DNA Replication and Protein Synthesis
A. DNA as the Genetic Material

1. The search for genetic material led to DNA.

2. Watson and Crick discovered the double helix by building models to conform to X-ray data.

· Watson and his colleague Francis Crick began to work on a model of DNA with two strands, the double helix.
· Using molecular models made of wire, they placed the sugar-phosphate chains on the outside and the nitrogenous bases on the inside of the double helix.

· This arrangement put the relatively hydrophobic nitrogenous bases in the molecule’s interior.

· The sugar-phosphate chains of each strand are like the side ropes of a rope ladder.

· Pairs of nitrogenous bases, one from each strand, form rungs.

· The ladder forms a twist every ten bases.

· The nitrogenous bases are paired in specific combinations: adenine with thymine and guanine with cytosine.

· In addition, Watson and Crick determined that chemical side groups of the nitrogenous bases would form hydrogen bonds, connecting the two strands.

· The base-pairing rules dictate the combinations of nitrogenous bases that form the “rungs” of DNA.

· However, this does not restrict the sequence of nucleotides along each DNA strand.

· The linear sequence of the four bases can be varied in countless ways.

· Each gene has a unique order of nitrogenous bases.

· In April 1953, Watson and Crick published a succinct, one-page paper in Nature reporting their double helix model of DNA.

3. During DNA replication, base pairing enables existing DNA strands to serve as templates for new complementary strands.

· In a second paper, Watson and Crick published their hypothesis for how DNA replicates.

· Essentially, because each strand is complementary to the other, each can form a template when separated.

· The order of bases on one strand can be used to add complementary bases and therefore duplicate the pairs of bases exactly.

· When a cell copies a DNA molecule, each strand serves as a template for ordering nucleotides into a new complementary strand.

· One at a time, nucleotides line up along the template strand according to the base-pairing rules.

· The nucleotides are linked to form new strands.

· Watson and Crick’s model, semiconservative replication, predicts that when a double helix replicates, each of the daughter molecules will have one old strand and one newly made strand.

2. A large team of enzymes and other proteins carries out DNA replication.

· It takes E. coli 25 minutes to copy each of the 5 million base pairs in its single chromosome and divide to form two identical daughter cells.

· A human cell can copy its 6 billion base pairs and divide into daughter cells in only a few hours.

· This process is remarkably accurate, with only one error per ten billion nucleotides.

· More than a dozen enzymes and other proteins participate in DNA replication.

· Much more is known about replication in bacteria than in eukaryotes.

· The process appears to be fundamentally similar for prokaryotes and eukaryotes.

· The replication of a DNA molecule begins at special sites, origins of replication.
· In bacteria, this is a specific sequence of nucleotides that is recognized by the replication enzymes.

· These enzymes separate the strands, forming a replication “bubble.”

· Replication proceeds in both directions until the entire molecule is copied.

· In eukaryotes, there may be hundreds or thousands of origin sites per chromosome.

· At the origin sites, the DNA strands separate, forming a replication “bubble” with replication forks at each end.

· The replication bubbles elongate as the DNA is replicated, and eventually fuse.

· DNA polymerases catalyze the elongation of new DNA at a replication fork.

· As nucleotides align with complementary bases along the template strand, they are added to the growing end of the new strand by the polymerase.

· The rate of elongation is about 500 nucleotides per second in bacteria and 50 per second in human cells.

· In E. coli, two different DNA polymerases are involved in replication: DNA polymerase III and DNA polymerase I.

· In eukaryotes, at least 11 different DNA polymerases have been identified so far.

· Each nucleotide that is added to a growing DNA strand is a nucleoside triphosphate.

· Each has a nitrogenous base, deoxyribose, and a triphosphate tail.

· ATP is a nucleoside triphosphate with ribose instead of deoxyribose.

· Like ATP, the triphosphate monomers used for DNA synthesis are chemically reactive, partly because their triphosphate tails have an unstable cluster of negative charge.

· As each nucleotide is added to the growing end of a DNA strand, the last two phosphate groups are hydrolyzed to form pyrophosphate.

· The exergonic hydrolysis of pyrophosphate to two inorganic phosphate molecules drives the polymerization of the nucleotide to the new strand.

· The strands in the double helix are antiparallel.
· The sugar-phosphate backbones run in opposite directions.

· Each DNA strand has a 3’ end with a free hydroxyl group attached to deoxyribose and a 5’ end with a free phosphate group attached to deoxyribose.

· The 5’ ( 3’ direction of one strand runs counter to the 3’ ( 5’ direction of the other strand.

· DNA polymerases can only add nucleotides to the free 3’ end of a growing DNA strand.

· A new DNA strand can only elongate in the 5’ ( 3’ direction.

· Along one template strand, DNA polymerase III can synthesize a complementary strand continuously by elongating the new DNA in the mandatory 5’ ( 3’ direction.

· The DNA strand made by this mechanism is called the leading strand.
· The other parental strand (5’ ( 3’ into the fork), the lagging strand, is copied away from the fork.

· Unlike the leading strand, which elongates continuously, the lagging stand is synthesized as a series of short segments called Okazaki fragments.
· Okazaki fragments are about 1,000–2,000 nucleotides long in E. coli and 100–200 nucleotides long in eukaryotes.

· Another enzyme, DNA ligase, eventually joins the sugar-phosphate backbones of the Okazaki fragments to form a single DNA strand.

· DNA polymerases cannot initiate synthesis of a polynucleotide.

· They can only add nucleotides to the 3’ end of an existing chain that is base-paired with the template strand.

· The initial nucleotide chain is called a primer.
· In the initiation of the replication of cellular DNA, the primer is a short stretch of RNA with an available 3’ end.

· The primer is 5–10 nucleotides long in eukaryotes.

· Primase, an RNA polymerase, links ribonucleotides that are complementary to the DNA template into the primer.

· RNA polymerases can start an RNA chain from a single template strand.

· After formation of the primer, DNA pol III adds a deoxyribonucleotide to the 3’ end of the RNA primer and continues adding DNA nucleotides to the growing DNA strand according to the base-pairing rules.

· Returning to the original problem at the replication fork, the leading strand requires the formation of only a single primer as the replication fork continues to separate.

· For synthesis of the lagging strand, each Okazaki fragment must be primed separately.

· Another DNA polymerase, DNA polymerase I, replaces the RNA nucleotides of the primers with DNA versions, adding them one by one onto the 3’ end of the adjacent Okazaki fragment.

· The primers are converted to DNA before DNA ligase joins the fragments together.

· In addition to primase, DNA polymerases, and DNA ligases, several other proteins have prominent roles in DNA synthesis.

· Helicase untwists the double helix and separates the template DNA strands at the replication fork.

· This untwisting causes tighter twisting ahead of the replication fork, and topoisomerase helps relieve this strain.

· Single-strand binding proteins keep the unpaired template strands apart during replication.

· To summarize, at the replication fork, the leading strand is copied continuously into the fork from a single primer.

· The lagging strand is copied away from the fork in short segments, each requiring a new primer.

· It is conventional and convenient to think of the DNA polymerase molecules as moving along a stationary DNA template.

· In reality, the various proteins involved in DNA replication form a single large complex, a DNA replication “machine.”

· Many protein-protein interactions facilitate the efficiency of this machine.

· For example, helicase works much more rapidly when it is in contact with primase.

· The DNA replication machine is probably stationary during the replication process.

· In eukaryotic cells, multiple copies of the machine may anchor to the nuclear matrix, a framework of fibers extending through the interior of the nucleus.

· The DNA polymerase molecules “reel in” the parental DNA and “extrude” newly made daughter DNA molecules.

3. Enzymes proofread DNA during its replication and repair damage in existing DNA.

· Mistakes during the initial pairing of template nucleotides and complementary nucleotides occur at a rate of one error per 100,000 base pairs.

· DNA polymerase proofreads each new nucleotide against the template nucleotide as soon as it is added.

· If there is an incorrect pairing, the enzyme removes the wrong nucleotide and then resumes synthesis.

· The final error rate is only one per ten billion nucleotides.

· DNA molecules are constantly subject to potentially harmful chemical and physical agents.

· Reactive chemicals, radioactive emissions, X-rays, and ultraviolet light can change nucleotides in ways that can affect encoded genetic information.

· DNA bases may undergo spontaneous chemical changes under normal cellular conditions.

· Mismatched nucleotides that are missed by DNA polymerase or mutations that occur after DNA synthesis is completed can often be repaired.

· Each cell continually monitors and repairs its genetic material, with 100 repair enzymes known in E. coli and more than 130 repair enzymes identified in humans.

· In mismatch repair, special enzymes fix incorrectly paired nucleotides.

· A hereditary defect in one of these enzymes is associated with a form of colon cancer.

· In nucleotide excision repair, a nuclease cuts out a segment of a damaged strand.

· DNA polymerase and ligase fill in the gap.
A. The Connection between Genes and Proteins

1. Transcription and translation are the two main processes linking gene to protein.

· Genes provide the instructions for making specific proteins.

· The bridge between DNA and protein synthesis is the nucleic acid RNA.

· RNA is chemically similar to DNA, except that it contains ribose as its sugar and substitutes the nitrogenous base uracil for thymine.

· An RNA molecule almost always consists of a single strand.

· In DNA or RNA, the four nucleotide monomers act like the letters of the alphabet to communicate information.

· The specific sequence of hundreds or thousands of nucleotides in each gene carries the information for the primary structure of proteins, the linear order of the 20 possible amino acids.

· To get from DNA, written in one chemical language, to protein, written in another, requires two major stages: transcription and translation.

· During transcription, a DNA strand provides a template for the synthesis of a complementary RNA strand.

· Just as a DNA strand provides a template for the synthesis of each new complementary strand during DNA replication, it provides a template for assembling a sequence of RNA nucleotides.

· Transcription of many genes produces a messenger RNA (mRNA) molecule.

· During translation, there is a change of language.

· The site of translation is the ribosome, complex particles that facilitate the orderly assembly of amino acids into polypeptide chains.

· Why can’t proteins be translated directly from DNA?

· The use of an RNA intermediate provides protection for DNA and its genetic information.

· Using an RNA intermediate allows more copies of a protein to be made simultaneously, since many RNA transcripts can be made from one gene.

· Also, each gene transcript can be translated repeatedly.

· In a eukaryotic cell, transcription occurs in the nucleus, and translation occurs at ribosomes in the cytoplasm.

· The transcription of a protein-coding eukaryotic gene results in pre-mRNA.
· The initial RNA transcript of any gene is called a primary transcript.
· RNA processing yields the finished mRNA.

· To summarize, genes program protein synthesis via genetic messages in the form of messenger RNA.

· The molecular chain of command in a cell is DNA ( RNA ( protein.

3. In the genetic code, nucleotide triplets specify amino acids.

· If the genetic code consisted of a single nucleotide or even pairs of nucleotides per amino acid, there would not be enough combinations (4 and 16, respectively) to code for all 20 amino acids.

· Triplets of nucleotide bases are the smallest units of uniform length that can code for all the amino acids.

· With a triplet code, three consecutive bases specify an amino acid, creating 43 (64) possible code words.

· The genetic instructions for a polypeptide chain are written in DNA as a series of nonoverlapping three-nucleotide words.

· During transcription, one DNA strand, the template strand, provides a template for ordering the sequence of nucleotides in an RNA transcript.

· A given DNA strand can be the template strand for some genes along a DNA molecule, while for other genes in other regions, the complementary strand may function as the template.

· The complementary RNA molecule is synthesized according to base-pairing rules, except that uracil is the complementary base to adenine.

· Like a new strand of DNA, the RNA molecule is synthesized in an antiparallel direction to the template strand of DNA.

· The mRNA base triplets are called codons, and they are written in the 5’ ( 3’ direction.

· During translation, the sequence of codons along an mRNA molecule is translated into a sequence of amino acids making up the polypeptide chain.

· During translation, the codons are read in the 5’ ( 3’ direction along the mRNA.

· Each codon specifies which one of the 20 amino acids will be incorporated at the corresponding position along a polypeptide.

· Because codons are base triplets, the number of nucleotides making up a genetic message must be three times the number of amino acids making up the protein product.

· It takes at least 300 nucleotides to code for a polypeptide that is 100 amino acids long.

· The task of matching each codon to its amino acid counterpart began in the early 1960s.

· By the mid-1960s the entire code was deciphered.

· Sixty-one of 64 triplets code for amino acids.

· The codon AUG not only codes for the amino acid methionine, but also indicates the “start” of translation.

· Three codons do not indicate amino acids but are “stop” signals marking the termination of translation.

· There is redundancy in the genetic code but no ambiguity.

· Several codons may specify the same amino acid, but no codon specifies more than one amino acid.

· The redundancy in the code is not random. In many cases, codons that are synonyms for a particular amino acid differ only in the third base of the triplet.

· To extract the message from the genetic code requires specifying the correct starting point.

· This establishes the reading frame; subsequent codons are read in groups of three nucleotides.

· The cell’s protein-synthesizing machinery reads the message as a series of nonoverlapping three-letter words.

· In summary, 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.

B. The Synthesis and Processing of RNA

1. Transcription is the DNA-directed synthesis of RNA: a closer look.

· Messenger RNA, the carrier of information from DNA to the cell’s protein-synthesizing machinery, is transcribed from the template strand of a gene.

· RNA polymerase separates the DNA strands at the appropriate point and bonds the RNA nucleotides as they base-pair along the DNA template.

· Like DNA polymerases, RNA polymerases can only assemble a polynucleotide in its 5’ ( 3’ direction.

· Unlike DNA polymerases, RNA polymerases are able to start a chain from scratch; they don’t need a primer.

· Specific sequences of nucleotides along the DNA mark where gene transcription begins and ends.

· RNA polymerase attaches and initiates transcription at the promoter.
· In prokaryotes, the sequence that signals the end of transcription is called the terminator.
· Molecular biologists refer to the direction of transcription as “downstream” and the other direction as “upstream.”

· The stretch of DNA that is transcribed into an RNA molecule is called a transcription unit.
· Bacteria have a single type of RNA polymerase that synthesizes all RNA molecules.

· In contrast, eukaryotes have three RNA polymerases (I, II, and III) in their nuclei.

· RNA polymerase II is used for mRNA synthesis.

· Transcription can be separated into three stages: initiation, elongation, and termination of the RNA chain.

· The presence of a promoter sequence determines which strand of the DNA helix is the template.

· Within the promoter is the starting point for the transcription of a gene.

· The promoter also includes a binding site for RNA polymerase several dozen nucleotides “upstream” of the start point.

· In prokaryotes, RNA polymerase can recognize and bind directly to the promoter region.

· In eukaryotes, proteins called transcription factors mediate the binding of RNA polymerase and the initiation of transcription.

· Only after certain transcription factors are attached to the promoter does RNA polymerase II bind to it.

· The completed assembly of transcription factors and RNA polymerase II bound to a promoter is called a transcription initiation complex.
· A crucial promoter DNA sequence is called a TATA box.
· RNA polymerase then starts transcription.

· As RNA polymerase moves along the DNA, it untwists the double helix, 10 to 20 bases at time.

· The enzyme adds nucleotides to the 3’ end of the growing strand.

· Behind the point of RNA synthesis, the double helix re-forms and the RNA molecule peels away.

· Transcription progresses at a rate of 60 nucleotides per second in eukaryotes.

· A single gene can be transcribed simultaneously by several RNA polymerases at a time.

· A growing strand of RNA trails off from each polymerase.

· The length of each new strand reflects how far along the template the enzyme has traveled from the start point.

· The congregation of many polymerase molecules simultaneously transcribing a single gene increases the amount of mRNA transcribed from it.

· This helps the cell make the encoded protein in large amounts.

· Transcription proceeds until after the RNA polymerase transcribes a terminator sequence in the DNA.

2. Eukaryotic cells modify RNA after transcription.

· Enzymes in the eukaryotic nucleus modify pre-mRNA before the genetic messages are dispatched to the cytoplasm.

· During RNA processing, both ends of the primary transcript are usually altered.

· Certain interior parts of the molecule are cut out and the remaining parts spliced together.

· At the 5’ end of the pre-mRNA molecule, a modified form of guanine is added, the 5’ cap.
· At the 3’ end, an enzyme adds 50 to 250 adenine nucleotides, the poly-A tail.
· These modifications share several important functions.

· They seem to facilitate the export of mRNA from the nucleus.

· They help protect mRNA from hydrolytic enzymes.

· They help the ribosomes attach to the 5’ end of the mRNA.

· The most remarkable stage of RNA processing occurs during the removal of a large portion of the RNA molecule in a cut-and-paste job of RNA splicing.
· Most eukaryotic genes and their RNA transcripts have long noncoding stretches of nucleotides.

· Noncoding segments of nucleotides called intervening regions, or introns, lie between coding regions.

· The final mRNA transcript includes coding regions, exons, which are translated into amino acid sequences, plus the leader and trailer sequences.

· RNA splicing removes introns and joins exons to create an mRNA molecule with a continuous coding sequence.

C. The Synthesis of Protein

1. Translation is the RNA-directed synthesis of a polypeptide: a closer look.

· In the process of translation, a cell interprets a series of codons along an mRNA molecule and builds a polypeptide.

· The interpreter is transfer RNA (tRNA), which transfers amino acids from the cytoplasmic pool to a ribosome.

· A cell has all 20 amino acids available in its cytoplasm, either by synthesizing them from scratch or by taking them up from the surrounding solution.

· The ribosome adds each amino acid carried by tRNA to the growing end of the polypeptide chain.

· During translation, each type of tRNA links an mRNA codon with the appropriate amino acid.

· Each tRNA arriving at the ribosome carries a specific amino acid at one end and has a specific nucleotide triplet, an anticodon, at the other.

· The anticodon base-pairs with a complementary codon on mRNA.

· If the codon on mRNA is UUU, a tRNA with an AAA anticodon and carrying phenylalanine will bind to it.

· Codon by codon, tRNAs deposit amino acids in the prescribed order, and the ribosome joins them into a polypeptide chain.

· The tRNA molecule is a translator, because it can read a nucleic acid word (the mRNA codon) and translate it to a protein word (the amino acid).

· Like other types of RNA, tRNA molecules are transcribed from DNA templates in the nucleus.

· Once it reaches the cytoplasm, each tRNA is used repeatedly, picking up its designated amino acid in the cytosol, depositing the amino acid at the ribosome, and returning to the cytosol to pick up another copy of that amino acid.

· A tRNA molecule consists of a strand of about 80 nucleotides that folds back on itself to form a three-dimensional structure.

· It includes a loop containing the anticodon and an attachment site at the 3’ end for an amino acid.

· If each anticodon had to be a perfect match to each codon, we would expect to find 61 types of tRNA, but the actual number is about 45.

· The anticodons of some tRNAs recognize more than one codon.

· The 20 different synthetases match the 20 different amino acids.

· Each has active sites for only a specific tRNA-and-amino-acid combination.

· The synthetase catalyzes a covalent bond between them in a process driven by ATP hydrolysis.

· The result is an aminoacyl-tRNA or activated amino acid.

· Ribosomes facilitate the specific coupling of the tRNA anticodons with mRNA codons during protein synthesis.

· Each ribosome is made up of a large and a small subunit.

· The subunits are composed of proteins and ribosomal RNA (rRNA), the most abundant RNA in the cell.

· In eukaryotes, the subunits are made in the nucleolus.

· After rRNA genes are transcribed to rRNA in the nucleus, the rRNA and proteins are assembled to form the subunits with proteins from the cytoplasm.

· The subunits exit the nucleus via nuclear pores.

· The large and small subunits join to form a functional ribosome only when they attach to an mRNA molecule.

· The ribosome holds the tRNA and mRNA in close proximity and positions the new amino acid for addition to the carboxyl end of the growing polypeptide.

· It then catalyzes the formation of the peptide bond.

· As the polypeptide becomes longer, it passes through an exit tunnel in the ribosome’s large unit and is released to the cytosol.

· Translation can be divided into three stages: initiation, elongation, and termination.

· All three phases require protein “factors” that aid in the translation process.

· Both initiation and chain elongation require energy provided by the hydrolysis of GTP.

· Initiation brings together mRNA, a tRNA with the first amino acid, and the two ribosomal subunits.

· First, a small ribosomal subunit binds with mRNA and a special initiator tRNA, which carries methionine and attaches to the start codon.

· The small subunit then moves downstream along the mRNA until it reaches the start codon, AUG, which signals the start of translation.

· This establishes the reading frame for the mRNA.

· Elongation involves the participation of several protein elongation factors, and consists of a series of cycles as each amino acid is added to the proceeding one.

· Termination occurs when one of the three stop codons is reached
· A release factor binds to the stop codon and hydrolyzes the bond between the polypeptide and its tRNA in the P site.

· This frees the polypeptide, and the translation complex disassembles.

· A ribosome requires less than a minute to translate an average-sized mRNA into a polypeptide.

· During and after synthesis, a polypeptide coils and folds to its three-dimensional shape spontaneously.

· The primary structure, the order of amino acids, determines the secondary and tertiary structure.

· In addition, proteins may require posttranslational modifications before doing their particular job.

· This may require additions such as sugars, lipids, or phosphate groups to amino acids.

· Enzymes may remove some amino acids or cleave whole polypeptide chains.

· Two or more polypeptides may join to form a protein.
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