Answers to Weaver end of chapter questions

 SEQ CHAPTER \h \r 1Chapter 20  DNA Replication, Damage, and Repair

1. See Figure 20.1.  Conservative replication keeps both parental strands together and creates a new duplex with two new strands.  In semiconservative replication, the two parental strands separate and each takes a new partner.  In dispersive replication, strands break and, after replication each strand is a mixture of old and new DNA.

2. See Figures 20.3 and 20.4.  Meselson and Stahl labeled parental DNA in E. coli cells with the heavy isotope of nitrogen (15N), then allowed these cells to grow for several generations in the presence of the ordinary nitrogen isotope (14N).  Then they measured the density of the DNA at various times after the shift to the light nitrogen medium.  The measured densities were compatible only with the semiconservative mechanism of replication.

3. See Figure 20.5.  

4. See Figure 20.6.  The appearance of short pieces of labeled DNA (Okazaki fragments) at short times after adding labeled nucleotides to E. coli cells that are replicating T4 phage DNA implies that replication is at least semidiscontinuous.  If it were continuous, no short labeled DNAs would appear.  Further experiments that limited DNA breakage due to misincorporation of dUMP showed that half of the labeled DNA at short times is short and half is long.  Thus, replication is semidiscontinuous.

5. See Fig. 20.6.  At the shortest labeling time, only short DNA fragments are seen, which is consistent with fully discontinuous replication.  Semidiscontinuous replication should produce equal quantities of short and long fragments.  This effect is magnified when DNA ligase is inactive.  In that case, short fragments predominate even after long labeling times.  This result has long been explained away by postulating that incorporation of dUMP into the replicating DNA attracts a repair system that fragments the DNA.  But using mutant cells in which this repair system does not operate still produces an abundance of short DNA fragments, favoring the fully discontinuous model.  It is worth noting that the fully discontinuous model is still not generally accepted.

6. See Figure 20.8.  Tuneko Okazaki and colleagues isolated Okazaki fragments and treated them with DNase to remove the DNA, leaving only the RNA primers.  They obtained the Okazaki fragments from cells with mutations in RNase H or the nuclease activity of DNA polymerase I, or both.  These are the two enzymes that most actively degrade primers, so these mutant cells produced much higher concentrations of intact primers, which were essentially undetectable in wild-type cells.  Finally, Okazaki and colleagues measured the sizes of the primers by gel electrophoresis, and found the average size to be 11  1 nt.

7. See Figure 20.10.  Labeling replicating B. subtilis DNA with DNA substrates of increasing radioactivity, and then performing autoradiography,  yields streaks that are fainter in the middle and darker on both ends.  Because of their symmetry, we know that each of these streaks represents two replicating forks moving away from an origin of replication in the middle.  Thus, replication is bidirectional.

Electron micrographs of restriction enzyme-cleaved replicating ColE1 plasmids at various stages of completion shows that the DNA on one side of the replicating bubble always stays the same length, whereas the DNA on the other side gets progressively shorter as the replication bubble expands.  This is consistent with unidirectional replication; only the fork on the side that grows shorter is moving.

8. See Figure 20.13
9. See Figure 20.14
10. DNA polymerase I has three activities:  The DNA polymerase itself replicates DNA during damage repair and primer replacement.  The 3'–>5' exonuclease removes mispaired nucleotides at the 3'-ends of newly-made DNAs.  The 5'–>3' exonuclease removes RNA primers or DNA surrounding a damage site, e.g., in excision repair.

11. The Klenow fragment contains the DNA polymerase and 3'–>5' exonuclease activities, but not the 5'–>3' activity of DNA polymerase I.  You should use the intact DNA polymerase I in nick translation because the 5'–>3' exonuclease activity is required to remove the DNA ahead of the translating nick.  You should use the Klenow fragment in DNA end-filling because you don’t want the 5'–>3' exonuclease to remove the 5'-overhangs that provide the templates for end-filling.

12. Only the DNA polymerase III is essential for DNA replication.  We know this because mutants with defective DNA polymerase I or DNA polymerase II are viable, but mutants with defective DNA polymerase III are not.

13. The -subunit of the DNA polymerase III core has the DNA polymerase activity.  We know this because the gene for the -subunit has been cloned and expressed, and the purified -subunit by itself has DNA polymerase activity.

14. The -subunit of the DNA polymerase III core has the proofreading activity.  Figure 20.17shows that the purified product of the cloned -subunit gene has 3'-exonuclease activity, but only on DNA duplexes with mismatches at their ends.

15. The proofreading system requires that the 3'-end of a DNA be perfectly paired with its partner, or DNA replication cannot continue.  But this means that a single stranded DNA cannot serve as the primer for DNA replication because, by definition, its last nucleotide is not base-paired to anything.  Thus, some enzyme that does not require proofreading and a base-paired 3'-end must make a primer to get DNA synthesis started.

16. See Table 20.2for the list.  Polymerase  is the only eukaryotic DNA polymerase with primase activity, so it appears to make the primers for both strands.  Polymerase , with its PCNA partner, is by far the most processive enzyme, so it appears to synthesize the DNA on both leading and lagging strand templates.  Polymerase  is not processive at all, so it (and polymerase ) are apparently required only for DNA repair.  Polymerase  is found only in the mitochondria, so it is postulated to be responsible for mitochondrial DNA replication.

17. A DNA helicase unwinds DNA ahead of a replication fork.  A DNA topoisomerase relaxes the positive supercoils that build up as the parental strands unwind.

18. Single-strand DNA binding proteins (SSBs) bind cooperatively to separated DNA strands and prevent their reassociation.  Bacterial SSBs also specifically stimulate their homologous DNA polymerases and they prevent degradation of replicating DNA.  Eukaryotic SSBs can stimulate DNA helicases.

19. Nicking one strand of a supercoiled DNA allows free rotation of the intact DNA strand opposite the nick, and this relaxes the supercoils.

20. Wang and colleagues trapped DNA gyrase in the process of relaxing a superhelical DNA by denaturing it.  Then they examined this intermediate and found that the gyrase was covalently linked to each end of the DNA duplex it had broken.  Further work with labeled DNAs showed that a tyrosine residue in the enzyme is linked to the labeled DNA end.

21. See Figure 20.23
22. UV rays have relatively low energy, and they chiefly act by causing pyrimidine dimers to form in DNA.  X-rays and gamma rays have much higher energy and they ionize substances, especially water, in the neighborhood of DNA.  Some of these ionized species are oxygen-containing free radicals, highly reactive compounds that attack and alter DNA bases, or cause DNA strand breaks.

23. DNA photolyase directly reverses pyrimidine dimers by breaking the bonds between the pyrimidines.  See Figure 20.28 r an illustration of this mechanism.  O6 methylguanine methyl transferase accepts a methyl or ethyl group from an alkylated base in DNA.  In this way, the enzyme itself is inactivated.  See Figure 20.29or an illustration of this mechanism.

24. Base excision repair generally works on subtle changes in the bases in DNA, while nucleotide excision repair is responsible for more dramatic, helix-distorting changes in the DNA, such as pyrimidine dimers.  See Figures 20.30and 20.32 respectively, for illustrations of these repair pathways in E. coli.  See Figures 20.31and 20.33 respectively, for illustrations of these repair pathways in humans.

25. In human BER, AP endonuclease 1 (APE1) fixes mistakes made during DNA gap filling by DNA polymerase .  Evidence for the importance of APE1 in this process comes from two sources:  First, the 3'–>5' exonuclease activity of APE1 is 50-150-fold stronger when confronted with a terminal mispair than with a terminal Watson-Crick base pair.  Second, APE1 stimulates in vitro ligation of two DNAs, one of which has a terminal mispair.  It presumably does this by repairing the terminal mispair before ligation.

26. The crystal structures show that both oxoG and normal G are extruded from their base pairs with their C partners.  But oxoG goes to a different pocket on the enzyme than normal G does.  The pocket to which oxoG is extruded is the glycosylase active site, which removes the oxoG from the DNA.  Because normal G is excluded from this site, it doesn’t get removed.

27. Transcription-coupled NER uses all the same proteins as global genome NER except for XPC.  Whereas global genome NER uses the XPC protein to recognize bulky DNA damage that needs to be repaired, transcription-coupled NER uses RNA polymerase, which naturally stalls at the damage and waits for the other proteins, including most of the XP proteins, to perform the repair.

28. See Figure 20.34  In steps (e) and (f) flaps are created and removed, resulting in the loss of nucleotides from the final product.

29. Nucleotide excision repair (NER) is missing in most cases of xeroderma pigmentosum.  Since NER is the primary means of removing bulky damage, such as pyrimidine dimers that are caused by UV radiation, XP patients are very sensitive to UV light.  The primary backup system in XP patients is error-free and error-prone bypass, which replicate DNA across from a pyrimidine dimer.  This can be relatively error free, especially in the case of DNA polymerase  replicating a thymine dimer.

30. XP-V patients are missing DNA polymerase .  The incidence of skin cancer in these people is lower than in typical XP patients because they still have the NER system, which removes pyrimidine dimers efficiently.  The backup system in these patients for pyrimidine dimers missed by the NER system is error-prone bypass catalyzed by any of the alternative DNA polymerases except for DNA polymerase .  

31. When chromosomes break, nucleosomes can be positioned at or near the breaks, which makes repair difficult.  Chromatin remodeling moves these nucleosomes aside so repair can proceed unimpeded.

32. See Figure 20.35
33. See Figure 20.36
34. See Figure 20.37
35. Recombination repair and error-prone bypass are not real repair processes because they simply allow damaged DNA to be replicated.  They do not repair the damage.

36. See Figure 20.40  Hanaoka prepared DNA damage bypass substrates containing various types of damage on one strand, and an opposite strand that was a labeled primer that ended upstream of the damage.  They placed these substrates into in vitro bypass systems containing nucleotides and either DNA polymerase  or DNA polymerase .  If the damage could be bypassed, the primer would be extended to its full 30-nt length.  If not, it would stop short at the damage.  The difference is easily detectable by gel electrophoresis.  In this assay, DNA polymerase  could bypass a thymine dimer and an AP site, but not a [6-4] photoproduct.  By contrast, DNA polymerase  could not bypass any of these lesions.

Analytical Questions

1. We will probably never observe fully continuous DNA replication because it would require synthesis of one strand to go in the 3'–>5' direction, and no DNA polymerase has ever been discovered that goes in that direction.  Indeed, the mechanism of such a polymerase would have to be fundamentally different.  For example, it would have to preserve the 5'-triphosphate of a growing DNA strand, or DNA replication would stall.  In 5'–>3' synthesis, the growing DNA chain has a free 3'-hydroxyl group, which is very stable.  The unstable triphosphate group is on the deoxynucleoside triphosphate substrates, which are replaceable if they get degraded.

2. First, prepare a labeled DNA helicase substrate such as the one in Figure 20.18  Then add fractions containing DNA helicase activity for various lengths of time.  Then subject the reactions to gel electrophoresis to separate the substrate from the products.  If the DNA helicase is active, the small, labeled strand will have separated from the large, unlabeled strand, and will be visible near the bottom of the gel.  This is the measurable DNA helicase product.  You should see unchanged substrate when helicase is absent, and more and more product as you add more and more helicase, and as you allow more and more time for the reaction.

3. To assay a topoisomerase, such as DNA gyrase, that can increase the superhelical content of a DNA, prepare a relaxed circular DNA with no nicks as a substrate.  Then add various amounts of topoisomerase, or the same amount of enzyme for various lengths of time.  Finally, electrophorese the products and visualize them by staining with ethidium bromide.  As you add more and more topoisomerase, or the same amount of enzyme for longer and longer times, you should see increasing amounts of supercoiling, which are visible as bands of ever increasing mobility, as in Figure 20.21  (The higher the superhelical content, the greater the electrophoretic mobility.)

4. DNA damage is simply a structural change in DNA that does not change the base-pairing.  Examples are alkylation of a base, or formation of a pyrimidine dimer.  A mutation is the conversion of such damage into an altered base pair (e.g., a change of an O6-methylguanine-cytosine pair to an adenine-thymine pair).  Mutations in DNA polymerase V of E. coli actually make the bacterium more susceptible to mutation.  That is because DNA polymerase V is responsible for error-prone bypass of DNA damage.  If DNA polymerase V is active, it converts DNA damage into real mutations.  But in the DNA polymerase V mutants, the enzyme is inactive, so the DNA damage remains, but no mutations result.  That is why DNA polymerase V mutants are less susceptible to mutation.

5. The most important point of this question is for the students to think critically about the different types of repair and to determine which they feel need to be included and why. Their answers can vary but should include a detailed analysis of the repair processes chosen and how those that ‘made the cut’ are similar or possibly overlap and ways that they are different or take care of different repair needs for the cell. It would be ideal if they created a table that compared the various repair mechanisms. A rudimentary table of the main repair pathways they could choose from is below:

Repair pathway

Type of error

Proteins

Mismatch Repair  

Replication errors
MutS, MutL, MutH (E.coli)








MSH, MLH, PMS (human)

Photoreactivation

Pyrimidine dimers
DNA photolyase (E.coli)

Base excision repair

Damaged base

DNA glycosylase

Nucleotide excision repair
Pyrimidine dimer
UvrA, UvrB, UvrC, UvrD (E.coli)





Bulky base adduct
XPC, XPA, XPD, XPG, XPF (human)

Translesion DNA synthesis     
Pyrimidine dimer
Y-family DNA Pols

Based on this analysis, the best choice of three mechanisms would be mismatch repair to take care of replication errors, base excision repair to take care of damaged bases, and nucleotide excision repair to take care of pyrimidine dimers and other bulky damage. (You do not have to worry about double-stranded DNA breaks because your organism has a recombination system to carry out recombination repair of this potentially lethal damage.) These three should take care of most damage.  However, bulky damage and damaged bases could still kill your organism: if nucleotide excision repair of bulky damage failed, or if BER failed after an abasic site was created, there would be no translesion DNA synthesis system to act as a backup, and the cell would probably die.
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