Answers to Weaver end of chapter questions

Chapter 8  Major Shifts in Bacterial Transcription

1. See Figure 8.2.  When phage SPO1 infects Bacillus subtilis, the first step in its transcription program involves transcription of phage early genes, including gene 28 by the host polymerase. The product of this gene, gp28, is a sigma factor that binds with the host core polymerase resulting in a switch from the transcription of host genes and phage early genes to transcription of phage middle genes, including gp33 and gp34. These two phage polypeptides, gp33 and gp34,constitute another sigma factor, which associates with the host polymerase to direct expression of the phage late genes.

2. Genetic and biochemical studies support the model of SPO1 phage transcription presented above. Phage mutants in gene 28 lose the ability to switch from transcription of early genes to middle genes. Mutations in either gene 33 and 34 result in loss of ability to switch transcription from middle to late genes. This supports the idea that gene 28 is needed for the early to middle switch and genes 33 and 34 are needed for the middle to late switch. Further support for the model has come from the purification by Pero et al. of a number of RNA polymerase activities from SPO1-infected cells. It was demonstrated that one of these, which contains gp28, is specific for phage middle genes and another, which contains gp33 and gp34, is specific for the phage late genes.

3. In order to demonstrate that B. subtilis (E recognizes the sporulation-specific 0.4 kb promoter, whereas (A recognizes a vegetative promoter, we would set up the following experiment. We would design a plasmid carrying a vegetative promoter and gene, both contained within a restriction fragment of a particular size, say 2 kb. The plasmid would also contain within a known restriction fragment of a different size, say 0.8 kb, a second gene under control of the 0.4 kb sporulation-specific promoter. We would then use these plasmids in an in vitro transcription assay using radiolabeled nucleotides, core RNA polymerase and either (E or (A.  In order to determine which gene is transcribed when the polymerase is associated with the different ( subunits, we would do a Southern blot and hybridize the labeled transcripts to restriction digests of the plasmids. The results we would expect are as follows: The transcripts generated from RNA polymerase associated with the (A subunit would hybridize with the 2 kb restriction fragment. This is because (A specifies transcription of vegetative-specific genes.  The transcripts generated from the RNA polymerase associated with the (E subunit should hybridize with the 0.8 kb restriction fragment. This is because the transcription of this DNA is directed by the 0.4 kb sporulation-specific promoter that is recognized by (E.  For the actual experimental plan and results obtained by Losick and colleagues, see Figures 8.4 and 8.5.
4. B. subtilis alters its transcription program during sporulation by means of different ( factors which associate with the core RNA polymerase and direct the expression of genes that are specific to sporulation.  The promoter sequences that direct the expression of sporulation-specific genes are distinct from those promoter sequences in genes required for vegetative growth. These promoters are recognized by distinct ( factors. For example, (A specifically recognizes promoters of genes required for maintenance of the vegetative state and (A is not produced during sporulation. Some of these ( factors associated with sporulation are, (F, (E, (H, (C, and (K. The first ( factor produced during the sporulation process is (F and it initiates a series of genetic switches that act in concert to control the sporulation transcriptional program.  

5. See Figure 8.6.  Run off transcription can be used to demonstrate that B. subtilus (E specifically transcribes genes under control of the spoIID promoter. In such an experiment we would use a DNA fragment containing a spoIID promoter directing a spoIID gene that is truncated at a known distance from the transcription start site. This will allow us to predict the size transcript that will be produced from this gene. We would set up an in vitro transcription reaction in the presence of radiolabeled nucleotides and core polymerase associated with different ( factors. The autoradiograph would show run off transcripts only when spoIID is transcribed in the presence of (E. 

6. The heat shock response in E. coli is mediated by a sigma factor, (32 ((H), a product of the rpoH gene. The presence of (32 allows the transcription of genes encoding chaperones which are involved in refolding denatured proteins. It also leads to transcription of genes encoding proteases which degrade aberrant proteins. While increased transcription of (32 is initiated upon heat shock, alternative mechanisms exist to allow a more rapid increase in the amount of (32 available for activation of the heat shock genes. One of these mechanisms is increased stability of (32 after heat shock. (32 is normally associated with chaperones which destabilize the protein, but immediately upon heat shock these chaperones bind a large number of cellular proteins and (32 is left free to activate heat shock genes. Furthermore, high temperature increases the efficiency with which rpoH mRNA is translated. This is as a result of melting of secondary structure in the 5’ region of the mRNA.

7. The phage T7 has are three phase of transcription called I, II and III. There are 5 phage class I genes and these are transcribed by the host RNA polymerase.  One of these encodes a phage RNA polymerase. This RNA polymerase is highly specific and for class II and III genes. 

8. See Figure 8.12.  Bacteriophage ( accomplishes the switch from immediate early to delayed early to late transcription by means of antiterminators. The host RNA polymerase transcribes the immediate early genes, cro and N, using the promoters PR and PL. The mRNA produced by these promoters can be extended to include the transcripts of the delayed early genes; however, this is blocked by a terminator sequence between the immediate early genes and the delayed early genes.  N encodes an antiterminator that allows the polymerase to read through the terminator. Cro encodes a protein that suppresses the lysogenic pathway by blocking the transcription of the gene, cI, which encodes the ( repressor and which is necessary for maintenance of lysogeny. The delayed early genes, O and P, encode proteins necessary for phage replication. The third delayed early gene, Q, is another antiterminator and its production allows transcription of the late genes. The late genes are transcribed from a promoter PR’. In the absence of Q, transcription from this promoter is halted after 194 bases because of a termination sequence. The presence of Q allows the polymerase to bypass this terminator and the late genes needed to produce phage head and tail proteins are transcribed. 

9. See Figures 8.13 and 8.14.  Key to N-directed antitermination in ( phage-infected E. coli cells is a site called nut (N-utilization) immediately downstream of PL. This site is distinct from the terminator sequence at the end of the N gene. The N protein binds the nut site on the mRNA transcript and a complex of proteins, including NusA, binds to the polymerase. The N protein then associates with NusA and this complex of proteins associated with the nut site alter the polymerase so it can read through the terminator at the end of the N gene. 

10. See Figure 8.15.  When the elongation complex reaches the end of the N gene it pauses due to the presence of a string of weak UA base pairs in the RNA/template hybrid. During this pause the upstream half of the hairpin loop-forming region of the RNA binds to the upstream binding site of the RNA polymerase. The upstream half of the hairpin-forming region of the RNA can be released from the RNA polymerase and a hairpin can form. Hairpin formation causes the elongation complex to be destabilized and termination occurs. Therefore termination is heavily dependent on the speed and efficiency of hairpin formation while the elongation complex is paused. This process is affected by both the N and the NusA protein. The presence of NusA alone facilitates hairpin formation. It weakens the contacts between the upstream binding site of the RNA polymerase and upstream half of the potential hairpin in the RNA, allowing it to bind to its other half. This stimulates termination. N also contacts the upstream half of the potential hairpin. Binding of N eliminates the positive effects of NusA and hampers rather than stimulates hairpin formation, thus inhibiting termination. Intriguingly, NusA changes its role when N is present. In the presence of N, NusA can additionally bind the upstream half of the hairpin where it will slow hairpin formation even further.

11. See Figure 8.16.  An experiment that demonstrates that both N and NusA contact the RNA that forms the first or upstream half of the hairpin loop would support the hypothesis that N and NusA control hairpin formation at the intrinsic terminator. To demonstrate binding of proteins to RNA, UV cross-linking experiments can be used. We can UV cross-link a labeled RNA to a protein by introducing modified bases into the RNA. We can then visualize labeled proteins bound to the RNA using PAGE and autoradiography. In such an experiment, we can use a mutant terminator that produces a slow-moving elongation complex. This will facilitate cross-linking of the RNA to the proteins NusA and N.   Substrate analogs can be incorporated into the RNA chain by walking the elongation complex down the template. In this manner we can introduce analogs at positions in the RNA corresponding to the upstream or the downstream portion of the hairpin loop. This RNA be incubated with either N, NusA, or both, and can be subsequently UV-irradiated to allow cross-linking of any protein bound to regions of the RNA containing the ribonucleotide analogs. We would expect the data to show that either NusA, N, or both together, can be cross-linked to nucleotides in the –24 position corresponding to the upstream half of the hairpin loop. However, the proteins cannot be bound to position –14, corresponding to the downstream half of the hairpin loop. These data, obtained by Gusarov and Nudler, support the hypothesis that both N and NusA contact the RNA that forms the first or upstream half of the hairpin loop.  A similar experiment by Gusarov and Nudler showed that N stimulated binding between the upstream half of the hairpin and subunits  and ’ of the RNA polymerase; furthermore, N and NusA stimulated this binding even more, in accord with the hypothesis that N and NusA collaborate to prevent hairpin formation, and thereby prevent termination of transcription at intrinsic terminators. 
12. See Figure 8.18.  Despite its inability to recognize RNA polymerase, the PRE promoter can direct transcription of the CI gene. This is because CII  binds to the weak -35 box of the promoter and helps RNA polymerase bind, thus allowing transcription to proceed.

13. The bases contacted by RNA polymerase in region the -35 box of the PRE promoter are on the opposite side of the DNA double helix from those bases in the same region of the DNA that are contacted by CII. Thus, by approaching the DNA from opposite sides, CII and RNA polymerase can bind to the same region of DNA simultaneously. 

14. See Figures 8.20 and 8.21.  The ( repressor regulates its own synthesis both positively and negatively as follows. In a ( lysogen, repressor dimers bind preferentially to OR1 and OR2. This binding activates expression from PRM thus positively regulating expression of repressor from cI. As the repressor concentration increases, OR3 binding sites are filled and this inactivates expression from PRM thus negatively regulating cI expression.  An in vitro run-off transcription assay can be used to demonstrate this phenomenon. A DNA template is engineered such that it contains the OR region controlling leftward expression of cI from PRM and rightward expression of cro from PR. We can synthesize labeled transcripts in the presence of increasing amounts of repressor. In such an experiment we expect to observe that at low concentrations of repressor there is a stimulation of repressor production from PRM but at a higher concentration of repressor there is a decrease in repressor production from PRM.  Also, if we monitor the transcription of cro in this experiment we will see inhibition of cro transcription at low repressor concentrations and an abolition of cro transcription at higher repressor concentration. 

15. See Figure 8.23.
16. See Figure 8.24.  An intergenic suppressor experiment can be used to show that the ( repressor interacts with the ( subunit of the E. coli RNA polymerase. In such an experiment, we would use a ( repressor mutant that cannot stimulate transcription from the PRM promoter. If this loss of activity is due to a loss of the repressor’s ability to interact with RNA polymerase at the promoter, we should be able to isolate an E. coli strain with a compensating mutation in the RNA polymerase allowing the interaction to occur and restoring transcription from the PRM promoter. Such mutations are rare; however, we can use a positive selection screen to identify only the desired mutations. We would set up the experiment as follows. Using a prophage, we can introduce into E. coli a cI gene bearing a mutation that prevents repressor’s interaction with RNA polymerase at the PRM promoter. To screen for compensating mutants in RNA polymerase, we can introduce a second prophage carrying a kanamycin resistance gene (kanR) under the direction of the PRM promoter. By growing these E. coli on kanamycin, we allow only survival of cells with a suppressor mutation in RNA polymerase. The mutation allows transcription of the kanR gene due to restoration of the interaction between the RNA polymerase and the ( repressor. To demonstrate that the interaction between RNA polymerase and the ( repressor involves the (-subunit of RNA polymerase we can introduce into the cells with the kanR gene construct, a collection of mutant rpoD genes encoding the (-subunit. Kanamycin resistant cell lines carrying a mutant rpoD gene provide evidence that the interaction between RNA polymerase and ( repressor involves the (-subunit.

17. See Figure 8.26.  The decision to grow lysogenically or lytically is determined by the relative amounts of the products of the genes cro and cI within the cell.  cI produces the ( repressor, the presence of which determines lysogeny and is incompatible with the lytic cycle. The cro protein inhibits transcription from the cI gene while at the same time inducing transcription of its own gene and the genes necessary for the lytic cycle.  If cI predominates, lysogeny ensues; if cro predominates, lysogeny is inhibited and the lytic cycle ensues. Two promoters important in controlling the  expression of these genes are PRM and  PR. The promoter PRM directs leftward transcription of cI, and the promoter PR directs rightward transcription of cro.  The struggle between cI and cro for lysogenic or lytic infection is partly a reflection of the fact that the same tripartite operator controls the expression from both of these promoters. Both cro and cI target the operator which has three binding sites, OR1, OR2 and OR3. The cI protein has its highest affinity for OR1 and repressor bound to OR1 leads to co-operative binding at OR2. If repressor is present it binds to OR1 and OR2 and expression of cI from the PRM promoter is induced. Thus the ( repressor maintains its own expression. While expression from PRM is induced, there is a concomitant inhibition of expression of cro from PR. If on the other hand the cro protein predominates it binds preferentially at OR3 and this prevents binding of RNA polymerase to PRM thus preventing repressor synthesis. Transcription from PR is stimulated and the genes for the lytic cycle are induced. It is apparent therefore that the key to the struggle is the relative levels of the cro and cI gene products. This is determined by environmental factors. An abundance of nutrients favors the lytic cycle and a less favorable nutritional environment favors lysogeny. This allows the phage to essentially put a hold on its life cycle until more favorable conditions prevail. The product of the gene cII mediates the sensing of nutrient conditions. CII is susceptible to degradation by proteases and these enzymes are abundant in nutrient-rich media. Low levels of CII are therefore present in nutrient-rich media and higher levels are present in nutrient-poor media. CII favors lysogeny by activating the PRE promoter which produces the ( repressor. CII additionally favors lysogeny because PRE promoter generates anti-sense cro transcripts. 

18. See Figure 8.27.  Mutagenic insults such as UV light or chemical mutagens release λ phage from lysogeny as a result of induction of the SOS pathway. A key player in this pathway is RecA. RecA normally plays a role in recombination but it also acts as a co-protease inducing a latent protease activity in the λ repressor. This leads to cleavage and inactivation of the repressor. As the repressor is destroyed it can no longer induce its own expression and the operator sites to which it binds, OR1 and OR2, are vacated. This allows the polymerase to bind to PR and cro is transcribed. The product of the cro gene then binds to OR3 and stimulates is own expression while inhibiting expression of λ repressor. The genes downstream of cro that are needed for the lytic cycle are also transcribed. In this manner the phage shifts from a lysogenic state to a lytic state.

Analytical Questions

1. In order test the hypothesis that a particular gene has two different promoters that are recognized by two distinct (-factors, the following approach can be used.  We can purify polymerase activities from cells in which this gene is active. If we identify two polymerase activities by, for example, DNA-cellulose chromatography we can use these polymerases in a run-off transcription assay with radiolabeled nucleotides.  We would use a polymerase associated with one (-factor in one assay and a polymerase associated with a second (-factor in a second assay.  As a template we can use a truncated cloned gene fragment and if we observe run-off transcripts of two different sizes produced by the two different (-factors, this supports the hypothesis that the gene contains two promoters.  

2. An E. coli cell that is lysogenic for a particular ( phage is immune to superinfection by an identical strain of (. This is because the prophage is producing the ( repressor (CI) and this repressor will turn off all phage genes except the gene encoding the repressor itself. The repressor molecules present in the E. coli upon infection by the second ( phage, will inactivate all the genes in the incoming phage thus rendering it incapable of superinfecting the lysogen.

3. Were we to transfect E. coli cells lysogenized with a particular ( phage with a second ( phage having operator sequences significantly different from that of the lysogen, we would expect to get superinfection. This is because the ( repressor produced by the lysogen will not recognize the operators from the second phage, resulting in no repression and allowing gene expression in the second phage, establishing an infection.

4. Were we to irradiate genetically different E. coli λ lysogens and one became a lytic strain and one remained lysogenic we could explain this phenomenon by hypothesizing that the non-lytic strain had a mutation in the RecA gene. A mutation such as this would prevent recA-induced destruction of the λ repressor, meaning that E. coli would not be released from lysogeny.  

5. In a strain of in ( phage that is mutant in the cII gene lytic infections would occur 100% of the time. CII is needed to activate expression from PRE, the promoter for repressor establishment. In its absence no λ  repressor is synthesized to induce lysogeny. Additionally, CII induces expression of the Q and cro genes the products of which are needed for transcription of the late genes required for the lytic cycle.  Alternatively, the phage could carry a mutation in the cI gene, which encodes the repressor.  Without the repressor, there can be no lysogenic infection.
6. A strain of ( phage that always produces lysogenic infections is likely to be mutated in the gene cro. The cro protein inhibits transcription from the cI gene encoding the λ repressor while at the same time inducing transcription of its own gene and the genes necessary for the lytic cycle.

7. A strain of ( phage with an inactivated N gene would produce neither lytic infections nor lysogenic infections. This is because N functions as an antiterminator to allow expression of the delayed early genes. The products of the delayed early genes are required for establishment of both the lytic cycle and the lysogenic cycle.
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