Answers to Weaver end of chapter questions

Chapter 14  RNA Processing I: Splicing
1. Describe and give the results of an R-looping experiment that demonstrates that an intron is transcribed. 

Refer to Fig. 14.3. In R-looping experiments, RNA is hybridized to its DNA template. When the mouse -globin mRNA precursor was hybridized to a cloned mouse -globin gene (DNA), a smooth hybrid was formed (as opposed to when the mature mRNA was used), indicating that the introns are present in the original RNA made (the pre-mRNA).

2. Diagram the lariat mechanism of splicing. 


Refer to Fig. 14.4.

3. Present gel electrophoresis data that suggests that the excised intron is circular, or lariat shaped. 

Sharp and colleagues made a cell-free splicing extract and used it to splice and RNA with an intron. The radiolabeled transcript, derived from a portion of adenovirus major late region contained two leader exons with a (231-nt) intron in between. After incubation, the products were electrophoresed revealing the unspliced precursor plus a novel band with unusual behavior on gel electrophoresis. The novel band migrated faster than the precursor on a 4% polyacrylamine gel, but slower than the precursor on a 10% polyacrylamine gel. This behavior is characteristic of circular or branched RNAs, such as lariat shaped RNAs.

4. Present gel electrophoresis data that distinguishes between a lariat-shaped splicing intermediate (the intron-exon-2 intermediate) and a lariat-shaped product (the excised intron). 

Refer to Fig. 14.5. Sharp and colleagues performed splicing reactions in  vitro and electrophoresed the products after various times. Bands containing the intron-exon 2 intermediate or the intron itself, could be resolved from each other and displayed anomalously low electrophorectic mobilities (being near the top of the gel and suggesting circular or lariat shaped geometries).

5. The lariat model predicts an intermediate with a branched nucleotide. Describe and show the results that confirms this prediction.

Refer to Figs. 14.6 and 14.7. RNase T1/T2 and Rnase P1 cut after every nucleotide in RNA, T1 or T2 leave nucleoside-3’-phosphates, whereas P1 generates nucleoside-5’-phosphates. An ordinary mononucleotide has a charge of –2; however, RNase digestion of the splicing intermediate resulted in products (as determined by thin-layer chromatography) displaying charges of –6 and –4, from T2 and P1 treatment, respectively. These charges are consistent with a branched structure. To prove that these structures were correct, Sharp and colleagues treated the RNase P1 product with periodate and aniline to remove the 2’ and 3’-nucleosides by -elimination. The resulting product comigrated with adenosine 2’,3’,5’-trisphosphate, verifying the presence of a branch and demonstrating that the branch occurs at an adenine nucleotide. 

6. Describe and give the results of an experiment that shows that a sequence (UACUAAC) within a yeast intron is required for splicing. 

Refer to Fig. 14.8 (mutant 1). Langford and Gallwitz made mutant yeast actin genes in vitro, reintroduced them into yeast cells, and tested for splicing by S1 mapping. When they removed a region 35-70 bp upstream of the 3’ splice site, splicing was blocked. 

7. Describe and give the results of an experiment that demonstrates that the UACUAAC sequence within a yeast intron dictates splicing to an AG downstream.

Refer to Fig. 14.8 (mutants 2 and 3). When Langford and Gallwitz inserted an extra DNA segment between the UACUAAC sequence and the second exon (mutant 2), splicing occurred from the usual 5’-splice site but to an aberrant 3’-splice site that was the first AG downstream of the UACUAAC sequence. Furthermore, a mutant (3) containing the UACUAAC sequence within the second exon, resulted in the 3’-splice site at the first AG downstream of the UACUAAC sequence inserted in its new location.

8. What role does the UACUAAC sequence play in the lariat model of splicing?

The conserved UACUAAC sequence is important because it contains the branchpoint adenine nucleotide: the final A in the sequence, which forms the lariat.

9. Describe and show the results of an experiment that demonstrates that yeast spliceosomes have a sedimentation coefficient of 40S.

Refer to Fig. 14.9. Brody and Abelson incubated labeled yeast pre-mRNA to cell-free extracts and used glycerol gradient ultracentrifugation to purify and characterize the sedimentation coefficient of the spliceosome. Using wild-type pre-mRNA, a 40S peak containing labeled RNAs was detected that contained lariats (splicing intermediate and spliced-out intron). A mutant pre-mRNA that had an A( C mutation at the branchpoint (unsplicable), however, was severely impaired in its ability to form spliceosomes.

10. Describe and show the results of an experiment that demonstrates that base pairing between U1 snRNA and the 5’-exon-intron boundary is required for splicing.

Zhuang and Weiner used the adenovirus E1A gene that contains three alternative 5’splice sites. Splicing of this gene normally occurs from each of these sites to a common 3’-site that yields one of three possible mature mRNAs (9S, 12S, or 13S, Fig. 14.11).  These three different splicing products can be distinguished experimentally by S1 mapping. Zhuang and Weiner mutated the 12S 5’-splice site, disturbing the potential base pairing with U1 (Fig. 14.12). One of their constructs contained a mutation that disrupted a GC base pair the G(+5) of the intron and a C in U1, but introduced a new potential base pair between U(+6) of the intron and an A in U1. This mutation resulted in loss of splicing at the 12S site (Fig. 14.13, lane 4). Next, they made a compensatory mutation that restored base pairing with the mutant splice site and this construct was properly spliced at the 12S site.  

11. Describe and show the results of an experiment that demonstrates that base pairing between U1 and the 5’-exon-intron boundary is not sufficient for splicing.


Zhuang and Weiner demonstrated this by constructing a mutant 13S splice site with weakened base pairing to U1 whose (lack of) splicing could not be suppressed by a compensatory mutation in U1. See Figs. 14.12 and 14.13. In this case, they mutated the 13S 5’-splice site, changing an A to a U in the +3 position, which abolished 13S splicing, and stimulated 12S and 9S splicing (Fig. 14.13, lane 6). A compensating mutation in U1 restored the six base pairs, but failed to restore splicing at the 13S site (Fig. 14.13, lane 7). 

12. What snRNP besides U1 and U5 must bind near the 5’-exon-intron boundary in order for splicing to occur? Present cross-linking data to support this conclusion.

The U6 snRNA is required in addition to the U1 and U5 snRNAs for splicing to occur. Crosslinking experiments demonstrated that U6 binds to a site very close to the 5’ end of the intron in the spliceosome. Sontheimer and Steitz used one crosslinking strategy involving substituting 4-thiouridine for nucleotides at either two positions, the last nucleotide in the first exon, or the second nucleotide in the intron. The 4-thioU forms covalent cross-links with other RNAs with which it is in contact when exposed to UV light. This experiment showed a linkage between U6 and the second nucleotide in the intron. Wasserman and Stietz used psoralen crosslinking to demonstrate association between U6 and the splicing precursor (as well as other RNA-RNA associations). 

13. Describe and show the results of an experiment that demonstrates that base-pairing between U2 snRNA and the branchpoint sequence is required for splicing. In this experiment, why was it not possible to mutate the cell’s only copy of the U2 gene?

Refer to Figs. 14.15 and 14.16. Guthrie and colleagues mutated the branchpoint sequence and showed that the loss in splicing this caused could be reversed by a complementary mutation in the U2 gene. The branchpoint mutations were made on a fused actin-His4 gene containing an intron in the actin portion, which was then transfected into a histidine-dependent yeast mutant. If spliced properly, the His4 part of the fusion protein product would be active and the cells would be viable on histidinol (His4 converts histidinol to histidine). Suppression of the actin-His4 branchpoint mutants was tested using mutant U2s that were introduced into the yeast cells (on a second plasmid). It was necessary to place the mutant U2 genes on plasmids because making a mutation in the cell’s only copy of U2 would be lethal due to failure of the splicing of all other genes. 

14. Besides base-pairing with the pre-mRNA, U6 base-pairs with two snRNAs. Which ones are they? 

snRNAs U2 and U4

15. Describe and show the results of an experiment that demonstrates that U5 contacts the 3’-end of the upstream exon and the 5’-end of the downstream exon during splicing. Make sure your experiment(s) provide positive identification of the RNA species involved, not just electrophoretic mobilities. 

Refer to Fig. 14.17. Sontheimer and Steitz used 4-thioU based cross-linking to demonstrate that U5 contacts the 3’ upstream exon and the 5’ downstream exon during splicing. In one experiment, a normal splicable variant was produced by substituting 4-thioU for the C in the first position of the second exon of an adenovirus major late splicing substrate. Cross-linking of the 4-thioU to whatever snRNA was near the 5’-end of the second intron resulted in a U5/intron-E2 complex. To show that this complex really did include U5, the intron, and exon 2, the complex was hybridized to DNA oligonucleotides  complementary to these RNAs, then treated the complex with RNase H, which degrades the RNA part of the RNA-DNA hybrid.  When oligonucleotides specific for U5, the intron, and exon 2 were used, the complex disappeared, showing that these elements really were part of the complex. 

16. Describe and give the results of an experiment that demonstrates which bases in U5 can be cross-linked to bases in the pre-mRNA.

Refer to Fig. 14.18. To identify the bases to which U5 crosslinks in the pre-mRNA, primer extension blockage was used. Oligonucleotides complementary to snRNA sequences were used as primers in a reverse transcription of the snRNA.  If a cross-link exists, the reverse transcriptase would stop, and yield a DNA of a defined length. These data demonstrated that two adjacent U’s in U5 cross-link to the last base in the first exon, that one of the same U’s that were involved in cross-links to the end of the first exon is also involved, along with an adjacent C, in cross-links to the first base in the second intron., i.e U5 is involved in binding to the 3’-end of the first exon and the 5’-end of the second exon (Fig. 14.19).

17. Summarize the evidence for a catalytic Mg2+ in spliceosomal splicing.

(1) Metal ions (such as Mg2+) can activate the nucleophile (the 2’-OH of the branchpoint A) and stabilize the leaving group (the oxygen that will become the 3’-OH at the end of the first exon). (2) Replacement of one oxygen of U6 snRNA with sulfur completely blocks splicing. This substitution blocks Mg2+ binding to U6. Mangenese (Mn2+) can still bind to the sulfur derivative. Therefore, if metal binding is important for splicing, Mn2+ should substitute for Mg2+ in (activating splicing) with the S-derivative, which it does. (3) Formation of RNA X (a branched splicing intermediate) depends on Mg2+, with Mg2+ essentially being able to catalyze a reaction similar to the first step in splicing. 

18. Summarize the evidence that a mixture of spliceosomal RNA fragments can catalyze a reaction related to the first splicing step. 


Refer to Fig. 14.22. Valadkhan and Manley added a labeled branchpoint oligonucelotide (Br) to U2 and U6 snRNA fragments, resulting in the formation of RNA X. Next, they reacted 5’- and 3’-end-labeled Br and U2 and U6 fragments and found label from both ends of U6 and Br, but no label from U2 in the RNA X product. Blocking the 5’-ends of Br and the U6 fragment did not inhibit RNA X formation, indicating that the ends of the two RNAs are not involved in the linkage, so the linkage must be somewhere within each of the RNAs (producing an X-shaped product). Finally, the link between the two RNAs was mapped to the branchpoint A in Br and the phosphate between A53 and G54 of the invariant AGC triad in U6 (see Fig. 14.21). Thus, Mg2+, U2, U6, and Br, with no help from proteins, can catalyze a reaction related to the first step of splicing.  


19. Draw a diagram of a pre-mRNA as it exists in a spliceosome just before the second step in splicing. Show the interaction with U2, U5, and U6 snRNPs. This scheme resembles the intermediate stage for splicing of what kind of self-splicing RNA?

Refer to Fig. 14.20 (panel a), which also shows that this scheme resembles the intermediate stage of group II self-splicing introns (panel b).

20. Describe and show the results of an experiment that demonstrates that U1 is the first snRNP to bind to the splicing substrate.

Ruby and Abelson immobilized a yeast pre-mRNA on agarose beads by hybridizing it to a complementary “anchor RNA” joined to the beads via a biotin-avidin linkage. Then they added yeast nuclear extract for varying periods of time, washed away the unbound material, eluted the RNAs, and subjected the samples to electrophoresis and blotting. The blots were then probed with various spliceosomal snRNAs. Fig. 14.23 contains the results, which show that U1 was the first snRNA to bind the splicing substrate (compare lane 2 with lane 15, and panel b, time course in which U1 stands out as the first snRNP to join the spliceosome).

21. Describe and show the results of an experiment that demonstrates that binding of all other snRNPs to the spliceosome depends on U1, and that binding of U2 requires ATP.

Refer to Fig. 14.24. The initial kinetics of snRNP association with pre-mRNA showed that ATP was required for optimum binding of all snRNPs except U1. To determine the order of spliceosome assembly, U1 (or U2) was inactivated using DNA oligonucleotides complementary to each (U1 or U2) snRNA, followed by RNase H to degrade the RNA part of the RNA-DNA hybrid, so the parts of the snRNAs in a hybrid with the DNA oligomers were degraded. The parts that hybridized to the pre-mRNA (the 5’-splice site and the branchpoint, respectively) were selected for degradation. The loss of U1 prevented binding of all snRNPs (compare Figure 14.26, lane 2 to lane 4). Loss of U2 led to loss of U5, but not U1, binding and if ATP was not present, then U2 could not bind.

22. What are Sm proteins?

Sm proteins are components of the snRNP structure and are common targets of antibodies that appear in patients with systemic autoimmune diseases. All snRNPs have the same set of seven of these Sm proteins and they form donut-shaped structures, to which other proteins attach, e.g., the two largest U1-specific proteins, 70K and A, appear to attach to the Sm “donut” as well as bind to stem-loop structures in the U1 snRNA. 

23. How do the characteristics of minor spliceosomes help show the importance of base-pairing between snRNAs and pre-mRNA sites.

Minor spliceosomes represent a rare group of variant introns whose 5’-splice sites and branchpoint sequences do not match those of known snRNAs (especially U1 and U2). This led to the discovery of alternate (minor) snRNAs known as U11 (substitutes for U1 for splicing these introns) and U12 (U2 analog); and U4atac and U6atac, which perform like U4 and U6, respectively.  These alternate snRNAs have sequences that can base-pair with the 5’-splice sites and branchpoint sequences of the variant introns, which highlights the importance of base pairing between snRNAs and key sites on the pre-mRNA.

24. Describe and show the results of an experiment that demonstrates that Slu7 is required for selection of the proper AG at the 3’-splice site.

Refer to Fig. 14.32. Chua and Reed depleted Hela extracts of Slu7 using anti-Slu7 antiserum linked to Sepharose beads. Extracts depleted of Slu7 yielded almost no mature mRNA or intron, but abundant exon 1 and lariat-exon 2, i.e. step 2 of splicing was blocked. Next, using a series of splicing substrates containing AG sequences downstream of the branchpoint sequence, they showed that when these substrates were incubated with Slu7-depleted extracts, they spliced to the incorrect AG, whereas Slu7-containing extracts spliced at the natural AG.   

25. Describe a splicing commitment assay to screen for splicing factors involved in commitment. Show sample results.

A splicing commitment assay can be performed by incubating a labeled splicing substrate with a purified splicing factor (SC35), followed by addition of a nuclear extract to allow splicing to occur.  The labeled RNAs can then be electrophoresed and analyzed to see if spliced mRNA appears. The results (Figs. 14.28) show that SC35 alone is sufficient to cause commitment. These assays led to the characterization of a group of factors known as SR proteins (of which SC35 is a member) that display commitment activity (Fig. 14.29).

26. Describe and give the results of a yeast two-hybrid assay that shows interaction between yeast branchpoint bridging protein (BBP) and two other proteins. What are the two other proteins, and where are they found with respect to the ends of the intron in the commitment complex?

Refer to Fig. 14.30. Abovich and Rosbash made three DNA-binding domain-fused constructs; BBP-, Prp8p-, and Prp40p-, as well as three activating domain-linked proteins; Mud2p-, Prp40p-, and Prp8p-. The seven different combinations of these proteins (two additional combinations which were not included would represent the same protein linked to the DNA binding and activation domains) were tested for their ability to interact and lead to lacZ reporter gene activity. These data indicated that BBP interacted with Mud2P and Prp40p. Mud2P binds to the 3’-splicing signal and Prp40p, a polypeptide subunit component of U1 snRNP, is found at the 5’-splicing signal (Fig. 14.30).

27. Describe and give the results of an experiment that shows that the RNA polymerase II CTD stimulates splicing of pre-mRNAs that use exon definition. 

Refer to Figs. 14.32 and 14.33. In exon definition, splicing factors recognize the ends of exons and splice out the introns in between. Zeng and Berget carried out splicing assays as described in Fig. 14.32 using substrates that contained complete exons (the substrate required for exon definition-derived splicing). These data showed that addition of CTD (fused to GST) increased  splicing 3-5 fold for substrates containing complete exons but did not stimulate splicing of substrates that contained an incomplete exon. Thus, CTD appears to stimulate splicing by exon definition, but has no effect on splicing by intron definition. A separate experiment in which RNA polymerase II (along with its CTD) was immunodepleted, resulted in extracts that were depressed for splicing of a substrate that depended on exon definition, but had little effect on a substrate that could use intron definition. 

28. Diagram the alternative splicing of the immunoglobin  heavy-chain transcript. Focus on the exons that are involved in one or the other of the alternative pathways, rather than the ones that are involved in both. What difference in the protein products is caused by the two pathways of splicing?

A diagram of alternative splicing is given in Fig. 14.35. The difference in the two protein products is in the carboxy terminus. One product, termed m or the membrane mRNA, gives rise to a hydrophobic carboxy terminal region that acts to anchor it to the membrane, whereas the other form, s or the secreted mRNA, gives rise to a protein that lacks this hydrophobic membrane anchor.

29. Describe a computational and an experimental method to identify sequences that act as exonic splicing silencers (ESSs).


Exonic splicing silencers (ESSs) are sequences within exons that inhibit splicing. One way of finding them is to mutate putative sequences and observe depression of splicing at a particular site. Another approach would entail a computational method in which the sequences of authentic exons and pseudoexons are compared in an analysis that searches for short sequences (6-10 nt) that are found more often in pseudoexons than in real exons, since splicing at pseudoexons is likely to be repressed. A further experimental approach is to look directly for sequences that inhibit splicing (Fig. 14.40). Burge and colleagues designed a reporter construct that contained the two exons of the gene that coded for green fluorescent protein (GFP). Between these exons, they included another exon, which if included in the mature mRNA would results in an interrupted (and hence non-fluorescent) protein. Random 10-bp sequences were then placed into the central exon, the constructs introduced into cells, and screened for green cells under UV light. Those constructs that produced functional gfp contained 10-bp sequences that suppressed the splicing (acted as ESSs) of the central exon in the mature mRNA.

30. Describe and show the results of an experiment that demonstrates self-splicing by a group I intron. 

Cech and coworkers cloned part of the Tetrahymena 26S rRNA gene containing the intron, and transcribed the plasmid in vitro with RNA polymerase. The results of the transcription reaction contained a spliced product. In order to demonstrate that splicing was carried out by the RNA itself, or if the RNA polymerase was involved, they ran RNA polymerase reactions in the presence of various RNA splicing inhibitors (polyamines). The products of the reaction (four RNA bands and the material that remained at the origin) were separated and purified by gel electrophoresis. These RNAs (lacking RNA polymerase) were then incubated under splicing conditions and reelectrophoresed to determine whether any splice products occurred. RNA in the origin and in band a of panel (a) yielded no intron, whereas the RNAs from bands b-d did yield intron under splicing conditions. Hence, bands b, c, and d appear to be 26S rRNA precursors that can splice themselves without any protein.   

31. Describe and show the results of an experiment that demonstrates autocyclization by the linear group I intron.

Autocyclization was demonstrated by Cech and coworkers who simply incubated the linear intron at elevated temperatures and in the presence of Mg2+ and higher concentrations of ammonium sulfate. Formation of the circular product was detected after electrophoresis of labeled RNA products obtained from an in vitro transcription assay. 

32. Describe and show the results of an experiment that demonstrates that an RNA containing a group I intron can splice together its two exons.

Refer to Fig. 14.41. Cech and coworkers used a model splicing reaction to demonstrate exon splicing. A labeled splicing substrate, representing 303 bp of the first exon, the whole intron, and 624 bp of the second exon of the Tetrahymena 26S rRNA precursor, was produced in vitro in the presence of radiolabeled ATP. This RNA was incubated  under splicing conditions +/- GTP and analyzed for splice products. Fig. 14.41, panel b, shows that ligated exons (as well as circular and linear spliced out introns) were detected when GTP was present, but that no product formed in its absence.

33. Describe and show the results of an experiment that demonstrates that a guanine nucleotide is added to the end of a spliced-out group I intron.

Refer to Fig. 14.42. In this instance, Cech and coworkers, produced an unlabeled splicing substrate as described in Q35, and incubated the RNA with radiolabeled GTP. The reaction was subjected to Sephadex column chromatography (separate reactants and products) and fractions from the purification were electrophoresed and analyzed for the presence of the radiolabeled guanine nucleotide by autoradiography. Fig 14.42, lanes 2, 3, and some in 4, show radiolabel in a fraction corresponding to the linear intron marker.

34. Draw a diagram of the steps involved in autosplicing of an RNA containing a group I intron. You do not need to show cyclization of the intron.


Diagram given in Fig. 14.43
35. Diagram the steps in forming the L-19 intron from the original excised linear intron product of the Tetrahymena 26S pre-rRNA. Do not go through the C-15 intermediate. 


Diagram given in Fig. 14.44. Start with linear intron at top ( then step 2 (not 1, which would represent the passage through the C-15 intermediate) ( then step 5, which results in the L-19 intron.

Analytical Questions
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1. First make mutations in the 7-nt stretch of the 3’-splice site that you suspect base-pairs with the V3 RNA.  For example, change the sequence CCUUGAG to CCAAGAG  These mutations should interfere with splicing, which you can assay by S1 mapping with a 5’-labeled probe that contains no intron sequences, spans both exons, and extends upstream of the first exon.  If splicing occurs, the probe will be protected throughout both exon regions.  On the other hand, if splicing does not occur, the probe will be protected only over the downstream exon region, and a shorter band will be observed on gel electrophoresis of the protected probe.  Next, make mutations in V3 (e.g., to 3’-GGUUCUC-5’) that would restore base-pairing with the altered 3’-splice site.  If base-pairing between these two RNAs is really important in splicing, this alteration in V3 should restore splicing (unless the proper sequence of the 3’-splice site is important for another aspect of splicing).

2. See Figure 14.6.  Notice that the intermediate in this reaction is a cyclic 2’,3’-phosphate, which requires hydroxyl groups on both 2’ and 3’ groups of the ribose.  DNA has no 2’-hydroxyl group, so it cannot be hydrolyzed by base.

3. The single base change in the gene’s first intron is in a very sensitive spot (at one of the splice sites, or at the branchpoint.  This change is enough to inactivate splicing of this intron, so no active mRNA will be exported to the cytoplasm, and no -globin will be produced.

4. Removing the extra promoter and the extra polyadenylation site reduces the number of decision points from 6 to 4.  Now the number of different spliced mRNAs that can be produced by this gene is 24 = 16.
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