Chapter 17

FROM GENE TO PROTEIN
How is the message of a gene translated by cells into a specific trait, such as brown hair or type A blood?

In 1909, Archibald Garrod was the first to suggest that gene dictate phenotypes through enzymes that catalyze specific chemical reactions in the cell.

Biochemists accumulate evidence that showed that cells degrade organic molecules in a series of steps, each catalyzed by an enzyme.

George Beadle and Edward Tatum (1940s) suggested that a single gene specifies each protein.

· They worked with fungus Neurospora crassa.

· Neurospora is a haploid organism.

· One gene - one protein hypothesis.

Researchers realized that not all proteins are enzymes.

They shifted from one gene - one enzyme to one gene - one protein.

In the mid 1950’s it became evident that the genetic information in DNA contains the code for all the proteins needed by the cell.

Most of the basic work was done with bacterial DNA.

The information encoded in DNA is used to specify the sequences of amino acids in proteins.

BASIC PRINCIPLES OF TRANSCRIPTION AND TRANSLATION

Genes provide the instructions for making specific proteins. 

RNA or ribonucleic acid serves as an intermediary between DNA and protein.

DNA provides the template for the sequence of RNA nucleotides in the same way it provides the template for a new DNA strand.

DNA → RNA → protein

Transcription is the synthesis of RNA under the direction of DNA. This takes place in the nucleus of the cell.

· The immediate product of transcription is the pre-messenger RNA, and RNA processing yields the finished mRNA.

· The initial product of transcription including the RNA sections that are not translated into proteins is called a primary transcript. 

Translation is the synthesis of the polypeptide under the instructions of the mRNA. This occurs in the cytoplasm of the cell with the help of ribosomes. 
GENETIC CODE

The genetic code is the sequence of nucleotides in DNA that specify for amino acids.

Triplets of nucleotides code for or specify all 20 the amino acids that make proteins.

During transcription, the gene determines the base sequence along the length of the RNA

For each gene, only one of the two DNA strands is transcribed. . 

For each gene, one DNA strand functions as a template for transcription, the synthesis of a complementary RNA molecule. This molecule of RNA is called a messenger RNA or mRNA.

The RNA molecule is complementary to the DNA template rather than identical. 

The RNA bases are assembled according the base pairing rules except that U pairs with A in the DNA, and ribose replaces deoxyribose. 

The RNA strand is synthesized like a new DNA strand during replication, in an antiparallel direction. 
· 3’-ACC-5’ (in DNA) → 5’-UGG-3’ (in RNA)
The genetic code is defined at the mRNA level.

· Marshall Niremberg and his colleagues were the first to decipher a codon in the early 1960s. They used the multiple copies of the triplet UUU (uracil) to make a poly-uracil. This strand of repetitious UUU synthesizes a polypeptide containing only the amino acid phenylalanine.

The base triplets are called codons.

The genetic code is made of continuous nonoverlapping triplets of bases. This is called the reading frame.

There are 64 codons: 61 code for amino acids and 3 serve as stop signals.

The start codon is AUG, which also specifies the amino acid methionine.

· Codons are read in a 5’→3’ direction along the mRNA, e. g. 5’-AUG-3’

       →
The code is universal: all organisms use the same code, e. g. CCG is translated in ALL organisms as the AA proline.

AUG stands for the amino acid methionine, Met, and also functions as the start signal for ribosomes to begin translating the mRNA at that point. 

Three of the 64 codons function as stop signals, marking the end of a genetic message. 

Exception to the universality of the genetic code are found in a few protozoans like Paramecium vary in their translation system, and in some mitochondria and chloroplasts that transcribe and translate their small DNA.

The genetic code is redundant; with the exception of methionine and tryptophan, more than one codon designates each amino acid, e. g. GAA and GAG code for glutamic acid, Glu.
A code never codes for more than one amino acid; there is no ambiguity. 

· Genetic information is encoded as a sequence of nonoverlapping base triplets, or codons, each of which is translated into a specific amino acid during protein synthesis. 

There are a few exceptions to the universality of the genetic code:

· Some unicellular eukaryotes and organelle genes.

· Some prokaryotes have can translate stop codons into AA not found in most organisms. 

TRANSCRIPTION

Transcription is the synthesis of RNA from a DNA template.

Transcription means “copying”.

RNA is a polymer of nucleotides.
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Three kinds of RNA are transcribed from DNA: ribosomal RNA (rRNA), transfer RNA (tRNA), and messenger RNA (mRNA).

Messenger RNA or mRNA carries the specific information for making proteins.

1. Initiation.

· Transcription begins when an RNA polymerase II binds to a DNA sequence known as the promoter. 

· RNA polymerase II can initiate transcription but DNA polymerase cannot initiate translation; it needs an RNA primer.
· The promoter extends several dozen nucleotide pairs from the start point towards the 5' end of the DNA strand.
· The promoter determines which DNA strand is to be transcribed and is the point of attachment of the RNA polymerase II.
· The DNA unwinds and the enzyme initiates RNA synthesis at the start point on the template strand. 

· The sequence that signals the end of transcription is called the terminator.

· The stretch of DNA that is transcribed is called a transcription unit.

2. Elongation.

RNA polymerase II binding and initiation of transcription.

In prokaryotes, RNA polymerase II binds directly to the promoter.

There are several kinds of RNA polymerases in eukaryotes, each with a specialized function.

RNA polymerases are complexes; each complex containing about 12 subunits or polypeptides. 

In eukaryotes, a group of at least seven proteins called transcription factors contribute to the binding of RNA polymerase II to the promoter.

These enzymes are present in all cells and have many similarities to the DNA polymerases.

Eukaryotic promoters include a TATA box, a nucleotide sequence containing TATA, about 25 nucleotides upstream from the transcriptional start point. 

The TATA boxes are given as they occur in the non-transcribing DNA strand.

A transcription factor that recognizes the TATA box must bind to the DNA before RNA polymerase II can attach.

Additional transcription factors become attached to the promoter and form together with RNA polymerase II the transcription initiation complex.

Once the transcription initiation complex is in place, the double helix unwinds and synthesis begins at the start point. 

As the RNA polymerase II moves, the DNA continues to unwind exposing 10 to 20 bases at a time for pairing with RNA nucleotides. 

In the wake of the advancing RNA synthesis, the double helix re-forms and the RNA molecule just synthesized peels away from the DNA template strand. 

The RNA polymerase II uses nucleotides with three phosphate groups as substrates.

They remove two phosphates as the subunits are covalently linked to the 3’ end of the growing RNA molecule.

These reactions are strongly exergonic.

Messenger RNA contains the base sequence that codes for proteins.

· RNA synthesis does not require a primer, but other proteins are needed. 

· The first nucleotide at the 5’ end retains its three-phosphate group. This is called the 5' cap, and has a protective function.

· The last nucleotide to be incorporated has an exposed 3’ –OH group.

· The termination of transcription is controlled by a specific base sequence.

· Different genes may have different promoter sequences upstream from the protein-coding sequence.

· Once the RNA polymerase II has recognized the promoter, it unwinds the helix and begins transcription.

· The DNA is read in a 3’-to-5’ direction.

· Upstream means toward the 5’ end.

· Downstream means toward the 3’ end.

Example:

Nontranscribed DNA strand

5’ – A – T – G – A – C – T – 3’
Transcribed DNA strand (template)
3’ – T – A – C – T – G – A – 5’
RNA


     P – P – P– 5’ – A –U – G – A – C – U – 3’ – OH
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· Transcription progresses at a rate of about 60 nucleotides per second. 

· Messenger RNA contains additional base sequences that do not code for proteins.

· The leader sequence at its 5’ end contains recognition signals for ribosome binding, which allow the ribosomes to be properly positioned to translate the message.

3. Termination.

· At the end of the coding sequence there is a special termination or stop codon.

· UAA, UGA, or UAG are termination codons.

· When the RNA polymerase II transcribes a stop codon, transcription stops.

· Leader sequence ( coding sequence ( termination codon.

· The stretch of DNA that is transcribed into an RNA molecule is called a transcription unit.

Termination of Transcription

In prokaryotes, transcription proceeds through a terminator sequence in the DNA. 

The transcribed terminator in the RNA functions as the termination signal, causing the polymerase to detach from the DNA and release the transcript. 
In eukaryotes, the pre-mRNA is cleaved from the growing RNA chain while RNA polymerase II continues to transcribe the DNA.

The RNA polymerase II continues for hundreds of nucleotides past the termination signal. 
The termination signal in the DNA codes for what is called the polyadenylation signal (AAUAAA) in pre-mRNA molecule. 

About 10 to 35 nucleotides past the AAUAAA, the RNA is cut fee from the polymerase enzyme. 

The polymerase detaches from the DNA by a mechanism that is not understood. 

EUKARYOTIC CELLS MODIFY RNA AFTER TRANSCRIPTION
Alteration of mRNA ends.

The newly synthesized pre-mRNA is modified before it goes to the cytoplasm.

The 5' end is capped off with a modified form of a guanine nucleotide (unusual nucleotide, 7-methyl guanylate).

1. It helps to protect the mRNA from degradation by hydrolytic enzymes.

2. The 5' cap signal the place of attachment of the mRNA to the ribosomes. 

The 3' end is capped with poly(A) tail consisting of some 50 to 250 adenine nucleotides.

The function of the poly(A) tail is similar to that of the 5' cap: protective and attachment to ribosomes. The 3' also facilitates the export of the mRNA from the nucleus to the cytoplasm.

Example of a capped pre-mRNA:

G – P – P – P– UTR – start codon – 5’ – A –U – G – A – C – U – UTR(AAUAAA) – 3’ – AAAA...AAAAA
There are sections of the RNA besides the polyA tail and the 5’ cap that will not be translated. 

These regions at the 5’ and 3’ ends are called UTR for untranslated regions
Translation modifications: noncoding and coding sequences

Most eukaryotic genes and their RNA transcripts have long noncoding sequences of nucleotides.

These noncoding stretches of nucleotides do get translated. 

The noncoding regions are called introns (intervening sequences).

The coding regions are called exons (expressing sequences).

Genes may have multiple introns and exons.

The entire gene is transcribed and it contains both introns and exons. This is called precursor mRNA or pre-mRNA.

Introns must be removed and the exons spliced together for the mRNA to become functional.

1. The pre-mRNA combines with small nuclear ribonucleoproteins  (snRNPs) and other proteins to form a molecular complex called a spliceosome.

2. Within the spliceosome, snRNPs base pairs with nucleotides at the ends of the intron. 

3. The RNA transcript is cut and the intron is released, and exons are spliced together. Then the spliceosome is released. 

Ribozymes.

RNA is capable of catalyzing some reactions.

In a few cases, the splicing of exons occurs without the assistance of enzymes: the intron catalyzes its own excision. 

Ribozymes are catalytic RNA molecules.

Functions of introns.
Some introns seem to control gene activity.

Some genes give rise to two or more polypeptides by alternative RNA splicing.

Different segments of the RNA can be treated as introns or exons.

Some proteins have structural and functional sections that perform two functions, e. g. catalytic and attachment to the membrane. These areas are called domains.

Domains are coded for by different exons. 

Introns increase the probability of crossing over between genes without interfering with coding sequences. 

It increases the chances of recombination between two alleles and of crossing over between homologous chromosomes. New and potentially useful proteins could arise in this way.

This reshuffling of exons may contribute to the evolution of protein diversity.

PROTEIN SYNTHESIS

Translation is protein synthesis.

During translation the mRNA is decoded 

The four-base mRNA is converted into a 20-amino acid polymer.

Transfer RNA

Transfer RNA is the decoding molecule in the translation process.

Transfer RNA is made in the nucleus and travel to the cytoplasm where it takes an amino acid and delivers it to the ribosome to be incorporated into a protein.

The tRNA is used repeatedly in both prokaryotes and eukaryotes.

Each tRNA is specific for one amino acid.

The cell keeps a stock of amino acids in its cytoplasm.

At one end of the tRNA molecule there is a three-base anticodon, which is complementary to a three-base codon in the mRNA.

At the other end of the tRNA, an amino acid is attached. 

The AA becomes attached to the tRNA before becoming incorporated into a polypeptide.

The carboxyl group of an AA becomes attached to the 3’ end of a tRNA..

The amino group is left free to participate in peptide bond formation.

Specialized regions of the tRNA:

· Anticodon complementary to a mRNA codon.

· Site for amino acid binding.

· Site for ribosomal recognition.

· Site for the aminoacyl-tRNA synthetase recognition.

Wobble hypothesis

There are 61 codons but the usual number of tRNA is 45. Some cells have only 40 different tRNA to pair with 61 codons.

The third base (5’ end) on the anticodon is sometimes capable of forming hydrogen bonds with more than one kind of nucleotide of a mRNA codon (3’ end).

Some tRNA can recognize up to three different codons.

Aminoacyl-tRNA synthetases.

A tRNA that binds to an mRNA codon specifying a particular amino acid must carry only that amino acid to the ribosome. 

There has to be a correct match between the tRNA and the amino acid.

Amino acids are attached to their respective tRNA by specific enzymes called aminoacyl-tRNA synthetases
The aminoacyl-tRNA synthetase is specific for each amino acid. There are 20 of these enzymes.

The binding of the tRNA and amino acid is an endergonic process that occurs at the expense of  ATP.

The result is an activated amino acid called aminoacyl tRNA.

The resulting complex is called aminoacyl-tRNAs bind to the messenger RNA coding sequence.

Ribosomes

Ribosomes have a catalytic function and a structural function, to hold the mRNA, the aminoacyl-tRNA and the growing polypeptide chain.

Ribosomes couple the tRNAs to their proper codons on the mRNA and facilitate the formation of peptide bond between amino acids.

Each ribosome is made of a large and small subunit; each subunit contains one molecule of ribosomal RNA and large amount of proteins.

In eukaryotes, the subunits are made in the nucleolus.

Each ribosome has three depressions called the A and P sites after the word  aminoacyl-tRNA site and peptidyl-tRNA site, and the E site for exit site.

The tRNA holding the polypeptide chain occupies the P site.

The tRNA bringing the next amino acid to be incorporated into the chain occupies the A site.

The ribosome holds the tRNA and the mRNA close together and positions the new amino acid for addition to the carboxyl end of the growing polypeptide. Then the formation of the peptide bond is catalyzed and formed.

Before translation begins, the ribosomal subunits are dissociated.

Protein synthesis is divided into three stages: initiation, elongation and termination.

Initiation

Initiation begins when the mRNA, a tRNA with the first amino acid of the peptide, and the two subunits of the rRNA come together.

The sequence of nucleotides at either end of the mRNA molecule helps to bind the molecule to the ribosomal subunit.

In all organisms the codon for the initiation of protein synthesis is AUG, which codes for the amino acid methionine. This is called the initiation tRNA.

1. Messenger RNA binds to the small ribosomal subunit. The subunit binds attaches to the 5' end of the mRNA.

2. The initiation tRNA binds to a specific codon called the start codon: 

· the tRNA anticodon UAC binds to the start codon AUG. This tRNA carries the amino acid methionine.

3. The large ribosomal subunit then binds to the small one creating a functional ribosome.

Proteins called initiation factors bring all these components together.

4. When the initiation process is completed, the initiator rRNA sits in the P site of the ribosome, and the vacant A site is ready for the next aminoacyl tRNA. 

The synthesis of peptides is initiated at its amino end, which is called the N-terminus.

The other end is called the C-terminus; C for the carboxyl end. 

Elongation

The initiator tRNA is bound to the P site of the ribosome.

The A site is unoccupied.

Amino acids are added one by one to the polypeptide chain.

1. Codon recognition. The anticodon of an incoming aminoacyl-tRNA carrying an amino acid binds to the codon of the mRNA in the A site. The bonds are hydrogen bonds.

· Elongation factors bring the tRNA to the A site.

· This reaction requires energy, which is provided by 2 molecules of GTP, guanosine triphosphate.

2. Peptide bond formation. The polypeptide separates from the tRNA to which it was bound (in the P site) and attaches by a peptide bond to the amino acid carried by the tRNA in the A site.

· The amino group of the AA at the A site is aligned with the carboxyl of the AA in the P site.

· The ribosome catalyzes the reaction. The enzyme is called peptidyl transferase, a component the large ribosomal subunit.

· RNA catalysts are called ribozymes.

3. Translocation. The tRNA at the P site now leaves the ribosome and ribosome translocates (moves) the tRNA in the A site, carrying the growing peptide chain, to the P site. The mRNA moves with it.

· The codon and anticodon remain bonded and the mRNA and tRNA move as a unit.

· The next mRNA codon is brought in to the A site.

· Energy is supplied by GTP. 

· Translocation occurs in a 5’-to-3’ direction of the mRNA.

Termination:

1. Translocation is repeated many times until a stop codon reaches the ribosome A site.

2. The codons UAA, UAG and UGA do not code for amino acids but signal to stop translation.

3. A protein called release factor binds directly to the stop codon in the A site. 

4. The release factor causes the addition of a water molecule instead of an amino acid to the polypeptide chain. 

5. This reaction hydrolyzes the complete polypeptide from the tRNA that is in the P site, freeing the polypeptide from the tRNA that is in the P site.

6. The ribosomes dissociate into the two subunits, which can then be used to form a new ribosome.

A single ribosome can make an average size polypeptide in less than a minute.

Polyribosomes

A polyribosome or polysome, is a complex of one mRNA and many ribosomes.

Once the ribosome moves past the initiation code, a second ribosome can attach to the mRNA and start its own translation of a new polypeptide.

A mRNA is generally translates simultaneously by several ribosomes.

Polyribosomes occur in both prokaryotic and eukaryotic cells.

POSTTRANSCRIPTION MODIFICATIONS IN EUKARYOTES.

The basic features of transcription and translation are the same in prokaryotes and eukaryotes.

Eukaryotic mRNA molecules undergo specific post-transcriptional modification and processing before they become competent for transport and translation. 

After synthesis, the polypeptide begins to fold forming a functional protein, a three dimensional protein with its secondary and tertiary structure.

A gene determines the primary structure

The primary structure in turn, determines conformation.

Certain amino acids may become modified by the attachment of sugars, lipids, phosphate groups, or other molecules.

Some amino acids may be removed from the leading end of the polypeptide.

In some cases, the polypeptide may be cut in two or more pieces, or two polypeptides that have been synthesized separately may be joined to form the quaternary structure of a functional protein.

Signal mechanism for targeting proteins to the ER.

Free ribosomes are suspended in the cytosol and make proteins that dissolve and function in the cytosol.

Bound ribosomes are attached to the cytosol side of the ER membrane. 

They make proteins of the endomembrane system (nuclear envelope, ER, Golgi apparatus, lysosomes, vacuoles, and plasma membrane) and protein that are secreted by the cell. 

Polypeptide synthesis begins in the cytosol.

A sequence called signal peptide, made of about 20 amino acids near the leading amino end of the polypeptide is recognized by a protein-RNA complex called the signal-recognition particle, SRP, as it emerges from the ribosome.

The SRP binds to a receptor protein in the ER membrane.

The receptor is part of a protein complex that has a pore and a signal-cleaving enzyme.

The SRP leaves and the polypeptide resumes growing emerging into the cisternal space of the ER, through the protein pore.

The signal peptide is removed by an enzyme.

The finished polypeptide is released into the cistern or remains partially embedded in the ER membrane if it is destined to that structure.

Types of RNA in a eukaryotic cell.

1. Messenger RNA, tRNA and rRNA.

2. Primary transcript or pre-mRNA: direct product of transcription; contains introns and exons.

3. Small nuclear RNA (snRNA): part of the spliceosomes, the complexes of protein and RNA that splice pre-mRNA in the nucleus.

4. SRP RNA: part of the signal recognition of polypeptides destined to the ER.

5. Small interfering RNA, siRNA, and microRNA, miRNA, have been recently discovered and are involved in regulating which genes get expressed. 
6. Small nucleolar RNA, snoRNA, aid  s in processing pre-rRNA transcripts in the nucleolus. 

MUTATIONS

A gene is a functional unit.

Mutations are disruptions on the structure of a chromosome or changes in a single base pair of nucleotides.

Point mutations are chemical changes in one base pair of a gene.

Base-pair substitution in the DNA results in a different base pair that will be transcribed into an altered mRNA. 

Base-pair substitutions could be...

· Missense mutations result in the replacement of one amino acid for another; this replacement may or make not make "sense."

· Nonsense mutations convert an amino acid specifying codon into a termination codon.

Insertions and deletions are additions or losses of nucleotide pairs in a gene. 

In a frameshift mutation one or two nucleotides are inserted or deleted from the DNA.

As a result, the codons downstream of the insertion specify an entirely new sequence of amino acids.

Mutations can be produced by errors in DNA replication, by physical agents (radiation) or by chemicals called mutagens.

· Base analogues a re similar to normal DNA bases but pair incorrectly during DNA replication.

· Chemicals that insert themselves in the DNA and distort the double helix.

· Chemicals that change the structure of the bases and their chemical properties.

What is a gene?

A region of the DNA encoding a polypeptide or an RNA molecule, as their final products.

SUMMARY OF THE CHARACTERISTICS OF THE GENETIC CODE

· Messenger RNA consists of only four bases, A, G, C, and U, forming chains of various lengths and sequences.

· mRNA  codon that specifies a given AA is a triplet of three nucleotides.

· Each codon is translated in a continuous sequence, three successive nucleotides at a time.

· The code is nonoverlapping.

· The codon sequence complements an anticodon sequence in the adapter tRNA.

· The code is universal. All living organisms share the codons that specify the same AA.

· The same codon does not specify two or more AA. There are no ambiguities.

· Except for methionine and tryptophan, all AA are designated by more than one codon. 64 codons specify 20 AA and chain termination.

· Degeneracy in the third codon position.

Wobble hypothesis: the third nucleotide of the tRNA anticodon can form hydrogen bonds with more than one kind of base in the third position of a codon.

