Answers to Weaver end of chapter questions
Chapter 12  Transcription Activators in Eukaryotes
1. List three different classes of DNA-binding domains found in eukaryotic transcription factors. 

(a) zinc modules, (b) homeodomains, and (c) bZIP and bHLH motifs.  

2. List three different classes of transcription activation domains in eukaryotic transcription factors.

(a) acidic domains, (b) glutamine- rich domains, and (c) proline-rich domains. 

3. Draw a detailed diagram of a zinc finger. Point out the DNA-binding motif of the finger.

Refer to Fig. 12.1 and 12.2. Zinc fingers consist of an antiparallel -strand, followed by an -helix. Binding between the finger and its DNA binding site relies on direct amino acid-base interactions between amino acids in the -helix and bases in the major groove of the DNA.
4. List one important similarity and three differences between a typical prokaryotic helix turn helix domain and the Zif268 zinc finger domain.  
Similarity: both domains bind to the DNA backbone and position the recognition helix for the best possible interaction with the DNA major groove.  In particular, the -helix in the zinc finger acts like the recognition helix in the helix-turn-helix domain in making specific contacts with the target DNA.
Differences: (a) zinc finger proteins contain DNA binding domains that have a modular construction with several fingers making contact with the DNA. Thus these proteins have multiple DNA binding domains, wheras h-t-h proteins contain single domains, that often form multimers (dimers or tetramers) that bind the DNA.  
(b) With zinc-finger proteins most of the protein-DNA contacts are with one DNA strand, whereas, h-t-h containing proteins make contacts with both DNA strands.  
(c) With zinc finger proteins most of the protein-DNA contacts are amino acid side chain-DNA base interactions, rather than amino acid side chain-DNA backbone interactions. 
5. Draw a diagram of the dimer composed of two molecules of the N-terminal 65 amino acids of the GAL4 protein, interacting with DNA. Your diagram should show clearly the dimerization domains and the motifs in the two DNA-binding domains interacting with their DNA binding sites. What metal ions coordinate amino acids, and how many of each, are present in each DNA binding domain?
Refer to Fig. 12.4 in which three views of the GAL4-DNA complex are shown. DNA recognition module extends from amino acid residues 8-40, a linker region extends from residues 41-49, and the dimerization domain is comprised of residues 50-64. Each monomer contains a DNA binding motif with 6 cysteines that coordinate two zinc ions in a bimetal thiolate cluster.  
6. In general terms, what is the function of a nuclear receptor?

Nuclear receptors interact with endocrine and other signaling molecules, such as steroids and other hormones that diffuse through the cellular membrane. They act as hormone receptor complexes that bind to DNA sequence elements (enhancers) and function as transcriptional silencers or activators depending upon the presence of their cognate signaling molecule. 
7. Explain the difference between type I and II nuclear receptors and give an example of each.

Type I nuclear receptors reside in the cytoplasm, where they are bound to another protein. When these receptors bind to their hormone ligand, they release their cytoplasmic protein partner, exposing a peptide region in the receptor that acts as a nuclear localization signal. The protein then migrates to the nucleus, where it binds enhancer sequences, and thereby acts as an activator. An example of this type of receptors is the glucocorticoid receptor (Refer to Fig. 12.5). Type II receptors are nuclear in localization to begin with, and are typically already bound to their respective enhancer elements where they act as transcriptional repressors. Diffusion into the nucleus and binding of the ligand to the enhancer-bound receptor results in transcriptional stimulation. An example of this type of receptor is the thyroid hormone receptor.  

8. What metal ions and coordinating amino acids, and how many of each, are present in each DNA-binding domain of a nuclear receptor?  What part of the DNA binding domain contacts the DNA bases?

Refer to Fig. 12.6. Each binding domain of a nuclear receptor contains two zinc ions, each of which is coordinated by four cysteine residues (eight cysteines total). The amino-terminal finger via an -helix engages in most of the interactions with the bases of the target DNA.
9. What is the nature of the homeodomain?  What other DNA-binding domain does it most resemble?

Homeodomains are DNA binding domains found in a large family of activators, first discovered in regulatory genes of the fruit fly, and whose mutation leads to dramatic morphological abnormalities. They display structural similarity to prokaryotic DNA binding proteins of the helix- turn-helix family of DNA binding proteins. Homeodomains contain three alpha helices, two forming the helix turn helix domain and the third serving as the recognition helix. Unlike, h-t-h motifs, homeodomains contain an N-terminus that forms an arm that can insert into the minor groove of the DNA.  
10. Draw a diagram of a leucine zipper seen from the end. How does this diagram illustrate the relationship between the structure and function of the leucine zipper?

Refer to Fig. 12.9. Structural studies on a leucine zipper have revealed that the dimerized bZIP domain assumes a parallel coiled coil structure. The alpha helices are parallel in that their amino and carboxyl end orientations are the same (12.9b). Figure 12.10 illustrates the relationship between the structure and function of the zipper.  In this example, the bZIP domain of GCN4 is shown. The leucine zipper not only brings the two monomers together, but also places the two basic part of the domain in a position where they can grasp the DNA like a pair of tongs, with the basic groups fitting into the major groove of the DNA. 
11. Draw a diagram of a bZIP protein interacting with its DNA-binding site.

Refer to Fig. 12.10. 
12. Describe and show the results of an experiment that illustrates the independence of the DNA binding and transcription activating domains of a gene-specific transcription factor.  

Refer to Fig. 12.12. These studies relied on the construction of chimeric proteins. Chimeric proteins are genetically engineered proteins in which the domain of one protein (e.g. the DNA binding domain) is fused with a domain (e.g. transcriptional activator) of another. If the domains are able to act independently of one another, then such chimeric proteins should be functional, but display the respective altered DNA binding or activation activities. Brent and Ptashne transformed yeast cells with two plasmids. One plasmid encoded for the LexA-GAL4 protein, a hybrid containing the transcription activating domain of GAL4 and the DNA binding domain of LexA.  The other plasmid was one of three test plasmid constructs. Each test plasmid contained a GAL1 promoter linked to a reporter gene, (lacZ). Thus, -galactosidase activity could be used as a measure of promoter activity. The three constructs differed in their regulatory element, with one containing an upstream UASG (Gal 4 DNA binding element), another containing no regulatory sequences, and the third containing the lexA operator. The second plasmid contained either wild-type LexA, or a chimeric construct in which the LexA DNA binding domain was fused with the Gal4 activation domain. The UASG element was transcriptionally active in the yeast cells whether LexA or the LexA-Gal4 hybrid was added due to the presence of wild-type Gal4 protein. The critical experiment involved the lexA operator controlling transcription, which was stimulated by the LexA-GAL4 factor but not the LexA alone. Thus, the hybrid was able to bind to the lexA operator via the LexA domain and activate transcription via the Gal4 domain.  These data indicate that the DNA binding domain of GAL4 could be replaced with a DNA binding domain of an unrelated protein, resulting in an active protein. Thus, the transcription activating and DNA binding domains can operate independently.  
13. Present two models of recruitment of the class II preinitiation complex, one involving a holoenzyme, the other not.  

Refer to Fig. 12.13.  In one model, the subunits are assembled one at a time at the promoter, starting with TBP. In the second, a holoenzyme (not bound to the DNA) is assembled first and then binds to the promoter via TBP.  
14. Describe and give the results of an experiment that shows that an acidic transcription activating domain binds to TFIID.  

Refer to Fig. 12.14. Stringer and colleagues fractionated HeLa cell extracts by affinity chromatography with a resin containing a fusion protein consisting of protein A fused to the VP-16 acidic activating domain or a resin containing just protein A. The proteins bound to the resin were eluted and tested for the ability to restore runoff transcription activity to an extract in which TFIID has been heat inactivated. The eluate from the Protein-A-VP-16 column chromatography but not from the protein A alone fractionation was able to restore transcription, indicating that TFIID must have bound to the VP-16 acidic activating domain in the affinity column.
15. Present evidence that favors the holoenzyme recruitment model.

Two lines of evidence support a holoenzyme recruitment model; (a) Complexes of proteins (i.e. the holoenzyme) could be purified as a unit from many different organisms albeit with varying protein compositions, e.g. the isolated yeast holoenzyme contained polymerase II, TFIIB, F, H, and SRB2, 4, 5, and 6. Addition of TBP (or TFIID) and TFIIE to this holoenzyme was sufficient to allow for transcription to occur in vitro. (b) Refer to Fig. 12.15 and 12.16. It was demonstrated that interactions between any part of an activator with any part/subunit of holoenzyme could serve to recruit the holoenzyme to the promoter. This interaction need not involve the normal transcription-activating domain of the activator, nor the activator’s normal target on the general transcription factor. 
16. Present two lines of evidence that argue against the holoenzyme recruitment model.

(1) Stillman and colleagues performed kinetic studies of the binding of various factors to the HO promoter region of yeast, and showed that one part of the holoenzyme, called Mediator, binds to the promoter earlier in the G1 phase than does RNA polymerase II. 
(2) If the holoenzyme binds as a unit to promoters, one could expect to find all the components of the holoenzyme in roughly equal amounts in the cells. This was, however, not found to be the case by Kornberg and colleagues, who used epitope tagged proteins and dot blotting to measure the amounts of the holoenzyme subunits in a cell extract (Refer to Fig. 12.17).
17. Why is a protein dimer (or tetramer) so much more effective than a monomer in DNA binding? Why is it important for a transcription activator to have a high affinity for specific sequences in DNA?

The affinity of binding between a protein and DNA varies with the square of the free energy of binding. This free energy depends on the number of protein-DNA contacts, which is doubled when going from a monomer to a dimer, resulting in a four-fold increase in the affinity between the protein and the DNA. High affinity is important for at least two major reasons (a) activators have to operate at very low concentrations within the cell and, (b) activators must be specific for the sequences that they bind. 
18. Present three models to explain how an enhancer can act on a promoter hundreds of base pairs away.  

Refer to Fig. 12.18. Binding of an activator to an enhancer region can (a) result in a change in DNA topology affecting promoters many bp away, (b) sliding of the transcription factor from the enhancer sequence to the promoter, and (c) looping (mediated by protein-protein interactions) between factors bound at the enhancer and promoter sequences. 
19. Describe and give the results of an experiment that shows the effect of isolating an enhancer on a separate circle of DNA intertwined with another circle of DNA that contains the promoter. Which model of enhancer activity does this experiment favor? Why?

Refer to Fig. 12.20. Constructs containing separate loops of DNA intertwined with each other are known as catenanes (Fig. 12.19). Fig. 12.20, panel b, experimental constructs 4, illustrate such a construct containing an enhancer on one loop and a promoter on another. Each experiment also contains a “reference” plasmid as a measure of transcription. In these experiments, the total transcription, i.e. from test and reference plasmids is equal to 100%, and the important aspect is the relative amount of transcript being formed from each construct. In Fig. 12.20 panel a, lanes 4a/b, transcription from the test plasmid predominates over that from the reference plasmid, indicating that the enhancer works, even when it is on a DNA separate from the DNA that contains the promoter. These data favor the looping model, the DNA is acting in trans, i.e. does not need to be on the same piece of DNA, but needs to be relatively nearby (the promoter).  
20. Describe how you would perform a hypothetical 3C experiment.  Describe the results you would get, and give an interpretation.

For description of experimental design, see Fig. 12.21.  The result of the experiment depicted in that figure would be a band on an electrophoretic gel corresponding to a PCR product generated by the two primers shown.  If the two primers are 225 bp apart (including the primers themselves), the band will correspond to a PCR product 225 bp long.  This result would indicate an interaction between the green and yellow proteins, which brought their respective DNA target sites together.

21. What advantage do multiple enhancers confer on a gene.  

Multiple enhancers enable a gene to respond (transcriptionally) to different combinations of activators. This gives a cell a greater level of transcriptional control over genes, allowing for differential expression in various tissues and during development. Multiple enhancer elements act as a combinatorial code, with the concentration of activators in any given cell at a given time constituting the code. A gene can then “read” the code, if it has a battery of enhancer elements each responsive to different (sets of) activators.
22. Describe how you would identify transcription factories in a cell nucleus.  Why are both in vitro and in vivo transcription essential parts of the procedure? Why does the existence of transcription factories imply that chromatin loops occur in the nucleus?
Refer to Fig. 12.24 and accompanying text.  Label transcripts in vivo with one label (e.g., BrU) and in vitro with another (e.g., a biotinylated nucleotide).  Then detect the labels with primary antibodies, and secondary antibodies tagged with different size gold particles.  Clustering of gold particles suggests the presence of transcription factories.  The in vitro labeling is done to control for the concerted migration of transcripts away from the site of transcription.  If they really do this in concert in vivo, the clustered transcripts would look like transcription factories.  But transcripts made in vitro typically do not get completed, and so would not be expected to leave the site of transcription.  Thus, if one sees the same clustering of transcripts made in vivo and in vitro, one can be fairly sure that they represent true transcription factories.  The presence of transcription factories implies that many genes are being transcribed at the same time and in the same place.  If some of these genes are on the same chromosome, that means that chromatin loops between these genes must form to put the transcription in the same place.

23. LEF-1 is an activator of the human T-cell receptor alpha-chain, yet LEF-1 by itself does not activate this gene. How does LEF-1 act?  Describe and show the results of an experiment that supports your answer.  

LEF-1 is an example of an architectural transcription factor that appears to function by altering the shape of the DNA, i.e. LEF-1 bends the DNA by 130 degrees, which in turn facilitates the binding of activators and other transcription factors to their respective DNA elements, which stimulates transcription. LEF-1 mediated bending was illustrated by alterations in the electrophoretic mobility of DNA fragments containing the LEF-1 binding site at different positions on the linear DNA. The mobility was greatly retarted when the binding site was in the middle of the fragment, suggesting significant bending. Furthermore, the DNA bending activity of LEF-1 was shown to be due to what has been called an HMG domain on LEF-1. HMG or high mobility group, domains/proteins, are small nuclear proteins that have high electrophoretic mobility. A peptide fragment containing only the HMG domain was sufficient to cause 130 degree DNA bending. 
24. Does LEF-1 bind in the major or minor groove of its DNA target?  Present data to support your answer.

LEF-1 binds in the minor groove of the target DNA. Minor groove binding was demonstrated by methylating residues in the minor groove which interfered with enhancer functions. Furthermore, substitutions that affected the geometry in the major groove but did not alter the minor groove, resulted in no loss of enhancer activity.
25. What do insulators do?

Refer to Fig. 12.28. Insulators are DNA elements that shield genes from activation from enhancers (enhancer-blocking activity) or repression by silencers (barrier activity). Insulators may have any one or both of these activities. Insulators may function in pairs that bind proteins that can interact  to form DNA loops that would isolate enhancers and/or silencers thereby inactivating them.
26. Diagram a model to explain the following results: (a) One insulator between an enhancer and a promoter partially blocks enhancer activity.  (b) Two insulators between an enhancer and a promoter does not block enhancer activity.  (c) One insulator on either side of an enhancer strongly blocks enhancer activity. 

a. Refer to Fig. 12.29a and 12.30a. In either case, the insulator could result in partial blocking of enhancer activity. 

b. Refer to Fig. 12.30 c. The insulator sequences loops themselves out, allowing for enhancer activity to remain unimpaired.

c. Refer to Fig. 12.29b and 12.30b. Insulators flanking an enhancer element, loop out the DNA containing the enhancer, isolating it from the promoter. This mechanism could function by blocking the activator bound at the enhancer element from reaching the promoter. 
27. What is the effect of three copies of an insulator between an enhancer and a promoter?  How do you explain this phenomenon?

Three insulators between the enhancer and promoter can lead to their canceling each other’s effect, i.e. neutralizes the effects of the insulator. This is possibly caused by the binding of proteins that interact with each other, preventing the DNA from looping that is required to isolate the enhancer from the promoter. Alternatively, the interaction between adjacent insulator-binding proteins could prevent the association of the insulators with insulator bodies, which are conglomerates of two or more insulators and their binding proteins, and this could block insulator activity. 
28. Present evidence for the hypothesis that an insulator blocks enhancement by interacting with nearby enhancers and promoters.  What are the difficulties in generalizing this hypothesis to all insulators?

Perform 3C analysis to show that proteins bound to a particular insulator interact with proteins bound to nearby enhancers and promoters.  This hypothesis cannot be generalized because it cannot explain the position effect of insulators:  that is, why the proteins bound to an insulator would interact with proteins bound to a nearby promoter or enhancer only if it lies between the promoter and enhancer, and not with proteins bound to another promoter or enhancer that is even closer.  Also, this hypothesis cannot explain the fact that an insulator can block the effect of an enhancer on one promoter, but leave that same enhancer free to stimulate transcription from a second promoter.

29. Describe and give the results of an experiment that shows the effects of Mediator.  

Refer to Fig. 12.33. Kornberg and colleagues placed the yeast CYC1 promoter downstream of a GAL4 binding site and upstream of a G-less cassette, making the transcription of the G-less cassette dependent on the enhancer/promoter and GAL4. The construct was then transcribed in the absence of GTP and in the presence of increasing amounts of the Mediator protein complex. They included a labeled nucleotide to label the products of the transcription reactions and electrophoresed the labeled RNA’s. Addition of increasing concentrations of Mediator greatly stimulated transcription in the presence of the activator, but had no effect on unactivated transcription. These results indicate that Mediator is by itself not a transcriptional activator, but enhances transcription in the presence of an activator. 

30. Draw diagrams to illustrate the action of CBP as a coactivator of (a) phosphorylated CREB; (b) a nuclear receptor. 

a. Fig. 12.34. Unphosphorylated CREB is bound to CRE, however the basal complex is not efficiently recruited to the promoter and the gene is not activated.  When CREB is phosphorylated, it associates with CBP, which in turn associates with at least one component of the basal complex, recruiting it to the promoter, and activating gene transcription.
b. Fig. 12.25. A nuclear receptor binds to its hormone response element, but in the absence of its ligand cannot recruit basal transcription complex, so the gene is not activated. When the nuclear receptor ligand is present and binds to the nuclear receptor, it undergoes a conformational change that allows for interactions with intermediary coactivators (e.g SRC, steroid receptor coactivator) which in turn binds to CBP, which binds to at least one component of the basal transcription apparatus, recruiting it to the promoter and activating transcription.  
31. How do signal transduction pathways amplify their signals?  Present an example.  

Refer to Fig. 12.37. In simplified terms, one example of a signal transduction pathway that begins with a growth factor interacting with the surface of the cell, and ends with enhanced transcription of growth-promoting gene can be pictured as follows:
Growth factor ( receptor ( GRB2 ( Sos ( Ras ( Raf ( MEK ( ERK ( Elk-1 ( enhanced transcription ( more cell division. 

Amplification occurs because one molecule of the growth factor can lead to the activation of many molecules of Ras, each of which can activate many molecules of Raf. And, because, Raf and the kinases that follow it in the pathway are all enzymes, and each can activate many molecules of the next member of the pathway. Thus, these enzymatically mediated protein phosphorylations that pass the signal from one protein to another act to amplify the signal at each step.
32. Present a hypothesis to explain the negative effect of ubiquitin on transcription.

Ubiquitin is a small protein that can be attached (in a string of copies) to lysine residues on proteins, resulting in a ubiquitylated protein. Once the chain of ubiquitin on a protein is long enough, the protein is targeted for degradation by a cytoplasmic protein complex known as the proteasome. Thus, one could hypothesize that ubiquitin (i.e. ubiquitylation of transcription factors) would have a negative effect on transcription by targeting transcription factors for degradation. An alternative hypothesis would be that addition of the ubiquitin directly affects the functions of some activators (instead of indirectly by targeting them for degradation).
33. Present a hypothesis to explain the positive effect of proteasome proteins on transcription. 

Proteasomal proteins may stimulate transcription by partially unfolding transcription factors, remodeling them in such a way that stimulates transcriptional initiation, or elongation, or both.
Analytical Questions

1. There are a number of ways to show interaction between two proteins, but one discussed in this chapter with respect to acidic transcription-activating domains is affinity chromatography.  You could start with a nuclear extract that contains TFIIB and all the other general transcription factors, and pass it through a column containing the acidic activating domain.  After washing out all unbound proteins, you could release the bound protein with a high ionic strength buffer, or even by lowering the pH of the buffer.  To show that the bound protein is TFIIB, you could Western blot it and probe with an anti-TFIIB antibody, and follow that experiment up with a functional experiment in which you perform in vitro transcription (using a run-off assay, for example) with RNA polymerase II and all other factors except TFIIB.  If TFIIB is really in the eluate from the affinity column, then this eluate should complement the other factors, and transcription should occur.  A control eluate from a column lacking the acidic activating domain should give no such activation.

2. In order for interaction among proteins bound to the three enhancers to occur, the enhancers should all be on the same face of the DNA double helix.  To test this hypothesis, introduce extra DNA (or subtract DNA) between enhancers to place them on opposite sides of the DNA double helix, then test these constructs for transcription activity in vitro.  If you are right that the enhancers must all be on the same face of the DNA, then placing them on opposite faces should reduce transcription very considerably.  If such spacing of enhancers is not required, then changing it should not have a significant effect on transcription.

3. To detect interactions between P1and ICR, use the primer pairs 1, 2, or 3 and 7 or 8.  To detect interactions between P2 and ICR, use the primer pairs 4 and 7 or 8.  To detect interactions between P3 and ICR, use the primer pairs 5 or 6 and 7 or 8.

4.
The composition of the ideal activator could vary but as an example eA1 should contain the following basic elements: a DNA-binding domain and a transcription-activating domain. For additional control, eA1 could also contain a binding site for an effector molecule (e.g., a hormone) and a dimerization domain to allow activators to bind to each other to form multimer complexes. You would ‘build’ eA1 so that it stimulates, and does not inhibit, transcription of the genes for academic success (which you identified earlier in your career). In order to design the best activator it would be necessary to more clearly define the DNA that your activator would bind as the amino acid sequence of the DNA-binding domain will determine the DNA sequence to which the protein can bind.  To determine which activator works best, you would place the gene for each activator into a human cell line; then you could use in situ hybridization, Northern blotting, S1 analysis, or primer extension analysis, using probes for the transcripts of the genes for academic success, to measure accumulation of transcripts of those genes. To make the activator work in female students, but not in males, you could add a binding site for the estrogen receptor that would enable the function of your activator.  However, this will work only if the activator has the architecture of a nuclear receptor, which is responsive to estrogen.
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