Answers to Weaver end of chapter questions

Chapter 7  Operons: Fine Control of Bacterial Transcription
1. See Figure 7.1.  During the initial phase of growth, the bacteria are using glucose as a carbon source. As the glucose source is exhausted, there is a lag in the growth of the culture while the expression of genes encoding enzymes necessary for lactose metabolism are induced.  Then, in the latter phase of growth, lactose is being metabolized.
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2. See also Figure 7.3 for negative regulation.
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3. (-galactosidase is an enzyme that hydrolyzes the (-galactosidic bond in the dissacharide, lactose, to yield the simple sugars, glucose and galactose. Galactoside permease is an enzyme needed to transport lactose into the E. coli cell.

4. Both negative and positive control of the lac operon enables E. coli to use available carbon sources with the maximum efficiency. In order to activate the lac operon, two environmental conditions must be met. Firstly, lactose must be present and the negative control system of the lac operon requires lactose for de-repression. This avoids the cost of synthesizing enzymes to metabolize a carbon source that is not present. The second environmental condition that must be met for expression of the genes of the lac operon, is that glucose must not be present. Low glucose levels activate a positive regulatory pathway that induces the expression of the genes required for lactose metabolism. This ensures that if both glucose and lactose are available, the bacteria will utilize the most efficient carbon source, i.e. glucose. 

5. See Figures 7.6 and 7.7.  Nitrocellulose filter binding assays using labeled lac operator DNA and purified repressor protein, can be used to demonstrate that the lac operator is the site of binding for the repressor protein. In these experiments, labeled operator DNA is bound to increasing amounts of repressor protein and the mixture is passed through a nitrocellulose filter. Only DNA bound to protein is retained on the filter and we would expect the data to show increased amount of labeled DNA as the repressor concentration increases. The graph below illustrates the expected increase in DNA–repressor complexes in the presence of increased repressor and it also shows that as the DNA becomes limiting the curve plateaus. As a control in this experiment, we can test the ability of the lac operon to bind repressor in the presence of an artificial inducer (IPTG). We would predict that in the presence of the inducer the repressor will be unable to bind to the operator. The predicted results are shown on the figure below.





To verify that it is the operator to which the repressor is binding in these experiments, we can use a mutant (Oc) operator, whose constitutive activity suggests that it has a reduced affinity for repressor.  As Figure 7.7 demonstrates, it takes a considerably higher concentration of repressor to reach maximal binding with the mutant operator.  Thus, what is defined genetically as the operator is really the binding site for repressor. 
6. See Figure 7.8.  The following experiment can be used to show that RNA polymerase can bind to the lac promoter even in the presence of the repressor. We incubate DNA containing the lac promoter with repressor protein and allow the repressor to bind to the operator. We then add both inducer and rifampicin. Rifampicin inhibits the process of open promoter formation, but does not inhibit transcription from already formed open promoter complexes. We would predict that if the formation of an open promoter complex requires release of the repressor from the operator, transcription would not occur when rifampicin was added since the open promoter complex would not be forming in the presence of the antibiotic. If, however, the RNA polymerase was already bound in an open promoter complex prior to the release of the repressor, then rifampicin will not affect transcription when added with the repressor as described. In such an experiment we would expect to observe transcription after addition of inducer and rifampicin, supporting the hypothesis that RNA polymerase can bind to the lac promoter in the presence of the repressor.  This is the result that Figure 7.8 depicts.
7. See Figure 7.9.  In vitro kinetic studies can be used to show that the lac repressor prevents RNA polymerase from binding to the lac operon. In such an experiment, a lac promoter is incubated with RNA polymerase in the presence of a UTP analog with a fluorescently tagged (-phosphate. The release of fluorescently tagged pyrophosphate can be used to calculate the rate of abortive transcription. Abortive transcription is a result of repeated binding of a polymerase to a template and generation of short oligonucleotide fragments. In an experiment such as this, if we add heparin, the rate of formation of abortive transcripts will decrease because the heparin will bind the polymerase as it is released from the template. We can hypothesize that, if the repressor is interfering with polymerase rebinding to the lac operon, then addition of repressor to the assay will also result in a reduction in the rate of abortive transcript formation. As a negative control we would perform the assay in the absence of DNA template. The graph below shows the expected results. The slope of the lines gives us the rate of abortive transcript formation after the addition of heparin and after addition of repressor. As expected, heparin competes with the promoter for binding of the polymerase leading to a decrease in abortive transcript formation. Similarly, the observed decrease in the rate of abortive transcript formation after the addition of repressor is consistent with the repressor’s interfering with binding of the polymerase to the promoter.
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8. See Figure 7.11.  Studies of mutant lac constructs in which one or more operators have been removed have been used to demonstrate that all three lac operators are required for full repression. Műller-Hill et al. used ( phage to introduce mutant construct into E. coli strains lacking a lacZ gene, and assayed the degree of repression in the lysogenic E. coli. Fold repression in the presence of each introduced gene construct was measured by comparing the (–galactosidase activity in the presence and absence of the inducer IPTG. Mutating one or the other of the auxiliary operators showed little effect on repression. However, removal of both auxiliary operators resulted in a 50-fold loss of repression.  

9. A convenient assay that allows us to measure the stimulation of (–galactosidase activity by addition of cAMP, was developed by Zubay and co-workers. A cell free extract of E. coli is prepared and the (–galactosidase activity in the extract can be measured after the addition of different amounts of cAMP. A stimulation of the (–galactosidase activity upon cAMP addition is consistent with the presence of a protein, CAP (catabolite activator protein), in the extract that upon binding to cAMP activates the lac operon. E. coli mutants exist that have a CAP protein with a reduced affinity for cAMP. We can use cell free extracts from these mutant E. coli and measure the (–galactosidase activity in these extracts after addition of increasing amounts of cAMP. We would predict that, because of the mutant CAP present in the cell free extracts, we would observe a decrease cAMP stimulated (–galactosidase activity.  Expected data are shown in the figure below.  
10. The CAP-cAMP complex functions in a number of ways to activate transcription from the lac promoter. First, CAP-cAMP indirectly stimulates the formation of open promoter complexes. This is because it stimulates the formation of closed promoter complexes which increases the opportunity for open promoter complex formation. CAP-cAMP also reduces inefficient initiation of transcription that occurs at an alternative promoter site, P2, within the lac operon. This has the effect of increasing the availability of RNA polymerase molecules for forming open promoter complexes at P1, which is the primary efficient polymerase-binding site. Once bound to the activator-binding site upstream of the polymerase-binding site, CAP-cAMP interacts directly with RNA polymerase. Specifically, Activator Region I (ARI) of CAP-cAMP interacts with the Carboxy-terminal domain of the (-subunit of RNA polymerase I ((-CTD) (Figure 7.19). The interaction between ARI and (-CTD leads to co-operative binding of RNA polymerase to the promoter. Finally, CAP-cAMP bends its target DNA upon binding and this stimulates transcription by facilitating interactions with the RNA polymerase.

11. See Figure 7.18.  The following electrophoresis experiment can be used to demonstrate that binding of the CAP-cAMP complex to the lac promoter region bends the DNA molecule. In such an experiment we would take advantage of the fact that a DNA fragment that is bent will have a lower electrophoretic mobility. The location of the bend affects the degree of retardation on a gel. In other words, two protein molecules of the same size bound to the same piece of DNA, will differ in their mobility based upon where within the DNA molecule the protein is bound. A protein bound in the center will affect the mobility more than one bound off to the side. We can use restriction enzyme digestion to generate DNA fragments of the same size, all of which contain the CAP-cAMP binding site at a different but known location. We would then bind the CAP-cAMP complex to the DNA and we can predict which DNA fragment will have the lowest mobility. We expect that when the binding site is located in the center of the fragment the mobility will be lowest and in assays using the constructs with the binding site off center we will see a decrease in the observed retardation of mobility as a function of its distance from the center of the DNA fragment. We would expect the DNA fragment with the lowest mobility to have the CAP-cAMP binding site at the center of the DNA fragment, thus supporting the hypothesis that binding of the CAP-cAMP complex to the lac promoter region bends the DNA molecule.  Figure 7.18 shows that this expectation was borne out by experiment.
12. See Figure 7.17.  X-ray crystallography has been used to confirm the presence of a bend in the DNA molecule at the lac promoter region in response to binding of the CAP-cAMP complex.

13. See Figure 7.20.  Repression of the arabinose operon requires binding of AraC to both the araO2 and the araI sites in the araBAD operon. These two binding sites are separated by over 200 hundred base pairs and looping out of the intervening DNA sequences is required to allow these proteins to interact.  Their interaction is contingent upon their being aligned with each other on the correct face of the DNA. In other words, after the loop is formed each must be on a side of the helix that allows them to interact.  Insertion of a DNA fragment that introduces one or more entire helical turns will not interfere with protein-protein interactions because it will not alter their positions on the DNA face relative to each other. On the other hand, if a non-integral number of turns are introduced between the two protein binding sites the proteins will find themselves on different faces of the DNA after formation of the loop. Interaction between the proteins cannot occur since the helix cannot twist around to allow the proteins to contact each other. The diagram below illustrates this phenomenon. On the left of the diagram an integral number of DNA helical turns have been introduced between the two protein binding sites and on the right a non-integral number of turns has been introduced and consequently the proteins are unable to interact.

14. 
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See Figure 7.21:       
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15. See Figure 7.23.   In order to demonstrate that arabinose can break the repression loop formed by AraC, we can use electrophoresis to detect the formation of the loop in the presence and absence of arabinose. To do this experiment, we would prepare “minicircles” of DNA of around 400 base pairs containing the araO2 and the araI sites separated by 160 base pairs. To detect loop formation in this construct we can take advantage of the fact that the formation of a loop in a supercoiled piece of DNA will increase its electrophoretic mobility. We would then label these minicircles and incubate them in the presence and absence of arabinose. We would then electrophorese the DNA and we expect to see an increase in the mobility of the DNA in the absence of arabinose due to the presence of the repression loop. However, in the sample with arabinose we will see lower mobility of the DNA because the arabinose has inhibited repression loop formation

16. See Figure 7.22.  To demonstrate that both araO2 and araI are involved in forming the repression loop we can use minicircle assays using mutant constructs. The principle behind these experiments is as follows. If the stability of the repression loop requires binding of AraC to both araO2 and araI, disrupting the binding of AraC to either of these sites by means of a mutation in the DNA sequence will reduce the stability of the repression loop. We would set up the experiment in the following manner. We would bind AraC to labeled minicircles containing either wild-type binding sites, or binding sites carrying a mutation at either araO2 or at both araI binding sites. Then we would add unlabeled wild-type minicircles, perform electrophoresis, and measure the time it takes for half of the repression loops to dissociate. We can measure loss of the labeled repression loops by looking for decrease in mobility on a gel. The more rapidly the complexes dissociate, the less stable the repression loop. We expect to observe that minicircles with mutations in either araO2 or in the ara1 binding sites are more readily converted to unlooped circles than are the wild-type minicircles. From this we can infer the both of araO2 and ariI are required for repression loop formation.
17. Two experiments are needed to demonstrate that araI2 is important in binding AraC when the DNA is in the unlooped form but not in looped form. The first experiment we set up would use methylation interference. The principle behind this approach is that regions of the DNA that bind AraC and that are important for looping will be inhibited from looping when they are methylated. Therefore, in a partially methylated set of DNA molecules that were looped after methylation, we would expect only the DNA that is unmethylated in critical regions to be looped.  To perform this experiment we would partially methylate minicircle DNA such that on average only one base or a small number of bases per molecule were methylated. We would then add AraC to loop the DNA and separate the looped DNA from the unlooped DNA. If a region of DNA were responsible for looping when it bound AraC we have effectively selected against molecules methylated at this region and we would expect to only find looped molecules that were not methylated at this site. If we analyze the methylation patterns of the looped molecules after this part of the experiment, we expect to find araI1 bases that are heavily methylated in the unlooped DNA but unmethylated in the looped DNA. However, when we look at the methylation in the araI2 region of looped and unlooped DNA we will find methylated DNA in both samples indicating the AraC does not contact araI2 in the looped state. We would set up a second experiment to demonstrate that ara12 is important in binding AraC when the DNA is in the unlooped state.  The tools for this experiment are gel shift assays using both wild-type and mutant araI2 minicircles. In this experiment we would first bind AraC to both wild-type and mutant araI2 minicircles. We would then break the loop and linearize the circles with a restriction enzyme and determine if AraC is bound to the mutant and the wild-type araI2. We expect to see a loss of binding in the minicircle with the mutant araI2 site. This tells us that araI2 is necessary for binding AraC in the unlooped state.

18. See Figure 7.25.  The genes of the trp operon in E. coli cells are inactivated in response to abundant tryptophan. A model for this negative control mechanism is as follows. An aporepressor monomer exists in the cell and it has no affinity for the trp operon unless it is associated with a corepressor. The corepressor is tryptophan, and its association with the aporepressor results in an allosteric change allowing the formation of an active repressor complex.  This complex binds the trp operator as a dimer, repressing expression of the trp structural genes. Thus, when tryptophan is abundant in the cell, the genes of the trp operon are repressed and when it is scarce, the operon is released from repression.

19. See Figure 7.26.  Attenuation in the trp operon is facilitated by an attenuator within a leader sequence upstream of the first structural gene in the trp operon. The attenuator is composed of an inverted repeat in the DNA sequence, followed by a string of T’s in the non-template strand. In the presence of tryptophan, the RNA molecule forms a hairpin loop because of the self-complementarity of the inverted repeats. The tract of U’s, which make unstable UA base pairs with the template, combine with the hairpin loop to make the transcript/template hybrid unstable. This results in termination of transcription and release of the transcript. 

20. Translation of the trp leader region does not continue into the trp structural genes because there is a translation termination sequence at the end of the trp leader sequence. 

21. See Figure 7.29.  When tryptophan is scarce, attenuation of the trp operon can be overridden, allowing expression of the structural genes in the operon. Inspection of the DNA sequences in the leader sequence reveals some features that are key to the capacity of RNA polymerase to bypass the attenuation sequence when tryptophan levels within the cell are low. Within the leader sequence there are in fact two inverted repeats that will result in RNA containing two regions capable of hairpin loop formation. The second or downstream hairpin loop is associated with a tract of U’s. This is the functional attenuator. The first or upstream hairpin loop does not have the oligo U tract associated with it and it does not function as an attenuator. The leader sequence can form a composite hairpin loop using a single repeat from each of the two hairpin loops. This alternative hairpin is not associated with a poly U tract and therefore will not lead to attenuation. Formation of this alternative hairpin loop prohibits the formation of the downstream hairpin loop that is needed for attenuation. Alternative hairpin loop formation is favored when the ribosome stalls at two tryptophan codons upstream of the inverted repeats.  This stalling occurs under situations where tryptophan concentrations are low. Thus, when tryptophan is limiting, transcription can proceed through to the structural genes.

22. See Figure 7.30.  A riboswitch is a region of RNA sequence within the 5’ UTR of an mRNA that controls the synthesis or translation of that RNA. This is achieved by the binding of a small molecule, or ligand, to a specific region of the riboswitch called an aptamer. An example is the ribD operon of Baccillus subtilus. A conserved element, the RFN element, binds Flavin Mononucleotide (FMN) a product of the ribD operon. It is believed that binding of FMN to the aptamer causes a conformational change in the element, resulting in the formation of a terminator. In this way the product of the operon switches off its own production.

23. In-line probing is a technique that allows us to probe the structure of an RNA molecule. Spontaneous cleavage of RNA molecules occurs more readily in the absence of secondary structure. This is because hydrolysis needs a 180( arrangement between the attacking nucleophile and its substrate, and such an arrangement is prevented in base-paired regions of an RNA. This allows us to visualize changes in the secondary structure that may occur upon binding of a ligand to its aptamer. Separating the cleaved fragments on a gel and observing a footprint on the autoradiograph allows visualization of any region of the RNA that is less susceptible to cleavage. This is analogous to a footprint we would observe in a DNase footprinting experiment. To do an in-line probing experiment, an RNA fragment containing the aptamer is labeled and then incubated in the presence and absence of its ligand. Spontaneous cleavage pattern are observed by electrophoresis and autoradiography.  A set of fragments on the autoradiograph that are missing only in the presence of ligand suggests that the ligand is bound to this site in the RNA inducing a change in its secondary structure.

Analytical Questions

	
	phenotype minus inducer 
	phenotype plus inducer
	Explanation

	a
	-
	+
	All the genes are wild-type therefore wild-type function is present and (-galactosidase is produced upon induction only.

	b
	-
	+
	 The Z- mutant allele is recessive to the Z+ allele. The enzyme produced by the wild-type gene is sufficient to give a wild-type phenotype. 



	c
	-
	+
	The I- mutant allele is recessive to the I+ allele. The repressor protein produced by the wild-type allele will be sufficient to bind the operator in both genes. In other words, the mutation will be complemented in trans by the single wild-type allele.



	d
	-
	-
	The Is mutant allele is dominant over to the I+ allele. Repressor proteins produced from the Is are unable to bind the inducer and thus cannot be released from the operator. The repressor produced in the merodiploid will contain subunits from the mutant allele as well as the wild-type. This will render the tetramer non-functional and it will be permanently associated with the operator. 

	e
	+
	+
	The Oc mutant allele is dominant over to the O+ allele. The mutant operator is unable to bind repressor protein and will therefore constitutively produce (-galactosidase protein in its operon regardless of the presence of absence of inducer.

	f
	-
	+
	Since the Oc mutation is in the promoter controlling expression of a mutant lacZ gene, the mutation in the lacZ gene gene is “canceling out” the Oc mutation. The Z- allele is epistatic on the Oc allele.

	g
	+
	+
	Since the Oc mutation renders the promoter incapable of binding the repressor, it “cancels out” the phenotype of the Is allele which produces repressor that is unable to bind the inducer. The Oc allele is epistatic on the Is allele and this operator will drive constitutive expression of the (-galactosidase gene. The wild-type operator will also not be depressible because the Is allele is dominant over the I+ allele for the reasons explained in d. above. However, since the other copy of the lacZ gene is producing (-galactosidase constitutively there will be (-galactosidase produced in the presence of the inducer. 


1. (a) Because the phenotype of mutant strain #1 is constitutive (no inducer needed for activity), its genotype must carry a mutation in either the I or the O gene, i.e I- orOc.  Therefore, C (the mutant gene in strain #1) is either I or O.  Mutant #2 is also constitutive, so its genotype is also either I- or Oc.  Therefore, A is either I or O.  So far we know that A and C are I and O, but not necessarily in that order.  This means that B must correspond to Z, by elimination.  Now we need to determine whether A = I and C = O, or vice-versa.  The phenotype of Mutant #3 gives the answer.  Because it is constitutive and the mutant form is dominant, C- must be Oc.  If it were I-, the other constitutive possibility, the mutation would have been recessive, and no -galactosidase would have been produced in the absence of inducer.  Thus A = I, B = Z, and C = O.
(b) The partial diploid in line 4 fails to make -galactosidase even in the presence of inducer.  That is, the mutation (A-) is dominant, and A- must therefore be Is.  On the other hand, the phenotype of the strain in line 5 is the same as that of a wild-type strain.  Therefore, the mutation (A-) in the genotype of the strain shown in line 5 must be recessive, i.e. A- = I-.  Therefore, the two genotypes are:
IsO+Z+/I+O+Z+
I-O+Z+/I+O+Z+
a. E. coli cells with a mutant lac operator that is unable to bind the repressor, will express the genes from the lac operon constitutively. In other words, the genes will be expressed in the presence and absence of lactose.

b. E. coli cells with a mutant lac repressor that cannot bind to the lac operator will express the genes from the lac operon constitutively. In other words, the genes will be expressed in the presence and absence of lactose.

c. E. coli cells with a mutant lac repressor that cannot bind to allolactose will be unable to express the genes from the lac operon. Binding to allolactose is required to release the repressor from the operator and without this binding de repression cannot occur. In other words, the genes will be repressed both in the presence and absence of lactose.

d. A lac promoter that cannot bind CAP plus cAMP will be unable to activate the promoter in response to low glucose levels and therefore, regardless of the presence of lactose, the genes of the lac operon will not be induced.

e. Since this operon controls expression of genes in an anabolic pathway we would expect it to be repressible by the end product of that pathway i.e. phenylalanine. This avoids the unnecessary energetic cost of synthesizing phenylalanine when it is abundant in the cell. 

f. The short open reading frame near the 5’ end is likely to contain an attenuator analogous to that found in the trp operon. We expect the leader sequence to contain sequences typical of an attenuator. Specifically, it will contain a sequence that allows the RNA to form a hairpin loop followed by a string of T’s in the non-template strand resulting in a stretch of poly U in the RNA strand after the haipring loop gidingunstable AU basepairs in the DNA/RNA hybrid in region. This structure will result in termination of transcription of the genes of the operon proper while pheylalanine if abundant. Analogous to the trp operon, the phenylalanine codons prior to the hairpin loop structure cause the ribosome to pause if phenylalanine is scarce and prevent formation of the hairpin loop associated with the attenuator. Thus attenuation is overridden when trp is scarce. 

g. If the phenylalanine codons were changed to leucine codons then the operon would become sensitive to the levels of leucine rather than phenylalanine and in the presence of scarce leucine the operon would be able to override the attenuation. The attenuator would loose its ability to respond to levels of phenylalanine.

h. This type of regulation is called attenutation and it relies on the fact that in prokaryotes, an RNA molecule can have a ribosome bound while it is still being transcribed. This type of regulation is not possible in eukaryotes because transcription and translation are spatially and temporally separated.

2. An in-line probing experiment can be used to determine if an mRNA molecule, X, from E. coli contains an aptamer that binds a small molecule Y. In such as assay, we would label mRNA molecule X and incubate it in the presence an absence of Y and allow spontaneous cleavage. The products would then be electrophoresed and subjected to autoradiography. The areas on the autoradiograph where bands are present only in the absence of the putative ligand Y, are where the RNA has undergone a conformational change resulting in a secondary structure that prevents spontaneous cleavage. This suggests that the RNA has bound Y.  

6.  a. Catabolic       b. Active 
c. Enzyme 1
d. A repressor
     e. A promoter  
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