Answers to Weaver end of chapter questions
Chapter 15  RNA Processing II: Capping and Polyadenylation
1. You label a capped eukaryotic mRNA with 3H-AdoMet and 32P, then digest it with base and subject the products to DEAE-cellulose chromatography. Show the elution of cap 1 with respect to oligonucleotide markers of known charge. Draw the structure of cap 1 and account for its apparent charge. 


The DEAE elution profile is given in Fig. 15.1, panel b. As indicated in the figure, when compared to standard markers of known net charges, the cap behaved as a substrate with a negative charge of –5. Fig. 15.3 shows the structure of cap 1. The methylated guanine contributes a (+1) positive charge, the triphosphate linkage contributes (-3) three negative charges, The phosphodiester bond contributes a (-1) negative charge, and the terminal phosphate contributes (-2) two negative charges. The net charge is therefore ~ -5.

2. How do we know that the cap contains 7-methylguanosine?


See Figure 15.2.  Furuichi and Miura determined that the 5’-modification on the RNA could be removed using a phosphodiesterase, which cuts both phosphodiester and phosphoanhydride bonds. This enzyme releases a charged compound (Xp). Xp was treated with phosphomonoesterase, which removes the phosphate, leaving X. This compound was subjected to paper electrophoresis and paper chromatography, and was demonstrated to correspond to a 7-methylguanosine (m7G) standard. 

3. Outline the steps in capping.

Refer to Fig. 15.4. Capping is a multistep process; (a) an RNA triphosphatase removes the terminal phosphate from pre-mRNA, (b) a guanylyl transferase adds the capping GMP using GTP, (c) and (d) before the RNA chain length reaches ~30 nt, the N7 of the of the capping guanosine and the 2’-O-methyl groups are methylated.

4. Describe and show the results of an experiment that demonstrates the effect of capping on RNA stability. 

Refer to Fig. 15.6. Furuichi and coworkers synthesized newly labeled reovirus RNA that was either capped with  m7GpppG, blocked with GpppG, or uncapped. They injected the RNAs into Xenopus oocytes and after incubation (8 hr), extracted the RNAs from the cells and subjected them to gradient ultracentrifugation to measure their sizes. Reovirus RNAs exist in three different size classes (unrelated to the three different 5’-modifications described above), termed large, medium, and small. The three different kinds of capped RNAs showed a similar distribution of RNA size classes (before injection into the Xenopus cells), however, after 8 hr in Xenopus cells, all three kinds of 5’-ends suffered degradation but degradation was much more pronounced for the uncapped RNAs.

5. Describe and give the results of an experiment that shows the synergistic effects of capping and polyadenylation on translation.

Refer to Table 15.1. Using an in vivo assay, Gallie introduced mRNAs with and without the cap and with and without poly(A) tails into tobacco cells. These RNAs encoded  firefly luciferase, which is easy to detect. Polyadenylation alone increased luciferase activity by 1.5 fold, capping alone by 21-fold, whereas both polyadenylation and capping increased the activity by almost 300-fold.  Thus, polyadenylation and capping act synergistically to stimulate translation of the luciferase mRNA.
6. Describe and give the results of an experiment that shows the effect of capping of mRNA transport into the cytoplasm.

Hamm and Mattaj placed the Xenopus U1 snRNA gene under control of the human U6 snRNA promoter, so that it would be transcribed by polymerase III rather than polymerase II (the enzyme that usually transcribes this gene). Transcripts made by pol III remain uncapped, whereas those made by pol II are capped. The construct was injected into Xenopus oocyte nuclei, along with a labeled nucleotide and an internal control 5S rRNA construct.  The toxin -amanitin was also included in order to inhibit RNA polymerase II. Twelve hours after injection, the oocytes were dissected into nuclear and cytoplasmic fractions and the labeled products in each were analyzed by gel electrophoresis. The cellular location of capped U1 snRNAs made by polymerase II (normal condition) was compared to that of uncapped U1 snRNA made by polymerase III. The results were that almost all uncapped U1 snRNA made by pol III remained in the nucleus, whereas the capped product (made by pol II) was transported into the cytoplasm.

7. Describe and give the results of an experiment that shows the size of the poly(A) tail.

Refer to Fig 15.7. Sheiness and Darnell determined the size of the poly(A) tail by isolating radiolabeled hnRNA from nuclei and cytoplasm of HeLa cells, then releasing the poly(A) from these RNAs by RNase A and RNase T1 treatment. These RNAses cleave after C, U, and G nucleotides, but not A’s, thus any stretch of A’s would remain intact. The electrophoresed products migrated slower than a 5S rRNA marker, corresponding to molecules ~150-200 nt in length (Now that poly(A)s from many different organisms have been analyzed, the average size of fresh poly(A) is ~250 nt).

8. How do we know that the poly(A) is at the 3’-end of mRNA?

Refer to Fig. 15.8. Base hydrolysis gives AMP plus one molecule of adenosine (ratio of ~200:1) and complete RNAse digestion also yields one molecule of adenosine and ~200 molecules of AMP.   Also, digestion of mRNA with an RNase that works from the 3’-end inward releases the poly(A) very rapidly, suggesting that the poly(A) is right at the 3’-end.
9. How do we know that poly(A) is added posttranscriptionally?


(a) There are no runs of T’s long enough to encode the poly(A) in the genomes that have been analyzed, (b) DNA-transcription inhibitors such as actinomycin, do not inhibit polyadenylation, (c) the machinery (enzymes) responsible for polyadenylation has been identified.

10. Describe and give the results of experiments that show the effects of poly(A) on mRNA translatability, mRNA stability, and recruitment of mRNA to polysomes.

Refer to Figs 15.9 (protection of mRNA), 15.10 (translatability), and Fig. 15.11 (recruitment to polysomes).  (a) Revel and colleagues demonstrated that poly(A)- mRNA injected into Xenopus cells could no longer support translation ~ 6 hr post-injection, whereas poly(A)+ mRNA was still quite actively translated (Fig. 15.9). (b) Munroe and Jacobsen tested poly(A)+ and poly(A)- mRNAs for both translatability and stability using a rabbit reticuloctye assay that supports translation. Their substrates were various synthetic mRNAs made in vitro, in which the poly(A) was added by adding poly(T) to their respective genes with terminal transferase and dTTP for varying lengths of time before cloning and transcription. In their experiments, both uncapped and capped mRNAs were translated better with poly(A) than without (Fig. 15.10). (c) Munroe and Jacobson measured the incorporation of differentially labeled mRNAs into polysomes (mRNAs with more than one ribosome translating them). The poly(A)+ mRNAs were labeled with 32P, while the poly(A)- mRNAs were labeled with 3H. These were incubated together in the reticulocyte extracts and the polysomes separated from monosomes by sucrose gradient ultracentrifugation. Poly(A)+ mRNA was found to be significantly more associated with polysomes that was poly(A)- mRNA (Fig. 15.11, panel a). The length of the poly(A) tails also correlated with polysome association (Fig. 15.11, panel b). 

11. Draw a diagram of the polyadenylation process, beginning with an RNA that is being elongated past the polyadenylation site.


Refer to Fig. 15.12. (a) The transcript is cleaved, which can occur while the transcript is still being made, and the cut occurs at the end of the part of the RNA that will be included in the mature mRNA. (b) Polyadenylation occurs via enzymatic addition of As to the 3’-end. (c) “Extra” or cleaved RNA (beyond the polyadenylation site) is degraded.

12. Describe and give the results of an experiment that shows that transcription does not stop at the polyadenylation site.


Nevins and Darnell hybridized radioactive RNA made in cells in the late portion of adenovirus infection to DNA fragments from various positions throughout the major late region. Since RNA hybridized to all the fragments equally well, i.e. to fragments near the 3’-end of the region just as well as to fragments near the 5’-end, this means that, once transcription of the major late region has begun, it is elongated all the way to the end of the region before it terminates, i.e the major late region contains only one transcription terminator that lies at the end of the region. This whole region is a transcription unit that contains multiple genes, thus transcription continues far past the polyadenylation sites for most of the genes before clipping and polyadenylation occurs. Hofer and Darnell used a similar approach to demonstrate that transcription does not stop at the polyadenylation site of the mouse -globin gene (Fig. 15.13).

13. Describe and give the results of an experiment that shows the importance of the AAUAAA polyadenylation motif. What other motif is frequently found in place of AAUAAA? Where are these motifs found with respect to the polyadenylation site.

Refer to Fig. 15.14. Fitzgerald and Shenk demonstrated the importance of the AAUAAA sequence by constructing various mutations within the motif (and the sequences surrounding it) and testing for polyadenylation of the genes. Mutations (i.e. deletions) between the AAUAAA site and the polyadenylation site resulted in shifting of the polyadenylation downstream by roughly the number of nucleotides deleted, whereas mutations resulting in the deletion of the AAUAAA sequence resulted in loss of polyadenylation at that site in the mRNA. The most common variant is AUUAAA (on the RNA level), and it is about 80% as efficient as AAUAAA (see also Fig. 15.15 for consensus sequence and variants). These motifs are about 20-30 bp before the polyadenylation site.

14. Describe and give the results of an experiment that shows the importance of the GU-rich and U-rich polyadenylation motifs. Where are these motifs with respect to the polyadenylation site.

The G/U- and U-rich sequences are found sequentially approximately 20-25 bp downstream of the AAUAAA, and hence approximately at (and beyond) the polyadenylation site. The combination of the GU- and U- rich and AAUAAA motifs appear to be the minimum signals for efficient polyadenylation to occur. Gil and Proudfoot demonstrated the importance of the GU/U-rich sequence by constructing various mutants. They began by first duplicating the whole polyadenylation signal sequence upstream of the natural one and showing that this was active (was polyadenylated at 90% efficiency compared to the natural sequence). Deletion of a 35-bp fragment containing the GU- and U- rich sequence abolished polyadenylation; however, neither the GU- nor the U-rich region alone led to polyadenylation. Furthermore. the positions of the GU- and U-rich regions were determined to be important by construction of mutants in which these regions were shifted relative to the AAUAAA element. The conclusions from their (mutant) studies was that an efficient polyadenylation signal has an AAUAAA motif followed 23-24 bp later by a GU-rich region, followed immediately by a U-rich motif.

15. Describe and give the results of an experiment that shows the effect of the Rpb1 CTD on pre-mRNA cleavage prior to polyadenylation.

Refer to Fig. 15.17. Hirose and Manley probed the effect of the RNA polymerase II CTD in stimulating cleavage of the pre-mRNA (prior to polyadenylation) by expressing the CTD as a fusion protein to glutathione-S-transferase, purifying the CTD-fusion protein (CTD-GST) and testing phosphorylated and unphosphorylated CTD—GST in a cleavage assay with the adenovirus L3 pre-mRNA. Both the phosphorylated and unphosphorylated CTDs stimulated cleavage in a concentration dependent manner, although the phosphorylated form worked ~ 5-times better than the unphosphorylated one (Fig. 15.17, panel a).

16. Describe and give the results of an experiment that shows the importance of poly(A) polymerase and the specificity factor CPSF.

Refer to Fig. 15.19. Wickens and colleagues separated and (partially) purified poly(A) polymerase and the specificity factor CPSF. When these components were added to an RNA substrate in vitro, only reaction mixtures containing aliquots from both the poly(A) polymerase and CPSF fractions (+ ATP) led to polyadenylation of the substrate. Note too that they also tested a substrate with a mutated AAUAAA signal (changed to AAUCAA) and that this was not polyadenylated in a complete reaction mixture (Fig. 15.19, last lane).

17. Describe and give the results of an experiment that shows the effect on polyadenylation of adding 40 A’s to the end of a polyadenylation substrate that has an altered AAUAAA motif.

Refer to Fig. 15.20. Sheets and Wickens constructed several different model RNA substrates; (i) “mutant” terminal 58 nt of the SV40 late mRNA, with the AAUAAA changed to AAGAAA, (ii) the same RNA as in (i) with 40 As added to its 3’-end, (iii) same as (i) with 40 nt added from the vector (instead of a string of As). These substrates were then tested for polyadenylation using HeLa cell nuclear extracts. Polyadenylation did not occur with either constructs (i) or (iii), but did with (ii) (Fig. 15.20, right hand gel; the left hand gel shows results with the wild-type AAUAAA sequence). These data indicated that, even with an altered AAUAAA motif, if the first phase of polyadenylation (i.e. ~40 nt of A’s added) has occurred, then that substrate can be further polyadenylated in a second phase (to ~200-250 nt). 

18. Describe and give the results of an experiment that shows that CPSF binds to AAUAAA, but not AAGAAA.

Refer to Fig. 15.21. Using gel mobility shift assays, and protein-oligonucleotide crosslinking experiments, Keller and colleagues were able to show that CPSF binds to the AAUAAA but not the AAGAAA motif. First, wild-type and mutant labeled oligonucleotides were mixed with CPSF in various concentrations and the samples analyzed by gel electrophoresis. These data showed complex formation between CPSF and the AAUAAA-containing oligonucleotide, but not the AAGAAA oligonucleotide (Fig. 15.21, panel a). Next, the complex (i.e. CPSF and the oligos) were crosslinked using UV irradiation and the products electrophoresed on an SDS-PAGE gel. Again, the oligonucleotide bearing the AAUAAA sequence could be crosslinked to CPSF, but not the AAGAAA-containing oligonucleotide (Fig. 15.21, panel b)

19. Describe and give the results of an experiment that shows the effects of CPSF and PAB II on polyadenylation of substrates.

Refer to Fig. 15.23. A series of RNAs were synthesized and the effects of CPSF and PAB II (poly A binding protein) on polyadenylation of these model substrates was tested. These substrates were (a) L3 pre-mRNA (containing wild-type AAUAAA motif), (b) L3 with AAGAAA mutation, and (c)/(d) were the same as (a)/(b) except the RNAs contained a short stretch of A’s (oligo(A)) at their 3’-ends. The results showed that the L3 pre-mRNA substrate lacking oligo(A) could be polyadenylated by PAP plus CPSF, but not by PAP plus PAB II. However, the highest level of polyadenylation of these substrates occurred using PAP + CPSF + PAB II. The mutant L3 (AAGAAA) could not be polyadenylated by any combination of factors. L3 pre-mRNA-oligo(A), however, could be polyadenylated by PAP with either CPSF or PAB II. Furthermore, the mutant L3 with a oligo(A) could be polyadenylated by PAB II in the absence of CPSF.

20. Present a diagram of polyadenylation that illustrates the roles of CPSF, the cleavage enzyme, poly(A) polymerase (PAP), RNA polymerase II, and PAB II.


Refer to Fig. 15.24.

21. What part of the poly(A) polymerase (PAP I) is required for polyadenylation activity. Cite evidence.

PAP I consists of an RNA-binding domain at the N-terminus, followed by a polymerase module, then two nuclear localization signals, and finally several serine/threonine rich regions. The serine/threonine rich regions are not required for activity, but sequences extending ~150 amino acids towards the carboxyl terminus from the polymerase module are essential (at least in vitro). This was demonstrated by Manley and coworkers who constructed a series of 3’-end deletion mutants of PAP I and determined that only the full-length (689 amino acids) and partially truncated (538 amino acids) proteins retained activity, while deletions resulting in proteins of 379 and 308 amino acids were inactive.

22. Describe and give the results of an experiment that identifies the cytoplasmic polyadenylation element (CPE) that is necessary for cytoplasmic polyadenylation.

Refer to Fig. 15.27. Wickens and colleagues noted that RNAs known to undergo cytoplasmic polyadenylation during oocyte maturation contained the sequence UUUUUAU, termed the cytoplasmic polyadenylation element or CPE, upstream of the AAUAAA motif. In order to demonstrate that this sequence confers maturation-specific polyadenylation, SV40 3’-mRNA fragments with or without an added UUUUUAU sequence upstream of the AAUAAA signal were injected into Xenopus oocyte cytoplasm and stimulated for maturation-specific polyadenylation with progesterone. The results showed that only the RNAs containing the CPE were polyadenylated when the cells were stimulated by progesterone (Fig. 15.27, lanes 4 and 5).

23. Describe and give the results of an experiment that shows that a capping enzyme binds to the RNA polymerase II CTD.

Refer to Fig. 15.28. Bentley and colleagues made affinity columns containing glutathione-S-transferase (GST) coupled to: wild-type CTD, wild-type phosphorylated CTD, mutant CTD, or just GST with no CTD attached. HeLa cell extracts were then passed over the columns and any interacting proteins affinity purified. Elutates from the columns were tested for guanylyl transferase activity (capping enzyme) by observing the formation of a [32P]GMP adduct with the enzyme, which could be identified by SDS-PAGE and autoradiography. The results from these experiments showed that guanylyl transferase bound only to the phosphorylated form of CTD (Fig. 15.28, lane 6).

24. Describe and give the results of a Far Western blotting experiment that shows that a component of the U1 snRNP binds to the RNA polymerase II CTD.

Refer to Fig. 15.29. Morris and Greenleaf used a “Far Western blot” to demonstrate that a subunit of the U1 snRNP, namely Prp40, binds to CTD.  A Far Western Blot is similar to a Western Blot but, instead of being probed with an antibody, it is probed with another protein. In this case, Prp40 (as well as other proteins) were electrophoresed, blotted onto nitrocellulose, and the membrane was probed with labeled [32P]-CTD (The CTD was expressed as a -galactosidase fusion protein for ease of purification and was labeled by phosphorylation in vitro). Such a blot probed with the radiolabeled CTD showed that Prp40 (as well as Ess1 and Rsp5) binds to CTD (Fig. 15.29, panel b, lanes 8,9 (Prp40), lanes 10,11 (Rsp5), and lanes 1,2 (Ess1)).

25. Describe and give the results of ChIP analysis that shows: (a) that a capping enzyme associates with the RNA polymerase II CTD when it is close to the promoter but not when it is far from the promoter; and (b) that the phosphorylation state of the CTD changes as the RNA polymerase moves away from the promoter. 

(a) Refer to Fig. 15.30. Buratowski and colleagues used chromatin immunoprecipitation (ChIP) to immunoprecipitate chromatin with antibodies to the capping (and separately polyadenylation) enzymes as the chromatin was being transcribed by RNA polymerase. The precipitated chromatin was then probed by PCR with primers that would amplify DNA regions close to the promoters or remote from promoters of several different genes. Results of a ChIP assay using antibodies against the yeast capping enzyme guanylyl transferase resulted in a strong PCR signal with primers that hybridized near promoters, but weak signals with primers that hybridized to regions to the interior of genes. These data indicated that the capping enzyme associated with the transcribing complex at or shortly after initiation of transcription close to the promoter), but not later during elongation (far from the promoter).  

(b) Refer to Fig. 15.31. Buratowski and coworkers performed ChIP assays using antibodies directed against specific phosphorylated amino acids (serine 2 and serine 5) within CTD. These assays showed that serine 5 phosphorylation was found primarily in transcription complexes close to the promoter, while serine 2 phosphorylation occurs in transcription complexes remote from the promoter. 

26. Describe and give the results of an experiment that shows that failure of polyadenylation results in failure of proper transcription termination. Is this behavior due to failure of polyadenylation per se, or is it due to failure of cleavage of the transcript at the polyadenylation site?

Refer to Fig. 13.33. Proudfoot and colleagues cloned the yeast CYC1 gene into a plasmid under control of the strong Gal1/10 promoter. They made a similar construct that lacked the normal polyadenylation signal, and these plasmids were introduced into yeast cells. The loss of polyadenylation resulted in greatly reduced gene expression (Fig. 15.33, panel a). To determine whether transcriptional termination had failed, Proudfoot and coworkers, performed nuclear run-on analyses by dot blotting fragments of the CYC1 gene including fragments 800 bp past the polyadenylation site (see Fig. 15.33, panel b) and probing these fragments with RNA isolated from cells transfected with the wild-type or polyadenylation-signal-lacking plasmid constructs. Transcription of the wild-type construct stopped near the poly(A) (fragment 3), whereas transcription continued (i.e. termination failed) in the mutant construct (RNA that hybridized all the way to fragment 6 was detected, Fig. 15.33, panel c). Genes involved in cleavage of the RNA prior to polyadenylation resulted in failure to terminate, whereas genes that encoded proteins involved in polyadenylation after cleavage did not result in failure to terminate. Thus, cleavage at the polyadenylation site, not polyadenylation per se, is coupled to termination of transcription. 

27. Describe and give the results of an experiment that indicates that transcription termination requires autocatalytic cleavage of the transcript, even as it is being elongated (cotranscriptional cleavage). 

Proudfoot and coworkers inserted the -globin gene into a plasmid and introduced this plasmid into HeLa cells. They also replaced the autocatalytic (CoTC) element at the end of the -globin gene with two mutant forms; (a) CoTC(r), a minimal autocatalytic element, and (b) mut, an element lacking autocatalytic activity. They then performed nuclear run-on analyses to determine whether transcription termination occurred normally. They found that the gene with the CoTC(r) element terminated transcription almost as well as wild-type, whereas the gene with the mutD element allowed transcription to continue past the normal termination site. Additional mutants impaired in autocatalytic activity also failed to terminate normally.

38. Present a torpedo model for transcription termination in eukaryotes.

Refer to Fig. 15.36. First the RNA is cleaved downstream of the poly(A) site at a CoTC or other site, then an exonuclease binds to the newly generated RNA free end and begins degrading the RNA, following the RNA polymerase that is elongating the RNA. When the exonuclease catches the polymerase, it causes the polymerase to dissociate from the template and terminate transcription.

Analytical Questions
1. The simplest explanation of these data is that this cap has a diphosphate instead of a triphosphate linking the m7G to the penultimate nucleotide.  This would reduce the net negative charge by one.  To test your hypothesis, you could label the capping GTP and the precursor to the penultimate nucleotide (let’s say it’s AMP) in each of their three phosphate groups, then look to see which of these is preserved in the cap.  For example, you might find that only the -phosphates of the capping GTP and of the precursor (ATP) to the penultimate nucleotide are found in the cap.  That makes a total of two phosphates, which supports your hypothesis.  Alternatively, you might find that both the  and phosphates of the capping nucleotide, but neither of the phosphates of the ATP, are found in the cap.  This would also support your hypothesis. 

2. You could perform a gel mobility shift assay with CstF and short, labeled pieces of DNA containing either the GU-rich element or the U-rich element, or both.  If a gel mobility shift is obtained only when both elements are present, then both are required for binding to CstF.  On the other hand, it’s possible that only one or the other will suffice.
3. The behavior of RNA A shows that capping of a polyadenylated pre-mRNA stimulates splicing out the first intron.  Thus, since the second intron is spliced out regardless of capping, the major product of splicing of capped RNA A is fully spliced.  The behavior of RNA B shows again that capping of a non-polyadenylated pre-mRNA stimulates splicing out the first intron.  Comparison of the behaviors of RNA A and RNA B shows that polyadenylation stimulates splicing out the second (last) intron.  Thus, a hypothesis that explains all these results is that capping stimulates splicing out the first intron, and polyadenylation stimulates splicing out the last intron of a pre-mRNA.
4.
One method that could be used to determine the difference, if any, between proteins associated with the CTD phosphorylated at S5 v. S2 would be to perform “pull-down” or immunoprecipitation assays.  Antibodies directed against CTDs phosphorylated on either S2 or S5 could be used to pull down the complexes; then the proteins associated with these complexes could be displayed by gel electrophoresis.
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