Answers to Weaver end of chapter questions

 SEQ CHAPTER \h \r 1Chapter 21  DNA Replication II: Detailed Mechanism
1. The minimal length of a bacterial origin of replication can be defined by cloning the replication start site into a plasmid that lacks its own origin, but contains an antibiotic resistance gene.  Then the DNA around the origin can be whittled away, and the mutant plasmid placed in cells that are grown in the presence of the antibiotic.  As long as the origin is intact, the plasmid will replicate and the cells will remain antibiotic resistant.  But when some of the DNA essential to origin function is removed, the cells will not grow in the presence of the antibiotic.  In this way, the borders of the origin of replication are illuminated.

2. See Figure 21.1.  DnaA binds first to oriC, and it helps DnaB to bind.  DnaB is a DNA helicase that unwinds DNA at oriC to form an open complex.  This process appears to be aided by RNA polymerase, which presumably makes a short piece of RNA that forms an R loop, which can be within or adjacent to oriC.  The unwinding of DNA at oriC is also aided by DNA bending induced by a small basic protein called HU protein.  Finally, DnaB facilitates the binding of DnaG, the primase that actually makes the primer.

3. See Figure 21.2  Replicating SV40 DNAs can be cut with EcoRI, and the location of the replication bubble, relative to the known location of the EcoRI site, reveals that the origin is 1/3 of the way around the circle from the EcoRI site.  But which direction?  Cutting with another restriction enzyme, HindII, with a known single restriction site, shows that the origin lies within the transcription control region of the DNA, overlapping the TATA box, and adjacent to the GC boxes, of the early promoter.

4. The strategy is very similar to that described in the answer to Question #1, but the suspected origin is cloned into a plasmid that contains a gene encoding an enzyme needed for amino acid synthesis (e.g., the ARG4 gene).  This plasmid is then used to transform arg4- yeast cells, which will grow on medium lacking arginine as long as the plasmid’s origin of replication is intact.  Then the DNA around the origin can be pared away until the cells can no longer grow on arginine-deficient medium.

5. See Figure 21.3and 21.4  To show that replication actually does begin withinARS1 in a plasmid, choose two restriction enzymes, one (e.g., BglII) that cuts close to the suspected replication origin, and the other (e.g., PvuI) that cuts diametrically across the circle from the first.  Then isolate replication intermediates in various stages of conclusion, cut them with one or the other of the two restriction enzymes, subject them to 2-D gel electrophoresis, Southern blot the gel and probe with a plasmid-specific labeled DNA.  If replication really begins within ARS1, then cutting with the first enzyme will produce a pattern characteristic of a double Y (mobility should decrease almost linearly as the Y’s grow larger).  Furthermore, cutting with the second enzyme will produce a pattern characteristic of a bubble that finally converts to a nearly linear Y as one of the replicating forks passes the restriction site.

6. See Figures 21.6and 21.7  Start with a circular phage DNA hybridized to a short labeled primer attached to a primosome binding site.  Then add all of the components necessary for DNA replication and remove samples at intervals of a few seconds.  Electrophorese the labeled DNA products to determine their lengths.  Figure 21.9c shows the results: The fork moves at the rate of 730 nt per second.

7. Speed of replication depends directly on processivity.  So measuring the speed as in the answer to Question #6 gives an indication of processivity.  For example, without the  clamp, the rate of replication is only about 10 nt per minute, compared to 730 nt per second with the clamp.


8. The -subunit provides processivity.  This  clamp is loaded onto the DNA by the clamp loader, consisting of these subunits: ,,',, and .  The  clamp binds to the -subunit of the core polymerase.

9. See Figure 21.9. First, labeled  clamps are loaded onto a circular DNA.  In one experiment, the circular DNA is linearized with a restriction enzyme; in another, the DNA is left intact.  Then the DNA- clamp complexes are subjected to gel filtration chromatography to separate DNA-protein complexes from proteins that are chromatographing independently of the DNA, and therefore emerge later from the column.  When the DNA is linearized, the  clamps separate from the DNA, suggesting that they fit on the DNA like rings on a finger, and can simply slide off when the DNA is linearized.

10. X-ray crystallography shows that the  dimer forms a ring, suggesting that it clamps around the DNA.

11. X-ray crystallography shows that PCNA is a trimer, with the three monomers arranged in a ring.  This suggests that the PCNA trimer clamps around the DNA.

12. See Figure 21.13.  O’Donnell and colleagues added increasing amounts of  complex to a primed M13 phage DNA template coated with SSB, in the presence of the  complex, acting as a core polymerase, the  complex, and deoxynucleoside triphosphates, one of which was labeled.  They measured the number of circles replicated vs. the number of  complexes and found that one fmol of  complex could cause the production of about 10 fmol of DNA circles, in just over the time it takes to replicate one full circle.  Gel electrophoresis confirmed that these were indeed full circles.  Since one fmol of  complex yields multiple fmol of products, the  complex does act catalytically.

13. The hypothesis, based on x-ray crystallography studies, is presented in part in Figure 21.14  ATP changes the conformation of the clamp loader so as to expose the -subunit, which then binds to one monomer of the  clamp.  This binding of  to  changes the conformation of one of the interfaces between -subunits in a way that loosens their binding.  Binding of the -subunit also reduces the curvature of the -subunit to which it binds, so it no longer can fit into a ring with the other -subunit.  Together, these two effects open up the  clamp.

14. See Figure 21.16  The DNA polymerase III holoenzyme contains two core polymerases that are tethered together.  One of these is responsible for replicating the leading strand, and the other for replicating the lagging strand.  Thus, the core polymerase that replicates the lagging strand never really dissociates from the template, as it is tethered to the core polymerase that is continuously replicating the leading strand.   This limits the time it takes to re-bind after making each Okazaki fragment, and allows lagging strand synthesis to keep up with leading strand synthesis.

15. See Figure 21.17 O’Donnell and colleagues assembled a polymerase III holoenzyme (Pol III* plus  clamp) on one primed single-stranded DNA template, then added two other primed templates, one with a  clamp, and one without.  They also added labeled nucleotides to label any DNA replicated, and allowed enough time for completion of replication of the first template, and the other template as well, if the Pol III* dissociated from the first and went to the second.  They electrophoresed the labeled DNAs, along with markers for both templates.  They found that two different templates could be replicated if the holoenzyme was assembled on one and the  clamp was placed on the other.  Thus, Pol III* can dissociate from one  clamp (on the first template) and go to another  clamp (on the second template).

16. See Figure 21.19 O’Donnell and colleages labeled the  clamp at its C-terminus by attaching a six-amino-acid sequence that is a target for phosphorylation, and phosphorylating it with protein kinase and labeled ATP.  Then they bound either core polymerase or clamp loader and mildly digested the complex with a mixture of proteases.  Then they electrophoresed the products.  Both the core polymerase (or just the -subunit) and the clamp loader (or just the -subunit) protected the same site from digestion, so the same C-terminal peptide was missing from each electropherogram.  Thus, the core polymerase and clamp loader appear to bind to the same site on the  clamp.

17. See Figure 21.20  O’Donnell and colleagues loaded  clamps onto a nicked circular DNA template, then added the  complex plus ATP.  They assayed for clamp unloading using gel filtration chromatography, which can easily distinguish between loaded  clamps, which elute together with the DNA to which they are bound, and unloaded  clamps, which elute independent of DNA.  The results show  clamps eluting independently of DNA only when the  complex and ATP were present.

18. See Figure 21.21
19. Replication of circular DNAs does not completely disentangle the two progeny DNA duplexes, which remain attached through several helical turns of the parental DNA strands.  Even after these last few helical turns are melted, and the single-stranded parts have been filled in and ligated, the two progeny DNAs are linked in a catenane.  Decatenation finally separates the two duplexes.

20. Cozzarelli and colleagues grew wild-type and temperature-sensitive strains of Salmonella typhimurium in the presence of labeled nucleotides at the permissive and non-permissive temperatures.  Then they electrophoresed the product DNAs to separate catenanes from decatenated products.  Only the strains with mutations in the genes encoding the subunits of topoisomerase IV were defective in decatenation, suggesting that topo IV is required for decatenation.

21. Prokaryotes have circular DNAs, so they can fill in any gaps by extending the DNA upstream of the gap.  Eukaryotes have linear DNAs, so there is no upstream DNA to fill in gaps at the 5'-ends, left by removal of RNA primers.

22. See Figure 21.24.
23. Tetrahymena cells have two kinds of nuclei, micronuclei with five pairs of chromosomes, and macronuclei with over 200 chromosome fragments.  As macronuclei develop, each of the chromosome fragments must be supplied with telomeres, which demands a high concentration of telomerase.  That makes this organism especially advantageous for study of this enzyme.

24. See Figure 21.25 Greider and Blackburn made cell free extracts from Tetrahymena cells that were developing macronuclei.  To these extracts they added a primer with a sequence designed to hybridize to the Tetrahymena telomere.  Then they carried out DNA synthesis with various combinations of labeled and unlabeled nucleotides.  A ladder of labeled telomeres appeared when unlabeled dTTP and labeled dGTP were added.  This is what we expect, because the telomere contains only dT’s and dG’s.  The same results should have been seen with labeled dTTP and unlabeled dGTP, but the concentration of dTTP was too low.  As expected, the telomere was synthesized only when both dGTP and dTTP were present.

25. Blackburn and colleagues made mutations in the gene encoding the Tetrahymena telomerase RNA.  If this RNA really does serve as the template for telomere synthesis, then these alterations in the RNA sequence should be reflected in the sequence of the telomeres.  And indeed they were in two out of three cases.  The change in telomere sequence was discovered first by Southern blotting telomeric DNA and probing with DNA having the altered sequence.  The alterations were confirmed by sequencing the telomeric DNA from one of the mutants.  It turned out to have both wild-type and mutant sequences.  But the fact that any mutant sequences appeared demonstrated that the telomerase RNA was serving as a template.

26. See Figure 21.27
27. See Figure 21.26Griffith and colleagues made model telomeres, added TRF2, which binds to telomeres, shadowed the protein-DNA complexes with heavy metal, and visualized them by electron microscopy.  The t loops, with TRF2 bound at the loop-tail junction, were clearly visible. Alternatively, Griffith and colleagues could chemically cross-link the t loops, then remove the protein, shadow the DNA and perform EM.  Again the loops were clearly visible and the cross-linking served the same stabilization function as TRF2.

28. See figure 21.28 Griffith, de Lange, and colleagues purified human (HeLa) t loops, cross-linked them, added E. coli SSB to visualize the single-stranded displacement (D) loop, shadowed the protein-DNA complexes with heavy metals, and visualized them by electron microscopy.   The electron micrograph showed a t loop with SSB bound at the place where the D loop is expected to be according to the strand invasion hypothesis.

29. See Fig. 21.23
30. The shelterin protein TRF2 represses NHEJ at telomeres during G1, while TRF2 and another shelterin protein, POT1, collaborate to repress NHEJ at telomeres during G2.  POT1 and TRF2 also combine to repress HDR at telomeres.  Two protein kinases, ATM kinase and ATR kinase, respond to chromosome breaks by inducing cell cycle arrest.  TRF2 represses the ATM kinase pathway, perhaps simply by inducing the formation of t-loops, because these remove the DNA ends that activate the ATM kinase.  POT1 represses the ATR kinase pathway.  Failure to repress NHEJ at telomeres would lead to chromosome fusion, with cell death or cancer as a result.  Failure to repress HDR would lead to recombination among telomeres, with loss of telomeres from some chromosomes.  That in turn would lead to chromosome fusion.  Failure to repress the ATM kinase and ATR kinase pathways would be inappropriate cell cycle arrest.  This in turn could cause cell death.  In humans, mutations in these pathways lead to ataxia telangiectasia, whose symptoms include susceptibility to cancer.

Analytical Questions

1. Search the sequence of the C. elegans genome for a region with similarity to the sequence of the hpot1 gene (Chapter 24 has details on how to perform such searches).  To test the product of the C. elegans gene for telomere-binding activity, clone the cDNA copy of the gene into an expression vector that will produce the product as a fusion protein with a tag, such as oligohistidine, that will make the fusion protein easy to purify.  Purify the protein using Ni2+ affinity chromatography (if oligohistidine is the tag), and test for binding to telomeres by gel mobility shift, or another protein-DNA binding assay.

2. Hypothesis:  The mutant cells returned to normal by circularizing their chromosomes, so they no longer needed the pot1 gene product.  To prove that the chromosomes have circularized you could cut them with ZapI, purify the fragments by pulsed-field gel electrophoresis.  You should see that the terminal fragments (between the chromosome ends and the ZapI sites) have disappeared, and new fragments, whose sizes are the sums of the lost terminal fragments, have appeared.  For example, imagine that the terminal ZapI fragments of chromosome I are 100 kb and 90 kb.  Those should disappear, and a new fragment of 190 kb should appear.

3. Clone restriction fragments of the viral DNA into plasmids that lack their own origin of replication, but contain a gene required to make an amino acid (tryptophan, for example).  Place these plasmids into host cells that are defective in the tryptophan-synthesizing gene.  If a restriction fragment contains a viral origin of replication, it should be able to replicate in the absence of tryptophan (at least in virus-infected cells), because of the gene supplied by the replicating plasmid.  To be sure you have identified all origins of replication, try restriction fragments produced by more than one enzyme.  That way, if one restriction enzyme happens to cut right in the middle of an origin, thereby inactivating it, another probably won’t.

4. If pol III* separates from the  clamp, it will no longer be tethered to the DNA template and will elute independently of the DNA during gel filtration chromatography.  Therefore, label the pol III* and allow DNA replication to idle or reach termination in vitro, then subject the reactions to gel filtration chromatography.  If separation has occurred, the labeled pol III* will elute after the DNA template.  If it remains bound to the  clamp, it will elute in the void volume together with the DNA.

5. From 10 to 70 seconds, the size of the elongating DNA increases from about 15 kb to about 100 kb.  Thus, in one minute, the DNA grew by 85 kb, and the DNA synthesis rate is therefore 85 kb/60 s, or about 1.4 kb/s.  Rapidus royi does indeed set a new world record, about 40% faster than E. coli!

6. DNA primers would have the advantage that they would not need to be removed.  This would increase efficiency.  However, because primases, by definition, make primers without editing, leaving these primers in place would reduce the overall fidelity of DNA replication.  DNA primers would eliminate the gaps left at the ends of chromosomes when RNA primers are removed, but this would not eliminate the need for telomeres.  Telomeres are also needed to protect chromosome ends from inappropriate repair and recombination that could result in fused chromosomes. 
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