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Structure of Cells
All living things are composed of small components called cells. Eukaryotic cells (including all animal and plant cells) contain a nucleus. Inside the nucleus there are long, threadlike molecules called chromosomes, made of DNA, and harbouring all information needed to create a human being. 

A typical animal cell:
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A typical plant cell:
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Structure of DNA
The chromosomes are composed of DNA (deoxyribonucleic Acid): long strands of repeated units called nucleotides. Each nucleotide contains a phosphate group, a sugar (deoxyribose) and one of the four bases adenine (A), thymine (T), guanine (G) or cytosine (C) (see Figure 1).
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Figure 1. P – phosphate group, D – deoxyribose sugar, A – base.
DNA molecules are made up of nucleotides joined together by strong chemical bonds between the phosphate and sugar groups of adjacent nucleotides. This forms a ‘sugar-phosphate’ backbone. 

Two strands of nucleotides run in opposite directions (anti-parallel) and are held together by weak hydrogen bonds between their bases. The weak hydrogen bonds form only between adenine and thymine or between guanine and cytosine (see Figure 2). One such pair of A and T or C and G is called a base pair. DNA molecules are shaped like twisted ladders; this shape is known as a double helix with the ‘sugar-phosphate’ backbone on the outside and the base-pairs on the inside. 



[image: ]
Figure 2. Simplified picture of double stranded DNA. 


Organisation of DNA
Prokaryotes (for example bacteria) have no nucleus. In eukaryotes DNA is arranged as linear chromosomes, whereas in prokaryotes there is usually just a single circular piece of chromosomal DNA. 
Prokaryotic DNA
Usually prokaryotes have just one double stranded, circular chromosome that carries the organism’s genetic material. Some prokaryotes, however, have an extra circular piece of DNA that contains non-essential genes; it is called a plasmid. 
Eukaryotic chromosomes
The most significant differences between the chromosomes of eukaryotes and prokaryotes are that eukaryotes have several linear chromosomes contained within a membrane bound nucleus. The number of chromosomes is consistent within the species but can vary across species; so for example, humans have a set of 46 chromosomes, whereas wheat has a set of 14 chromosomes. 
Eukaryotic cells also contain extra packages of DNA out with the nucleus: mitochondrial and chloroplast DNA. Mitochondrial DNA is found in both plants and animals, whereas chloroplast DNA is only found in green plants and certain protists. Mitochondrial and chloroplast DNA is circular and double stranded. Yeast may also have plasmids.
The packaging of DNA in eukaryotic chromosomes
As humans we have 46 chromosomes in each cell, the total length of DNA in one human cell is 1.84 m. Considering the number of cells we have, we have enough DNA that if put end to end it would reach the moon and back! To fit inside cells the DNA of eukaryotic chromosomes must be packaged. To do this it is tightly coiled and packaged by being wound around proteins.

Replication of DNA
An important feature of the DNA-molecule is that it can make copies of its self very accurately. The first step in the replication of DNA is the separation of the two nucleotide strands, which then function as templates for the construction of two new double-stranded DNA-molecules. These two new DNA molecules become perfect copies of the original DNA-molecule (see Figure 3).


[image: ]
Figure 3. 1. Double stranded DNA to be replicated. 2. The two strands begin to separate. 3. Then new nucleotides are put in place with the original strands as templates. 4. When the complete DNA molecule has split apart, the result is two identical copies. A always binds to T and C always to G.
In order for DNA replication to occur a great many enzymes are involved. DNA polymerase enzyme forms bonds between nucleotides and has a very important role to play in forming new DNA nucleotide strands on the template. In order for DNA polymerase to begin is needs a primer to join the new nucleotides onto. DNA polymerase can also only add new nucleotides to the 3’ end of a nucleotide strand. This means that only one DNA strand in the double helix is able to be replicated as a single piece (the leading strand). The other strand (lagging strand) must be replicated in shorter pieces that are later joined together with a ligase enzyme.
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PCR
PCR stands for Polymerase Chain Reaction and the method was first developed for amplification of DNA fragments, though there has been an increasing number of new areas in which PCR can be used. DNA polymerase is the enzyme that adds nucleotides during the DNA replication process, and the break-through for the PCR method came when a heat-stable DNA polymerase was extracted. The polymerase needs to be heat-stable because the first step in the PCR method is to heat the DNA you want to amplify to more than 90°C. The heat is used to separate the DNA strands, in order to get single-stranded DNA. A polymerase capable of withstanding high temperatures is Taq-polymerase, from the bacterium Thermus aquaticus that lives in hot springs. This enzyme is functional even after the temperature has been elevated to more than 90 degrees Celsius and has its optimum at about 72°C.

Besides the DNA there are also short single-stranded DNA sequences, primers, in the PCR-mixture. When the temperature is lowered the primers bind to complementary sequences on the DNA (annealing). Primers are used as the DNA polymerase cannot start from scratch and put new building blocks on a DNA strand. In the cell short RNA primers are used, and they are exchanged for DNA later in the process. In the laboratory DNA primers can be used directly.

The PCR-mixture has to contain the following: DNA to be amplified, DNA
polymerase, primers and nucleotides. If you heat the PCR-mixture until single-stranded DNA is produced, and then lower the temperature enough to allow the primers to bind to the DNA, then the DNA polymerase will start to synthesise a new DNA strand with the single-stranded DNA as a template. Then you re-heat the mixture to more than 90oC, so the DNA becomes single- stranded for the second time, lower the temperature and allow the primers to anneal and DNA polymerase to extend the primers once more. This cycle of denaturing DNA, annealing of primers and the synthesis of new DNA strands is repeated around 40 times resulting in around 238 copies of the DNA fragment being produced.
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Figure 4. Double stranded DNA which will be amplified. 2. When the temperature is raised to more than 90oC the DNA strands will separate to single strands. 3. Lowering of the temperature to approximately 40-50oC to allow primers to anneal to complementary sequences on the DNA. 4. Taq-polymerase (grey circles) synthesises new DNA strands using the old ones as templates. 5. The DNA has been doubled and the cycle starts all over again.
Gene Expression and Differentiation

Gene Expression
The sequence of bases along the DNA strand contains the genetic instructions which control an organism’s inherited characteristics. These characteristics are the result of a huge number of biochemical processes controlled by enzymes. Enzymes are made of protein. In order to function properly a protein must have a specific shape. The shape of a protein is determined by the order of amino acids in its polypeptide chain(s). The order of amino acids in a protein is in turn determined by the order of bases in the DNA.

A particular phenotype (i.e. height) is determined by the proteins produced as a result of gene expression. It is also influenced by intra and extra cellular environmental factors (for example hormones and diet).

RNA
Ribonucleic acid (RNA) has a very similar structure to DNA and also contains nucleotides in chains. RNA is needed in order for the cell to convert the DNA code in the nucleus into a protein. Three forms of protein are involved; messenger (mRNA), transfer (tRNA) and ribosomal (rRNA).
There are three important differences from DNA:-
	1.
	There is only a single nucleotide strand in each molecule.

	2.
	RNA doesnt contain thymine.  Instead it contains uracil which is binds to adenine.

	3.
	The sugar present in each nucleotide is ribose instead of deoxyribose.



Transcription of DNA into mRNA
The genetic information for protein sequences is stored in the DNA of the nucleus but protein synthesis occurs in the cytoplasm.  This means that the information must somehow be carried from the nucleus to the cytoplasm.  This is done by messenger RNA (mRNA).   mRNA is a “mirror-image” copy of DNA and is formed from one of the DNA strands by the process of transcription.
Transcription involves the following stages:-

	1.
	DNA strands ate unwound and separated by RNA polymerase enzyme.

	2.
	Pairing of bases occurs between free RNA nucleotides and nucleotides on the DNA strand and hydrogen bonds are formed.

	3.
	Strong chemical bonds are formed between neighbouring nucleotides on the RNA strand by the enzyme RNA polymerase.

	4.
	The weak hydrogen bonds between the RNA and DNA bases break releasing the primary transcript mRNA from its DNA template. 

	5.
	Splicing occurs to remove the non-coding intron sequences. The primary transcript mRNA molecule is now modified to form a mature transcript that is now free to leave the nucleus via a nuclear pore. 
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Transfer RNA
Transfer RNA (tRNA) is also made in the nucleus and passes into the cytoplasm.  It is required for protein synthesis. It has a complex 3 dimensional structure that is held in place with hydrogen bonds between complementary RNA nucleotides. It has an anticodon of three bases exposed which corresponds to a particular amino acid.   This amino acid is picked up by the tRNA molecule in the cytoplasm and becomes attached to it at a binding site. 

Translation of mRNA into protein
Translation of RNA into protein occurs in the ribosomes which are found attached to the endoplasmic reticulum (E.R.) and contain the enzymes necessary for protein synthesis. Ribosomes are made of ribosomal RNA (rRNA) and protein.
During translation, an mRNA molecule becomes attached to a ribosome at the end containing a start codon (AUG).  Within the ribosome, there is space for three tRNA molecules to bind with the mRNA molecule via hydrogen bonding between the bases of the codons and anticodons. This aligns the two amino acids attached to the tRNA molecules and a strong peptide bond is formed between them by an enzyme in the ribosome.
The tRNA molecule falls away from both the mRNA and its amino acid and the mRNA strand moves through the ribosome.  This allows the next codon to bind a tRNA molecule and so on along the chain, until the mRNA stop codon (AUU, AUC or ACU) is encountered. When the whole mRNA molecule is translated into a polypeptide chain, and the stop codon is reached, the polypeptide is released. mRNA molecules are then available for re-use.

[image: https://figures.boundless.com/2877/full/peptide-syn.png]
One gene, many proteins
From a single gene it is possible for the cell to synthesise a great many different proteins. This is done in two main ways; alternative RNA splicing and post-translational modification of the polypeptide chain.
[image: ]In this example there are two possible mRNA transcripts, each of which will produce a different polypeptide chain and protein from a single primary mRNA transcript. 
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Amino Acids are linked together by peptide bonds to form polypeptides.  Folding of the protein can occur  due to hydrogen bonding or interactions between the amino acids.  This results in the protein having a three dimensional shape.  The shape of the protein determines its function.

Differentiation
All cells in a multicellular organism, except gametes and human red blood cells contain the same genetic make-up. Differentiation is the process by which a cell changes and becomes adapted to its specialised role in the organism. The genes in a differentiated cell are not all expressed all of the time. This means that during development, as a cell becomes specialised some genes are switched on and some are switched off. Genes for vital metabolites (i.e. chemicals necessary for life) are switched on (expressed) in all cells. Other genes for proteins characteristic of a cell are only switched on in that cell. Others are permanently switched off. 

Animals grow all over their body but in plants growth is restricted to specific regions called meristems.  A meristem is a group of unspecialised plant cells which are capable of cell division.  

Stem Cells
Stem cells are relatively unspecialised cells in animals that can continue to divide and differentiate into specialised cells. Once a cell becomes differentiated it only expresses the genes that produce the proteins characteristic for that type of cell. There are two main types; embryonic stem cells derived from a very early embryo and tissue (adult) stem cells found in locations such as bone marrow. 


Tissue (adult) stem cells are used by the body to replenish blood and skin cells and therefore have a much lower differentiation potential than embryonic stem cells as many of their genes have already been permanently switched on or off. They are valuable in certain situations such as the use of bone marrow transplants to treat leukaemia and lymphoma. Embryonic stem cells have much greater therapeutic value however as they have the potential to become any type of cell. For example, the repair of damaged or diseased organs, e.g. corneal transplants, and skin grafts for burns.

Stem cell research is allowing scientists to understand the processes of growth and differentiation by gene regulation and therefore the molecular biology of conditions such as cancer. There is a huge amount of debate surrounding the ethics of using embryonic stem cells. 


Genome and Mutations

The genome of an organism is its hereditary information encoded in its’ DNA. Genes are the DNA sequences that code for proteins, however, only a very small proportion of eukaryotic chromosomes directly code for proteins (around 1% of the DNA bases in the human genome). The majority of the genome is made up of non-coding sequences which are not transcribed.

Many non-coding sequences have no known function. Other non-coding sequences have vital roles that such as the regulation of gene transcription.

There are also genes that code for ribosomal and transfer RNA (rRNA & tRNA), these genes are transcribed, but they are not translated.

Mutations
A mutation is a change in the structure or amount of an organism’s genetic material that can result in no protein or an altered protein being expressed. Mutations range from single base changes in the DNA sequence to large-scale alterations in structure or number of chromosomes.

Mutations occur randomly and rarely under normal circumstances.    Mutations are the only source of new variation in a population.  They result in the production of new alleles. New alleles are the basis on which evolution acts to produce new species.

Gene Mutations
There are three types of gene mutations:
1. Substitution is where one or more nucleotides are replaced with the same number of different nucleotides. 
If a single nucleotide is substituted, the mutation may be classified as;
a) Missense – a codon of a gene is altered so that a different amino acid is coded for.
b) Nonsense – a codon of a gene is altered to create a STOP codon (UAG, UAA or UGA) causing protein synthesis to stop prematurely.
c) Splice-site - If the substitution occurs at a mRNA splice-site (intronic sequence that is normally removed from the primary mRNA transcript) then one or more introns may be left in the modified mRNA. The modified mRNA may therefore not be translated properly.
2. Insertion is where one or more nucleotides are inserted into the nucleotide sequence.
3. Deletion is where one or more nucleotides are lost from the nucleotide sequence.

If the number of nucleotides added or removed is not a multiple of three, this will result in a frame-shift.  This means that all subsequent amino acids are changed and is likely to have serious consequences for the structure and function of the protein being coded for.  Deletions and insertions are likely to result in frame-shifts, but substitution does not. An insertion or deletion that occurs within a non-coding repeat sequence will cause the repeat sequence to change in length. These differences in repeat sequence length account for most of the differences seen between different people’s genomes.

Chromosome Rearrangements
These include four categories of chromosome rearrangement:
1. Duplication is where an identical section of chromosome (usually originally derived from its homologue) is inserted into a chromosome resulting in there being a section of the chromosome that is repeated.
2. Translocation is where the section of chromosome (again usually originally derived from its homologue) is attached to another, non-homologous chromosome.
3. Deletion is where a section of the chromosome is lost completely.
4. Inversion is where a segment of the chromosome is rotated so that the order of the genes is reversed.

Gene duplications are extremely important for the process of evolution, since they generate extra copies of genes that, when subjected to subsequent mutations, are able to produce new proteins. If there new proteins are useful to the cell, they may give the individual possessing them a selective advantage. A good example of this is the presence of  and forms of the globin gene; both forms of the gene are needed to create a fully functional haemoglobin protein (see page 69 of your textbook).

Evolution

Gene Transfer
Genes can be transferred between organisms either vertically or horizontally. Vertical inheritance is from parent to offspring as a result of either sexual or asexual reproduction. Prokaryotes can also transfer their genetic material horizontally .  This often results in rapid evolutionary change. Bacteria are able to directly transfer plasmid DNA from one cell to another. In this way resistance to antibiotics can spread rapidly through a population.  Viruses inject either DNA or RNA into a cells in order to reproduce. 

Selection
Natural Selection is the non-random increase in frequency of DNA sequences that increase survival. It is the process by which evolution occurs. Organisms produce more offspring than the environment can sustain.  This leads to competition for resources such as food and space.  Within a species there is much variation and most of this variation will be passed on to the next generation.  Only those organisms most suited (adapted) to their environment will survive to pass on their genes by reproducing. An adaptation is an inherited characteristic that makes an organism well suited to survival in its environment/niche. These well adapted organisms are therefore selected for (survival of the fittest).   This occurs over many generations and eventually results in changes in the characteristics of a species.

Selection
Natural selection can affect the frequency of such a trait in three different ways:

Stabilising Selection
In stabilising selection, selection is against extreme phenotypes and reduces genetic diversity. Stabilising selection occurs in stable (unchanging) environments and helps to maintain the best adapted genotypes in the population. For example stabilising selection maintains birth weight in human babies between 3 and 4 Kg.

[image: stable]

Directional Selection
Directional selection occurs during a period of environmental change. It causes a shift is the value of a trait. For example, during an ice age the average size of some mammals can be seen, from fossil records, to increase. Big animals loose less heat in cold climates and so will be selected for.

[image: direct]


Disruptive Selection
Disruptive selection results in a population becoming split into two distinct groups. This is because extreme versions of a phenotype are selected for. An example of disruptive selection is seen in Darwin’s finches, where, due to a variety of different feeding niches becoming available extreme versions of beak shape were selected for. In this way disruptive selection can lead to sympatric speciation (see below).

[image: disrupt]

Speciation
Speciation is the formation of new species by the process of evolution. This requires that two (or more) populations of a single species become isolated from each other by a barrier.  

This barrier may be geographical (e.g. sea or mountain range). This type of speciation is known as allopatric speciation. The three subspecies of European Wren (mainland, Outer Hebrides and St Kilda) arose as a result of allopatric speciation.

In sympatric speciation the barrier can be behavioural (e.g. animals that feed on different foods and therefore don’t meet), ecological (e.g. changes in temperature or humidity). 
After isolation, mutations occur at random in both sub-populations.  Because of differing selective pressures acting on each sub-population, natural selection affects each group in a different way, i.e. those alleles which give an individual an advantage over its fellows differ between sub-populations.   Over an extremely long period of time the two gene pools become so different from each other that they are no longer able to interbreed even if the barrier is removed. The two populations are now separate, distinct species and  speciation has occurred.

Genomics and Genomic Sequencing

Genomics is the study of genomes. In order to do this the sequence of nucleotide bases must be determined.
The sequence of nucleotide bases of a single gene or an entire genome can be determined by sequencing. 
The analysis of data generated from genome sequencing is known as bioinformatics.

Comparative Genomics
The genomes of a large number of species have been sequenced and compared with one another. These comparisons have revealed a great deal of similarity between even distantly related species. Genome sequences that show a high degree of similarity are said to be highly conserved. Highly conserved genomic sequences are seen across distantly related species in genes that code for the active sites of essential enzymes.
Alongside fossil records, comparative genomics has helped scientists to sequence the events in evolution. 

Phylogenetics
Phylogenetics is the study of evolutionary relatedness among different groups of organism and makes use of information obtained from comparative genomics. 
The number of differences per unit length of DNA sequence between two genomes is used as a measure of evolutionary distance between two groups. These distances can be used to construct phylogenetic trees, such as the one below:
[image: ]

Molecular Clocks
By comparing the number of nucleotide substitutions within the same gene in a number of different species a molecular clock can be constructed. By comparing the data with fossil records, the molecular clock gives information about how long ago the most recent common ancestor of the species existed and the sequence in which the species evolved. 
[image: http://biology.duke.edu/rausher/Gillesp1.JPG]
This molecular clock shows comparisons of the human -globin gene with a number of different species. Cows can be seen to have shared a common ancestor with humans around 100 million years ago, whereas shark -globin has around 4 times more nucleotide substitutions than cow when compared with human -globin and last shared a common ancestor 450 million years ago.

Three Domains of Living Things
RNA and DNA sequences have been used to trace the primary evolutionary lineages of all living things. Genes coding for rRNA have been especially useful since they are shared by all living things. The data supports the idea that living things are made up of three main domains;
· Bacteria (prokaryotes)
· Archaea (mostly prokaryotes – often found in extreme environments, such as hot springs)
· Eukaryotes (fungi, plants and animals)
[image: ]

Personal genomics
The information held in a persons’ genome may be useful for their medical care and treatment. For example, some mutations in genes such as APC and BRCA1 and 2 can vastly increase an individuals’ chance of contracting certain types of cancers. Some mutations affect the effectiveness of different drugs or cause the drugs to be potentially harmful.
There is a huge amount of research in the area of personalised medicines (pharmacogenetics) and it is hoped that in the future the most suitable drug and correct dosage will be prescribed based on personal genomic sequencing. 
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