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Preface

    In this report I am trying to write down everything that we know about DNA for the express purpose of looking at its complexity and design features. A lot of what we know about DNA is from studying prokaryotes (bacteria). We are eukaryotes (our cells have a nucleus) and some processes are different. While some details involving DNA are only known for prokaryotes, I have tried to use eukaryote information whenever possible. I am not a biologist so there may be some errors in this document. There are also a few sources that I forgot to write down when I started the article. Consequently, anyone who wants to use this for his/her own research paper should go to the original sources, rather than using this article as a source.   

    Finally, you need to have a knowledge of basic chemistry and structural formulas in order to understand this document. 

Overview

Every cell in the body (except red blood cells) has a nucleus. Inside the nucleus in each cell is a complete copy of one’s DNA. The nucleus is like the control centre of the cell. The DNA is passive and does nothing, much like a book that is filled with all sorts of useful instructions. 

There are only two things that DNA is used for: either to make more DNA (copies of the existing DNA for when cells divide) or to make protein. This is illustrated in the diagram below, which is called “The Central Dogma of Molecular Biology”. The processes of replication and transcription and translation will be examined in the sections below. Reverse transcription only takes place in certain viruses. Note that this diagram has no explanation for the origin of the initial DNA. (Notice the similarity to the Cell Theory which states that cells can only come from existing cells and offers no explanation of where the first cells came from.)
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Protein

(Before we start talking about DNA, we will look briefly at proteins. (I had hoped to write an synopsis article on proteins later, but it looks like too much work.) Almost everything in the human body is protein: muscles, hemoglobin, cartilage, collagen, keratin (in hair and nails, as well as in claws, scales and feathers), enzymes, fibrin (for blood clotting), and crystallin (in the ocular lens). Some things that are not proteins are bones, fat, cell membranes (phospholipid bilayers), hormones and smaller molecules used for energy and signaling.

( Note: enzyme names end in –ase. Any time a molecule name ends in –ase, it is a protein enzyme. (e.g.  helicase)  Some enzymes (e.g. DNA polymerase) are formed of groups of three or more different sub-enzymes that all work together as one giant enzyme.

Proteins are amino acids connected into one string – similar to a polymer. 

( Unlike polymers, proteins 
(i) are never branched: they are always one single  chain 
(ii) have a number of different smaller molecules that make them up, and these molecules (amino acids) must be in an exact specific order
(iii) have a special shape that enables them to perform their purpose (the single chain wraps into complicated shapes (kind of like a string to a knot)

( Random chains of amino acids are completely useless. They must be assembled in a specific order.
( Amino acids also do not polymerize naturally: they need a catalyst – a protein enzyme.

Proteins are often depicted as strings of beads of different colours as they are made. This simplification obscures the complicated chemical formula.

( Most proteins’ usefulness depends solely on their shape. 


Note that

(i) There is no way to determine the shape of a protein needed for a specific chemical reaction (e.g. what shape should a protein be that does reaction X ?). [The relationship between function and shape is very hard to predict.] 
(ii) The shape of the protein depends entirely on the type and order of amino acids that make it up. Researchers use supercomputers to attempt to predict the shape of a protein by knowing the amino acids (i.e. know list of amino acids, then use super computer to try to predict protein structure). This method works sometimes; it also requires comparing to databases of proteins and structures that have already been worked out. 


( There is no way to predict what amino acids are needed to make a protein of a particular shape. Even knowing the desired reaction to catalyze and knowing the shape of the desird protein, there is still no way to come up with the correct sequence of amino acids.

A graphical summary:
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Knowing one step, can one figure out the next step? :

A ( B
completely understood (see next section)

B ( C
requires supercomputers to predict the final shape from the amino acid sequence, not always possible

C ( D
very difficult or impossible to predict function given details of protein shape

Reverse Engineering:

D ( C
impossible to predict exact shape needed given a function

C ( B
impossible to predict amino acid sequence, given a protein shape

B ( A
completely understood (see below)

( The methods of discovering the contents of A, B, C, and D are a whole other topic. (X-ray crystallography is one of the tools used to determine the shape (box C) of a protein.)
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Amino acids

There are 21 amino acids that are used to make up protein. All amino acids (except glycine) are chiral – they can be either L- or R- handed. 
(All amino acids in humans are left-handed. 

(Amino acids can be rather conveniently linked together by peptide bonds (see diagram at right). This doesn’t happen automatically; it has to be done by proteins in ribosomes. Proteins are polypeptides. If a protein is small (less than 30 amino acids), it is called an oligopeptide.

( Peptide bonds are very strong (similar to a C-C bond), but they do not allow rotation about the bond. This is very important as it means that a string of amino acids will form one definite and distinct shape. The bonds can’t rotate so the protein shape will not be floppy and flexible. Some of the bonds in certain amino acids can rotate.

( The human body can only synthesize 11 of the 21 amino acids that it needs. The other 10 must come from eating other organisms.  
(( This means that human DNA and human protein cannot exist without a functioning digestive system to break up the food that is eaten, as well as a functioning circulatory system. A working respiratory system is also needed to provide oxygen for the cellular respiration to provide ATP for all of the biochemical reactions in the cell.

( DNA can be read only by proteins (e.g. RNA polymerase)

( Proteins can be made only by DNA and other proteins (e.g. peptidyl transferase).

( DNA can be made only by DNA and proteins (e.g. DNA polymerase).

Neither DNA nor protein can exist without each other – a true chicken and egg problem. Both are extremely complex macromolecules. There is no adequate explanation of their origin in the theory of evolution.

( Amino acids must have special shapes and bonding properties in order for them to make proteins. A one-dimensional string of Lego blocks cannot make complex shapes, but a 1-dimensional string of amino acid “beads” can be folded into a complex and unique 3-D shape. The following diagram
 shows one method of classifying the 20 amino acids.
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DNA structure and description

 SEQ CHAPTER \h \r 1What DNA looks like


DNA is a very long molecule that looks like a twisted ladder.  If the DNA in one cell was laid end to end, it would stretch 6 metres. It is made up of 3 billion base pairs that encode genetic information. Only 10% of DNA is genes [1999 data]. What is the other 90% ?  DNA is always a right hand spiral (like a normal screw thread).
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 SEQ CHAPTER \h \r 1Structure of DNA unwound:


 -P-S-P-S-P-S-P-S-P-S-

    |   |   |   |   |

    A   T   C   A   G

    |   |   |   |   |

    T   A   G   T   C

    |   |   |   |   |

 -P-S-P-S-P-S-P-S-P-S-
 SEQ CHAPTER \h \r 1What DNA is made of


It is made up of six subunits as seen in the diagram above, right. The spiraling sides or backbones of DNA are not smooth ribbons like the diagram above: they  are made up of alternating sugar (deoxyribose) and phosphate units. The rungs of the ladder are made up of pairs of bases.  (These always connect to the sugar unit.) There are four bases: A= adenine, T = thymine, G = guanine, and C = cytosine.  A and T always pair up together, so do C and G.


DNA in all organisms is made up of the same six subunits. The only thing that differs is the order of the bases (or rungs in the ladder). The order of the bases is what encodes all of our genetic data. 

A diagram of one side of DNA can be seen at http://fig.cox.miami.edu/~cmallery/150/gene/16x3DNA.jpg

DNA in more detail:
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Sugar: Ribose and deoxyribose are 5 carbon sugars that look like this
:
Deoxyribose means that one oxygen atom is missing from a ribose 










 



2. Numbering: carbon atoms are numbered from 1 to 5 as seen in the diagram below:

· Carbon atoms in the sugars have a prime after them to distinguish them from the (numbered) carbon atoms on the bases (no primes).
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The nitrogenous base is attached at the OH on carbon 1'

· The phosphate ions are attached at 5' and 3'. 
(By definition the 5' end has a free phosphate group and the 3' end has a free hydroxyl group.
)

· The identification of 3' and 5' is extremely important in DNA replication and translation.

3. Nitrogenous Bases

As mentioned above, there are 4 nitrogenous bases that form the “rungs” in DNA. They form a very clever system based on the number of bonds and the number of rings.


1 ring
(pyrimidines)
2 rings
(purines)

2 bonds
Thymine
Adenine

3 bonds
Cytosine
Guanine

(( A and T form two hydrogen bonds, while G and C from three hydrogen bonds. This is what causes A to match up only with T and C only with G.

(( A double ringed base is always paired up with a single ringed base. 

( This ingeniously ensures that the two sides of DNA are always kept exactly the same distance apart. If either two single rings or two double rings were joined as a base pair DNA would have to buckle inwards or outwards. This would warp the molecule, putting it under a lot of strain, hindering enzymes from binding to it, and possibly preventing it from staying zipped together as a double helix.

( This also means that as soon as a mismatch occurs in DNA (e.g. a T bonding to T), the DNA ribbon will have a bulge or dent in it. This is used for error correction

The combination of a nitrogenous base, a sugar and a phosphate is called a nucleotide. DNA is a long double strand of repeating nucleotides.

The DNA molecule's stability and rigidity is due to (i) the hydrogen bonding of the base pairs and (ii) stacking interactions between thousands or millions of adjacent bases. These stacking interactions are a form of van der Waals interaction. 

( The bases are protected inside the DNA molecule, while the -P-S-P-S- backbones are exposed to the aqueous environment of the cell. (The bases on RNA are exposed to the cell, so RNA is not a permanent storage for genetic code.) If the hydrogen bonds between DNA bases were exposed to water, they would come apart.

Grooves

The DNA helix has two grooves that are not the same size (see image at right
). The larger one is called the major groove and the smaller one the minor groove.  Since the major and minor grooves expose the edges of the bases, the grooves can be used to tell the base sequence of  some part of a DNA molecule. This is very important since proteins (enzymes) must be able to recognize specific DNA sequences on which to bind in order for the proper functions of the body and cell to be carried out. Obviously, it is easier for enzymes to bind in the larger major groove.

Note that A-T bonding is weaker than the C-G bonding since it only has two hydrogen bonds, so enzymes which unzip the DNA in order to work with it, typically begin at regions with lots of A‑T bonds.

Additional DNA Structure


    In the nucleus of a cell, DNA does not exist as one long double helix strand – it would take up much too much space. DNA is first wound around proteins called histones (images
). It coils twice around a group of 8 histones forming a shape like beads on a string. This increases the packing of DNA by a factor of 6. These beads then coil into a structure called chromatin. This has a packing ratio of about 50. This is the normal state of DNA in a cell. 

    Histones not only reduce the space that DNA takes up; they also play an important role in determining which genes can be expressed (i.e. produce protein). The parts of DNA that are tightly coiled or inside a larger coil are not accessible to be read by RNA polymerse. Histones have tails to which combinations of different molecules can attach, altering the activity of the DNA around them.

     Just before cell division, chromatin condenses even more into loops, which then bind to scaffolding proteins to form coils and supercoils. This results in a packing ratio of 7,000 to 10,000 and is called a chromosome. Once it is in this form, cell division proceeds in a number of complex steps.
 

( During cell division DNA is no longer accessible to give instructions to the cell (proteins can no longer be synthesized). Somehow, cell division proceeds properly through all of the complicated procedures nonetheless.

( This clever packing design allows much more DNA to be stored in a nucleus than otherwise possible. It also controlling genes.

DNA Replication

Diagrams of DNA replication:
 
(the original strand is on the right, the two new strands are on the left, but they haven’t coiled up yet)


[image: image2.png]Another DN& Single -strand
Lagging DNA DA polymerase  binding proteins

strond Ligase  palymerase Primase. Helioase

Gkazaki fragment.

Leading strand ohe Parent DI
polumersse

“Dverall diretion of rephication





There are a number of steps and enzymes all working in the right place at the right time for DNA replication.

1. The helicase enzyme unwinds the DNA and separates it. (How does it do this? how does it move along the DNA?) This makes a “replication bubble” in the DNA – see diagram below. Replication begins at a point and proceeds outwards along the bubble in both directions. There are a number of replication bubbles working on the same strand of DNA at the same time which means that DNA can be copied very quickly.
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2. Single-strand binding proteins bind to the strands to stop them from reconnecting. They do not cover the bases, allowing them to remain free for base pairing. 
(When are they removed and by what?)

3. DNA polymerase cannot just start making a copy of the original strand of DNA: it needs a primer. Primase puts a short section of RNA onto the DNA. This allows the DNA Polymerase to connect to the DNA and start adding nucleotides. RNA is used because it can be distinguished from DNA and indicates which is the original strand.

4. Now DNA polymerase gets the correct nucleotides and assembles them, making the new complementary strand to each of the two unwound strands (at a rate of about 50 nucleotides per second!).

5. The RNA primer is removed by another enzyme (probably a polymerase).

6. The gap in the DNA where the primer was is filled in by a DNA polymerase enzyme (not shown in the diagram above)

7. There will still be a gap in the sugar-phosphate backbone that needs to be connected. DNA ligase does this.

8. The two new DNA strands automatically coil into a helix by themselves.

9. The very end of the DNA cannot be duplicated, so the DNA strand would get shorter and shorter! An enzyme called telomerase adds a standard sequence onto the end, elongating the DNA again.

There are over 15 types of DNA polymerases in humans! (A common refrain in molecular biology is “Why does it have to be so complicated!”)

· The most important are:

· DNA polymerase α - lagging strand priming

· DNA polymerase β - repair

· DNA polymerase γ - mitochondrial enzyme

· DNA polymerase δ - leading strand and lagging strand elongation

· DNA polymerase ε - leading strand (depends on species)

Additional challenges to be overcome during replication:

I. The Lagging Strand

· In DNA the two strands are mirrors of each other, but they are antiparallel as far as the deoxyribose is concerned. The 5' end of one DNA strand is opposite the 3' end of the other. See diagram on page 7.

· DNA primase can only join nucleotides to the 3' end of the strand that it is creating, so DNA has to be assembled starting from the 5' end of the new strand of DNA and moving towards the 3' direction. (lower light blue strand in the diagram above)

· This means that the DNA always has to be read in the 3' ( 5' direction 

The strand that goes from 3' ( 5' can be duplicated continuously since more and more DNA is unwound and is called  the Leading Strand.  (see lower dark blue strand above)

Lagging strand problems:
The other strand of the original DNA template is called the lagging strand. It is the side of the original DNA that starts with the 5' end and cannot be made continuously. DNA polymerase moves along in the opposite direction from which the DNA is being unwound. (It works the same way as on the leading strand, with primases, etc.) It makes a short chunk called an Okazaki fragment; then the DNA polymerase releases from the DNA. As more DNA is unwound, DNA polymerase connects to the DNA and makes another chunk. These fragments are later joined by ligase to make a continuous strand of DNA.

II. Tangles in DNA

As DNA is unwound, it creates extra tight supercoils of DNA in front of the replication bubble (and behind the newly formed double strand). The diagram on page 13 shows supercoils. If the DNA coils too tightly, it would prevent any enzymes from acting on it. Topoisomerase I allows the tightly wound strands to unwind:

· it grabs DNA ahead of the replication fork

· it cuts one of the two strands

· it allows the DNA to spin around so that it untwists back to the normal amount of coiling

· it reconnects the DNA up where it was cut – without any errors

There is another topoisomerase enzyme that is even more amazing:

Topoisomerase II is used during cell division when the DNA is being wound up into chromosomes. Sometimes two separate DNA strands get tangled and need to untangle in order for cell division to occur successfully. Topoisomerase II is used to allow one DNA strand to pass through the other:

· it grabs both strands of DNA

· it cuts one of the DNA strands

· it holds onto the ends that were just cut

· it passes the second uncut DNA through the cut DNA

· it reconnects the first DNA where it was cut

· it releases both strands of DNA

(How did this enzyme develop? It would be useless if it did not work correctly.
( How does this topoisomerase know where to perform its work?

III. Error Correction:

( Any time that there is an error in DNA a structural deformation in the double helix is produced. This deformation makes it very easy to detect errors.
 

( DNA polymerase can copy 400 bases per second and only makes about one error in a million bases copied.  A number of error-correcting enzymes check DNA as it is being replicated and reduce this error rate to less than one in a billion. (Non-replicating DNA is also continuously checked for errors.) The theory of evolution requires that some errors be allowed because it baselessly asserts that beneficial errors caused us to evolve.
( DNA contains instructions for how to fix itself (i.e. how to make the proteins that check for errors).

( DNA contains instructions for the whole cell – like a computer program containing instructions not only for duplicating itself and building the computer that it runs on, but also instructions for how to build the generating station to supply electricity to run the computer!!! (In this analogy, electricity would be the ATP molecule and the generating station could be the complex process of cellular respiration, or the whole organism with all of its organ systems.)

( These three complex processes are elegant solutions to potentially crippling obstacles of duplicating the lagging strand, DNA tangles, and errors in DNA.

Protein Synthesis

Protein is made in two main stages: 

(1) Transcription: copying the instructions for building the specific protein from the DNA to RNA. The complete set of instructions for building one protein is called a gene.
(2) Translation: translating the RNA instructions to build the protein.
Recall that proteins are made up of a long chain of amino acids, and that this one-dimensional polypeptide is then folded into a three-dimensional protein. The bases of DNA (A,T,C,G) are what codes for each amino acid in a protein.

DNA’s code

   As mentioned earlier, the code in DNA is made up of 4 bases (A,T,G,C) which function like letters. If one has only 4 letters, one can still make an infinite number of words if they are combined in different ways. (An infinite number of words can be made in English using its 26 letters.) In DNA, however, all words have 3 letters and there is only one punctuation mark. (* Some bacteria have 4 letter words too). Words in DNA are called codons. Given that there are 4 letters in the code (A,T,G,C), if the letters are put into words of 2 letters long there are 4 * 4 = 16 possibilities. This is not enough for the 20 amino acids that are needed. This is why 3 letter words are used. This allows 4*4*4 = 64 possibilities. 

( Instead of just using 20 of the 64 words and ignoring the other 44 possibilities, all of the codons are used and they are arranged in such a way as to minimise any errors in DNA transcription! A minor change in the codon (normally in the 3rd letter) will have NO effect on the protein being created since the same amino acid is used. Since there are often many codons for one amino acid, the genetic code system is called “degenerate”. This is not a bad thing (unlike the normal meaning of the term) – it just means redundant.  It results from having more letter combinations than there are amino acids. 

Here is a table of the amino acids used in humans and the codons that code for them.
 
The letter T (thymine) has been replaced by U (uracil) – this will be explained below. For the purposes of codons, they are interchangeable.
Amino Acid
Abbrev
Codon(s) 
Occurrence in proteins (%) 
Essential in humans

Alanine 
Ala 
GCU, GCC, GCA, GCG 
7.8 
-

Arginine 
Arg 
CGU, CGC, CGA, CGG, AGA, AGG 
5.1 
Yes

Asparagine 
Asn 
AAU, AAC 
4.3 
-

Aspartic acid 
Asp 
GAU, GAC 
5.3 
-

Cysteine 
Cys 
UGU, UGC 
1.9 
-

Glutamate 
Glu 
GAA, GAG 
6.3 
-

Glutamine 
Gln 
CAA, CAG 
4.2 
-

Glycine 
Gly 
GGU, GGC, GGA, GGG 
7.2 
-

Histidine 
His 
CAU, CAC 
2.3 
Yes

Isoleucine 
Ile 
AUU, AUC, AUA 
5.3 
Yes

Leucine 
Leu 
CUU, CUC, CUA, CUG, UUA, UUG,
9.1 
Yes

Lysine 
Lys 
AAA, AAG 
5.9 
Yes

Methionine 
Met 
AUG (start)
2.3 
Yes

Phenylalanine 
Phe 
UUU, UUC 
3.9 
Yes

Proline 
Pro 
CCU, CCC, CCA, CCG 
5.2 
-

Selenocysteine 
Sec 
UGA followed by SECIS element
-

Serine 
Ser 
UCU, UCC, UCA, UCG, AGU, AGC 
6.8 
-

Threonine 
Thr 
ACU, ACC, ACA, ACG 
5.9 
Yes

Tryptophan 
Trp 
UGG 
1.4 
Yes

Tyrosine 
Tyr 
UAU, UAC 
3.2 
-

Valine 
Val 
GUU, GUC, GUA, GUG 
6.6 
Yes

Stop codon 
Term 
UAA, UAG, 
UGA 
- 
-

· (There is a 22nd amino acid, pyrrolysine, encoded by UAG in bacteria.)

· (In mitochondira some of these codes code for other amino acids.)

You can see the redundancy by looking at the colour coding. If the codon is yellow, it means that all possible variations in the 3rd letter still result in the same amino acid. This happens 8 / 20 times. If the codon is light blue, it means that the 4 possibilities are split up between two amino acids. This happens in all other cases, with two exceptions: AUX and UGX. (X stands for any of the 4 bases.)
( Amino acids that can be coded for with 6 codons (leucine, arginine) have the codons carefully organized so that there is possible variation in the first letter (Serine doesn’t work like this).

( AUX is different because there has to be some signal to show where the sentence (gene) starts. All proteins start with the amino acid methioneine. AUG is used to indicate the start of a gene. It must be a unique signal. The other three AUX possibilities code for isoleucine.

( There must also be some signal to indicate the end of the gene (sentence). UAA, UAG and UGA all code for stop. Notice the similarities between them.

The UGX codons are split between cysteine, tryptophan, and a STOP signal. Tryptophan is unique in that it only has one codon for it. There is a variation on cysteine called selenocysteine which can also be coded for by UGA. It might seem impossible to have one codon refer to two different things, but selenocysteine shows that it is possible. It is fortunate that the rest of the codons are so logical and straightforward without unnecessary complexity.

Reading Frames

Since there are no spaces between words, how does one know which 3 letters make up a word? 

For example here is a segment of DNA:

 

  ... TATGTTACATATGTAGGATATACCTC ...

This could be split up in 6 different ways. These are called “reading frames”.


Reading frame 1:  ... TAT GTT ACA TAT GTA ...
Reading frame 2:  ...T ATG TTA CAT ATG TAG ...
Reading frame 3:  ...TA TGT TAC ATA TGT AGG ...
(DNA could also be read in the opposite direction, giving 3 more reading frames.)

( Scientists don’t seem to know how to tell which reading frame to use when decoding DNA. The rule of thumb is to try all six and use the reading frame that has the longest distance between a start codon and a stop codon. Obviously the cell knows exactly what to do.

DNA ( RNA: Transcription

The main steps in transcription and translation are explained in sections below. To get a really good understanding of this, it is recommended that you watch these animations first. 

In this process, as piece of DNA is copied to a type of RNA called messenger RNA (mRNA).

RNA is the same as DNA except

· it is only single stranded

· it uses ribose instead of deoxyribose in its backbone

· it uses the base uracil instead of the base thymine

Reasons for these differences are explained in a section below.

There are a number of types of RNA that are produced by copying DNA sequences:
mRNA (messenger RNA carrying genetic information from nucleus to ribosomes)
tRNA (transfer RNA described below)
ribosomal RNA (ribosomal RNA are two long strings of RNA that fold up into specific shapes and then make up the ribosome organelles in cells.)

Transcription is done by the extremely complicated RNA polymerase
 enzyme.

( There are a vast number of complex interactions
 (with molecules such as proteins, microRNA, ...)that determine where the RNA polymerase enzyme connects to the DNA and begins to make RNA.
 This is extremely important – so that muscle protein is only made in muscles and crystallin is only made in the eye.
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RNA polymerase binds to the DNA. One part of the RNA polymerase recognizes a promoter region and begins to create mRNA. It gets the correct RNA nucleotides and joins them together into a long chain, much like with DNA replication. (An RNA nucleotide consists of a base (A,U,C,G) attached to a ribose which is attached to a phosphate.)
· RNA transcription is controlled by regulatory sequences in the DNA ahead of the gene.

· Only a portion of DNA is used (normally one gene) as the template for RNA synthesis.

· DNA is opened up by RNA polymerase; no helicase enzyme is needed.

· No primer is needed for RNA to be made

· Only one strand of the DNA is used.

· RNA is made going along DNA in the 3' to 5' direction.

· As the RNA polymerase reads each nucleotide in DNA, it brings the complementary RNA nucleotide and bonds them together to form the RNA strand.

· The RNA nucleotides in the strand break free from the DNA. 

· The DNA reconnects automatically to form its double helix.

Processing of mRNA

When mRNA is first made by RNA polymerase it is called pre-mRNA and is further processed in the nucleus.

· Splicing: sections called introns are spliced out (removed) and the remaining sections called exons are joined up, resulting in mRNA.  
Splicing is done with small nuclear ribonuclearproteins (snNRP) that connect to each end of the intron. More snRNPs are added to form a complex (called a splicosome) that pulls the two ends of the intron together to form a loop. The intron is then cut out and the rest of the mRNA is reconnected. How are introns identified  so that the wrong piece is not cut out?
( It was thought that introns are old leftover junk from previous evolutionary lives. However, everything other aspect of DNA shows incredible design and accuracy. It would be more correct to say that we don’t yet understand them. The DNA must code for the removal of introns – somehow it knows where the junk DNA is and removes it! If it knows this, why have it in the first place? At minimum, introns are used as vital spacers between genes. Recent work indicates that introns may be sophisticated genetic control elements.


· A 5' cap is added (methyl guanosine). 
( This is crucial for (i) recognition by ribosomes, (ii) to slow down the destruction of mRNA by destrictuve ribonucleases.

· A 3' poly-A tail is added. 50-200 adenosines are added to the 3' end of the mRNA. This also helps the RNA survive longer. 

The final mRNA looks like this:
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There are two untranslated regions (UTRs) that are copied by RNA polymerase in addition to the gene (exons). ( These UTRs are important for binding the mRNA to ribosomes and other proteins.

mRNA ( Protein: TRANSLATION

Overview: Once the mRNA has left the nucleus, it moves (somehow) through pores in the nuclear membrance to a ribosome. The ribosome wraps around the mRNA and moves (somehow) along it, one codon (3 base pairs) at a time. It reads the mRNA and uses tRNA to join the corresponding amino acids together to make the protein.

( There are a huge number of initiation factors, elongation factors, and release factors that all have to work perfectly at the right time and place.
 These are ignored in this explanation as it is already complicated enough!

(Humans have approximately 30,000 genes and 100,000 proteins. Thus, each gene codes for about 3 different proteins on average (probably through alternative splicing patterns in the pre-mRNA).

Transfer RNA

( There is no link between the 3-letter codon and the amino acid that it codes for. It is a completely abstract, arbitrary connection. It is not like hieroglyphics where the instructions for doing something look like the actual objects. (e.g. pictures of wrench, car, ...) It is more like writing: “t-r-e-e”, which represents a large green growing thing.  The transfer RNA (tRNA) molecule makes the connection (translation/interpretation) between the codon and the amino acid (images
). It is like “the Rosetta Stone that translates the nucleotide language of codons into the amino acid language of proteins.”

 
There are 20 tRNA molecules that are created by the appropriate codon sequence in DNA, one for each amino acid. Aminoacyl tRNA synthetase (aaRS) is the enzyme (protein) that is needed to connect an amino acid to the corresponding tRNA molecule. There are 20 different aaRS enzymes – one for each amino acid. (Possible correction: there may be 32 tRNAs
 )
(The aaRS for one particular amino acid can recognize all of the various redundant codons for it (so there are not 64 aaRS enyzmes). 


First the correct amino acid is joined to ATP by the aaRS. Then the aaRS wraps
 itself around the correct tRNA and bonds the amino acid to the tRNA. 
i.e. 
1. amino acid + ATP → aminoacyl-AMP + PPi

 
2. aminoacyl-AMP + tRNA → aminoacyl-tRNA + AMP

(Some aaRS molecules double check the amino-acid–tRNA structure. If the incorrect amino acid was bound to tRNA, it breaks the bond and starts again.

Ribosomes and Protein Synthesis


A ribosome
 is a cell organelle made up of two complicated strands of RNA that have been folded into a very specific shape. Up to 20 proteins are also included in ribosomes. The two subunits of a ribosome connect to an mRNA strand using the ribosome binding area. The ribosome moves along the mRNA reading it like ticker tape (see animation
).

A ribosome has three (or two, depending on whom one asks) special sites:

1. A site (where amino acids are added)

2. P site (where peptide bonds are formed)

3. E site (exit)

Steps in making protein (simplified)

1. The small subunit recognizes the 5' cap on mRNA and binds to mRNA at the start codon (AUG).

2. The tRNA that has methione connects to the start codon on the mRNA. 

3. The large subunit now binds to the small subunit, wrapping itself around the mRNA.
The methione-tRNA is now at the P site and the A site is empty.

4. The tRNA for the next codon (e.g. AAA) connects to the ribosome at the A site. It has its amino acid (e.g. lysine) attached.

5. The ribosome binds the two amino acids together. This is the start of the protein chain.

6. The amino acid (methione) is released from its tRNA.

7. The ribosome then slides along the mRNA by exactly 1 codon. It moves along the mRNA somehow by using energy and enzymes.
The first codon (AUG) is in the Exit site and the empty tRNA for it is released
The second codon (AAA) is now in the P side.

8. The tRNA for the next codon connects to the A site and the process continues (repeats steps 5-8).

9. When a stop codon (eg. UAA) is reached, a protein called a release factor binds to the A site. This does 3 things: it releases the protein chain from the tRNA that is at the P site; it releases the tRNA from the ribosome; it breaks the ribosome into its two component pieces releasing the mRNA. (If this were not done, there would be a large mess gunked up together.)

10. More than one ribosome can be attached to an mRNA strand at a time so that a number of copies of the protein molecule can be made at the same time from one mRNA strand.

11. Ribosomes also attach to the endoplasmic reticulum in a complicated manner to allow further modification of proteins.

DNA vs. RNA. Why the differences?

DNA uses deoxyribose in its backbone. RNA uses ribose.  Why?


(When ribose is in the sugar-phosphate chain, the molecule is more flexible. Because RNA is single stranded and more flexible than DNA, RNA can bend and bond with itself. This in vital in tRNA as well as rRNA (ribosomal RNA) where it is the shape of the molecule that is important, not the sequence of bases as in mRNA.

( Ribose has an extra ‑OH group which prevents DNA from being wound into stable double helixes.

( It is important that DNA is double stranded because it is much more stable than a single stranded molecule would be and the double stranded-ness allows for error correction and repair.
( It is important that RNA is single stranded so that it can be read by ribosomes. RNA doesn’t have to be extremely stable. It is destroyed after a while and new RNA is made from DNA when needed.

RNA uses Uracil as the partner to Adenine, while DNA uses Thymine to pair with Adenine. Why?


( Thymine takes more energy to synthesize. It is not used in RNA because there is no need for it, while there is a need for it in DNA.

( Uracil prefers to bond with Adenine, but it “can base-pair with almost any other base, including itself, depending on how it situates itself in the helix.”
  Thymine will only pair with adenine – making DNA duplication more efficient and less prone to errors.

(Thymine is simply methylated uracil. The methyl group makes the DNA unrecognizable to enzymes which break down DNA and RNA. The methyl group is also hydrophobic which forces thymine more to the centre of the double helix, protecting the base pairs from the outside environment.

( Cytosine can deaminate to form uracil. If Uracil were used in DNA, then one couldn’t tell if it was supposed to be there or if it was a mutation from cytosine. Since uracil is never in DNA, anytime it occurs, it is a mistake. If a C changes to a U in RNA, it is not such a problem, because the protein made simply won’t work and it will be destroyed. RNA has a much shorter lifetime than DNA, the error won’t be around for a long period.

( We have just looked at the basics of DNA. Even so, it is obvious that the system of DNA is very elegant and much more complex than we ever imagined. Each part of this report has many layers of complexity beneath it that we have not investigated (for example, each linear piece of DNA must contain a centromere, two telomeres, and replication origins). The DNA system is a carefully designed molecular machine giving evidence for an artificial origin of life by a being far superior to us. Evolution cannot explain this at all and resorts to vague, insubstantial, and malformed hypotheses. There are similar indications that the universe itself was also created by an intelligent being (articles on physical constants and the electron will be written to explain this). The next step is to ask why we and the universe were created.(
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