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Take-home messages

· the tissues and organs of the human body are made up of cells

human cells have two compartments, a nucleus and the cytoplasm


what makes cells look and behave differently is the proteins they make


proteins are made in the cytoplasm as long chains of amino acids


there are 20 different types of amino acids


the order or sequence of amino acids is unique to each protein


the recipe for the order of amino acids is stored as genes in DNA


DNA is a database of genes for all the proteins required by the organism

· DNA is a double helix of nucleotide strands packaged into several linear chromosomes

· bacterial cells have a single, circular chromosome and no nucleus
· there are 4 types of nucleotide bases in DNA - A, C, G & T

· each strand of DNA acts as template for DNA polymerase directed replication
· each amino acid is spelled out in DNA by a set of 3 bases (triplet codon)

· the order or sequence of DNA bases determines the order of amino acids in proteins

· DNA makes RNA makes protein

· RNA polymerase binds to the promoter sequence in front of the gene and copies the DNA sequence into mRNA with the T bases changed to U

· transcription is regulated by DNA-binding proteins

· transcription and translation occur concurrently in prokaryotes

· RNA processing (capping, tailing, splicing) is the norm in eukaryotic nuclei

· mRNA carries the protein recipe from DNA to cytoplasm where the protein is made on ribosomes (translation)

· proteins require processing (folding, cutting, chemically modified) to become active

· every cell has the DNA instructions to make all proteins, but it doesn’t

· gene expression is significant to the cell and/or oragnism only after a functional protein has been made

Basic Cell Biology
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Your body is made up of variety of tissues and organs (bone, liver, skin etc), each one performing a different set of functions to help you live.  Each of these tissues is constructed of literally millions upon millions of microscopic units called cells that carry out their specific functions and give liver, bone, skin etc its particular characteristics through the use of chemicals called proteins.  The reason liver looks and functions differently to say, blood, bone or pancreas, is because of the proteins it makes.  In fact, cells can be considered little protein factories.  Proteins are fundamental to life itself - an elephant looks different to a mouse, or a plant looks different to say, a fly, because of the different proteins they each organism makes.  Proteins are, quite literally, the building blocks of life.


So what are these miraculous proteins that contribute to the diversity and complexity of the life around us ?  It turns out that they are constructed on a deceptively simple plan.  They are the "lego of life” composed of repeating units called amino acids.  Amino acids come in 20 different types (with names like alanine, tyrosine, glutamine), each one modeled on the same chemical plan, but structurally slightly different to one another.  The order of the amino acids in protein chains is different for and unique to each and every protein.  All protein molecules of the same type (e.g. insulin) have the same order of amino acids, but a different protein (e.g. adrenaline) that does something different in the body, has a different set and order of amino acids.  This primary structure unique to each protein is called the protein or amino acid sequence.


What do proteins do in cells and inside our bodies?  Their functions fall into three major categories depending on the biological tasks they perform: -

some serve as structural components, like hair, nails, bone,

others are the engines of the cell, driving chemical reactions - these are called enzymes,

•  yet others are made inside cells, but are released into the blood stream to work far away in 

   the body - these are signal proteins or hormones.

What do proteins look like ?  Although they are made up of long chains of amino acids, these individual chains are far too small to see with the naked eye.  What we think of when we imagine proteins are certain foodstuffs (e.g. soy) which are composed of a large amount and variety of different proteins in a concentrated form.  But inside the cell, proteins don’t look like soy.  Here, most proteins are dissolved in a clear liquid called the cytoplasm or embedded in the membranes that compose the cell wall or boundary surrounding the cytoplasm.


It turns out that the recipes for all proteins are contained in the “encyclopedia of life” known as DNA (deoxyribonucleic acid).  Every cell of the body (except a few, like red blood cells) contains this huge listing or database of protein “recipes”, but only some of are “read” in each cell type - remember, that is what makes liver cells different from skin cells.  Each of the protein recipes in the DNA database is called a gene.  There is a gene for insulin, a gene for thyroid hormone etc.


Now we need to learn about DNA - what it’s made of and how it stores the protein recipes.  DNA is made up of long strands - in fact, there is about 6 feet of DNA in each of our cells, and if you were to string the DNA strands from all the cells of one person end-to-end, it would stretch to the moon and back !


Where is all this DNA packaged in the cell and what is it made of ?  It turns out that the DNA is not kept as one long string, but is packaged with a lot of special proteins called histones into a chromatin complex in the form of convenient size bundles called chromosomes.
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There are 46 chromosomes in a human cell; 23 pairs, one set you inherited from your mother, the other from your father.  So valuable is the information in these chromosomes that they don’t float free in the cell, but are sequestered in a special compartment (“safety-deposit”) called the nucleus.  The nucleus is surrounded by the cytoplasm, where the proteins are made using the recipe housed in the nucleus.  So the cell “protein factories” have two “divisions” - the “head office” (nucleus) where all the recipes for protein production are stored, and the “shop floor” (cytoplasm) where the actual protein manufacture takes place.  We’ll describe a little later on how the cell coordinates the transfer of information (the recipe) from the nuclear “office” to the cytoplasmic “shop floor.”  The cytoplasm of cells also contains organelles such as ribosomes (the platform on which proteins are assembled), mitochondria (cellular power plants), and various membrane-bound bags or sacs used in trafficking proteins around and exporting them out of cells.


As you might imagine, the system in bacterial cells is somewhat simpler, although modeled on the same basic principles.  It takes far fewer genes to run a bacterium than a human cell, so the amount of DNA in bacteria is much less.  In fact, although the recipes for bacterial proteins are constructed using the same language as human proteins, they are housed on a single, circular chromosome without protein packaging.  Moreover, this chromosome is not compartmentalized in a nucleus but "floats" free in the cytoplasm.  Indeed, a fundamental classification of cells is based upon the presence or absence of a nucleus.  Hence, bacteria do not contain a nucleus and are referred to as prokaryote (literally "before a kernel"), whereas the more advanced organisms have nucleate cells and are said to be eukaryote.
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As you will recall, proteins are made up of building blocks called amino acids strung together in a particular order or sequence unique to the protein.  In the same manner, DNA is made up of a repeating series of building blocks, but these are called nucleotides.  Nucleotides are composed of three chemical parts:  phosphate and a nitrogen-containing base, both attached to different carbon atoms of a sugar (deoxyribose in DNA).  The 5 carbons in the sugar are numbered are designated by a "prime" number.  Hence, the phosphate is attached to the 5 prime (5') carbon, whereas the bases are attached to the 1' carbon.  The DNA strand consists of a nucleotide backbone of alternating sugar-phosphate, linked through 5' phosphate and 3' hydroxyl groups.  The bases hang off the side of the backbone, with the order or sequence of bases making up the recipe or code for a protein.

Unlike proteins, where there are 20 types of amino acid blocks, in DNA there are only 4 different nucleotide blocks varying by the type of base they carry (conventionally referred to by the initial letter of their chemical name, hence A, C, G, & T).  At first glance, it would seem that a 4 letter alphabet is far too simple to provide the text for a protein recipe that has 20 different amino acid ingredients.  One of the great scientific stories of the 20th century was how biologists such as John Watson, Francis Crick, Sydney Brenner and Marshall Nirenberg deciphered the structure and “language of genes” contained in DNA in the 1950s and early 60s.  The answer lies in using three of the four DNA letters or bases to make a “word” (known as a triplet codon).  Consequently, there are 64 (43) possible combinations of bases available for “words” - more than enough to spell out the protein recipe of 20 possible amino acids, with room in the “language” for a few instructions, like where the recipe begins and ends, as well as extra words for some of the amino acids.  This collection of 64 triplet codons is called the genetic code.  It is important to grasp the absolute precision and specificity of this relationship.  Once the unique sequence of bases in known for the gene, this reveals the code or recipe to add the correct amino acids together in the correct sequence to make a unique protein.  The DNA sequence of bases in agene provides a unique recipe to make theprotein that it encodes.  Alterations in the DNA sequence (insertion, removal or substitution of bases) damaged are called mutations.  These changes in the gene sequence may alter the amino acid sequence of the protein it codes for and therefore lead to a change in protein function, for better or for worse.  Radiation, chemicals and viruses are known mutagens that cause changes in DNA sequence.


To summarize; the human encyclopedia of some 100,000 genes is encrypted within the 3 billion bases in DNA text carried on chromosomes found in the nucleus of each cell in our bodies.  This genetic text contains 3-letter words, using a 4-letter alphabet.  Each 3-letter word spells out a stop or start or an amino acid in a protein recipe.  However, not all the 3 billion letters in human DNA are part of protein recipes, some of them appear to carry no information.  These “non-coding” regions are found both between different genes or even in the middle of individual genes (see introns. below).

DNA Replication
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  When cells reproduce or divide (e.g. during replacement of dead cells, growth of new tissues), it is imperative that the full list of protein recipes be passed on to the newly formed cells.  In this way the "blueprint" for the organism is preserved or inherited by the next generation of cells.  Therefore, DNA has a way to copy itself with a high degree of accuracy.  This process is called DNA replication.  During replication, the original DNA serves as a "template" for the newly synthesized version, whereby multiple copies of the "blueprint" are produced in a process rather akin to "xeroxing."  DNA replication is carried out by an enzyme called DNA polymerase, which takes advantage of the specific chemical attraction or match between bases as a foundation for faithful duplication.



DNA is stored in the form of a double-stranded helix with an arrangement somewhat reminiscent of a spiral staircase.  The two DNA single strands (the banister or hand-rails) are held together in the "double helix" by precise base pairing according to the Watson-Crick base pairing rules: i.e.  A pairs with T and G pairs with C.  These A-T and G-C base pairs (bp) are said to be complementary and are analogous to the "treads" of the staircase.  Any non-conventional Watson-Crick base pairing (e.g. A with G or T with C) is said to be "mismatched."  The ends of DNA single strands are chemically distinct from one another - the "front" is referred to as the 5' end and the "back" is the 3' end.  The two complementary DNA single strands are base paired such that their orientation is said to be "anti-parallel" - i.e. the 5' phosphate of the nucleotide at the end of one strand is positioned opposite the 3' hydroxyl of the nucleotide at the end of the other.  Incidentally, this 5' to 3' orientation of DNA allows the base sequence of genes to be "read" in the correct direction, so that the words of the protein recipe are ordered correctly.

DNA makes RNA makes Protein
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The transfer of information from chromosome to cytoplasm is carried out by a “courier” molecule called messenger or mRNA.  As it’s name implies it acts as an intermediary, carrying the message or recipe from the DNA database to the site of protein manufacture on the “assembly line” in the cytoplasm.  This process is best summarized by the adage: “DNA makes RNA makes protein.”  As you might guess, RNA (ribonucleic acid) is closely related to DNA.  The differences are that RNA is made as a single strand, not double like DNA, and RNA is chemically distinct from DNA in that the base uracil (abbreviated U) is substituted for the base thymine (T) found in DNA and the sugar ribose is exchanged for deoxyribose (reflected in their names).


Another important thing to realize is that each type of cell makes or expresses a unique set of proteins; as we said earlier that’s what distinguishes one cell type from another and makes them look and behave differently.  The kicker is that every cell (except red blood cells) in the body has the recipes or instructions in its nucleus to make every protein, but it doesn’t.  If a cell does make the wrong proteins or even the right proteins at the wrong time or in the wrong amount, this can have serious consequences.  In fact, cancer appears to be the result of precisely these kind of mistakes.


So how does a cell know which genes, of the thousands and thousands it has stored in its DNA, to turn on to make proteins and which to keep turned off ?  This is one of the great-unsolved mysteries of life !  If scientists can discover the way a cell performs this incredible feat, then this would be the key to a cure for cancer, Alzheimer's, AIDS and numerous other diseases that cause human suffering every day.  In the past 20 years, largely as a result of the availability of genetic engineering and, we have made great progress in understanding how genes turn on and off.  But we still don’t know the complete answer
What we do know is that a cell can tell “who it is “ and “where it is” by the cues it receives from its surroundings - e.g. “what type of cells are my neighbours ?”  Once it has this basic information, then it knows which genes to turn on and therefore, which proteins to make.  That way, you don’t normally have hair growing in the middle of bone or your heart making digestive enzymes (maybe that’s what heart-burn is !).  In addition, cells respond and adapt to changing conditions by making new proteins and/or stopping the production of others.  When to make this changes is often the result of signals the cell receives from outside in the form of a stimulus.  These signals can be in the form of proteins (e.g. hormones) or food molecules (e.g. sugars). When the cell detects the signal, this sets in motion a series of biochemical steps that ultimately lead to the turning-on or turning-off of genes in the cellular DNA (signal transduction).


In the same way that DNA is composed of long chains or strings of nucleotide bases, proteins are also chains, but composed of different building blocks called amino acids.  Each codon or "word" in the DNA recipe specifies a particular amino acid in the protein.  However, proteins are not synthesized by the cell using the DNA recipe directly.  Instead, the recipe is copied into a messenger RNA (mRNA) by an enzyme called RNA polymerase during a process known as transcription.  The mRNA carries the recipe to part of the cellular machinery known as ribosomes that are responsible for assembling amino acids into proteins by the process referred to as translation.  Translation, then, results in protein synthesis, such that the protein recipe contained in the mRNA molecule is translated or "read" by ribosomes, one codon at a time, into a sequence or order of amino acids.  This amino acid sequence is a unique signature for each protein and confers upon it a characteristic structure and function.  Because prokaryotes lack a nuclear compartment, transcription and translation in bacteria occur concurrently.


Both DNA and RNA polymerase will only recognize the correct position in the DNA to start copying while the DNA molecule is still in its double-stranded configuration (the origin of replication in the case of DNA polymerase; the promoter for RNA polymerase).   However, polymerase copying of the DNA template can only occur when it is rendered single-stranded, by severing of the A-T and G-C base pairs holding the double helix together.  This separation of complementary strands in a DNA double helix is called denaturation.  In its double-stranded (base paired) form, the DNA does not provide a "template" since the bases are already paired.  For polymerase enzymes to function, it is imperative that the bases be "exposed" over short distances, such that new base pairing can occur.  Both DNA replication and transcription are, therefore, said to be template dependent.  The order of events for replication and transcription is as follows:  (i) the polymerase enzyme recognizes and binds to a specific region of double-stranded DNA, (ii) the double helix denatures in this region, to reveal its two constituent anti-parallel, single-strands, (iii) the polymerase enzyme initiates copying of the template strand, adding the next complementary base to the growing chain in a 5' to 3' direction (e.g. a C in the template sequence means that the polymerase places a G opposite it in the new strand), (iv) as the polymerase moves down the template strand, it progressively opens the double helix to reveal more single-stranded template to be copied. 


DNA polymerase has one additional requirement that RNA polymerase does not.  Whereas RNA polymerase can start from "scratch" on a DNA template, joining the first and second bases of the new RNA together according to the base pairing rules, DNA polymerase requires a "starter" or primer before it can add bases one to another.  Hence, whenever DNA is copied or replicated, either in a cell (in vivo) or in a test-tube (in vitro), primers consisting of small lengths of single-stranded DNA or RNA must first base pair with their complementary sequence on the DNA template before DNA polymerase activity can begin.  These primers precisely define the start point of DNA replication and are then added to by the polymerase, one base at a time at the 3' end, in a reaction referred to as "primer extension."  The stretches of newly synthesized DNA are "stitched" together by another enzyme called DNA ligase and any RNA primers are removed by nuclease enzymes.

Structure of a Gene
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Genes are organized in DNA as transcriptional units, the ends of which are marked by specific nucleotide base sequences.  Somewhere within these "bookends" lies the sequence of triplet codons that constitute the recipe for the protein encoded by the gene (known as the open reading frame or ORF).  The switches that turn the gene on or off are positioned usually in front or upstream (i.e. 5' to the gene) to the transcriptional unit.  Although a total surprise when first discovered, most genes in higher cells are "interrupted" - i.e. they contain non-coding portions (introns) between the DNA sequences that actually code for the protein (exons).  Introns are removed from the mRNA copy of the DNA template by "splicing" during RNA processing.

Transcription
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The copying or transcription of the template DNA strand into RNA is performed by the enzyme RNA polymerase.  There are three important steps to transcription: polymerase binding and initiation, elongation and termination.  RNA polymerase recognizes and binds to a specific sequence in double-stranded DNA immediately adjacent to the start or initiation site in the transcriptional unit called the promoter.  Once bound to the promoter, RNA polymerase begins to separate the two complementary DNA strands at the initiation site, joins the first two ribonucleotide bases of the gene based on their complementarity to the template DNA sequence and transcription is underway.  Control of gene expression is frequently exercised at the level of transcription by proteins other than polymerase that also bind to DNA sequences and in so doing influence (increase, decrease or inhibit) the binding of RNA polymerase to its promoter.  As RNA polymerase traverses down the DNA, it unwinds about one turn of the double helix, so exposing ten or so bases for pairing with their complementary RNA bases, adding each successive base to the 3' end of the elongating mRNA chain.  RNA polymerase terminates transcription at another specific DNA base sequence that marks the end of the transcriptional unit.  At the termination site, the polymerase falls off the template DNA and releases the completed mRNA copy of the gene.

RNA Processing

In eukaryotes, the primary RNA transcript undergoes three separate processing steps before it qualifies for transport out of the nucleus to the cytoplasm.  First, there is the addition of a "cap" at the 5' end of the RNA.  Second, the 3' end of the RNA beyond the ORF is cleaved and a long stretch of 150-200 A nucleotides is added to forma poly(A) tail.  Both these terminal modifications appear to add stability to the mRNA.  Finally, RNA splicing removes the introns and joins the exons to produce mature mRNA ready to be translated in the cytoplasm into protein.

Translation
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The recipe for a protein carried in the newly synthesized mRNA bases cannot be assembled directly into the correct sequence of amino acids, but must be interpreted by another type of RNA called transfer RNA (tRNA) with the help of the cell's ribosomes.  The role of tRNA is to "transfer" amino acids from the cell's cytoplasmic supply to the site of protein synthesis on the ribosome platform.  There are different tRNAs for each of the 20 amino acids, each one recognizing the triplet codon for a particular amino acid by base pairing with a corresponding anti-codon on part of each tRNA molecule.  By "reading" the codons in mRNA one at a time from the 5' end, and verifying the precise base pairing between mRNA codon and tRNA anti-codon, the ribosome ensures that the correct amino acids are inserted into the growing protein chain in the correct order or sequence.  The ribosomes are small cytoplasmic particles that act as a "conveyor belt" through which the mRNA is fed.  As with transcription, translation can be divided into three stages: initiation, elongation and termination of the protein chain.


The initiation of protein synthesis starts with a ribosome "scanning" down the mRNA from the 5' end until it recognizes a ribosome-binding site (sometimes referred to as Shine-Dalgarno sequence), and then moving to the next downstream AUG which is the start codon for all proteins and specifies methionine in the genetic code.  Here the initiator tRNA carrying methionine attaches to the AUG start codon and elongation of the protein chain begins, by stepwise codon recognition.  The ribosome can "hold" two amino acids in place on the mRNA at one time and join them to one another.  As each subsequent amino acid is added to the elongating chain, the ribosome moves 3' one codon on the mRNA, ejecting the last tRNA that just deposited its amino acid and opening up the space for the incoming tRNA carrying the amino acid corresponding to the next vacant codon on the mRNA.  There are three "stop" codons in the genetic code.  Once the ribosome reaches one of these, it falls off the mRNA and jettisons the completed protein.

Protein Processing
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The order and composition of amino acids in a protein (called the primary structure) will determine the shape into which the protein spontanously folds.  Folding of the protein chain is crucial to the production of a functional protein and takes place either during or immediately after synthesis.  The formation of a specific three-dimensional conformation or shape by folding is as essential a part of gene expression as transcription or translation, initially involving the formation of alpha helices and beta-pleated sheets (secondary structure), followed by tertiary folding where disulphide bridges and hydrophobic interactions may hold the protein in shape.  In some cases where the functional protein contains more than one amino acid chain (subunit), these subunits may associate in a complex as a quaternary structure (e.g. haemoglobin).  Failure to fold correctly, or subsequent unfolding (denaturation) is accompanied by a partial or total loss of functional activity.  Proteins are held in their characteristic secondary and tertiary structures by molecular interactions between amino acids in the chain.


In addition to straight folding of the protein, there are frequently additional changes or modifications that have to take place to the amino acid chain before it achieves its full and correct biological function.  These alterations in structure may involve cutting and removal of part of the chain and/or chemical modifications (e.g. attachment of sugars, lipids, phosphate) to specific amino acids in the chain.  It is extremely common, for example, for proteins to be made as a large (often inactive) precursor (or pro-) protein that is cleaved by specific protease enzymes called convertases to yield the smaller "mature" protein with full activity.  Other proteins destined for export from the cell are made with a "secretion signal" on the front that allows them to penetrate through the cell membranes, whereupon the signal (or pre-) sequence is cut off.  Insulin, for example, is synthesized by pancreatic cell ribosomes as a single, preproinsulin protein chain ready for both secretion and subsequent cleavage to a much smaller, two-chain, active hormone.

Control of Gene Expression
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It is only with the production of an active protein that gene expression can truly be said to have taken place.  Transcription alone does not bring about a change in the appearance or function of the cell (i.e. alteration in phenotype).  The regulation of gene expression is therefore potentially a multi-level control system, where control can be exercised at any point in the pathway between DNA and protein.  In bacteria, control of transcription is the primary level at which gene expression is exercised.  In eukaryotes, however, there are numerous examples of regulation after transcription, all the way down the pathway to the formation of mature, processed proteins.  The story of specificity of transcription in all cells, so that only certain genes are turned on when needed, is a complex interplay of DNA-binding proteins called transcriptional factors that recognize and bind specific DNA sequence targets as well as interact with RNA polymerase.  Activator proteins bind to enhancer sequences in DNA and stimulate transcription, whereas repressor proteins bind to silencer or operator DNA sequences and suppress RNA polymerase activity.
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