Chapter 12—DNA Synthesis, Mutation, and Repair

Lecture Outline

I.
Experiments That Revealed the Basic Mechanisms of DNA Replication

A.
Three different models of DNA replication were proposed, inferred from the structure of DNA.

1.
Semi-Conservative Replication Model (Fig. 12.1a)

a.
The two original strands separate, and each becomes a template for a new strand.

b.
Prediction—Each new daughter DNA molecule would consist of one old and one new strand.

2.
Conservative Replication Model (Fig. 12.1b)

a.
Either the bases on each original strand temporarily turn outward, or a non-DNA intermediary molecule is produced and becomes the template for synthesizing new molecules.

b.
Prediction—The original DNA molecule would remain unchanged; the daughter molecule would consist of two entirely new DNA strands.

3.
Dispersive Replication Model (Fig. 12.1c)

a.
The original DNA molecule is cut and unwound in short stretches, each of which is copied and then put back together.

b.
Prediction—Each DNA strand in a new daughter DNA molecule would consist of a mixture of old and new DNA.

B.
Meselsohn and Stahl distinguished between the semi-conservative and conservative models.

1.
Under laboratory conditions, E.coli cells divide regularly, replicating their DNA before each round of cell division.

2.
Meselsohn and Stahl developed a technique to distinguish old DNA from new DNA by tagging it with a heavy isotope of nitrogen:

a.
DNA contains a lot of nitrogen in the nucleotide bases, so a nitrogen source must be readily available to cells that are replicating their DNA.

b.
15N is a heavy isotope of nitrogen. Molecules containing 15N are heavier than those containing the normal 14N isotope. 

c.
Heavier molecules can be separated from lighter ones by centrifugation. 

3.
Experiment

a.
E. coli cells were grown in a medium with 15N as the only nitrogen source.

b.
A sample of cells grown in 15N for several generations was removed, and the DNA was purified (= generation 0, the parental generation; all DNA has 15N).

c.
The remaining culture was transferred to 14N medium for one round of cell division, after which a sample of cells was removed and the DNA was purified (= generation 1).

d.
The remaining culture was allowed to grow through another round of cell division, after which another sample of cells was removed and the DNA was purified (= generation 2).

e.
The DNA samples from generations 0, 1, and 2 were subjected to density gradient centrifugation. (Box 12.1)

(1)
Each DNA sample was placed in a tube containing a gradient that was denser toward the bottom of the tube and lighter toward the top. 

(2)
During centrifugation, each DNA molecule moves through the gradient until its density matches that of a specific region of the gradient. 

(3)
Less-dense molecules stay closer to the top of the tube; denser molecules collect near the bottom.

f.
Predictions (Fig. 12.2b)

(1)
If DNA replication is semi-conservative, after two rounds in 14N medium: 

(a)
There should be an intermediate-density band and a low-density band. 

(b)
Molecules of intermediate density are composed of one parental 15N strand and one new 14N strand.

(c)
Molecules of low density are composed of one 14N strand from generation 1, and one new 14N strand.

(2)
If DNA replication is conservative, after two rounds in 14N medium: 

(a)
There should be a high-density band and a low-density band.

(b)
Molecules of high density are composed of two parental 15N strands.

(c)
Molecules of low density are composed of two new 14N strands.

g.
Results (Fig. 12.2a).

(1)
The DNA from generation 0 formed one low-density band near the bottom of the gradient.

(2)
The DNA from generation 1 formed an intermediate-density band near the middle of the gradient.

(3)
The DNA from generation 2 formed two bands, one of intermediate density and one of low density. 

h.
Conclusion—The semi-conservative model of DNA replication is supported; each daughter DNA molecule has one older strand and one new strand.

E.
Summary of Early Research on DNA Replication

1.
DNA replication is semi-conservative.

2.
DNA replication is enzyme dependent and template dependent.

3.
There are multiple different DNA polymerases in cells.

II.

Comprehensive Model of DNA Synthesis

A.
Observations of How DNA Synthesis Occurs in Vivo

1.
DNA polymerases add dNTPs only to the 3' end of an existing strand.

2.
DNA synthesis always proceeds in the 5' to 3' direction.

3.
Cairns—Autoradiography of E. coli DNA shows replication forks are bidirectional. (Fig. 12.6)

a.
The replication fork separates the two antiparallel DNA template strands.

b.
Pol III moves along one template strand toward its 5' end, following the replication fork, continuously synthesizing a new strand (the leading strand) in the 5' to 3' direction. (Fig. 12.7a)

c.
Pol III moves along the opposite template strand toward its 5' end, going away from the replication fork, synthesizing the new strand (the lagging strand) in 
fragments. (Fig. 12.7b)

B.
How Is the Lagging Strand Synthesized?

1.
The discontinuous replication hypothesis (W. Gilbert)—Pol III synthesizes the lagging strand in short pieces, 5' to 3', which are later linked together.

2.
Okazaki tested this hypothesis in a pulse-chase experiment:

a.
Added radioactive thymidine in a brief pulse to E. coli cells in culture.

b.
Followed the pulse with a large "chase" of nonradioactive thymidine.

c.
Isolated the DNA from the cells and centrifuged it.

d.
Result—Detected some radioactive thymidine in short (~1 kb) fragments of DNA.

e.
Conclusion—The lagging strand is synthesized in short, discontinuous fragments ("Okazaki fragments"), which confirmed Gilbert's hypothesis.

3.
RNA Primers (Fig. 12.8)

a.
DNA polymerases can add dNTPs only to the 3' end of a preexisting strand.

(1)
For DNA synthesis to occur, template DNA cannot be completely double-stranded or completely single-stranded.

(2)
Each single-strand of the DNA template must have a short complementary strand (a "primer") base-paired to a portion of it.

(3)
Pol III then reads the template strand and adds the appropriate nucleotide to the 3' end of the primer, or to the strand extended from the primer.

b.
Where does the preexisting strand (the primer) come from when a replication fork first forms?

(1)
RNA polymerase (Chapter 11) synthesizes RNA from a completely single-stranded template (Hurwitz and Furth).

(2)
Hypothesis—RNA polymerase synthesizes short RNA primers at the replication fork (Kornberg, Okazaki, et al.) when it first opens.

(3)
Rowen and Kornberg isolate E. coli primase enzyme:

(a)
Primase restored normal activity to an E. coli strain that had a temperature-sensitive mutation that blocked DNA synthesis.

(b)
If primase is added to a cell-free DNA synthesis reaction with radioactive ribonucleotides, radioactivity shows up in short strands of RNA.

(c)
Later work—RNA polymerase synthesizes an RNA primer on the leading strand.

(d)
Conclusion—RNA primers are synthesized at the replication fork, and 
deoxyribonucleotides are added to them by DNA polymerase.

C.
The Synthesis Machinery

1.
The E. coli DNA synthesis machinery:

a.
Different enzymes catalyze each different step of the process.

b.
Most enzymes were discovered from defects in temperature-sensitive mutants.

c.
About 20 genetic loci are required to code for the complete synthesis machinery.

2.
Enzymes and proteins involved in prokaryotic DNA synthesis: (Fig. 12.9)

a.
Helicases open the replication fork by breaking hydrogen bonds between DNA strands, producing single strands.

b.
Single-stranded binding proteins (SSBP) stabilize single strands by attaching to them.

c.
Topoisomerases relieve tension in the DNA molecule:

(1)
Unraveling of the two DNA strands at the replication fork creates twisting and tension farther down the molecule.

(2)
Topoisomerases nick the DNA downstream and allow it to untwist.

d.
DNA polymerase III adds dNTPs to the leading strand and lagging strands.

e.
Primase synthesizes ribonucleotide primers for the lagging strand.

f.
DNA polymerase I removes RNA primers and fills in with dNTPs. 

g.
Ligase catalyzes phosphodiester bond formation between Okazaki fragments, linking them together.

3.
Eukaryotic DNA synthesis machinery is more complex than the prokaryotic machinery:

a.
Most eukaryotic cells have as many as seven different DNA polymerases.

b.
Eukaryotic chromosomes have numerous origins of replication; the bacterial chromosome has only one. (Fig. 12.10)

4.
Bidirectional DNA synthesis occurs from replication origins in prokaryotes and eukaryotes. (Fig. 12.10)

III.
Analyzing DNA Sequences in the Laboratory

A
The Polymerase Chain Reaction (PCR, invented by Kary Mullis)

1.
Generates many copies of a gene or piece of DNA:

a.
PCR is an in vitro DNA synthesis reaction.

b.
The DNA of interest, the template DNA, is copied over and over ("amplified").

2.
PCR Protocol (Fig. 12.11)

a.
The sequences on either side of the template DNA are determined or known.

b.
Two short single-stranded DNA primers, complementary to the known sequences on the template, are synthesized. 

(1)
One primer is complementary to one strand of the template DNA at its 3' end. 

(2)
The other primer is complementary to the opposite strand of the DNA at its 3' end. 

(3)
Thus the region to be copied in the template DNA is bracketed by a primer at either end, on opposite strands. 

c.
Primers are added to a solution containing the four dNTPs, plus the template DNA. 

d.
Three steps are required for one round, or cycle, of DNA synthesis:

(1)
The DNA is denatured by heating the reaction to 95(C.

(2)
The primers anneal to the DNA as the reaction is cooled to 60(C.

(3)
The primers are extended on each strand of the DNA when the reaction is cooled to 37(C and Taq DNA polymerase is added.

(a)
Taq polymerase is from the thermophilic Thermus aquaticus bacterium found in Yellowstone hot springs.

(b)
Taq polymerase is stable at 95(C, so the enzyme survives many cycles 
of heating and cooling, and continues to catalyze DNA synthesis.

e.
Amplification

(1)
Steps 1, 2, and 3 above are repeated over and over.

(2)
Each new DNA strand becomes a new template to which the primers can bind.

(3)
Result—After each cycle, the number of DNA molecules doubles. After 21 
cycles, a million copies of the template can be generated.

3.
Example—Pääbo et al. used PCR to amplify the DNA from 30,000-year-old Neanderthal bones, so that gene sequences of Neanderthals could be compared to those of humans to determine if Neanderthals are an ancestor of humans.

IV.
Mutations

A.
Types of Mutations

1.
Mutation = any change in the genome. (Fig. 12.17)

2.
The genome is under constant assault: 

a.
Spontaneous breaks in chemical bonds that hold DNA together can occur, causing nucleotides to be lost, or the sugar-phosphate backbone to break.

b.
Radiation (X-rays, gamma rays, UV rays) can break one or both strands.

c.
Other mutagens (hydroxyl radicals produced during metabolism, aflatoxins in moldy peanuts, benzo-α-pyrene in tobacco smoke) attack and degrade nucleotides.

d.
Estimate—Thousands of nucleotides are lost from every human cell every day.

3.
Types of mutations that occur during meiosis or other cell processes:

a.
Insertions or deletions of segments of DNA.

b.
Changes in chromosome number or content due to nondisjunction (Chapter 9).

c.
Chromosome inversions—breaks that cause segments of DNA to be flipped.

4.
Point mutations occur during DNA replication. (Fig. 12.15)

a.
DNA polymerase inserts a single incorrect base in a new strand, resulting in a 
mismatch between the template strand and the new strand.

b.
Example—The first point mutation identified was in the hemoglobin (Hb) gene. This mutation causes the disease sickle-cell anemia. (Fig. 12.16)

c.
Silent mutation—a point mutation that does not alter the protein product of the gene.

(1)
A point mutation is often silent if it occurs in a portion of the DNA that specifies the third position of a codon.

(2)
Example: A point mutation that changes the Hb gene from CTT to CTC:

(a)
CTT specifies the codon GAA; CTC specifies the codon GAG. 

(b)
Both wild-type and mutant codons code for glutamic acid.

(c)
Hb produced by either the wild type or mutant would be normal. 

B.
Effects of Mutations

1.
Mutations can be deleterious (example: sickle cell anemia), beneficial (example: protection from malaria), or neutral (example: silent mutations).

2.
All mutations are random, and most are deleterious.

a.
Living organisms are very complex and have highly organized, efficient molecular machinery. 

b.
Random changes in highly complex machinery are more likely to cause problems than improvements.

3.
At the level of an individual, mutations can cause disease and death.

4.
At the level of a population, mutations provide the heritable variation that makes evolution possible.

