Chapter 13— Transcription and Translation

Lecture Outline

I.
Proteins Perform Dynamic and Structural Functions in Cells

A.
Proteins control

1.
Chemical reactions

2.
Physiological responses

3.
Developmental processes

4.
And they act as structural support molecules inside cells.

B.
Proteins are synthesized in a two-step process (the central dogma): (Fig. 13.1)

1.
Transcription of genes into messenger RNAs

2.
Translation of messenger mRNAs into proteins

II.
Transcription in Bacteria

A.
RNA polymerase enzyme reads the DNA template and synthesizes a complementary RNA strand. (Fig. 13.2)

1.
What are the start and stop signals for RNA polymerase on DNA?

2.
How does the enzyme know which DNA strand is the template?

3.
Does RNA polymerase act alone, or does it require other proteins or factors?

B.
A cell-free system was used to elucidate many aspects of transcription in bacteria.

1.
The genome of a bacteriophage (phage T7) was used as the template DNA.

a.
The genome of a phage virus is much smaller than that of a bacterium.

b.
Transcription of a smaller genome is faster and easier to analyze.

c.
The results were expected to provide insights into transcription in other organisms.

2.
RNA polymerase interactions with DNA were assayed using nitrocellulose filters, which will bind protein, but not double-stranded DNA. (Fig. 13.3a)

C.
How does transcription begin? Does RNA physically bind to DNA? If so, where?

1.
Experiment—Does RNA polymerase physically interact with DNA?

a.
Phage T7 DNA template was made radioactive and then mixed with RNA polymerase.

b.
The DNA/RNA polymerase mixture was then poured onto a nitrocellulose filter.

c.
The filter can bind only the RNA polymerase protein, not the DNA.

d.
Result—Radioactivity was found on the filter. 

e.
Conclusion—RNA polymerase physically bound to the DNA, which stayed with the RNA polymerase when it adhered to the filter. 

2.
Experiment—To what sites in the DNA does RNA polymerase bind?

a.
Different ratios of RNA polymerase to T7 DNA molecules were tested. 

b.
Results and Conclusions

(1)
8 RNA polymerase molecules—1 T7 DNA molecule gives maximum binding. 

(2)
Conclusion—On phage T7 DNA, there are eight binding sites for RNA polymerase enzyme. (Fig. 13.3b)

c.
Binding sites for RNA polymerase on DNA were eventually named "promoters."

D.
Are Proteins Other than RNA Polymerase Required for Transcription to Begin?

1.
An E. coli protein, called sigma factor, was found that binds to RNA polymerase before transcription begins.

2.
Hinkle and Chamberlin hypothesis—Sigma factor binds the promoter and helps initiate transcription. RNA polymerase cannot initiate transcription by itself. 

a.
They demonstrated that removal of sigma factor from RNA polymerase prevents the enzyme from binding tightly to T7 DNA.

b.
Work by others: 

(1)
Sigma factor is required for RNA polymerase to recognize a promoter and initiate transcription.

(2)
Sigma factor is released from RNA polymerase and the promoter after transcription begins.

E.
Which DNA Sequences Are Recognized by Sigma Factors? (That is, what does a promoter look like?)

1.
Pribnow isolates promoters from strands of T7 DNA.

a.
E. coli RNA polymerase/sigma complexes were added to T7 DNA.

b.
The DNA/protein complex was treated with DNase enzyme. (Fig. 13.4)

(1)
DNase enzyme degrades the DNA that is not bound up with protein.

(2)
The segments of DNA to which RNA polymerase/sigma were bound remained intact.

(3)
The DNase enzyme was washed away.

(4)
The remaining complexes were treated with proteinase to destroy the proteins.

c.
Result—Promoter regions of T7 DNA were isolated.

2.
Characteristics of purified T7 promoter DNA:

a.
The promoters are about 40–50 bases long, as determined by gel electrophoresis.

b.
The promoters were sequenced, and the sequences were similar to promoters in other phage and bacteria.

(1)
A consensus sequence of TATAAT occurs 10 bases upstream of the transcription initiation site. It is called the "Pribnow box" or "–10 box." 

(2)
A consensus sequence of TTGACA occurs 35 bases upstream of the transcription initiation site. It is called the "–35 box."

3.
Hypothesis—Sigma factor binds to RNA polymerase, forming a complex that then binds to the –35 and –10 boxes of the promoter. (Fig. 13.5a)

a.
Binding identifies the strand of DNA that will be transcribed.

b.
Sigma factor determines which genes are transcribed.

(1)
Bacteria have several different sigma factors.

(2)
Each different sigma factor recognizes a different type of promoter. 

(3)
Depending on which sigma factor binds RNA polymerase, only a certain subset of genes will be transcribed.

c.
Sigma factor is released after transcription is initiated. (Fig. 13.5b)

F.
Transcription Elongation and Termination

1.
Elongation—RNA polymerase moves 3' to 5' along the template DNA strand:

a.
It unwinds the double helix.

b.
It reads the DNA template and brings in the complementary nucleotide 

c.
It catalyzes addition of the nucleotide to the 3' end of the growing RNA molecule.

d.
It inserts a uracil whenever it encounters adenine in the template DNA.

2.
Termination

a.
Specific sequences in template DNA act as termination sites.

b.
RNA polymerase and the mRNA strand are released from the DNA template.

c.
Specific termination proteins facilitate the release in some bacteria.

III.
Transcription in Eukaryotes

A.
Eukaryotic RNA Polymerase—Three different RNA polymerases are present in every cell. (Table 13.1)

1.
RNA polymerase I transcribes genes that code for ribosomal RNAs.

2.
RNA polymerase II transcribes genes that code for proteins; thus it synthesizes mRNAs.

3.
RNA polymerase III transcribes genes that code for tRNAs and other small RNAs.

B.
Eukaryotic Promoters

1.
A TATA box is located 30 base pairs upstream of the transcription start site.

2.
Promoters are more complex and have more variable elements than prokaryotic promoters.

C.
Eukaryotic Proteins Associated with Transcription—Transcription factors

1.
A cell-free system consisting of an adenovirus genome and an extract of human cells was used for many studies of eukaryotic promoters.

2.
In early experiments, RNA polymerase transcribed both DNA strands and initiated transcription at random sites, not on promoters. (Fig. 13.6a)

3.
Roeder et al. hypothesized that a sigma-like factor was missing from the assay.

a.
Experiment—Prepared a cell-free system of all the soluble components of a nucleus, plus adenovirus template DNA and NTPs.

b.
Result—RNA polymerase II transcribed the correct strand of DNA and initiated only at promoter sites.

c.
Conclusion—A soluble extract of the human nucleus contains components required for accurate transcription initiation.

4.
Additional Experiments

a.
The nuclear extract was fractionated, and components were added to the cell-free system one at a time, or in combinations.

b.
Result—Several transcription factors were discovered that were essential for promoter recognition by RNA polymerase II. (Fig. 13.6b)

c.
Work by others—Eukaryotic cells contain dozens of different transcription factors that influence which genes are on or off.

IV.
Eukaryotic Genes Have Introns

A.
The protein-coding region of eukaryotic genes is interrupted by stretches of non-coding DNA.

1.
Noncoding sequences must be disposed of to make a functional mRNA.

2.
Eukaryotic gene organization is very different from that in prokaryotes.

B.
P. Sharp et al. detected noncoding regions in genes of the adenovirus genome, which has genes that are very similar in structure to eukaryotic genes, and are thought to be derived from them.

1.
The researchers purified adenovirus DNA and adenovirus mRNA.

2.
They mixed together adenovirus mRNA and DNA and heated them to denature the DNA.

3.
Then they incubated the mixture under conditions that promote hybridization of the mRNA to its DNA template.

4.
Following hybridization, they used electron microscopy to observe the molecules in the solution.

5.
Result—All of the mRNA was paired to DNA, but some of the DNA looped out and was unpaired to the mRNA. (Fig. 13.7)

6.
Conclusion—The template DNA had stretches of nucleotides that were not present in the 
mRNA, so they could not hybridize and consequently looped out away from the mRNA. A 1:1 ratio of nucleotides did not exist between the DNA and the mRNA.

C.
W. Gilbert called the expressed portions of gene "exons" and the intervening portions "introns."

1.
Exons are translated regions of the gene; introns are untranslated regions of the gene.

2.
Eukaryotic genes are first transcribed into a "primary transcript." 

a.
The primary transcript contains the RNA complement of the exons and introns. (Fig. 13.8a)

b.
The introns are removed from the mRNA by splicing.

c.
The exon portions of the mRNA are linked together.

d.
The final mRNA contains an uninterrupted genetic message.

D.
Processing of Eukaryotic mRNAs

1.
Intron Splicing

a.
Occurs inside the nucleus

b.
Is catalyzed by a complex of proteins and small RNAs (snRNPs; i.e., small ribonucleoprotein particles, or "snurps")

(1)
snRNPs assemble on the primary mRNA transcript.

(2)
A specific adenine nucleotide in the intron RNA attacks the 5' end of the intron.

(3)
Breakage of the intron at its 5' end occurs, mediated by a spliceosome, which is composed of snRNPs. (Fig. 13.8b)

(4)
The free 5' end of the intron attaches to the adenine in the intron, forming a lariat.

(5)
The free 3' end of exon 1 reacts with the 5' end of exon 2, which results in:

(a)
Breaking the 3' end of the intron

(b)
Joining the two exons together with a covalent bond

(6)
The lariat structure is usually degraded to nucleoside monophosphates.

2.
Following transcription, caps and tails are added to the mRNA in the nucleus. (Fig. 13.9)

a.
A cap of 7-methylguanylate-P-P-P is attached to the 5' end of each mRNA.

b.
A tail, consisting of 100 to 250 adenines ("poly-A tail") is added to the 3' end of mRNA.

c.
Function—The cap and tail protect the mRNA from degradation by RNases.

(1)
Do the cap and tail work synergistically, or are they redundant?

(2)
Gallie tested luciferase mRNAs with or without caps and/or tails. 

(a)
mRNAs were added to tobacco cells (which normally lack luciferase). (See Chapter 17 introduction). 

(b)
The substrate luciferin and ATP were added to the cells.

(c)
Luciferase + luciferin + ATP ( light

(d)
Result—The most light was produced in tobacco cells that received luciferase mRNAs with both cap and tail. (Fig. 13.10)

(e)
Conclusion—The mRNA cap and tail work synergistically to protect mRNA from premature degradation by RNases.

V.
Introduction to Translation

A.
Translation—The conversion of a sequence of nucleotides in an mRNA to a sequence of amino acids in a protein.

1.
Most mechanisms of translation were revealed by experimenting with a cell-free system.

2.
Studies showed the basic mechanism of translation was the same throughout the tree of life.

B.
Ribosomes are the site of protein synthesis.

1.
Caspersson and Brachet studied ribosome structure in the 1930s. 

a.
Ribosomes are composed of RNA and protein.

b.
Cells that have more ribosomes have a faster rate of protein synthesis.

2.
Brachet hypothesis—Ribosomes are sites of protein synthesis. Tested by R. Britten et al.: 

a.
The researchers tagged proteins with radioactive amino acids during translation.

b.
Question—Is the radioactivity associated with ribosomes?

c.
Conducted a pulse-chase experiment to label proteins and track their location at various times during and after translation.

(1)
Gave a pulse of radioactive 35SO42– to E. coli cells.

(a)
35S incorporated into the amino acids methionine and cysteine.

(b)
35S-Methionine and 35S-cysteine became part of proteins.

(2)
Then added an excess of nonradioactive SO42– (the "chase").

(3)
Results (Fig. 13.11)

(a)
Immediately after giving the pulse, found radioactivity in ribosomes.

(b)
Two minutes later, found radioactivity only in free proteins.

(4)
Conclusion—Protein synthesis occurs at the ribosome, and then the protein is released from the ribosome.

3.
Electron microscopy of E. coli DNA being transcribed shows ribosomes have attached to mRNA even before transcription is complete, while the mRNA is still linked to DNA. (Fig. 13.12)

4.
In eukaryotes, mRNAs are released from DNA in the nucleus, and then processed before leaving the nucleus and becoming associated with ribosomes in the cytoplasm.

C.
Conversion of Triplets of Nucleotides on mRNA into Amino Acids in Proteins

1.
Hereditary instructions are contained in sequences of nucleotides, which are then converted to a sequence of amino acids.

2.
Early hypothesis—Nucleotides of a codon chemically combine with amino acid side chains through shape/charge interactions. Crick points out a flaw—A nucleotide base could not interact with hydrophobic amino acid side groups; no hydrogen bonds can form.

3.
Crick hypothesis—Adapter molecules hold amino acids in place while interacting with an mRNA codon (predicted the existence of transfer RNA molecules). (Fig. 13.13)

4.
Function and Structure of Transfer RNAs (tRNAs)

a.
P. Zamecnik determined the chemical requirements for translation in a mammalian liver cell extract.

(1)
Nuclei and mitochondria were not needed.

(2)
Ribosomes, mRNA, amino acids, ATP, GTP, and a crude cell fraction containing proteins and an unknown RNA were needed.

(3)
If 14C-leucine is added to the cell-free system, some radioactivity appears in the unknown RNA.

(a)
The unknown RNA was determined to be tRNA attached to 14C-leucine.

(b)
Attachment of the amino acid requires ATP. (Fig. 13.14)

(c)
A tRNA with an attached amino acid is called an aminoacyl tRNA.

(d)
Enzymes that attach amino acids to tRNAs—aminoacyl synthetases.

(e)
Each of the 20 amino acids has one or more tRNAs.

i.
Amino acids that are coded by only one mRNA codon have 
only one tRNA.

ii.
Amino acids that are coded by multiple mRNA codons have multiple tRNAs.

(f)

Each of the 20 amino acids has one aminoacyl synthetase.

b.
M. Hoagland determines that tRNAs transfer their amino acids to proteins.

(1)
Followed the fate of 14C-leucine aminoacyl tRNA in the cell-free system.

(2)
Results—Over time, the radioactivity is lost from tRNA and appears in polypeptides on ribosomes. (Fig. 13.15)

(3)
Conclusion—Amino acids bind to tRNAs, which then transfer them to proteins on ribosomes.

c.
Do tRNAs act as adapters between amino acids and mRNA? The structure of tRNAs was determined.

(1)
Sequencing revealed that tRNAs are 75 to 85 nucleotides long.

(2)
Secondary structure was inferred from the nucleotide sequences:

(a)
Hydrogen bonding occurs between complementary bases in different parts of the tRNA molecule.

i.
Short, double-stranded regions form.

ii.
The tRNA assumes a cloverleaf shape of stems and loops (stems are double-stranded; loops are single-stranded regions). (Fig. 13.16a)

(b)
All tRNAs have the sequence CCA at their 3' end; it is a binding site for an amino acid.

(c)
One of the loops has a triplet of bases that varies in each tRNA; it is the anticodon (i.e., the nucleotides that form base pairs with an mRNA codon). (Fig. 13.16b)

(3)
X-ray crystallography shows tertiary structure—the 3-D arrangement of atoms.

(a)
X-rays that pass through tRNA crystals produce a diffraction pattern on film, which then is analyzed to deduce the 3-D structure. (Box 13.1)

(b)
tRNA cloverleaf folds over, producing an L-shaped structure.

(c)
The anticodon and amino acid attachment site are separated by a precise distance. (Fig. 13.16c)

d.
How many tRNAs are in cells?

(1)
There are 61 different mRNA codons but only about 40 tRNAs.

(2)
How can an mRNA codon, for which there is no tRNA, be translated?

(3)
Crick—Wobble hypothesis

(a)
Many amino acids are specified by more than one codon.

(b)
Codons for the same amino acid tend to have the same nucleotides in positions 1 and 2, but differ in the third position.

i.

Example—Codons 5'-CAA-3' and 5'-CAG-3' code for glutamine.

ii.

A tRNA with the anticodon 3'-GUU-5' can pair with either 5'-CAA-3' or 5'-CAG-3'.

iii.
Third codon position is the wobble position—Nonstandard base pairing with tRNA is allowed.

VI.
Ribosome Structure and Function in Bacteria

A.
What Are Ribosomes Made of, and How Are They Put Together?

1.
M. Nomura et al. purified ribosomes and separated their components by centrifugation.

2.
Results—Ribosomes are composed of two subunits.

a.
A larger 50S subunit and a smaller 30S subunit (S = Svedberg unit, a measure of sedimentation rate).

b.
Both subunits are composed of multiple RNA molecules and numerous proteins.

B.
Translation of mRNA has Three Phases

1.
Initiation—The ribosome binds to the mRNA and moves to the translation start site.

2.
Elongation—The mRNA message is translated and protein is synthesized.

3.
Termination—Ribosomes stop translating and disengage from the mRNA.

4.
Translation Initiation—A Closer Look (Fig. 13.17)

a.
The 30S ribosomal subunit binds to a sequence on mRNA just upstream from an AUG codon.


(1)
The AUG codon is the translation start codon, and specifies methionine. 

(2)
The sequence to which the 30S subunit binds is the Shine-Dalgarno sequence.

(3)
Binding of 30S to the mRNA is mediated by translation initiation factor proteins.

b.
An aminoacyl tRNA that binds n-formylmethionine (initiator methionine) interacts with:

(1)
Initiation factor proteins

(2)
The AUG start codon

c.
The 50S subunit joins to the 30S subunit, the mRNA, and tRNAfmet.

d.
Joining of 50S and 30S together forms a pocket in the ribosome, called the P site (peptidyl site), which surrounds the tRNAfmet and the AUG start codon.

5.
Translation Elongation—A Closer Look

a.
After the ribosome subunits join, a new aminoacyl tRNA binds to the mRNA codon in the A site of the ribosome (aminoacyl site). This reaction requires GTP.

b.
A peptide bond forms between the carboxyl end of the n-formyl methionine amino acid in the P site and the amino end of the amino acid in the A site:

c.
Experiments with the antibiotic puromycin reveal what occurs in the A site.

(1)
Characteristics of puromycin: (Fig. 13.18)

(a)
Puromycin is an antibiotic that can form a peptide bond to a polypeptide.

(b)
Puromycin structure is similar to that of the 3' end of an aminoacyl tRNA.

(2)
Puromycin blocks translation. How does it do this?

(3)
Experiment—Test effects of puromycin on a cell-free translation system.

(a)
Radioactive polypeptides were synthesized in the cell-free system.

(b)
Puromycin was added to some reaction tubes.

(c)
Results

i.
In the absence of puromycin, radioactive polypeptides were attached to tRNAs in the A site.

ii.
In the presence of puromycin, radioactive polypeptides were found attached to puromycin in the cytoplasm. 

(d)
Conclusions

i.
Puromycin binds to the A site of the ribosome. (Fig. 13.19)

ii.
A peptide bond forms between the polypeptide on the tRNA in the P site and puromycin in the A site. 

iii.
Puromycin leaves the A site, taking the polypeptide with it.

iv.
In the absence of puromycin, the polypeptide in the P site is transferred to the aminoacyl tRNA in the A site by formation of the peptide bond. (Fig. 13.19)

d.
Translocation of the mRNA occurs, moving it through the ribosome in the 3' to 5' direction.

(1)
The tRNA in the P site moves to the E site (exit site).

(2)
The new peptidyl tRNA moves from the A site to the P site.

(3)
The empty tRNA is ejected from the E site.

(4)
Translocation requires energy in the form of GTP.

(5)
The steps of translocation were revealed by using drugs that block the process:

(a)
Fusidic acid blocks an elongation factor that helps move the mRNA.

(b)
Erythromycin plugs the exit channel, through which the lengthening polypeptide emerges from the ribosome.

e.
The three-part cycle of elongation repeats over and over: 

(1)
Aminoacyl tRNA enters the A site.

(2)
A peptide bond forms between the P-site polypeptide and the A-site amino acid.

(3)
The mRNA is translocated.

6.
Translation Termination—A Closer Look

a.
Three stop codons are included in the genetic code—UAA, UAG, and UGA.

b.
When the ribosome reaches any one of these on an mRNA:

(1)
Release factor proteins enter the A site.

(2)
The completed polypeptide is released from the tRNA in the P site.

(3)
The ribosome separates from the mRNA.

(4)
The two ribosomal subunits dissociate from one another. 

7.
The Process of Peptide Bond Formation during Translation

a.
Ribosomes are composed of RNA molecules and proteins.

b.
Which catalyzes peptide bond formation, one of the proteins, or one of the RNAs?

c.
Experiments and Observations

(1)
A translation system was reconstituted in vitro—Removal or addition of ribosomal proteins did not correlate with loss or gain of catalytic capabilities.

(2)
Chloramphenicol inhibits catalysis—E. coli that are resistant to chloramphenicol have a mutation in their 23S ribosomal RNA (not in a protein).

(3)
If 23S rRNA is mutated in E. coli, peptide bond catalysis is lost.

(4)
Noller et al. treated ribosomes with proteases, removing almost all proteins. In vitro catalysis still occurred.

(5)
Determined the atomic structure of ribosomes—Only RNA occupies the space at the junction of the A and P sites. (Fig. 13.20)

(6)
Conclusion—Peptide bond formation is catalyzed by a ribozyme in the large subunit of the ribosome.

8.
Post-translational Events

a.
Protein Folding

(1)
Protein shape is critical to function. Example—Prions. (Box 13.2)

(a)
Prion proteins cause devastating brain-degenerating diseases in mammals (spongiform encephalopathies).

(b)
Prion proteins are normally expressed in the brain; their function is unknown. 

(c)
A mutation produces the infectious form of the protein, which differs from the normal form only in shape.

(d)
The change in shape causes infectivity and triggers disease.

(2)
How does folding occur to produce the 3-D structure of an active enzyme?

(3)
Anfinsen studied the enzyme RNase.

(a)
Purified RNase and treated with chemicals to denature (unfold) it.

(b)
When chemicals were removed, the protein spontaneously refolded.

(4)
Thermodynamic hypothesis—Proteins fold into their most stable energetic state.

(5)
Spontaneous refolding was much slower in vitro than in vivo.

(a)
Hypothesis—In cells, enzymes are involved in folding proteins.

(b)
Molecular chaperones were discovered.

i.
Chaperones facilitate protein folding.

ii.
Many chaperones are in the class called "heat-shock proteins," which are produced rapidly after cells experience stresses that can denature proteins, such as heat. Heat shock proteins speed refolding of unfolded proteins.

b.
Protein Sorting

(1)
Proteins have three destinations other than the cytoplasm: (Fig. 13.21)

(a)
The nucleus

(b)
An organelle

(c)
The cell membrane or the cell exterior

(2)
Proteins destined for locations other than the cytoplasm have a signal peptide:

(a)
The signal peptide is an address label that targets the protein to the correct location.

(b)
Study of yeast mutants that have defective mitochondria: 

i.
Proteins destined for the mitochondria have an extra short peptide 
on the amino end of the protein.

ii.
Chaperones fold the protein once it enters the mitochondrion.

c.
Post-translational Modification

(1)
Some proteins are synthesized in an inactive form. Example—Insulin.

(a)
Insulin is in the form of proinsulin when it leaves the ribosome.

(b)
Proinsulin has an extra peptide that renders it inactive.

(c)
Just before secretion from the cell, the extra peptide is removed.

(d)
Proinsulin is converted to active insulin.

(2)
Phosphorylation

(a)
Addition of PO42– to a protein can cause a major change in its shape, which can alter its chemical reactivity.

(b)
In eukaryotes, phosphorylation of specific proteins often occurs in response to a signal from outside the cell, such as a hormone.

(c)
Phosphorylation can result in activation, or deactivation, of an enzyme.

(3)
Purpose of post-translational Modifications

(a)
Allows cells to respond quickly to changing conditions.

(b)
Example—Insulin is activated rapidly when blood-sugar levels rise.

(c)
Modifications of existing proteins are much more rapid than de novo transcription and translation to produce new proteins.

VII.
The Use of Toxins in Studying Transcription and Translation (Essay)

A.
Mushroom toxin gave a key insight into transcription in eukaryotes.

1.
Amanita phalloides mushroom produces the toxin α-amanitin.

2.
In eukaryotic cells, the toxin 

a.
Blocks protein synthesis at low levels

b.
Blocks tRNA synthesis at high levels

c.
Has no effect on rRNA synthesis

3.
This information led to the discovery that eukaryotes have three different RNA polymerases.

a.
Low concentrations of α-amanitin inhibit RNA polymerase II, preventing mRNA 
synthesis and blocking protein production.

b.
High concentrations of α-amanitin inhibit RNA polymerase III.

c.
RNA polymerase I is unaffected by α-amanitin.

B.
Other toxins were useful in determining the steps of translation in bacteria or eukaryotes.

1.
Many common antibiotics interfere with bacterial protein synthesis:

a.
Streptomycin binds to the 30S subunit, preventing accurate reading of mRNA. 

b.
Tetracycline stops elongation by blocking entry of aminoacyl tRNAs into the A site. (Fig. 13.19)

2.
A toxin that affects eukaryotic ribosomes is produced by Corynebacterium diphtheridae, and is a causative agent of diphtheria.

a.
The toxin binds to an elongation factor.

b.
Lack of the elongation factor inhibits translocation on eukaryotic ribosomes.

C.
Toxins are used in research in the same way knock-out mutants (Chapter 11) are used: 

1.
Both disable genes, allowing researchers to observe what happens when a particular part of a pathway is not working.

2.
The absence of an activity can reveal the normal function of the step in the pathway.

