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Chapter 22  Homologous Recombination
1. Presynapsis is the step in which RecA, along with SSB, coats the single-stranded DNA that will participate in recombination.  Synapsis is the step in which the single-stranded DNA, coated with RecA and SSB, lines up beside a homologous double-stranded DNA, but no strand exchange occurs.  Postsynapsis, or strand exchange is the step in which the single-stranded DNA loses its RecA and SSB coating and invades the homologous duplex, forming a new duplex with one strand, and displacing the other.

2. Electron microscopic evidence (e.g., Figure 22.4) clearly shows RecA bound to single-stranded ends on a double-stranded DNA, and bound throughout a circular, single-stranded DNA.  The role of SSB appears to be to unwind secondary structure (intramolecular base-pairing) in a single stranded DNA that will participate in recombination.  This facilitates RecA binding and recombination.

3. Synapsis can be directly observed in vitro by electron microscopy (see Figure 22.6).  However, when such assays are performed in the absence of RecA, no synapsis is seen (not shown in the figure).

4. Supercoiled DNA, which has no nicks by definition, works just as well as nicked DNA in synapsis in vitro, observed by electron microscopy.  But nicks are required for any base-pairing to occur (as in the post synapsis step), so what we observe with supercoiled DNA must be true synapsis, and not base-pairing.

5. See Figure 22.7.  Smith and colleagues prepared a 3'-end labeled duplex DNA with the labeled 3'-end 80 nt from a Chi site.  They added purified RecBCD for a short time, then heated the DNA to separate the strands and electrophoresed the products to look for an 80-nt DNA fragment, which would be created by nicking at the Chi site.  The short reaction time helps to insure that contaminants are not causing the nicking.  Also, the fact that heat denaturation of the DNA is not required to produce the 80-nt fragment suggests that RecBCD is involved, since it has both nicking and DNA helicase activity, which would liberate the 80-nt fragment without heating.  Finally, high-resolution gel electrophoresis shows nicking of this substrate in only two places, one nucleotide apart.  Such specificity is not likely to be due to a contaminant.  If you were still not satisfied, you could clone and express each subunit of RecBCD with tags, such as oligohistidine tags, purify the subunits by affinity chromatography, reconsititute the whole protein from these pure components, and test it again.  Contaminants would be much less of a problem under these conditions.  Or, even more definitively, you could make mutations in the genes encoding each of the subunits of RecBCD and show that mutations in RecB (which has the Chi-specific endonuclease activity) block the appearance of the 80-nt fragment.

6. First, make a synthetic Holliday junction, as described in Figure 22.9.  Label this Holliday junction and add RuvA and RuvB, separately and together.  Then perform a gel mobility shift assay as described in Figure 22.10 to detect protein-Holliday junction binding.  The results show that RuvA can bind by itself, but only at high concentration, RuvB cannot bind by itself, but can bind cooperatively with RuvA at low concentration.  The function of glutaraldehyde in this experiment is to cross-link the proteins to the DNA so they don’t fall off during electrophoresis.

7. See Figure 22.13c.

8. Make a labeled synthetic Holliday junction, as described in Figure 22.14.  Then add progressively more RuvC to this substrate and electrophorese the products.  Figure 22.14c shows the results.  At the higher concentrations, RuvC converted the Holliday junction to the faster-migrating duplex DNAs, which are the products of resolution.

9. West and colleagues have shown that monoclonal antibodies directed against RuvA, RuvB, or RuvC can all block resolution of a Holliday junction, suggesting that all are involved together, and perhaps bound to one another.  If so, one should be able to cross-link them.  Indeed, West and colleagues could cross-link RuvA and RuvB, RuvB and RuvC, but not RuvA and RuvC.  Thus, RuvB binds to both RuvA and RuvC, so all three proteins probably form a complex.  This experiment was done using glutaraldehyde to cross-link the proteins, and electrophoresis to detect cross-linking. 

10. See Figure 22.17.

11. To detect double-stranded breaks, Szostak and colleagues prepared the plasmid shown in linear form in Figure 22.18a.  They introduced this plasmid, in circular form, into yeast cells and induced sporulation.  Part of the sporulation process is meiosis, which involves recombination, and the plasmid contained a recombination initiation site.  Therefore, induction of sporulation should induce meiotic recombination in the plasmid.  Furthermore, if this process is marked by appearance of a double-stranded DNA break, then the plasmid should be linearized.  As predicted, Figure 22.19b shows the appearance of a linear form of the plasmid around 4 h after induction.

12. Kleckner and colleagues discovered that the rad50S mutation allowed double-stranded breaks (DSBs) to accumulate in yeast cells undergoing meiosis.  They went on to show that these DSBs in the mutant cells are covalently linked to a protein, by showing that the protein cannot be removed by denaturation with guanidine and detergent.  But how do we know that the protein is Spo11?  Kleckner and colleagues used a strain of yeast into which a recombination hotspot in the LEU2 gene had been inserted adjacent to the HIS4 gene.  This hotspot contains two sites where DSBs occur during meiotic recombination, and is flanked by two PstI sites.  Thus, cleavage with PstI should yield fragments of predictable size if DSBs occur at either site, as shown in Figure 22.20a.  Figure 22.19b shows the results of Southern blotting PstI-cleaved DNA from meiotic rad50S cells and probing with DNA fragments overlapping the hotspot region.  As predicted, fragments corresponding to cleavage at both DSB sites were observed.  These cells also carried a copy of the SPO11 gene fused to the coding region for an epitope of hemaglutinin (HA).  This allowed, Kleckner and colleagues to immunoprecipitate the PstI DNA from meiotic rad50S cells with an anti-HA antibody.  When they Southern blotted this immunoprecipitated DNA, they again saw the fragments corresponding to both DSBs, but they saw much less of the parental DNA.  Thus, Spo11-HA appears to be covalently bound specifically to the DNA fragments created by cleavage at the DSB sites.

13. Keeney and colleagues studied a yeast strain containing a gene expressing Spo11-HA and used and anti-HA antibody to immunoprecipitate oligonucleotides covalently attached to Spo11-HA.  They labeled the oligonucleotides with terminal deoxynucleotidyl transferase and [32P]cordycepin triphosphate.  Then they subjected the products to SDS-PAGE and autoradiography.  They observed two bands (Figure 22.22), indicating that Spo11-HA is attached to oligonucleotides of two different sizes.  Furthermore, these bands were not observed in cells in which the reactive tyrosine of Spo11-HA was changed to phenylalanine, showing that the bands were specific for DSBs caused by Spo11-HA.

14. The two size classes of oligonucleotides linked to Spo11 suggest that the DNA cleavages on either side of the DSB that release the oligonucleotides occur asymmetrically.  The timing of appearance and disappearance of oligonucleotides and of Spo11-free DSBs are exactly coincident.  This suggests that resection of DSBs occurs before the Spo11-oligonucleotides are released, as it makes it more likely that the oligonucleotides could be degraded at the same time that resected DSBs are forming Holliday junctions.  Figure 22.23 illustrates these concepts.

15. See Figures 22.24 and 22.25.  Each contains a different model for meiotic gene conversion.

Analytical Questions

1.
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a. Without RecB, DSBs may appear, but no unwinding of DNA toward Chi sites will occur, so no protruding single-stranded DNAs will appear.

b. Without RecA, protruding DNA 3'-ends will appear, but they will not become coated, so there will be no duplex invasion and no Holliday junction formation.

c. Without RuvA, there will be no branch migration, so no resolution of the Holliday junction will occur.

d. Without RuvB, there will be no branch migration, so no resolution of the Holliday junction will occur.

e. Without RuvC, there will be branch migration, but no resolution of the Holliday junction will occur.

3. First, make a synthetic Holliday junction as illustrated in Figure 22.9, with one strand labeled at its 5'-end.  Then add increasing amounts of RuvA (starting with zero) in the presence of ATPS.  Then subject the complex to mild treatment with DNase I.  Then electrophorese the products along with sequencing reactions of the same DNA.  An autoradiograph of the gel should reveal a footprint that increases in clarity with more and more RuvA added.  The footprint should be located over the center of the Holliday junction, showing that RuvA binds there.

Because RuvB does not bind by itself, add enough RuvA and ATPS to give a good footprint, along with increasing amounts of RuvB.  Again, a footprint of RuvA should be located over the middle of the Holliday junction, and an additional footprint to one side of the middle should appear, increasing in clarity as more and more RuvB is added.  The latter is the RuvB footprint. 

4. If both heteroduplexes were converted to A/A, then the ratio on the right of Figure 22.25 would be 4 A’s and 0 a’s.  Adding two more A’s and two more a’s, from the chromosomes that did not generate a heteroduplex, the final ratio would be 6 A’s and 2 a’s.  If one heteroduplex were converted to A/A, and the other to a/a, the two conversions would cancel each other, and the final ratio would be 4 A’s and 4 a’s.

5. You could recreate the substrate nicking assay experiments performed by Gerald Smith and colleagues (see Figure 22.7) but replace the RecBCD components with components of the other homologous recombination pathways ( SEQ CHAPTER \h \r 1λ Red, E.coli RecE and RecF).  If the hypothesis is correct, the Chi site will stimulate nicking in the presence of RecBCD, but not in the presence of the components of the other pathways.
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