Chapter 14—Control of Gene Expression in Bacteria

Lecture Outline

I.
Regulation of Gene Expression in Bacteria Is Critical to Their Survival

A.
Bacteria occupy a variety of habitats and survive on a variety of carbon and energy sources.

1.
Some bacteria can live on only one type of food.

2.
Most bacteria switch between several different food sources.

B.
Each type of nutrient taken up by a cell requires different membrane transport proteins and 
different enzymes to metabolize it.

1.
Case study—intestinal bacteria E. coli
a.
The bacteria utilize a wide variety of sugars for energy and carbon.

b.
Available food sources vary with the diet of the host. 

2.
E. coli competes for space with numerous other species in the intestine.

a.
Bacteria line the intestine in a 1-inch thick layer composed of many species.

b.
Survival requires efficient utilization of available resources.

c.
Expression of all genes in the genome is energetically unfavorable.

(1)
Example—Only a subset of the genes involved in food metabolism is expressed.

(2)
Which genes are expressed depends on which food source is available.

3.
How does the switching of genes on and off in bacteria occur?

II.
Overview of Gene Regulation Mechanisms in Bacteria (Fig. 14.1)

A.
Transcriptional Regulation

1.
A gene is not transcribed; no mRNA is made.

2.
This is the most energy-efficient control mechanism—No mRNA or protein is made.

III.
Case Study—Metabolism of Lactose in E. coli
A.
E. coli can metabolize a wide variety of sugars, such as glucose, lactose, and others.

1.
The sugar must be transported into the cell with the assistance of a membrane protein.

2.
The sugar is broken down in the cytoplasm by a specific set of enzymes.

3.
Other enzymes are involved in using the raw material of the sugar to drive the synthesis of amino acids, vitamins, and other compounds.

B.
Lactose Metabolism in E. coli
1.
Lactose is a disaccharide composed of glucose and galactose.

2.
If lactose is available in the medium, it is transported into the cell.

3.
The cell then produces the enzyme β-galactosidase, which appears in the cytoplasm.

4.
This suggested that lactose may act as an inducer of the β-galactosidase gene.

5.
J. Monod—Does lactose utilization by the cell depend on other sugars that might be present?

a.
Hypothesis—E. coli prefers to use glucose over lactose because: 

(1)
Glucose produces more ATP per molecule than any other sugar.

(2)
Glucose plays a central role in glycolysis.

b.
Experiment—If both glucose and lactose are available, does E. coli produce β-galactosidase?

(1)
E. coli was grown in three different media, each containing a different ratio of glucose to lactose (1:3, 1:1, 3:1).

(2)
Results (Fig. 14.2)

(a)
Growth in all media followed the same pattern—a period of rapid growth (period 1), after which growth ceased for a time, then a second period of rapid growth (period 2).

(b)
If the ratio of glucose to lactose in the medium was:

i.
1:3, then the ratio of growth in period 1 to period 2 was 1:3.

ii.
1:1, then the ratio of growth in period 1 to period 2 was 1:1.

iii.
3:1, then the ratio of growth in period 1 to period 2 was 3:1.

(3)
Conclusions

(a)
Growth during period 1 is driven by glucose, because the relative growth rate during period 1 always matches the relative amount of glucose in the medium.

(b)
The no-growth period occurs when glucose is depleted. 

(c)
Growth during period 2 is driven by lactose.

(d)
The results support the hypothesis that glucose is preferred.

6.
Which genes are turned on to enable E. coli to utilize lactose?

C.
Identifying the Loci Involved in Lactose Metabolism

1.
Jacob and Monod search for E. coli mutants incapable of lactose utilization, but how can cells that do not grow be isolated? Two methods: 

a.
Replica Plating (Fig. 14.3)

(1)
Cells are exposed to mutagens and grown on glucose medium.

(2)
Each cell forms a colony. This is the "master plate." 

(3)
A block covered with sterile velvet is pressed onto the master plate.

(4)
Some cells from each colony are transferred to the velvet.

(5)
The velvet is pressed onto a plate of lactose medium, the "replica plate." 

(6)
Cells that do not grow on the replica plate are unable to utilize lactose. 

(7)
Any colonies that grew on the master plate, but not on the replica plate, were lactose utilization mutants. 

b.
Indicator Plates—Mutants with metabolic deficiencies are observed directly.

(1)
Cells exposed to mutagen are plated on lactose medium agar plates.

(2)
Colonies form on the plates.

(a)
Some colonies will utilize lactose normally and produce β-galactosidase enzyme.

(b)
Other colonies may have a mutation in lactose metabolism and may not synthesize β-galactosidase enzyme.

(3)
All colonies are sprayed with 0-nitrophenyl-β-D-galactoside (ONPG), which is an alternative substrate for the β-galactosidase enzyme.

(4)
Where β-galactosidase is present, it cleaves ONPG, releasing galactose and o-nitrophenol, which stains the colony intensely yellow.

(5)
Yellow colonies are normal; white colonies are β-galactosidase-deficient.

2.
The genetic locus that codes for β-galactosidase was named lacZ. (Fig. 14.4)

a.
Cells that are deficient in β-galactosidase enzyme are LacZ–. 

b.
Cells that have normal β-galactosidase are LacZ+.

3.
Monod identifies a second locus that is important to lactose metabolism.

a.
Hypothesis—Lactose must be transported into E. coli by some type of protein.

b.
Cells that do and do not grow on lactose were fed D-1-thio-galactoside (TMG).

(1)
TMG is very similar in structure to lactose.

(2)
Normal cells accumulate TMG to about 100 times the concentration in the surrounding medium. 

(3)
Some mutants that do not grow on lactose also do not accumulate TMG.

c.
Conclusion—Mutants that do not accumulate TMG lack a membrane transport protein. 

(1)
The membrane transport protein was named galactosidase permease.

(2)
The locus that encodes galactosidase permease was named lacY. (Fig. 14.4)

4.
Constitutive Mutants in Lactose Utilization Metabolism

a.
E. coli cells exposed to mutagens were plated on media lacking glucose and lactose.

b.
Colonies were sprayed with ONPG; some colonies turned yellow.

c.
Conclusion—The yellow colonies were constitutive mutants in β-galactosidase expression; that is, their lacZ gene was always on, even without lactose present.

d.
The locus associated with constitutive lacZ expression was named lacI. (Fig. 14.4)

(1)
LacI– cells are mutants that do not need an inducer to activate lacZ.

(2)
LacI+ cells are wild type, and require an inducer (lactose—specifically, allolactose) to activate lacZ.

D.
Repression and Induction of the Lactose Utilization System

1.
Glucose and the lacI gene product repress expression of lacZ and lacY.

2.
Lactose (as allolactose) induces transcription of lacZ and lacY.

3.
Szilard hypothesis—β-galactosidase synthesis is under negative control. (Fig. 14.5a)

a.
Transcription of lacZ is normally repressed, unless lactose becomes available.

b.
The repressor was assumed to be the lacI gene product.

c.
Mutants that constitutively express β-galactosidase in the absence of lactose have a defective repressor. (Fig. 14.5b)

d.
In the absence of the repressor, transcription of lacZ proceeds normally.

e.
Prediction—Lactose acts as an inducer because it interferes with the repressor. (Fig. 14.5c)

4.
The Pardee, Jacob, and Monod (PaJaMo) experiment confirms negative control:

a.
Goals of the Experiment

(1)
Determine the effects of the inducer (lactose) versus the repressor, which was presumed to be the lacI gene product.

(2)
Determine if the effects conform to the idea of negative control.

b.
Predictions

(1)
Adding repressor to cells should block β-galactosidase expression.

(2)
Adding inducer to cells should trigger β-galactosidase expression.

c.
Experiment—Introduce normal lacZ and lacI. (Fig. 14.6)

(1)
Donor cells—normal lacZ and lacI genes, streptomycin sensitive (strs).

(2)
Recipient cells—mutant lacZ and lacI genes; streptomycin resistant (strr).

(3)
Donor and recipient cells were mated for 1 hour, the time it takes for conjugation to occur, in a lactose-free medium.

(a)
F+ Hfr donor cells form a conjugation tube to F– recipient cells. (Box 14.1)

(b)
A portion of the chromosome that contains lacZ and lacI is transferred from donor to recipient.

(4)
At 1 hour, streptomycin was added to kill all donor cells. 

(5)
Samples were taken from the time mating began and tested for activity of β-galactosidase. 

d.
Results—β-galactosidase activity rose sharply at 1 hour, leveled, and then slowly declined.

e.
Conclusions

(1)
Mating introduces normal lacZ and lacI into the recipients after 1 hour. 

(a)
β-galactosidase is synthesized and its activity increases.

(b)
Eventually, enough repressor is produced from lacI to block transcription of lacZ, and β-galactosidase activity declines.

(c)
Transcription of lacZ occurred despite the absence of the lactose inducer, because initially no repressor was present.

(2)
The data support the hypothesis of negative control of lacZ transcription.

5.
Does the inducer work by removing the repressor? 

a.
The PaJaMo experiment was repeated.

b.
Isopropyl-1-thio-β-D-galactoside (IPTG) was added after β-galactosidase activity was high (IPTG acts as an inducer).

c.
Result—No decline in β-galactosidase activity occurred over time.

d.
Conclusion—As the amount of repressor accumulated in the cell, IPTG blocked it from 
interacting with lacZ and β-galactosidase expression continued.

6.
Jacob and Monod made a number of predictions, based on their model:

a.
The repressor is a protein encoded by lacI.

b.
The repressor binds to DNA, preventing transcription of lacZ. The site on the DNA to which it binds is called the operator. (Fig. 14.7a)

c.
The repressor is expressed constitutively.

d.
The repressor acts by blocking RNA polymerase from interacting with lacZ.
e.
Allosteric Regulation

(1)
The inducer (allolactose) binds to the repressor, causing it to change shape.

(2)
The repressor falls off the operator, and transcription of lacZ proceeds. (Fig. 14.7b)

7.
The lac operon—Further work by Jacob and Monod and others showed that:

a.
Some E. coli mutants that transcribe lacZ constitutively have defective operators.

b.
The operator is not protein or RNA; instead it is part of the E. coli chromosome because radioactively tagged repressor proteins bind to E. coli DNA.

c.
A third gene, lacA, is tightly linked to lacZ and lacI; but its function remains unknown.

d.
Only one promoter precedes the lacZ, lacI, lacA gene cluster; that is, it is an operon. (Fig. 14.8a)

e.
RNA polymerase transcribes all three genes into one polycistronic mRNA. (Fig. 14.8b)

8.
The lac operon is an important genetic model because many bacterial genes are under negative control. Example—The tryptophan operon.

a.
The operon has five genes; each codes for an enzyme required for tryptophan synthesis. (Box 14.2, Fig. 1)

b.
The tryptophan operon is involved in biosynthesis, whereas the lactose operon is involved in catabolism.

(1)
The biosynthetic product of the operon, tryptophan, binds the repressor.

(a)
The tryptophan-repressor complex binds the operator.

(b)
With the complex on the operator, transcription of the operon is blocked.

(c)
No tryptophan synthesizing enzymes are made.

(2)
The lactose operon leads to the breakdown of lactose.

(a)
Lactose removes the repressor from the operator.

(b)
With the repressor removed, the operon is transcribed. 

(c)
The β-galactosidase enzyme is produced and lactose is metabolized.

c.
Attenuation supplements negative control of the tryptophan operon.

(1)
A long leader sequence is present between the transcription start site and the gene-coding regions of the operon. (Box 14.2, Fig. 2)

(2)
The leader sequence is transcribed into mRNA.

(a)
The leader mRNA has several codons for tryptophan.

(b)
The leader is translated on ribosomes as it is transcribed.

(c)
If tryptophan is abundant in the cell:

i. It is added to the growing polypeptide at each tryptophan codon. 

ii.
The leader mRNA continues to move fast through the ribosome.

iii.
A stem-loop structure forms that terminates transcription.

(d)
If tryptophan is not abundant in the cell:

i.
The ribosome stalls and waits for tryptophan to arrive.

ii.
The stem-loop structure does not form, so transcription continues.

iii.
Tryptophan-synthesizing enzymes are made so tryptophan levels in the cell will increase.

9.
How does glucose exert repression on the lactose operon?

a.
If glucose is present, the lac operon will be repressed, even if lactose is available.

b.
Glucose control over the lac operon makes sense energetically and chemically:

(1)
Glucose yields more ATP than lactose and is used directly in glycolysis.

(2)
Cleavage of lactose releases glucose, so if glucose is abundant, it is not energy efficient to catabolize lactose and produce even more glucose.

c.
Catabolite repression—The end product of catabolism represses the operon that encodes the enzymes responsible for catabolism. (Fig. 14.9a)

(1)
Glucose is the catabolite that represses the lac operon. 

(2)
If glucose is abundant in the cell, the lac operon is repressed, so lactose cannot be catabolized, which would lead to more glucose production. 

