Nucleic Acids and the RNA World
Learning Objectives: Students should be able to...
(
Sketch a nucleotide, label its three basic parts, and identify the 2', 3', and 5' carbons.

(
Make another sketch showing the primary and secondary structures of DNA. 

(
Describe the primary, secondary, tertiary, and quaternary structures of RNA, and explain in what ways RNA differs from DNA. 

(
Explain why and how the secondary structure of DNA allows organisms to store and copy information.

(
Explain why RNA, and not DNA, was probably the first self-replicating molecule, and 
describe at least one piece of experimental evidence that supports this hypothesis.
Lecture Outline


I.
What Is a Nucleic Acid?

A.
What is a nucleic acid made of ?
1.
A nucleic acid is a polymer that is made up of monomers called nucleotides.

2.
One nucleotide consists of a phosphate group, a sugar, and a nitrogenous base. 
(Fig. 4.1a)
3.
The sugar can be either ribose or deoxyribose. (Fig. 4.1b)
a.
Ribonucleotides contain the sugar ribose; deoxyribonucleotides contain the sugar deoxyribose.

b.
On the 2' carbon, ribose has an (OH group; deoxyribose has an (H.

4.
The nitrogenous bases (Fig. 4.1c)
a.
There are two classes of nitrogenous bases: purines and pyrimidines. 

(1)
Adenine (A) and guanine (G) are purines.

(2)
Cytosine (C), uracil (U), and thymine (T) are pyrimidines.

b.
Ribonucleotides can have the bases A, G, C, and U.

c.
Deoxyribonucleotides can have the bases A, G, C, and T.

5.
Students should be able to diagram a ribonucleotide and a deoxyribonucleotide. 
Use a ball for the phosphate group, a pentagon to represent the nitrogenous base. Students should also be able to label the 2', 3', and 5' carbons on the sugar 
molecule, and add the atoms that are bonded to each.

B.
Could chemical evolution result in the production of nucleotides?

1.
No one has yet observed the formation of a nucleotide via chemical evolution.

2.
The ribose problem

a.
On early Earth, sugars could have been easily synthesized from heated 
formaldehyde molecules.

b.
But it is not clear how ribose became the predominant sugar.

3.
The pyrimidine problem

a.
On early Earth, purines could have been readily synthesized from HCN molecules.

b.
But no one has yet discovered a plausible mechanism for pyrimidine production via chemical evolution.

C.
How do nucleotides polymerize to form nucleic acids?

1.
Nucleic acids form when nucleotides polymerize. 

a.
The polymerization occurs via a condensation reaction that forms a phosphodiester linkage, linking the 5' carbon of one nucleotide to the 3' carbon of the sugar of the next nucleotide. (Fig. 4.2)
b.
A polymer of ribonucleotides is ribonucleic acid (RNA); a polymer of deoxyribonucleotides is deoxyribonucleic acid (DNA).

c.
The sequence of nitrogenous bases forms the primary structure of the RNA or DNA molecule.

2.
DNA and RNA strands are directional. (Fig. 4.3)
a.
One end has an unlinked 5' carbon with a free phosphate group.

b.
The other end has an unlinked 3' carbon with a free (OH group, where new nucleotides can be added.

c.
The sequence of bases of a strand of DNA or RNA is conventionally written from the 5' to the 3' end.

3.
Polymerization requires an energy source.

a.
The free energy of the nucleotides is first raised by the addition of two phosphate groups to each nucleotide. (Fig. 4.4)
b.
This raises the potential energy of the substrate molecules enough to make the 
polymerization reaction possible.

c.
Phosphorylation is used in many other cellular reactions to make endergonic 
reactions possible.

4.
Could nucleic acids have formed in the absence of cellular enzymes?

a.
During chemical evolution, activated nucleotides may have polymerized on the 
surfaces of clay-size mineral particles.

b.
In one experiment, researchers added fresh activated nucleotides to clay particles every day for two weeks. This resulted in RNA molecules up to 50 nucleotides long.

c.
If nucleotides managed to form in the prebiotic soup, they could then probably have polymerized to form DNA and RNA.


II.
DNA Structure and Function

A.
DNA’s primary structure
1.
DNA has a sugar-phosphate backbone with four types of nitrogenous bases.

2.
DNA’s primary structure is the sequence of nitrogenous bases.

B.
What is the nature of DNA’s secondary structure?

1.
The discovery of DNA’s secondary structure by Watson and Crick (1953) was one of the greatest scientific breakthroughs of the twentieth century.

2.
Early data provided three clues:

a.
Chemists already knew that DNA must have a sugar-phosphate backbone.

b.
Chargaff found that nucleotides seem to be “paired” in some way:

(1)
The total numbers of purines and pyrimidines are equal in any given nucleic acid molecule.

(2)
The amount of adenine is always equal to the amount of thymine, and cytosine is always equal to guanine.

c.
Franklin’s and Wilkins’s X-ray crystallography studies suggested that DNA had a helix, with a regular, repeating structure, with certain spacing. (BioSkills 11 in 
Appendix B)
3.
Watson and Crick put the pieces together

a.
Antiparallel strands: By building models, Watson and Crick deduced that the two DNA strands must run in opposite directions (antiparallel) with the nitrogenous bases in the middle. (Fig. 4.5)
b.
Complementary base pairing: To maintain the correct distance between the two strands, a purine must always pair with a pyrimidine. This allows hydrogen bonds to form between A and T and between G and C. (Fig. 4.6a, b)
4.
The double helix 
a.
The hydrogen bonds cause the backbone to twist, forming a double helix with a 
major groove and a minor groove. (Fig. 4.7)

5.
Students should be able to explain why complementary base pairing would not be possible if two DNA strands were aligned in parallel fashion instead of the antiparallel alignment shown in Figure 4.6b.
C.
DNA functions as an information-containing molecule.

1.
In all cells studied, DNA carries the information required for the organism’s growth and reproduction.

2.
This information is contained in the sequence of nucleotides.

3.
The double helix allows the information to be copied, by using one strand as a 
template for the synthesis of a complementary strand. (Fig. 4.8)
D.
Is DNA a catalytic molecule?

1.
DNA is highly stable because it exists as a double-stranded structure with few exposed functional groups. 

2.
DNA is so stable, and so simple in structure, that it cannot catalyze any reactions. 


III.
RNA Structure and Function

A.
Structurally, RNA differs from DNA. (Table 4.1)
1.
Primary structure

a.
Like DNA, RNA has a sugar-phosphate backbone with phosphodiester linkages 
between nucleotides, with a sequence of four nitrogenous bases.

b.
Unlike DNA, RNA contains ribose instead of deoxyribose. This makes RNA more reactive and less stable than DNA.

c.
Unlike DNA, RNA contains uracil instead of thymine. Uracil pairs with adenine.

2.
Secondary structure

a.
Unlike DNA, a single RNA strand tends to fold and form complementary base pairs with itself, resulting in structures such as hairpin loops. (Fig. 4.9)
3.
Tertiary structure

a.
Unlike DNA, RNA molecules can have tertiary structure and quaternary structure, resulting in very different shapes and chemical properties. (Table 4.1)
B.
RNA’s structure makes it an extraordinarily versatile molecule.

1.
RNA is not as good at information storage as DNA or as good at catalysis as protein, but it can do “a little of everything.”
2.
RNA has recently been found to perform many diverse and important functions in cells.

C.
RNA is an information-containing molecule.

1.
RNA’s sequence of base pairs can carry information, just as in DNA.

2.
Unlike DNA, the template RNA molecule is a single strand rather than a double strand.

3.
RNA also forms a template for its own synthesis. (Fig. 4.10)
D.
RNA can function as a catalytic molecule.

1.
Due to RNA’s structural complexity, RNA is capable of stabilizing a few transition states and can catalyze some chemical reactions.

2.
RNA catalysts are called ribozymes.

3.
Altman and Kech (1989 Nobel Prize) found that ribozymes catalyze important 
reactions in living cells, such as the formation of phosphodiester bonds. (Fig. 4.11)
4.
If a ribozyme could catalyze its own replication, it could make a copy of itself. Such a ribozyme could have been the first living entity.


IV.
In Search of the First Life-Form

A.
The first living molecule had to do two things:

1.
Provide a template that can be copied. 

2.
Catalyze polymerization reactions that link monomers into a copy of that template.
3.
RNA is the only molecule that is capable of both processes. Therefore, most 
researchers think that the first life-form was made of RNA.
B.
How biologists study the RNA world 
1.
Johnston and Bartel’s research

a.
Their goal: To produce, from scratch, an RNA molecule that can catalyze the 
addition of nucleotides to an existing RNA strand.

b.
Their strategy: 

(1)
Synthesize many RNA molecules. 

(2)
Select those that can catalyze the addition of the most nucleotides. 

(3)
Copy the selected RNA molecules in a way that introduces “mutations.” 

c.
Their results: After 18 rounds of selection, a ribozyme evolved that was very 
effective at adding ribonucleotides to a growing RNA strand.

d.
Other scientists have produced other ribozymes capable of catalyzing many of the key reactions needed for life.

C.
The RNA world may have sparked the evolution of life.
1.
The RNA world likely preceded protein enzymes.

2.
The evolution of protein enzymes provided the means for catalyzing reactions 
necessary for life to emerge in a cellular form.

3.
Following this event, three of the five fundamental characteristics would be in place:

a.
Information—stored in nucleic acids

b.
Replication—enzymes and possibly ribosomes replicating nucleic acids

c.
Evolution—random changes in the synthesis of proteins, and selective advantages resulting from some of these changes

Chapter Vocabulary

To emphasize the functional meanings of these terms, the list is organized by topic rather than by first mention in the chapter. It includes terms that may have been introduced in earlier chapters but are important to the current chapter as well. It also includes terms other than those highlighted in bold type in the chapter text.
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Lecture Activities

Practicing BioSkills: Making Concept Maps (BioSkills 15 in 
Appendix B)

Estimated duration of activity: 15 minutes

Drawing a concept map can help students review and grasp the many new terms and concepts associated with nucleic acids. If the class is not familiar with concept maps, you may model the idea by starting the map yourself and soliciting more input from students as the map 
progresses. Students can also create concept maps in small groups and then compare their 
results. Concept maps can also be made into a game, such as with two teams that alternate sending people up to the board to add a new term or a new arrow. (Example: A team gains a point if the team can add a correct element to the map within 10 seconds.) Refer students to BioSkills 15 for more information.

Suggested list of starting terms: DNA, RNA, nucleotide, phosphate group, ribose, 
deoxyribose, nitrogenous base, purine, pyrimidine, catalysis, information storage.

Computer Activity: Visualizing the Structure of DNA

(This exercise requires that the classroom be equipped with a web-enabled computer 
projection system.) 

Estimated duration of activity: 10 minutes

Many students have a difficult time conceptualizing nucleic acid structure and how it is 
related to function. Fortunately, many bioinformatics computer tools now allow us to actually visualize molecular structure. The company MDL has designed a program called CHIME that you can use to view the 3-D image of any molecule. You can download a free copy of the CHIME plug-in by visiting www.mdli.com. In CHIME, you can show the students the 3-D conformation of DNA and use the mouse to rotate the molecules in three dimensions. This 
is an invaluable classroom tool for demonstrating the double helix, the sugar-phosphate 
backbone, base pairs and their hydrogen bonds, antiparallelism, the genetic code, and other features. The websites listed below have user-friendly tutorials to help teachers demonstrate various aspects of nucleic acid structure (download the CHIME plug-in before using these websites): 

(
www.umass.edu/molvis/tutorials/dna/

(
www.bio.davidson.edu/courses/genomics/jmol/longDNAframe.html

(
www.callutheran.edu/BioDev/omm/gallery.htm

Critical-Thinking Problems: Nucleic Acids

Estimated duration of activity: 10 to 15 minutes

For this activity, divide students into groups of three. Assign groups the problems suggested below. Each member of the group is responsible for one of the three problems. Students are then given 3 minutes to determine individually the answer to their assigned problem (with the textbook and notes closed). Student A then presents the solution to his/her problem, with an explanation justifying the answer. Student B expresses an opinion validating or rejecting 
student A’s answer (also without reference to notes or the text). Student C (using notes and text) evaluates the responses from A and B and moderates any differences between the two. The roles are then rotated as student B presents his/her answer to the second item, student C 
responds, and student A evaluates. The roles are rotated one last time for the third problem.

Suggested problems:

(
A DNA molecule composed of normal nucleotides (blue) is incubated with the appropriate enzymes to create a copy. During the copying process, radioactive nucleotides (red) are made available for the reaction. Which of the three diagrams in Figure 4.1 (below) 
correctly illustrates the two DNA copies? Why?

[image: image1.wmf]
(
The diagram below illustrates a portion of a DNA molecule. The diagram contains three flaws. What are they? What are the appropriate corrections?
[image: image2.wmf]
(
A DNA molecule contains 16% adenine nucleotides. What percentage of the DNA 
molecule is represented by guanine nucleotides?

Discussion Idea: History of the Double-Helix Discovery

Biology students learn about the double-helix model of DNA structure from their earliest days of science education, so they often don’t realize how exciting Watson and Crick’s 1953 publication was. They may not know that earlier, reputable scientists proposed other models for the structure of DNA. Your students may benefit from a discussion of the models that were proposed in the early 1950s before Watson and Crick published their famous Letter to Nature. Note also that Watson and Crick’s letter is very short (one page) and is fairly accessible for introductory students. (For instance, most students will be able to grasp the implications of the famous last sentence.) The letter can be displayed in a single PowerPoint slide and can also be used to introduce the concepts of primary literature and peer-reviewed 
journals. Finally, Watson’s book The Double Helix provides excellent fodder for class 
discussions (or extra-credit assignments) about how scientists think and how scientific 
discoveries happen.

Consult the following websites for further information:

(
www.exploratorium.edu/origins/coldspring/ideas/ 

This site provides an annotated copy of Watson and Crick’s Letter to Nature, with 
comprehensive information about the history of the search for the structure of DNA. 

(
osulibrary.oregonstate.edu/specialcollections/coll/pauling/dna/index.html 

This site is a comprehensive overview of the “race for DNA.” It details all of the major players but focuses on Linus Pauling’s contributions.

(
osulibrary.oregonstate.edu/specialcollections/coll/pauling/index.html

This link will take you to a scanned copy of Linus Pauling’s paper, which suggests a 
triple-helix structure of DNA.

(
www.nature.com/nature/dna50/archive.html

This is Nature’s archival tribute to the 50th anniversary of the discovery of the 
double-helix structure of DNA. It contains several of the hallmark papers published 
in 1953 by Watson, Crick, Franklin, and Wilkins.
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