Answers to Weaver end of chapter questions

Chapter 6  The Mechanism of Transcription in Bacteria
1. The E. coli core RNA polymerase is capable of binding only loosely and non-specifically to promoters. It will bind T4 phage DNA non-specifically and will transcribe it only weakly. Addition of the subunit will add specificity and lead to tight binding of RNA polymerase to T4 phage DNA, which is recognized by E. coli RNA polymerase. Interestingly, core RNA polymerase transcribes highly nicked DNA templates very well but this is an artifact. This explains the efficient transcription of a nicked calf thymus DNA but this is an artifact and is non-specific. Since E. coli RNA polymerase does not recognize eukaryotic calf thymus DNA, addition of the  subunit will not result in tight binding of the polymerase and the transcriptional efficiency will not change.

2. Using phage T4, Bautz et al. determined that E. coli core RNA polymerase is indiscriminate about which DNA strand it transcribes. The first step was isolation of phage RNA generated in vivo.  Since authentic phage RNA is made asymmetrically, only one strand in any given region was represented in this sample. This RNA was hybridized with labeled phage RNA transcribed in vitro using either the core polymerase or the holoenzyme. Single-stranded unhybridized RNA was digested with RNase and the amount of radiolabeled hybrids was quantified. They predicted that, if a particular enzyme transcribes RNA in vitro in a similar fashion to its transcription in vivo, the strands would all be the same sense and would not hybridize. If on the other hand an enzyme transcribes T4 phage DNA indiscriminately in vitro, some sequences would be antisense to the authentic phage RNA, and double stranded, RNase-resistant hybrids would be formed. They observed double stranded RNase resistant hybrids only when the core enzyme was used to transcribe the in vitro produced RNA. This supported the hypothesis that E. coli core RNA polymerase is indiscriminate about which DNA strand it transcribes. 

3. The dissociation rate of the tightest complex between a protein and a DNA molecule can be measured using nitrocellulose filter binding studies. These studies take advantage of the fact that double stranded DNA will not bind to a nitrocellulose filter unless it is associated with a protein. DNA is labeled and combined with a protein with which it forms a tight complex. We can measure the amount of protein-DNA complex that is formed by measuring the radioactivity bound to the filter. We can determine how tightly the protein is bound by testing the ability of non-labeled target DNA to compete with the labeled DNA for binding of the protein. This is done by allowing purified protein to bind labeled DNA, subsequently adding unlabeled DNA, and then filtering the mixtures though nitrocellulose after different lengths of time.  The figure below illustrates sample of weak-binding and tight-binding.
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Such an experiment was performed by Hinkle and Chamberlin using T7 phage DNA and E. coli RNA polymerase (see Figure 6.2). This work demonstrated that there is much tighter binding between the holoenzyme and the promoter than between the core polymerase and the promoter.

4. The rate of dissociation of polymerase-promoter complexes is higher at lower temperatures. This suggests that formation of a more stable promoter complex involves localized melting of the DNA. This melting is favored at higher temperatures. 
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5. See Figure 6.7. The formation of abortive transcripts by E. coli RNA polymerase can be demonstrated as follows. An in vitro transcription assay using a DNA template bearing an E. coli promoter, RNA polymerase and a radiolabeled nucleotide such as [32P] ATP, is used to visualize transcription.  Gel electrophoresis and autoradiography allow determination of the size of the transcripts from such an assay. Heparin is a negatively charged polysaccharide that competes with DNA for binding to RNA polymerase. In an in vitro assay, this will prevent any reassociation of a polymerase to a promoter once it has been released. Gel electrophoresis and autoradiography of the products of such an experiment will show the synthesis of many short radiolabeled oligonucleotides per RNA polymerase. From this we infer that the RNA polymerase is making many short abortive transcripts before it finally achieves promoter clearance and enters the elongation phase of transcription. 

8.
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9. See Figure 6.9. The initiating nucleotide in transcription is unique in that it retains all three of its phosphates, ,  and All other nucleotides retain only the  phosphate. In an in vitro transcription reaction we can use the incorporation ofPATP or PGTP (transcription usually starts with a purine and it is more often A than G) to specifically measure the rate of initiation.  14 C- nucleotides added to the reaction will be incorporated all throughout the chain and measure the combined rates of initiation and elongation. To measure the effect of  on the rate of transcription initiation we would set up the following experiment. To two groups of transcription reactions, one with P]ATP and one with a 14 C labeled nucleotide, we would add the core RNA polymerase, a DNA template and increasing amounts of purified  protein. We could then measure the effect of  on transcription initiation by counting theP in the synthesized RNA. We can measure the effect of sigma on total accumulation of transcripts (combined initiation and elongation) by measuring the incorporation of 14 C-labeled nucleotide. The results we would expect are illustrated in the graph below. This data show that increasing amounts of σ cause an increase in initiation and also an increase in net accumulation of transcripts.
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10. In the experiment described above, the stimulating effect of  on the initiation of transcription is unambiguous but it is not clear if the observed stimulation of elongation is a direct result of the addition of the  factor or because the number of initiated transcripts has increased. Initiation is the rate-limiting step in transcription, any increase in initiation will also result in the accumulation of elongated transcripts. We can demonstrate that the effect of  is confined to the initiation step using the antibiotic rifampicin to specifically inhibit initiation. To demonstrate this, we would set up an in vitro transcription assay and allow it to proceed for a limited period to allow initiation of transcription to occur. Rifampicin would then added to prevent further initiation and the effect of increasing amount of  factor on elongation alone would be determined by sizing the newly synthesized RNA transcripts by electrophoresis or ultracentrifugation. Such experiments show that does not accelerate the rate of transcript elongation but solely increases the rate of transcription initiation.  The stimulation in elongation is a by-product of the stimulation of initiation:  With more initiated chains to elongate, the RNA polymerase naturally can do more elongation. 
11. The experiments in the previous two questions allow us to conclude that  stimulates transcription initiation but not elongation.

12. See Figure 6.10. The following experiment can be used to demonstrate the reuse of σ. A transcription reaction is run at low ionic strength using RNA polymerase holoenzyme and [P]-labeled purine. This will allow us to measure transcription initiation by monitoring the accumulation of P in the transcripts.  The low ionic strength will prevent the core from dissociating from the DNA template at the end of the gene and transcription will therefore slow to a halt as the core from the original holoenzyme becomes limiting. The question then becomes, if we provide new core exogenously, can we reuse σ from the original holoenzyme? To test this, we can add new core enzyme after 10 minutes and determine if reinitiation occurs. Reinitiation of transcription tells us that the  factor released from the original holoenzyme is now associating with the new core enzyme. Thus the  factor is being reused. We can also use this experiment to show that the core polymerase determines resistance to rifampicin. RNA polymerase from most E. coli strains is rifampicin sensitive. In the experiment described above, the holoenzyme added initially can be expected to be rifampicin sensitive.  If rifampicin sensitivity resides in σ, addition of a new core from rifampicin resistant cells will not result in reinitiation of transcription in the presence of rifampicin . If, on the other hand, the core polymerase determines resistance to rifampicin addition of a new core enzyme from rifampicin-resistant cells will reinitiate transcription both in the presence and absence of rifampicin. The expected data from this experiment are summarized in the graph below and this tells us that rifampicin sensitivity resides in the core enzyme rather than the  factor.
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13. See Figures 6.12 and 6.13.  FRET (Fluorescence resonance energy transfer) is a tool that can be used to determine that σ does not dissociate from the core polymerase during elongation. FRET relies upon the use of a donor molecule that fluoresces and an acceptor molecule that, when in proximity to the donor molecule, quenches the signal.  As the donor and the acceptor molecules come closer together, quenching is increased in proportion to the distance between them and FRET increases. An experimental approach called leading-edge FRET can be used to demonstrate that σ does not dissociate from the core polymerase during elongation. If we place a fluorescence donor tag on σ and a fluorescence acceptor tag on the 3’ end of the DNA molecule being transcribed, we can in essence track the movement of the σ subunit of RNA polymerase as it moves toward the 3’ end of the template molecule during elongation. If σ dissociates from the polymerase during elongation we would expect an increase in fluorescence as transcription proceeds and FRET decreases. If on the other hand σ remains associated with the polymerase during elongation the increase in proximity of the probes as transcription proceeds would result in an increase in FRET. To perform such an experiment we would form open promoter complexes in solution and add heparin to bind uncomplexed polymerase. The open promoter complexes would be purified by electrophoresis and placed in a fluorometer with transcription buffer. Without nucleotides, no elongation will occur and the baseline level of FRET can be recorded. This is T0 in the histogram below. Addition of three nucleotides will initiate a short stretch of elongation after which the level of FRET can be recorded after, for example, 10 minutes (T10). Sample results are shown in the diagram below. FRET increases as elongation proceeds indicating that ( is remaining associated with the RNA polymerase. 





15.  Obligate release is the release of the σ-factor from the core polymerase at a set point during transcription, usually understood as the promoter clearance step.  Stochastic release calls for release of the σ-factor at random points during the transcription process.  The stochastic release model is now favored.

16. See Fig. 6.18, which presents three hypotheses:  transient excursion, inchworming, and scrunching.  In transient excursion, the polymerase moves downstream briefly to make each abortive transcript, and then moves back to the initiation site.  In inchworming, the polymerase stretches to make each abortive transcript and then snaps back to its original size.  In scrunching, the polymerase draws more downstream DNA into itself as it makes each abortive transcript.  This allows the DNA bubble to expand with the synthesis of each abortive transcript.  These hypotheses were tested with a series of FRET experiments.  

In the first, the donor fluorophore was attached to the trailing edge of the polymerase, and the acceptor was attached to an upstream DNA site.  Transient excursion should have increased the distance between fluorophores, decreasing FRET efficiency, but no difference in FRET efficiency was observed during abortive transcription, so the transient excursion hypothesis was excluded.  

In the second experiment, the donor fluorophore was attached to the leading edge of the polymerase, and the acceptor was attached to a site in the promoter.  Inchworming should have increased the distance between fluorophores, decreasing FRET efficiency, but no such decrease was observed.  Thus the inchworming hypothesis was excluded.

In the third experiment, the donor fluorophore was attached to the promoter, and the acceptor was attached to a downstream DNA site.  Scrunching should decrease the distance between fluorophores, increasing FRET efficiency, and this was observed.  Thus, this experiment favors the scrunching hypothesis.

17. The following experimental approach can be taken to determine which base pairs are melted when RNA polymerase binds to a promoter. A target promoter is end labeled and an open promoter complex with RNA polymerase is formed. The localized DNA melting will expose the N1’s of adenine bases making them available for methylation by dimethyl sulfate (DMS). The polymerase can be removed and the methyl groups on the A residues will prevent base-pairing reoccurring between the A and the T’s in the DNA template. These nucleotide positions where there is no base-pairing are susceptible to attack by S1 nuclease. If the methylation reaction is done under limiting conditions, we can expect a population of molecules cleaved at each occurrence of an adenine or thymine residue in the region of the 
template to which the polymerase binds. A sample autoradiograph is represented in the following sketch. This tells us that at the positions corresponding to 5, 9 and 10 base pairs in from the labeled end of the molecule there were AT base pairs to which the polymerase bound and these base pairs were in a region of DNA that was melted. Since the polymerase may bind flanking GC base pairs that are not methylated in this assay and thus not susceptible to cleavage, this is not an entirely accurate representation of the exact base pairs melted when the polymerase binds.  For another example of the procedure and actual experimental results, see Figures 6.15 and 6.16.
18. See Figure 6.17.  To accurately determine the number of base pairs melted during transcription, the following assay can be used. A known number of RNA polymerases are bound to a circular DNA template such as SV40. The exact number of molecules involved in the formation of the ternary complex in the assay is known and the number of DNA molecules in the assay is known. The reaction conditions are set such that each polymerase initiates only once and remains as a ternary complex for the whole assay. After the formation of the ternary complex, supercoils are relaxed with a nicking-closing extract, and then the polymerase is removed from the DNA.. Since the polymerase has unwound the double helix in the region of the DNA to which the polymerase was bound, the molecule is underwound. Supercoiling relieves the strain on a closed circular DNA duplex that has a region that is unwound. The degree of supercoiling that is required to relieve the strain of underwinding is proportional to the number of base pairs that were unwound or melted while the polymerase was complexed with the DNA.  The degree of unwinding is measured by a change in mobility during electrophoresis and the change in superhelicity can be plotted as a function of the number of polymerases per DNA duplex in the original assay. We can measure then that there are 1.6 superhelical turns per active RNA polymerase. One turn of the DNA helix is known to contain 10.5 bp thus, 1.6 turns corresponds to 16.8 bp, and this corresponds to the number of base pairs melted during transcription.

1 turn/10.5 bp = 1.6 turns/X bps

X = 10.6 X 1.5 = 16.8 turns

19. Region 2.4 of the (-factor is involved in recognizing the –10 box of the promoter. Genetic evidence supports this hypothesis. A bacterium with a mutation in the –10 box of the promoter can have its wild-type function restored by a suppressor mutation in region 2.4 of the (-factor. This means that a change in the sequence of the promoter element can be compensated for by an alteration in the amino acid sequence in region of the protein that binds this element. This suggests that region 2.4 in the (-factor interacts with the –10 box. Since, in a similar fashion, we observe suppression of mutations in the –35 box with mutations in region 4.2 of the (-factor we know that this region of the (-factor interacts with the –35 box.

20. See Figure 6.23.  The following binding assay can be used to demonstrate interaction between (-region 4.2 and the –35 box of the promoter. A glutathione-S-transferase fusion protein (GST) containing region 4.2 of ( can be used in a nitrocellulose filter binding assay along with a labeled DNA fragment containing the –35 box. The fusion protein and the labeled DNA are allowed to bind and then passed through a nitrocellulose filter that will retain the protein- DNA complexes. The specificity of the interaction between the –35 box and (-region 4.2 can be demonstrated by testing the ability of unlabelled DNA sequences to compete for binding. In these experiments, non-specific competitor DNA or DNA containing the –10 box cannot compete for binding of the protein. However, non-labeled DNA containing the –35 box can compete for binding of the protein to the labeled –35 box.  This demonstrates the interaction between (-region 4.2 and the –35 box of the promoter.

21. See Figure 6.25.  Experimental evidence by Gourse et al. supports the hypothesis that the (-subunit of RNA polymerase is responsible for binding the UP element present in some E. coli promoters. These workers assayed transcription from a promoter with an UP element, rrnB P1, using both wild-type RNA polymerase and two different RNA polymerases bearing mutations in the (-subunit. When the assay was performed with a polymerase (-subunit missing 94 amino acids from the C-terminus, they observed a significant decrease in the strong transcription normally conferred by the UP-element. They similarly observed low transcriptional stimulation from UP when they used a polymerase (-subunit with an arginine to cysteine substitution at position 265. In further support of the hypothesis, DNase footprinting experiments (Figure 6.26) showed that the mutant polymerase lacking the C-terminal domain failed to make a footprint in the region of the UP elements whereas a wild-type polymerase did. Furthermore, the purified (-subunit was itself able to cause a footprint in the UP region. 

22. Limited proteolysis can give us information about the domains, or independently folded regions of a protein.  The amino acids within the complex tertiary structure of folded domains are not accessible to proteases. The less structured stretches of amino acids connecting individual domains are more susceptible to digestion. Limited proteolysis will cleave between the folded domains from the protein, leaving them intact and the sizes of these domains can be determined. Such an approach was used to define the domains of the (-subunit of RNA polymerase and showed that it is comprised of a large N-terminal domain and a smaller C-terminal domain joined by a linker of approximately 13 amino acids.

23. See Figure 6.29.  Transcription assays, in which RNA polymerase subunits from different sources are reconstituted, can be used to determine which subunits of RNA polymerase confer rifampicin and streptolydigin resistance or sensitivity. We would set up such an experiment as follows: We would reconstitution a polymerase in which the (-subunit came from a rifampicin resistant strain and the remainder of the subunits came from a rifampicin sensitive strain. We would then measure transcription in the presence of rifampicin. We would predict that if rifampicin sensitivity is conferred by the (-subunit (as it actually is), the reconstituted polymerase will be rifampicin resistant and transcripts will be made. If, however, control of rifampicin resistance or sensitivity lies elsewhere (not on the (-subunit) the reconstituted enzyme would not produce transcripts in the presences of rifampicin. A similar experiment can be used to determine which subunit is responsible for streptolydigin sensitivity. In this case if we combine a (-subunit from a streptolydigin resistant strain with remaining subunits all originating from a streptolydigin sensitive strain, a transcription assay will allow us to determine whether the (-subunit is able to confer resistance on the reconstituted enzyme. In fact the (-subunit is responsible for conferring resistance to both antibiotics. 

24. See Figures 6.30 and 6.31.  Affinity labeling is a technique that can be used to identify which subunit of an enzyme contains its active site. To determine which subunit of RNA polymerase is associated with the active site or, in other words, which subunit catalyzes phosphodiester bond formation, an experiment can be set up as follows. An analog of ATP, which can be covalently linked to the active site of the enzyme, is used in a transcription assay. In theory, we could label the analog, fractionate the subunits of the enzyme and thus identify the subunit associated with the analog. However, this approach has a potential pitfall. The analog could potentially associate with amino acids outside of the active site of the enzyme and thus would co-purify with a subunit not directly involved in catalysis.  A clever trick that allows a more reliable determination of the location of the active site is as follows: Rather than labeling the analog itself, we can label the nucleotide with which it has formed a phosphodiester bond by including a [(-32P]UTP or CTP in the transcription assay. The subunit associated with the labeled nucleotide is the one that contains the active site of the enzyme. In summary, this experiment allows us to covalently link the first two nucleotides to the site where the first phosphodiester bond joined them, thus keeping them associated with the subunit bearing the active site.  

25. (See Figure 6.32)  A cross-linking experiment performed by Nudler et al. demonstrated that within the transcription elongation complex there exists an RNA-DNA hybrid at least 8 bp long. These experiments, like the one previously described, rely upon a transcription system in which the RNA polymerase is immobilized on a solid matrix and directs the synthesis of labeled transcripts from a provided DNA template. In these assays, the polymerase can be “walked” down the template by including only a subset of the four nucleotides. In other words, we can stop transcription at a known position and experimentally manipulate the complex (by for example introducing a modified base) knowing exactly where in the chain elongation process the polymerase is. We can then continue transcription to the end of the template molecule. This is exactly what was done in this experiment. A UMP (U() derivative that has been incorporated in an RNA chain can be rendered capable of cross-linking to its DNA template provided it is base paired to an A. If the U( derivative is not base-paired to the A in its template, cross-linking will not occur. RNA that has been cross-linked to DNA can be detected by electrophoresis and autoradiography since the DNA template molecule will only be labeled if it is bound to its labeled RNA transcript.  In this experiment, a series of transcripts were generated as follows: A transcription elongation complex was formed and the polymerase was walked down the template and U( derivatives were incorporated at defined positions in the transcripts.  This generated a set of elongation complexes all transcribed to a similar length but each containing U( incorporated in a different position along the chain. Each of these transcripts was then used in a cross-linking reaction. Cross-linking was only observed when the U( was present in position –2 to –8 corresponding to two and eight nucleotides respectively in from the 3’ end of the transcript. With the U( in position –10 the cross-linking capacity dropped significantly suggesting that there were no U-A base pairs in this region. This experiment supports the hypothesis that there is a hybrid region of 8-9 base pairs within the transcription elongation complex.
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The cartoon above illustrates the structure of the RNA polymerase core enzyme. The rifampicin-binding site is part of the (-subunit (see Figure 6.34 for a more detailed picture of the rifampicin-binding site). One proposed mechanism of action of the antibiotic is that it prevents a small newly synthesized chain from exiting the channel. Therefore, it does not affect the assembly of the initial few nucleotides but after a short oligonucleotide is formed, rifampicin prevents it from exiting the channel where the catalytic site is. However, after the chain reaches a certain length, the addition of rifampicin has no effect on elongation. This may mean that an RNA chain of a certain length does not allow access of the antibiotic to the site within the channel.

27. See Fig. 6.37c and d.  First, a series of amino acids of the β' lid stack on base pair 9 of the RNA-DNA hybrid, stabilizing this base-pair and limiting any further base-pairing.  This limits the size of the RNA-DNA hybrid, although the lid seems to be flexible enough to accommodate hybrids between eight and ten base pairs long.  Second, the two DNA strands have a tendency to reanneal, which limits the size of the hybrid.  Finally, the first displaced RNA base (typically, base -10) is trapped in a hydrophobic pocket of a β loop known as switch 3.  This stabilizes the displacement of the RNA base from the hybrid and therefore limits the size of the hybrid.

28. See Fig. 6.38.  Comparison of the crystal structures with and without streptolydigin shows that the antibiotic forces a change in the conformation of the trigger loop.  The two α-helices unwind somewhat, and the extra amino acids are taken up in a larger loop in between the helices.  This change in conformation of the trigger loop allows the triphosphate moiety of the incoming NTP, and its bound metal ion, to drift farther away from the active site.  Because this metal ion is required for catalysis, moving it away from the active site prevents RNA synthesis.
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In the cartoon structure above depicting the crystal structure of the holoenzyme-DNA complex in the open promoter form, it is apparent that the ( subunit plays the biggest role in DNA binding.  See also Figure 6.36a.

30. The crystal structure data for the DNA-holoenzyme open promoter complex (Figure 6.36b), strongly corroborates biochemical and genetic data demonstrating an interaction between ( region 2.4 and the  –10 box of E. coli promoters. For example, two amino acids, Gln 437 and Thr 440, determined by genetic studies to interact with the DNA at base position –12, were indeed shown to be in a position optimal for interaction at this position in the DNA. Similarly, key aromatic residues implicated in melting are in a position to interact with the single stranded non-template strand in the structure of the open promoter complex.  Basic residues important in DNA binding are also positioned to bind to the DNA by electrostatic interactions. In contrast, specific residues in ( region 4.2 implicated in binding to the –35 box are not confirmed by the crystal structure. It was concluded that this is because of a displacement of the DNA away from the –35 box that is an artifact of crystal formation.

31. There are two models (Figure 6.39) to explain how RNA polymerase can maintain a melted bubble of DNA as it moves along the template. In the first model, the DNA template remains static and the polymerase and the growing RNA follow the natural twist in the DNA molecule. In the second model, the DNA ahead of the bubble unwinds and the DNA behind the bubble rewinds. This will have the effect of introducing positive supercoiling ahead of the transcription bubble and negative supercoils behind the transcription. Topoisomerases are enzymes that relax supercoils by cutting and religating the strands to relieve the strain on the molecule. In support of the second model, topoisomerase mutants that lack the ability to relax negative supercoils accumulate negative supercoils during transcription while topoisomerase mutants that are deficient in their ability to relax positive supercoils accumulate positive supercoiling during transcription. 

32. Two important elements of an intrinsic terminator are, a hairpin loop stabilized by a GC-rich region in the stem of the hairpin structure, and a series of T residues in the nontemplate strand that result in a less stable series of AU base pairs in the transcript downstream of the hairpin loop. Farnham and Platt experimentally determined that the creation of DNA templates in which the string of T residues in the nontemplate strand was replaced with bases that resulted in transcripts with more stable GC base pairs after the hairpin, led to a decrease in attenuation.  This effect could be counteracted by substituting iodo-CTP for ordinary CTP in the transcription reaction.  G-Iodo-C base pairs are stronger than ordinary G-C pairs, so incorporation of iodo-CMP into the hairpin should stabilize it further.  It was further demonstrated that weakening the GC-rich stem of the hairpin also reduces the efficiency of attenuation. This was done using ITP (inosine triphosphate), a GTP analog, to introduce weaker I-C pairs into the stem of the hairpin to destabilize the structure.  This destabilization resulted in weakened attenuation.

33. The idea that a hairpin is not required for pausing at an intrinsic terminator is supported by the observation that in termination assays using templates in which a hairpin cannot form, the polymerase still pauses at the string of rU-dA pairs. 

34. See Figure 6.42.  Yarnell and Roberts presented evidence that base-pairing (of something) with the RNA upstream of a pause site is required for intrinsic termination. These workers assayed termination of mutant DNA templates, using them to generate labeled RNA molecules. They attached the DNA templates to magnetic beads allowing them to readily isolate the transcripts that were released from DNA templates. They used a number of DNA templates in their assay. They included two templates that were missing the second half of the inverted repeat, thus preventing the formation of the hairpin loop. As we would predict, termination did not occur with the use of these mutant templates. However, when the missing part of the inverted repeat was introduced as an oligonucleotide, efficient termination did occur. Furthermore, interfering with the base pairing by introducing a base pair substitution into the oligonucleotide chain resulted in a dramatic reduction in termination. This could be compensated for with a corresponding mutation in the DNA template that now allowed full base pairing between the altered oligonucleotide and the RNA chain. 

35. A rho-dependent terminator is characterized by a rho loading site which is a sequence of 60-100 nucleotides rich in cytosine residues upstream of an inverted repeat.  The inverted repeat forms a hairpin in the RNA transcript. Rho is a hexamer, each subunit of which has an ATPase activity. Rho binds the RNA, resulting in activation of the ATPase activity. This provides energy for rho to propel along the RNA where it “chases” the polymerase.  Rho “catches” the polymerase when it stalls at the terminator and rho unwinds the RNA-DNA hybrid within the transcription bubble, thus releasing the RNA and terminating transcription. 

36. See Figure 6.43.  We can demonstrate that rho causes a decrease in net RNA synthesis, but no decrease in chain initiation, by setting up an in vitro transcription reaction in the presence of PGTP. This measures the rate of transcription initiation. Another reaction in the presence of [3H]UTP will measure the total or net rate of RNA synthesis. To each of these reactions we can add increasing amount of rho and measure the accumulation of transcripts labeled with PGTP and [3H]UTP.  The data will look like that depicted in the figure below.
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These data show that rho does not affect the incorporation ofPGTP into newly synthesized transcripts but does decrease the incorporation of [3H]UTP into transcripts. This shows that rho decreases net RNA synthesis as measured by [3H]UTP accumulation but does not cause a decrease in chain initiation as measured by the accumulation of PGTP into the newly synthesized transcripts.

37. See Figure 6.44  In order to demonstrate that shorter transcripts are produced in the presence of rho we would set up an in vitro transcription reaction in the presence of rho, and labeling the transcripts with [14C]UTP. We would size fractionate the RNA transcripts using ultracentrifugation. Larger transcripts sediment rapidly towards the bottom of the tube and smaller transcripts sediment more slowly and are found nearer the top of the centrifuge tube. In this experiment we would observe a reduction in the size of the [14C]-labeled transcripts in the presence of rho.  As a control to rule out the possibility that rho is acting as a nuclease, we would run the reaction along with pre-formed 3H-labeled transcripts that were made in the absence of rho.  If rho simply acts as a nuclease, then the 3H-labeled transcripts should be reduced in size along with the 14C-labeled transcripts.  The results are illustrated in the graph below, where we see a higher number of shorter transcripts that were made in the presence of rho, but transcripts made in the absence of rho are much larger. 
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38. See Figure 6.45.  The following experiment will show that rho releases transcripts from the DNA template. Two in vitro transcription reactions are set up using [14C]UTP.  To one reaction we add rho and, by using cesium sulfate density gradient ultracentrifugation to determine the sedimentation properties of the RNA products, we can determine if the RNA is being released from its template.  This kind of gradient ultracentrifugation separates RNA and DNA because of their different densities.  In the absence of rho, we expect the RNA to sediment to the same position in the centrifuge tube as the DNA. This suggests that they are associated. In contrast, we expect the addition of rho to the reaction to give us two separate profiles of sedimentation after ultracentrifugation, one corresponding to the DNA and one corresponding to the labeled RNA transcript.  The data expected are shown in the figures below. Separation of transcripts from their DNA template after the addition of rho supports the hypothesis that rho releases transcripts from the DNA.
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Analytical Questions
DNA

GACTATGCGTCACGTACGCATAGTC coding strand

CTGATACGCAGTGCATGCGTATCAG






 
Transcript
gacuaugcgucacguacgcauaguc
1. A C ( T mutation in the first nucleotide of the –10 box of the E. coli promoter shown, will change the sequence of the –10 box from CATAGT to TATAGT. This brings the match of the –10 box sequence closer to the consensus sequence of TatAaT and would likely be an up mutation.

A T ( A mutation in the last nucleotide of the –10 box of this E. coli promoter will change the sequence of the –10 box from CATAGT to CATAGA. This will decrease the match of the –10 box sequence to the consensus sequence of TatAaT and would likely be a down mutation.

2. a) The RNA molecule that would result from transcription of the wild-type sequence given is:

b) The wild-type gene shows 100% attenuation both in the presence and absence of rho indicating the presence of an intrinsic termination sequence that is highly efficient. We cannot from this data alone determine if rho-dependent termination occurs in this transcript because of the complete termination seen in the absence of rho. 

Mutant A shows a 40% reduction in termination both in the presence and absence of rho. This is because of the significant destabilization of the hairpin structure in the mutant. The mutant has now only 5 base pairs to stabilize the hairpin and only one of these is the more stable a CG base pair. Since the hairpin is required for both rho independent and rho dependent termination attenuation of transcription in the presence and absence of rho is affected significantly. 

Mutant B will result in an RNA hairpin structure with a shortened loop size (3 base pairs rather than 5 base pairs). Loop size and the identity of the first mismatch in the loop can affect stability. The first mismatch in the loop is identical in both the wild-type and the mutant therefore the alteration in the loop size of the transcript from this mutant is resulting in a slight decrease in the efficiency of termination of transcription. 

The RNA transcript generated from mutant C is missing the string of U residues downstream of the loop that is required for rho-independent (intrinsic termination). However, this sequence is not required for rho-dependent termination and the addition of rho gives 80% of the wild-type termination rate. This tells us that there is a rho loading site upstream of the hairpin structure. It also tells us that rho can contribute 80% of the “termination power” in the transcript of this wild-type gene and that intrinsic termination is required in addition for complete termination.

4. 
TAGCANG, where N stands for any base.  Note that it helps to place the sequences on top of each other in a column so the similarities stand out better.
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