Answers to Weaver end of chapter questions
Chapter 13  Chromatin Structure and Its Effects on Transcription
1. Diagram a nucleosome as follows: (a) On a drawing of the histones without the DNA, show the rough positions of all the histones. (b) On a separate drawing, show the path of DNA around the histones. 


Refer to Fig. 13.2a and 13.2b for (a) and Fig. 13.2c for (b)

2. Cite electron microscopic evidence for a six- to seven fold condensation of DNA in nucleosomes.


Refer to Fig. 13.4. J. Griffifth provided electron microscopic evidence for DNA condensation in the nucleosome by having deproteinized SV40 DNA next to an SV40 minichromosome in a scaled image. The difference afforded by the condensation is an approximate six- to sevenfold decrease in size.

3. Cite electron microscopic evidence for formation of a condensed fiber (30-nm fiber) at high ionic strength.

Refer to Fig. 13.5. Klug and colleagues incubated purified rat liver chromatin in buffers of increasing ionic strength.  As the ionic strength increased, they observed compaction (condensation) of the chromatin by six to sevenfold on top of the already condensed nucleosome. Compare panels a-c (low ionic strength) to panels e-g (high ionic strength).

4. Diagram the solenoid model of the 30-nm chromatin fiber.

Refer to Fig. 13.5.

5. Diagram the structure of a tetranucleosome revealed by x-ray crystallography. What structure for the 30-nm fiber does this tetranucleosome structure suggest?

Refer to Fig. 13.7. 
It suggests a two-start helix.

6. How can single-molecule force spectrospcopy shed light on the structure of the 30-nm chromatin fiber?  What conclusions does it suggest?
In single-molecule force spectroscopy, one end of a DNA can be attached to a glass slide, and the other end to a magnetic bead.  By applying a magnetic field to the bead, the DNA can be stretched, and the amount of force needed to stretch it a given distance can be determined.  Because a single helix, such as predicted by the solenoid model for chromatin, can be stretched more easily than a two-start helix, this method can distinguish between the two hypotheses.  The data showed that the ease of stretching chromatin depended on the nucleosome repeat length (NRL), the number of nucleotides between the start of one nucleosome and the start of the next.  When the NRL was long (197 nt), such as we find in inactive chromatin associated with a linker histone, the chromatin stretches more readily than when the NRL is short (167 nt), which is what we find in active chromatin.  This result suggests that inactive chromatin with a long NRL is in the solenoid form, whereas active chromatin with a short NRL is in the two-start helix form.

7. Draw a model to explain the next order of chromatin folding after the 30-nm fiber. Cite biochemical and microscopic evidence to support the model. 

Refer to Fig. 13.9 for radial loop models of chromatin folding (the next order of folding after the 30-nm fiber). Benyajati and Worcel determined the sedimentation coefficients of chromatin digested to different degrees with DNase. They found that the coefficients decreased gradually with digestion, ultimately reaching a plateau. Since eukaryotic chromosomes are linear, they concluded that the chromatin fiber might be looped, resulting in structures functionally equivalent to circular DNA, and which could be supercoiled. DNase treatment of chromatin, therefore, was resulting in relaxing of the supercoils in chromatin loops (Refer to Fig. 13.10). A number of researchers were subsequently able to visualize loops in human chromosomes by electron microscopy (Fig. 13.11)

8. Describe and give the results of an experiment that shows the competing effects of histone H1 and the activator Gal4-VP16 on transcription of the adenovirus E4 gene in reconstituted chromatin.

Refer to Fig. 13.13 Laybourne and Kadonga reconstituted chromatin with DNA containing two enhancer-promoter constructs (1) with five Gal4 binding sites coupled to the adenovirus E4 minimal promoter and (2) six GC boxes from SV40 coupled to another minimal promoter. Core histones and various concentrations of H1 were added and transcription measured. These results revealed that increasing concentrations of H1 dramatically decreased transcription from the templates. At moderate levels of H1, however, addition of a transcriptional activator (i.e. for template 1 above, addition of GAL4-VP16) could prevent H1-mediated repression 

9. Present two models for antirepression by transcription activators, one in which the gene’s control region is not blocked by a nucleosome, the other in which it is.

Refer to Fig. 13.14 Starting with the 30-nm fiber, in one model, the fiber opens up, resulting in a repressed chromatin where the nucleosome does not cover the promoter, but H1 does.  When histone H1 is removed, the promoter sequence is available for binding to activators, and the gene is competent to be transcribed. On the other hand, if when the 30-nm fiber opens and a nucleosome/H1 are covering the promoter such that even when H1 is removed, the nucleosome is still covering the promoter sequence, then the gene remains repressed. In this instance, activators, together with other factors, including chromatin-remodeling factors, can move the nucleosome aside and cause transcription to initiate.

10. Describe and give the results of an experiment that shows that the nucleosome-free zone in active SV40 chromatin lies at the viral late gene control region.

Refer to Figs. 13.16 and 13.17. Yaniv and colleagues determined the nucleosome-free zone in active SV40 chromatin by cleaving the SV40 (mini)chromosome with different restriction enzymes. Since the locations of the cleavage site of the enzymes on the chromosome are known, microscopic examination of digested products (revealing the nucleosome-free regions) could be used to localize the nucleosome-free zone on the chromosome.

11. Describe and give the results of an experiment that shows that the zone of DNase hypersensitivity in SV40 chromatin lies at the viral late gene control region. 

Refer to Fig. 13.18. Fig. 13.19 illustrates the general experimental scheme for detecting DNase hypersensitivity. Yaniv and colleagues mildly DNase digested the SV40 chromosome isolated from cells infected for various times with the SV40 virus. The samples were then digested with a restriction enzyme, EcoRI, that would yield specific sized fragments if the DNase was cleaving near to the location of another known restriction enzyme site (BglI). Using such an approach, the DNase hypersensitivity region was localized to the late viral gene control region. 

12. Diagram and describe a general technique for detecting a DNase-hypersensitive DNA region.


Refer to Fig. 13.19
13. Describe and give the results of an activity gel assay that shows the existence of a histone acetyltransferase (HAT) activity.

Refer to Fig. 13.21. Brownell and Allis determined HAT activity by subjecting a crude extract derived from Tetrahymena (due the fact that it was known that the histones in this organism are highly acetylated) to electrophoretic fractionation in an SDS-PAGE impregnated with H1 histones (i.e. the histones were throughout the gel). To detect which protein band in the SDS-PAGE-histone H1 gel contained HAT activity, the gel was soaked in a solution of acetyl-CoA, the substrate used by HAT, with a radiolabeled acetyl group. Transfer of the labeled acetyl group to histone H1 could then be determined after washing away unincorporated acetyl-CoA and autoradiography of the gel.

14. Present a model for the involvement of a corepressor and histone deacetylase in transcription repression. 

Refer to Fig. 13.22. Known transcription repressors, such as nuclear receptors without their ligands, interact with corepressors, which in turn interact with histone deacetylases. These deacetylases remove acetyl groups from the basic tails of nearby nucleosome core histones. Removal of the acetyl groups results in tighter binding of the histones to the DNA, and in more nucleosome-nucleosome interactions thus keeping transcription repressed. 

15. Describe and give the results of an epitope-tagging experiment that shows interaction among the following three proteins, the repressor Mad1, the corepressor SIN3A, and the histone deacetylase HDAC2.  

Refer to Fig. 13.23. The experimental principle uses co-precipitation to demonstrate interactions among proteins. Eisenman and coworkers transfected  mammalian cells with two plasmids. The first encoded an epitope (FLAG peptide)-tagged HDAC2 protein and the second was one of two plasmids coding for either wild-type or a mutant Mad1. The mutant Mad1 contained a proline substitution that blocked both interaction with SIN3A and repressed transcription. Extracts from the transformed cells were prepared and immunoprecipitated using anti-FLAG antibody. The resultant proteins were blotted and probed with antibodies against SIN3A and (after stripping) Mad1. Extracts from cells transfected with FLAG-HDAC2 and Mad1 but not Mad1pro, contained both Sin3A and Mad1. The lack of co-precipitation with the Mad1pro mutant indicated that Mad1 must bind to Sin3A and not HDAC2. Thus, SIN3A mediates the interaction between the transcription factor Mad1 and the histone deacetylase HDAC2. 

16. Present a model for activation and repression by the same protein, depending upon the presence or absence of that protein’s ligand. 


Refer to Fig. 13.24. A nuclear receptor bound to its enhancer element in the absence of ligand interacts with corepressors that in turn stimulate histone deacetylase activity which results in cleavage of the acetyl groups off the tails of core histones, tightening the binding between histones and DNA, and helping to repress transcription. With ligand bound, the nuclear receptor undergoes a conformational change such that coactivators are recruited. These coactivators are histone acetylases (not deacetylases) that add acetyl groups to the core histones, loosening the binding between the histones and DNA, and helping to activate transcription. 

17. Present models for uncatalyzed nucleosomal DNA exposure and for catalyzed nucleosomal remodeling. Present evidence for the catalyzed model. 


Refer to Figs 13.25 and 13.26. Uncatalyzed nucleosomal DNA exposure involves the formation of a single remodeled conformation. This would occur if the DNA simply peeled away from the core histones from the point of the DNA’s entry to or exit from the nucelosome. This would also apply if the nucleosome simply slid along the DNA, as it does in heated nucleosomes in vitro. Catalyzed nucleosomal remodeling involves the formation of several different conformations of the nucleosomal DNA with respect to the core histones. The two models make different predictions about the rates at which restriction sites would become available during remodeling. Kingston and colleagues incubated nucleosomes with labeled DNA with BRG1 (the ATPase activity-containing subunit of the SWI/SNF chromatin remodeling complex) and ATP for various times, and tested the remodeled nucleosomes for restriction enzyme susceptibility. Not only did the rates of restriction enzyme cleavage differ (consistent with the catalyzed model), but the rate of DNase I cleavage was 10-20 times faster than cutting by one of the restriction enzymes (PstI), also supporting the catalyzed model.

18. Describe how you could use a chromatin immunoprecipitation procedure to detect the proteins associated with a particular gene at various points in the cell cycle. 

 This method begins with chromatin cross-linking with formaldehyde at the desired time points. After cross-linking, the DNA is sheared, and the protein (with any other associating protein factors)-crosslinked DNA is immunoprecipitated using an antibody to a particular protein, or to an epitope tag on a protein. The DNA in the immunoprecipitate can then be verified using suitable primers and PCR. 

19. Describe and give the results of an experiment using chromatin immunoprecipitation to discover the timing of acetylation and phosphorylation of particular sites on core histones in a nucleosome at the IFN- promoter.

Refer to Fig. 13.27. Thanos and colleagues used chromatin immunoprecipitation ChIP) to determine the time of acetylation and phosphorylation of the IFN promoter after viral infection. They found that the pattern of histone acetylation was not random, based on the pattern of chromatin precipitation using antibodies specific to different acetylated forms of the histones. ChIP assays performed at different times after virus infection revealed differential  acetylation and phosphorylation of various lysine and serine residues of the chromatin histones at the IFN- promoter.  

20. Describe and give the results of an experiment to measure recruitment of SWI/SNF and TFIID to the IFN- promoter with wild-type and mutant histones.

Refer to Fig. 13.28. Thanos and colleagues investigated the effects of core histone tail acetylation on recruitment of SWI/SNF and TFIID by reconstituting chromatin with the IFN promoter coupled to resin beads and core histones. The chromatin was then incubated with nuclear extracts +/- acetyl-CoA (acetyl donor). Unbound proteins were then washed away, and the chromatin (and protein factors bound) analyzed by SDS-PAGE and Western blotting. These experiments revealed that chromatin bound only small amounts of BRG1 (SWI/SNF subunit) and TAFII250 (i.e. TFIID) when it was not acetylated, but bound larger amounts of these proteins when it (the chromatin) was acetylated.  Experiments using mutant histones, revealed differing requirements of specific histone lysines in SWI/SNF and TFIID recruitment. A mutant histone in which lysine-8 has been converted to alanine (which could not be acetylated) failed to bind either BRG1 or TFIID. Since SWI/SNF (BRG1) is required to recruit TFIID, the lack of recruitment of TFIID could be easily explained. Additional histone mutants, lysine-14 to alanine, and lysine-9 to alanine, however, could bind BRG1, but did not recruit TFIID. Thus, these residues appear to be impotant for TFIID recruitment. Mutation of lysine-12, which is acetylated in vivo, to alanine, however, still resulted in SWI/SNF and TFIID recruitment. Finally, substitution of serine-10 with alanine blocked recruitment of TAFII250 but not SWI/SNF (similar to the loss of lysine-9 or 14), consistent with the hypothesis that phosphorylation of serine-10 is required for acetylation of lysine-14.

21. Present a model depicting the establishment and decoding of a histone code at the IFN- promoter. 

Refer to Fig. 13.29. The core idea of the model is that the enhancer has all the genetic information needed to assemble the enhanceosome, and the enhanceosome can then recruit the appropriate factors to remove the nucleosome that is blocking initiation of transcription, i.e. the information flows from the enhancer to the nucleosome, and not in the reverse direction. The establishment and decoding of a histone code at the IFN- promoter occurs as follows; (1) upon virus infection, activators appear and assemble the encanceosome on the enhancer, (b)  the enhanceosome assembles on the DNA at the promoter and recruits HAT GCN5, which acetylates two different lysines on two different histones, (3) a (as yet uncharacterized) protein kinase is recruited that phosphorylates a serine on histone H3 that then allows for a lysine on histone H3 to be acetylated by GCN5, which completes the histone code. BRG1 (i.e. SWI/SNF complex) binds to the acetylated lysine-8 of histone H4. SWI/SNF remodels the nucleosome, allowing for TAFII250 binding (which brings the whole TFIID along). TFIID binding bends the DNA and pushes the nucleosome to move out of the way downstream. The complex can now associate with the coactivator CBP, which helps recruit the rest of the basal transcription complex, and transcription can begin.

22. Present a model to explain why lysine 16 in histone H4 is thought to be critical for silencing. What evidence supports this hypothesis?

Since removal of acetyl groups from core histones has a repressive effect on gene activity, one could predict that core histones in silenced chromatin would be poor in acetyl groups, or hypoacetylated. Lysine 16 of histone H4 is part of the domain that interacts with SIR (silencing information regulator) proteins.  Thus, acetylation of H4 lysine 16 may block interactions with SIR3, averting the formation of heterochromatin, and preventing silencing. Genetic experiments in yeast provided support for this model. Changing the H4 lysine 16 to glutamine mimics acetylation of this residue (by removing the positive charge), and resulted in blocking of silencing. 

23. Present a model depicting the spread of chromatin repression via histone methylation.

Refer to Fig. 13.32. When histones within nucleosomes are methylated, HP1 is recruited, which then recruits a histone methyl transferase (HMTase) on the neighboring nucleosome. HMTase then methylates the histones, which allows for the recruitment of HP1, and by this process, methylation of the histones, which results in a repressive heterochromatin state, is propagated from one nucleosome to the next.

24. Present a model of the interactions among the modifications of lysines 9 and 14, and serine 10 in the N-terminal tail of histone H3. Show both positive and negative interactions. 

Refer to Fig. 13.35. Acetylation of lysine 14 is required for activation (of some genes). This acetylation depends upon phosphorylation of serine 10; however, phosphorylation of serine 10 is inhibited by methylation of lysine 9. Thus, methylation of lysine 9  can repress transcription (blocking serine 10 phosphorylation and subsequent acetylation of lysine 14) or, conversely, acetylation of lysine 14 might block methylation of lysine 9. If serine 10 and lysine 14 are methylated and acetylated, respectively, they tend to perpetuate the active state by preventing the repressive methylation of lysine 9. Furthermore, acetylation of lysine 9 prevents its methylation, also favoring activation.

25. Present evidence that FACT causes a loss of histone H2A-H2B dimers from nucleosomes, and that this activity depends on the C-terminus of the Spt16 subunit of FACT.

Refer to Fig. 13.36. Reinberg and colleagues used labeled H2A-H2B histone dimers and H3-H4 tetramers in nucleosomes with two different fluorescent tags. FACT or a FACT mutant with a C-terminal deletion was added to the nucleosomes. The ratio of dimers to tetramers was quantified by analysis of the samples by SDS-PAGE. FACT-treated nucleosomes resulted in a decrease in the dimer/tetramer ratio, whereas the mutant FACT (loss of C-terminus) had no effect on the dimmer/tetramer ratio. 

Analytical Questions

1. If the globin locus in J6 cells had the same pattern of DNase hypersensitivity as it does in HEL cells, then the results in panel (d) would be identical to those in panel (a).  That is because the same restriction endonuclease (Asp718) was used to recut the DNA after DNase I treatment, and the probes (0.46 Eco Bgl and 1.4-kb Bam Eco would hybridize to the same three fragments, created by DNase cleavage at sites 3a, 3b, and 4.

2. Brief digestion of eukaryotic chromatin with micrococcal nuclease yields DNA fragments about 200 bp long because this mild digestion cuts only the most nuclease-sensitive sites, which lie in the inter-nucleosomal regions, and are spaced about 200 bp apart.  Longer digestion yields DNA fragments that are about 147 bp long because this more stringent treatment digests all the DNA that is not protected by the nucleosomal proteins, and that protected region spans about 147 base pairs.

3. The core histones have been highly conserved during evolution because they play critical structural and functional roles in the cell.  Any significant changes in the core histones would therefore interfere with these critical functions and would be selected against.

4. 
If HAT A’s were missing their bromodomain, they would not bind effectively to pre-acetylated histones, including those acetylated by HAT B’s in the cytoplasm.  If HAT B’s had a bromodomain, they would not work any better because their job is to acetylate newly-made histones, which are not acetylated.  If the bromodomains were reversed in all HATs, HAT A’s would not be able to take over the role of HAT B’s because they would be in the nucleus, where they would not be able to acetylate newly-made histones.  HAT B’s would be in the cytoplasm, where they would not be able to acetylate newly-made histones, but, even with bromodomains, they would not have the specificities of HAT A’s and therefore would not be able to take over the role of HAT A’s of acetylating the right histone amino groups.  To answer the question experimentally, you could start with an in vivo approach.  You could engineer a HAT A without a bromodomain and with an epitope tag and check by in situ immunofluorescence for its cellular location.  Because of its nuclear localization signal, it will almost certainly go to the nucleus, where it could not perform the job of HAT B.  You could use the same approach with HAT B with a bromodomain and show that it localizes to the cytoplasm, where it can’t perform the job of HAT A.  You could also use your engineered HAT B with a bromodomain to see if it performs the appropriate acetylations of histones in vitro.  A good assay for appropriate acetylation would be ChIP with antibodies against specific acetylated histones, as in Fig. 13.25.
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