Answers to Weaver end of chapter questions

Chapter 9  DNA-Protein Interactions in Prokaryotes
1. See Figure 9.2:
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2. See Figures 9.3 and 9.4.  Amino acid swapping experiments can be used to show which amino acids are important in specifying binding of repressors to their operators. In these experiments, amino acid residues that are predicted by structural studies to play a role in binding a particular operator are altered by site-directed mutagenesis. To use the example given in the text of the λ-like phages 434 and P22, we would predict that if we were to swap the amino acids we hypothesize as being important for operator-binding in the P22 repressor for those hypothesized to perform the same function in phage 434, the engineered P22 phage repressor would now bind 434 operators. In other words, the key amino acids in operator binding from one repressor can confer the same operator binding specificity on a repressor from a different phage. We can visualize the change in DNA binding specificities by DNase footprinting experiments. We would expect to observe binding of the altered 434 repressor to P22 operators and vice versa. Functional studies can also be used to determine the binding specificity repressors to their operators. E. coli lysogenic for phage 434 (actually, lysogenic for a lambda phage bearing the 434 immunity region), for example, will be immune to superinfection by another lambda phage bearing the 434 immunity region because the repressor in the lysogen will inactivate the genes in the incoming phage. If however, we were to engineer a lambda phage with a 434 immunity region such that it now had the amino acids in its repressor binding domain that are key to binding the P22 operators, a lysogen for this recombinant phage would no longer be immune to superinfection by the lambda phage bearing the 434 immunity region, but would be immune to superinfection by lambda phage bearing the P22 immunity region. 

3. The λ repressor and Cro bind with different affinities to different regions of the same operators. Specifically, repressor binds with the highest affinity to OR1 and the lowest affinity to OR3 while Cro binds with its highest affinity to OR3 and its lowest affinity to OR1. These specificities are mediated by specific amino acid-base pair interactions between the recognition helix and the major grove of the DNA. The critical amino acids and base pairs are different for Cro and for the λ repressor.

4. Glutamine and asparagine side chains tend to make hydrogen bonds with DNA.

5. Methylene and methyl groups on amino acids tend to bind to DNA by hydrophobic interactions.

6. A hydrogen bond network in the context of DNA-protein interactions refers to the phenomenon whereby proteins can interact with a DNA target, not only by hydrogen bonds with the DNA base pairs, but additionally by amino acid-amino acid bonds and amino acid-phosphate backbone bonds. In many cases, the attraction of one amino acid for another can indirectly facilitate DNA binding by positioning an amino acid side chain optimally for interaction with its target base pair. A hydrogen bond network therefore involves at least a three-way interaction between amino acids and either the DNA backbone or a base pair.  See Figure 9.8 for examples.
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See Figure 9.12b:
8. See Figure 9.13

9. The recognition helix of the ( repressor fits sideways into the major groove of its operator DNA while the recognition helix of the trp repressor inserts almost at right angles to the major groove of its operator DNA.

10. The recognition sites for binding proteins are often present in two or more copies on the DNA molecule. This allows binding of the target proteins as dimers or oligomers. Binding a protein dimer to a duplicated recognition site on a DNA molecule requires less energy that binding of two monomers separately to the DNA. Binding a dimer to DNA is more successful than binding two monomers to DNA because the second protein in the dimer is automatically in the correct orientation for binding to the second site. We therefore gain the energy required to orient the second protein correctly with respect to its DNA target.  

11. See Figure 9.16:
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(Source: (b) Reprinted from Hochschild A. and M. Ptashne, Cooperative binding of lambda repressors to sites separated by integral tums of the DNA helix. Cell 44:685, 1986, Copyright © 1986, with permission from Elsevier Science.)



See Figure 9.17.  Cooperative binding of λ repressor dimers to DNA operators separated by an integral number of helical turns can be demonstrated using DNase footprinting experiments. The principle behind such experiments is as follows. Cooperative binding of repressor dimers to two distant operators on a DNA molecule is facilitated by looping out of the intervening DNA. This looping results in alternating areas of increased and decreased sensitivity to DNase in the intervening region.  This is a result of compression of the backbone on the inside of the loop and expansion of the backbone on the outside of the loop. On an autoradiograph from a DNase footprinting experiment, this can be visualized as a stuttered banding pattern in the region corresponding to the loop. This is in addition to the two protected areas corresponding to the repressor binding sites In contrast, non-cooperative binding will result in two protected areas corresponding to the repressor binding sites as before but there will be no alteration in the pattern of DNase I sensitivity in the intervening region. To demonstrate that cooperative binding requires an integral number of turns separating the two repressor-binding sites we would engineer DNA molecules containing repressor-binding sites separated by various distances. Only distances that are multiples of 10.5 base pairs will contain an integral number of helical turns. These DNA molecules are labeled, allowed to bind repressor dimers and then subjected to treatment with DNase.  We would expect to observe a stuttered banding pattern in the region between the repressor binding sites only when those sites are separated by an integral number of turns. Such a result would suggest that the individual repressor dimers are binding cooperatively, facilitated by looping out of the DNA. We expect that a non-integral number of turns between the repressor binding sites will be prohibitive to cooperative binding of repressor dimers since the proteins will not be aligned on the same face of the DNA after looping. This will be apparent in this experiment by the lack of an alteration of DNase sensitivity with insensitivity between the two repressor-binding sites.

13. See Figure 9.18.  We can use electron microscopy to show that λ repressor dimers bind cooperatively to DNA operators separated by an integral number of helical turns.  As described in the previous experiment, we can engineer DNA molecules containing operator-binding sites separated by various distances. Only distances that are multiples of 10.5 base pairs (the number of base pairs in a single helical turn) will show the formation of a loop in an electron micrograph when these molecules are allowed to bind λ repressor dimers.

14. (54 is defective because, while RNA polymerase holoenzyme containing (54 can bind to its target promoter glnA, it cannot direct the formation of an open promoter complex. 

15. The formation of an open promoter complex between E(54 and its target promoters depends upon a bacterial enhancer that binds an activator NtrC, and ATP, which is hydrolyzed by NtrC.

16. The following approach can be used to demonstrate that DNA looping is involved in the interaction between E(54 at the glnA promoter and NtrC bound at the enhancer. We can engineer a strain of E. coli in which the enhancer and the promoter are on separate DNA molecules linked in a catenane. An interlocking of the two circular molecules allows proximity of the two cis-acting elements. However, this structure precludes any sliding of the protein bound to the enhancer towards  E(54 since they are on separate molecules. It further precludes activation of transcription by any torquing of the DNA or alteration of the secondary structure caused by binding of NtrC to the enhancer site. Any observed activation of transcription would suggest interaction of the proteins by looping. We can assay for activation by measuring gene expression from the promoter or we can directly look for looping by electron microscopy. We would expect to see activation of the glnA promoter and we would also expect to visualize looping directly using electron microscopy.  Indeed, that is what was observed (Figure 9.20). 

17. The enhancer for phage T4 (55 is quite different from the enhancer for (54. The T4 enhancer does not map to a single site; rather, it is the replication fork and its binding protein is one or more of the proteins in the replication machinery, which moves along with the fork. This enhancer does not contact its target RNA polymerase by looping as does (54 and for function it must be on the same DNA molecule as the promoter it controls.

Analytical Questions:

1. The second sentence in this question should be re-worded to say:  “Changing this asparagine (not glutamine) to alanine…” Asparagine residues tend to make hydrogen bonds with DNA. Changing this asparagine to an alanine blocks the DNA-protein interactions because alanine tends to interact with DNA via hydrophobic interactions. Cytosine is lacking any hydrophobic methyl or methylene groups. We can however restore binding to the mutant by a compensating mutation in the target DNA, changing the target cytosine to a thymine. This is because thymine, through its methyl group, can form a hydrophobic interaction with alanine and this interaction restores the amino acid-DNA base pair contact at this position. 

2. We could test this hypothesis using site-directed mutagenesis to alter base pairs believed to play a role in binding the protein by localized underwinding and widening of the narrow groove. The DNA target site bases 4, 5 and 6 can be altered to include base pairs (G-C pairs) that are less susceptible to underwinding. If this alteration results in decreased binding of the protein to its target sequence, this would support the hypothesis presented.

3. For a T-A base pair, draw the mirror image of the A-T pair pictured in Figure 2.13. In the diagram below, the A’s represent acceptor sites for hydrogen bonding and the D’s represent donor sites for hydrogen bonding. Relevant for protein interactions with this base pair is the observation that within the major groove the profile of hydrogen bonding is quite distinct, more so than that in the minor groove. Hence, proteins use the major groove to discern particular base pairs. This distinct pattern in the major groove of an A-T base pair is readily discernible from the profile of H bond acceptors and donors present in the major groove of a G-C base pair. 
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