication fork (Y shaped region where the parental strands are being unwound)
· Helicases are enzymes that untwist the double helix at the replication forks
· After separation, single-stranded binding proteins bind to the unpaired DNA strands, keeping them from repairing
· Untwisting causes a build up of tension and strain ahead of the replication fork; topioisomerases relieve this strain by breaking, swivelling, and rejoining DNA strands

2. Synthesizing a new DNA strand
· The unwound sections now serve as templates
· The initial nucleotide chain that is produced is a short stretch of RNA, called a primer, that gets synthesized by the enzyme primase
· Primase starts a complementary RNA chain with a single RNA nucleotide, and adds RNA nucleotides one at a time, using the parental DNA strand as a template
· The primer is thus combined using base-pairing
· The new DNA strand will start from the 3’ end of the RNA primer

· DNA polymerases (enzymes) catalyze the synthesis of new DNA (dehydration reaction) by adding nucleotides to the 3’ end of a preexisting chain

3. Antiparallel elongation
· Since the DNA strands in the double helix are antiparallel,  the two new strands formed must also be antiparallel to their template strands
· Because of structure, DNA polymerases (III) can only add nucleotides to the free 3’ end of a primer or growing DNA strand (can only elongate from 5’ to 3’ direction) – this one is called the leading strand
· However, the other strand is not orientated in this way. DNA pol III must work along the other template strand in the direction away from the replciation fork – this one is called the lagging strand. It is synthesized in segments, called okazaki fragments
· Primase joins RNA nucleotides into a primer
· DNA pol III adds DNA nucleotides to the primer, forming okazaki fragment 1
· After reaching the next RNA primer to the right, DNA pol III detaches
· Fragment 2 is rpimed, Then DNA pol III adds DNA nucleotides, detaching when it reaches the fragment 1 primer
· DNA pol I replaces the RNA with DNA, adding nucleotides to the 3’ end of fragment 2
· [bookmark: _GoBack]DNA ligase forms a bond between the newest DNA and the DNA of fragment 1
· The lagging strand is now complete

*Summary of this process on page 341

4. Proofreading and repairing DNA
· Errors can be preventing by DNA polymerases, which proofread each nucleotide against its template as soon as it is covalently bonded to the growing strand
· Mismatch repair: other enzymes remove and replace incorrectly paired nucleotides that have resulted from replication errors

· Nucleotide excision repair;
· Teams of enzymes detect and repair damaged DNA, which distorts the DNA molecule
· A nuclease enzyme cuts the damaged DNA strand at two points, and the damaged seciton is removed
· Repair synthesis by a DNA polymerase fills in the missing nucleotides
· DNA ligase seals the free end of the new DNA to the old DNA, making the strand complete

· Telomeres are segments of noncoding repeated nucleotide sequences that prevent the staggered ends of the daughter molecule from activating the cell’s systems of monitoring DNA damage. It also acts as a buffer zone that provides protection against the organism’s genes shortening. In each round of replication, telomeres become shorter
· Telomerase catalyzes the lengthening of telomeres, thus restoring their original length and compensating for the shortening that occurs during DNA replication

16.3: Chromosome packing

Histones: positively charged proteins that bind tightly to the negatively charged DNA, and packs around it
Nucleosomes: the string of DNA between beads 

Chromatin: the structure of DNA formed from intense packing by combining with proteins.
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