Answers to Weaver end of chapter qeustions
Chapter 10 Eukaryotic RNA Polymerases and Their Promoters
1. Diagram the elution pattern of the eukaryotic nuclear RNA polymerases from DEAE-Sephadex chromatography.  Show what you would expect if you assayed the same fractions in the presence of 1 g/ml of -amanitin.  

Figure 10.1 illustrates the results of the elution pattern and separation of three polymerases using DEAE-Sephadex chromatography. The order of elution is indicative of the binding affinity of the three enzymes to the DEAE resin, with Pol I displaying the weakest interaction and Pol III the strongest under the binding conditions given. Fig. 10.4 shows the sensitivity of the polymerases to -amanitin. If the fractions in Fig 10.1 were assayed in the presence of 1 g/ml of -amanitin, there would be no change to peak 1, peak 2 would disappear, and peak 3 would be reduced by ~10%.  
2. Describe and give the results of an experiment that shows that polymerase I is located primarily in the nucleolus of the cell.  

Refer to figures 10.1 and 10.2. Extracts derived from purified nucleoli and nucleoplasm were subjected to DEAE chromatography. The nucleoplasmic fraction was enriched for Pol II activity (10.2a) whereas the nucleolar fraction was enriched for Pol I activity (10.2b)
3. Describe and give the results of an experiment that shows that polymerase III makes tRNA and 5s rRNA.  

Refer to figures 10.4 and 10.5.  Figure 10.5 shows the results of an experiment where small labeled RNAs were synthesized in the presence of increasing amounts of -amanitin and were then collected.  The RNAs were analyzed by polyacrylamide gel electrophoresis (PAGE), after which the gel was sliced into fractions, and the amount of radioactivity in each slice determined. Control samples contained markers for 5S rRNA and 4S tRNA in adjacent lanes of the same gel. The positions of the markers are shown in the figures as blue lines, where inhibition of 5S rRNA and 4S tRNA synthesis can be seen. These results match the sensitivity of Pol III to -amanitin (Fig. 10.4), therefore Pol III is the likely candidate for the synthesis of tRNAs and 5S rRNA.  

4. How many subunits does yeast RNA polymerase II have?  Which of these are core subunits?  How many subunits are common to all three nuclear RNA polymerases?

Yeast Pol II has 12 subunits. There are three core subunits, Rpb1, Rpb2, and Rpb3.  and there are five common subunits to all RNA polymerases (Rpb5,6,8,10, and 12).  

5. Describe how epitope tagging can be used to purify Pol II from yeast in one step.  

The principle of epitope tagging is illustrated in figure 10.6. In this case, a number of extra amino acids (epitope tag) have been genetically added to a known subunit of Pol II. The yeast strain can then be grown in the presence of labeled amino acids that will be incorporated into all proteins made by the organism. After cell growth and lysis, an antibody that recognizes the epitope is used to precipitate the tagged protein as well as all the other proteins with which it forms a complex stable under the conditions of the experiment. Contaminating proteins remain soluble and Pol II can be purified in a single step.  

6. Some preparations of Pol II show three different forms of the largest subunit. Give the names of these subunits and show their relative positions after SDS-PAGE.  What are the differences among these subunits?  Present evidence for these conclusions.

These subunits are termed Rpb1o, Rpb1a, and Rbp1b. Figure 10.8 shows their relative positions, Rpb1b migrates the furthest, followed by Rbp1a in the middle, and Rbp1o the least in SDS-PAGE gels. Sequencing of the RPB1 gene predicts a polypeptide product of 210 kD, therefore the IIa-form appears to be the parent. Amino acid sequencing of Rbp1b shows that it lacks a tandem repeat of seven amino acids found at the carboxy terminal domain (CTD) as compared to Rbp1a. Supporting this conclusion, antibodies generated to the CTD of Rbp1a do not react very well with Rbp1a.  It is likely that the IIb-form is an artifact that occurs during purification in which the protein is clipped by a protease since the b-form has not been observed in vivo. The IIo-form seems to be a phosphorylated version of IIa. IIo can be converted to IIa via incubation with a phosphatase whereas IIa can be converted to IIo in the presence of a kinase. However, phosphorylation alone does not account for the SDS-PAGE mobility of IIo. It is likely that phosphorylation induces a conformational change in IIo that makes it move more slowly and therefore seem larger than it really is. The inter-relationship between the three forms is illustrated in fig 10.9.
7. What is the structure of the CTD of RPB1?

The CTD of Rpb1 is composed of a repeating string of seven amino acids (heptad) with the following consensus sequences: tyrosine-serine-proline-threonine-serine-proline-serine.
8. Draw a rough diagram of the structure of yeast RNA Pol II.  Show where the DNA lies, and provide another piece of evidence that supports this location for DNA. Also, show the location of this active site.  

Refer to Fig. 10.10 for details. RNA polymerase II is claw shaped with the top portion of the claw composed mainly of Rpb2, and the bottom portion mainly of Rpb1.  The entrance to the claw features a pair of jaws with the upper jaw composed of part of Rpb1 and Rbp9 and the lower jaw composed of part of Rpb5.  The positions of the subunits form a large DNA binding cleft, with the active site containing a Mg2+ ion, at the base of the cleft.  The cleft is lined with basic amino acids, whereas almost the entire remainder of the surface of the enzyme is acidic. The basic residues in the cleft presumably help the enzyme bind to the acidic DNA template.    
9. How many Mg2+ ions are proposed to participate in catalysis at the active center of RNA polymerase?  Why is one of these metal ions difficult to see in the crystal structure of yeast RNA pol II?

Two Mg2+ ions were found in the active site of the DNA binding cleft. High resolution structure determination resolved a strong metal signal corresponded to a tightly bound Mg2+ ion (metal A) accompanied by a weaker signal corresponding to a Mg2+ ion (metal B) that may enter bound to the substrate nucleotide and weakly binds at the active site. This region is also hidden by surrounding acidic residues. Thus, the differences in signal are due to varying degrees of Mg2+ ion binding, and the differing binding environments (surrounding amino acids) of the metals.  

10. Cite evidence to support pore 1 as the likely exit point for RNA extrusion during Pol II backtracking.  

X-ray crystallography of RNA Pol II supports the role of pore 1 as the likely exit point for RNA extrusion. These data show that pore 1 opens into a funnel shaped structure at the bottom of the enzyme. Also, in the bacterial enzyme, the end of an extruding RNA can be cross-linked to a part of the -subunit located in the funnel. Because the eukaryotic and bacterial enzymes are homologous, we predict that similar behavior will be observed in the eukaryotic enzyme. Furthermore, elongation factor TFIIS, which causes cleavage of extruded DNA, appears to bind to the funnel. This finding accords with the fact that Rpb1 amino acids that interact with TFIIS are located on the outer rim of the funnel.  

11. What is meant by the term “processive transcription?”  What part of the Pol II structure ensures processivity?

Processive transcription refers to the ability to transcribe an entire gene without falling off and terminating transcription prematurely. The clamp (closed conformation in the elongation complex) of RNA Pol II ensures that the structure is processive.  

12. What are the probable functions of the lid, rudder and zipper of Pol II?

Refer to Fig 10.12b. The lid, rudder, and zipper are three loops that extend from the clamp. They are in position to affect several important events, including formation and maintenance of the transcription bubble and dissociation of the RNA-DNA hybrid. If the RNA-DNA hybrid extended farther than 9 bp, the rudder would be in its way, thus the rudder may facilitate the dissociation of the RNA/DNA hybrid. The rudder appears not to be involved directly in strand separation, but collaborates with the lid in keeping the strands separate. The role of the lid is likely to act as a guide for the 5-prime end of the RNA to exit groove 1 and ensure that the end of the RNA remains dissociated from the template DNA strand, i,e, forms a wedge that separates the RNA and DNA strands. Finally, the zipper lies in an advantageous position to help the two DNA strands to dissociate, forming the transcription bubble.  

13. What is the probable function of the bridge helix?  What is the relationship of -amanitin to this function?

Refer to Figure 10.13. The bridge helix lies adjacent to the active center and oscillation between straight and bent conformations of the bridge helix occurs during translocation. When the bridge helix is in the straight conformation, the active site is open for addition of a nucleotide, so the nucleotide enters through pore 1 of the enzyme, just below the active site. Next, coincident with translocation the bridge helix shifts to the bent state. When it shifts back to the straight state, it reopens the space at the 3’-end of the RNA, and the cycle is ready to repeat. -Amanitin binds to a site near the bridge helix that results in blockage of the ability of the helix to shift to the bent state. Thus, -aminitin blocks RNA synthesis without blocking nucleotide entry or phosphodiester bond formation; instead, it blocks translocation after a phosphodiester bond forms.  
14. What are the E site and A site of RNA Pol II? What roles are they thought to play in nucleotide selection?

The A and E sites are both nucleotide binding sites at the active center of RNA Pol II. The A site is where phosphodiester bond formation occurs, whereas the E or Entry site is where nucleotides bind prior to entering the A site. Nucleotides must pass through the E site to go to the A site. This allows for rotation of the nucleotide which is thought to be linked to nucleotide specificity. The correct nucleotide can presumably rotate more successfully into position than incorrect ones. Rotation may also account for the specificity for ribonucleotides as opposed to deoxynucleotides. 
15. What role does the polymerase II trigger loop play in nucleotide selection?  Illustrate with a schematic diagram of contacts to the base, sugar, and triphosphate.

Refer to Fig. 10.13.  The trigger loop makes contacts with key parts of the incoming substrate nucleotide.  If the substrate is correct, these contacts stabilize the association with the enzyme.  If not, the substrate is more easily rejected.  See Fig. 10.16a (or 10.16b, if you are ambitious) for the schematic diagram.

16. What role does the Rpb4/7 complex play in opening or closing the clamp of RNA Pol II? What evidence supports this role?

Refer to 10.17. The subunits Rpb4 and Rpb7 stick out to the side of the enzyme, like a wedge, with a thin end lodged in the rest of the polymerase. Crystallographic evidence shows that without Rpb4/7 the clamp is free to swing open, whereas when Rpb4/7 are present, the wedge forces the clamp shut. 

17. The 12-subunit RNA Pol II interacts with promoter DNA. What implications does this have for the state of the promoter DNA with which the polymerase must interact?
The structure of the 12-subunit RNA Pol II reveals that with Rpb4 and Rpb 7 in place the clamp appears to be forced shut. Since the 12-subunit form is capable of initiation, presumably with its clamp shut, it appears that the promoter DNA must melt before the template DNA strand can descend into the enzyme’s active site.
18. Draw a diagram of a Pol II promoter, showing all of the types of elements it could have.

The promoter consists of a core promoter that can have up to four elements, (BRE, TATA, Inr, and DPE), plus an upstream promoter element. The BRE (TFIIB recognition element) is the site of TFIIB binding and the TATA box is the site of TBP binding. The Inr is the initiator and the DPE is the downstream promoter element. These elements bind various transcription factors and can take the substitute for a TATA box. Upstream promoter elements are recognized by additional transcription factors that promote transcriptional initiation.
19. What kinds of genes tend to have TATA boxes?  What kinds of genes tend not to have them?

In general specialized genes that encode for proteins made in specific tissues or cells contain TATA boxes. TATA-less genes include housekeeping genes that are constitutively active in almost all cells and control generalized biochemical pathways, and developmentally regulated genes such as homeotic genes that are active during specific development stages. 
20. What is the probable relationship between TATA boxes and DPEs?

DPEs (downstream promoter elements) can compensate for the lack of a TATA box at a promoter. Both elements appear to be able to bind TFIID, a general transcription factor that begins the pre-initiation complex of RNA pol II. 

21. What are the two most likely effects of removing the TATA box from a class II promoter?

Removal of a TATA box is likely to results in either loss of promoter activity, or an alteration (shifting) of the transcription start site. 
22. Diagram the process of linker scanning. What kind of information does it give?

By cutting DNA with a restriction enzyme and digesting the newly-created ends, about 10 bp of DNA can be deleted from a gene. The gap produced by restriction enzyme digestion can then be filled in with “linker” DNA (some known sequence). In this way, one can probe through a nucleotide sequence for critical residues (relative to promoter activity/function). Linker scanning mutagenesis can reveal relationships between specific sequences and the regulation of the efficiency of transcription versus sequences that may be important for locating the start of transcription.  

23. List two common upstream elements of class II promoters.  

Linker scanning mutagenesis also showed that there are two common upstream promoters that have an effect on transcription efficiency, namely the GC boxes and the CCAAT box.  Each of these elements are bound by specific transcription factors.  
24. Diagram a typical class I promoter. 

Refer to Fig. 10.21. Class I promoters are not well conserved in sequence from one species to another, but the general architecture of the promoter is well conserved. Class I promoters have two major elements, the core and the upstream promoter elements. The transcription start site is located within the core element that is absolutely required for transcription. The upstream promoter element is located about 100 bp upstream of the core. This spacing between these elements is important. 
25. How were the elements of class I promoters discovered?  Present experimental results. 

Refer to Fig 10.21. Linker scanning was used to mutate short stretches of DNA throughout the promoter and the mutated DNAs were tested for promoter activity using an in vitro transcription assay. The bar graph illustrates the relative promoter activities associated with deletion in the respective regions of the promoter sequence diagrammed underneath. Mutations in two regions (designated the UPE and core) significantly reduces promoter activity. The UPE is necessary for optimal transcription (transcription can occur without this sequence), whereas the core element is absolutely required for even basal level transcription.  

26. Describe and give the results of an experiment that shows the importance of spacing between the elements of a class I promoter.

Tjian and colleagues deleted or added sequences of varying lengths between the UPE and the core element of the human rRNA promoter. These data showed that removal of 16 bp between the two promoter elements, resulted in a 40% decrease in promoter activity as compared to wild-type, with a deletion of 44 bp retaining only 10% of its original activity. On the other hand addition of 28 bp has little affect, but addition of 49 bp reduced the promoter strength by 70%. 
27. Compare and contrast (with diagrams) the classical and nonclassical class III promoters.  Give an example of each.  

Refer to Fig 10.26 for classical class III promoter diagram and Fig. 10.18 for nonclassical (type III) class III genes. The classical class III genes of which there are two types (I and II) have promoters that lie wholly within their coding sequences. The internal promoter of the type I class III gene, the 5S rRNA gene has three regions. Type II genes, also considered classical class III have internal promoters with 2 part (box A and B) and include the tRNA genes. Nonclassical type III promoters resemble class II promoters, the TATA box is often the main element required, although other binding elements may play a role in optimal transcription efficiency. The promoter elements of the 7SL RNA gene is an example of a nonclassical class III gene. Remember however that class III genes (i.e. those containing TATA box promoters) are transcribed by Pol III and not Pol II. 
28. Diagram the structures of the U1 and U6 snRNA promoters.  Which RNA polymerase transcribes each?  What is the effect of moving the TATA box from one of these promoters to the other?  Why does this seem paradoxical?

For structures of promoters, see Fig. 10.22.  The U1 gene is transcribed by polymerase II, and the U6 gene is transcribed by polymerase III.  Moving the TATA box from the U6 promoter to the U1 promoter changes the latter from a class II to a class III promoter.  This seems paradoxical because TATA boxes are traditionally thought of as class II promoter elements.

29. Describe and give the results of experiments that locate the 5’ border of the 5S rRNA gene’s promoter. 

Refer to Fig. 10.22. Brown and colleagues prepared a number of mutant 5S r RNA genes that were missing more and more of their 5’ end and observed the effects of the mutations on transcription in vitro. Transcription was measured by measuring the size of the transcript by gel electrophoresis. The entire 5’ flanking region of the gene could be removed without affecting transcription (compare lanes a and b in Fig 10. 22). Deletions all the up to 50 bp (lane g) still resulted in a ~120 bp band indicating that regions of the 5’end of the gene itself could be removed and transcription would occur (although note that this transcript would not be of the correct, i.e. wild-type sequence). However, deletions beyond + 50 destroyed promoter function (see result of a +55 bp deletion, lane h). Thus the 5’-border of the 5S rRNA promoter is ~ at +50 bp relative to the transcription start site of the gene. 
30. Explain the fact that enhancer activity is tissue specific. 

Enhancer sequences are bound by specific transcription factors, which then function to promote transcription. Since different tissues express different sets of these transcription factors, enhancer elements are active only in those tissues that express the transcription factors that recognize and bind to the enhancer element. 
Analytical Questions

1. No, transcription will not start in the same place.  It will start about 20 bp downstream of its normal start site.  You can locate the new start site with either S1 mapping or primer extension analysis.  The latter method will give better resolution.

2. You should first show that the suspected enhancer stimulates transcription.  To do that, you can clone the gene, along with the enhancer, then remove the enhancer by cutting on either side of it with a restriction enzyme, and ligating the plasmid DNA back together.  Next, attach a reporter gene (such as lacZ) to the promoter, so you can assay for transcription efficiency.  Then place the plasmid into cells that normally express the gene, after allowing time for transcription and translation, homogenize the cells, spin down the debris, and test the supernatant for -galactosidase activity.  If the DNA element really acts as an enhancer, -galactosidase activity should decrease dramatically when the element is removed.  But this behavior is also compatible with the element’s acting as a promoter element.  To rule that possibility out, perform two tests:  First, remove the element and put it back into the plasmid in the reverse orientation.  If transcription remains high, the element is orientation independent, which is a hallmark of an enhancer, but not a promoter.  Second, remove the element and place it hundreds of base-pairs away from the start of transcription, either upstream or downstream of the promoter.  If transcription remains high, the element is position independent, which is also a hallmark of an enhancer, but not a promoter.  Finally, you could move and invert the element, just to double-check its orientation and position independence.

3. Excise the region upstream of the start of transcription, encompassing the region from position -1 to about position -100.  Place this suspected promoter region into a plasmid, just in front of a reporter gene such as lacZ.  Then place the recombinant plasmid into cells that express the gene this promoter normally controls.  Allow time for expression of the gene, then homogenize the cells, spin down the debris, and test the supernatant for -galactosidase activity.  This gives you the normal level of expression with the promoter presumably intact.  Next, systematically alter short regions throughout the suspected promoter region, e.g., by linker scanning, and test each altered construct for transcription in vivo, by measuring -galactosidase activity.  Promoter elements (and possible enhancer elements) are the ones whose alteration causes a significant drop in transcription level.  Here are sample results that reveal two probable promoter elements, one between positions -21 and -40, and the other between positions -61 and -70.  To rule out the possibility that these elements are acting as promoters, you should test their orientation- and position-dependence as described in the previous question.

Altered region
-galactosidase activity
No alteration


100%

-1 to -10


105%

-11 to -20


  95%

-21 to -30


  10%

-31 to -40


    5%

-41 to -50


100%

-51 to -60


  98%

-61 to -70


    7%

-71 to -80


108%

4. Start with the 5S rRNA gene cloned into a plasmid.  Make progressive deletions from the 3'-end of the gene, then transcribe all these constructs in vitro.  Collect the unlabeled RNAs from each in vitro reaction and perform primer extension with a primer that hybridizes about 40-60 nt downstream of the start of transcription.  You should see a strong signal (a band about 40 nt long) with the wild-type gene, and with all 3'-deleted mutants until your deletions reach about position +83.  At that point, the signal should diminish rapidly because you are encroaching on the internal promoter.
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