Chapter 3—Macromolecules and the RNA World

Lecture Outline

I.
Chemical Evolution—Theory and Hypothesis Testing

A.
Oparin and Haldane

1.
First to propose the idea of chemical evolution (1923).

a.
Pattern component—Increasingly complex carbon-containing molecules formed in the atmosphere and ocean of ancient Earth. 

b.
Process component: radiant and kinetic energy are converted into chemical energy in 
the bonds of large molecules. 

2.
Four steps of chemical evolution theory—predictions of the theory:

a.
First molecules formed were small, carbon-containing compounds like formaldehyde (H2CO) and hydrogen cyanide (HCN).

b.
Small molecules react, forming sugars, amino acids, and nitrogenous bases; and the prebiotic soup.

c.
Small molecules of prebiotic soup link together to form nucleic acids and proteins.

d.
A single molecule acquires the ability to self-replicate, becoming the first living entity and marking the end of chemical evolution, beginning of biological evolution. 

B.
Testing the Predictions of the Chemical Evolution Theory

1.
Miller 1953 Spark-Discharge Experiment (Fig. 3.1)

a.
Assumed a reducing atmosphere—NH3, H2, and CH4 (gases), and H2O (water vapor).

b.
Electrical discharge created sparks (= kinetic energy).

c.
Results—In one week, a deep red solution containing HCN and H2CO forms. 

d.
Potential problem—Was the early Earth atmosphere really reducing? 

(1)
Volcanic gas thought to have created the atmosphere on early Earth.

(2)
Volcanic gases are rich in oxidized gases—CO2, H2, and N2.

(3)
Water plus oxidized gases plus a spark does not yield HCN, H2CO, or other 
small carbon-containing molecules.

2.
Bar-Nun and Chang studied an oxidized atmosphere plus sunlight-like radiation.

a.
Used water vapor and an oxidized gas—carbon monoxide (CO). 

b.
High-energy radiation from a lamp mimicked sunlight radiant energy. 

c.
Results—A wide variety of reduced-carbon compounds (H2CO, acetaldehyde, CH4) formed. Varying temperature and ratios/types of oxidized gases gave similar results. 

d.
Conclusion—The data support the hypothesis that sunlight can trigger reduction of carbon from a mixture of volcanic gases (= Step 1 of chemical evolution). 

3.
Wächtershäuser and Huber—Chemical evolution at hydrothermal vents

a.
Oceanic hydrothermal vent environment:

(1)
Intense pressure

(2)
Superheated water (up to 450oC)

(a)
Contains dissolved compounds of iron, sulfur, nickel, and reduced carbon

(b)
Deposits the dissolved compounds in the 4oC water, forming "black smokers." (Fig. 3.2)

4.
Experimental evidence indicates step 1 of the Oparin-Haldane chemical evolution hypothesis is plausible—Small organic molecules could have formed in the atmosphere and hydrothermal vents of early Earth. 

C.
What Constitutes Life? (Box 3.1) There are two basic requirements: 

1.
The ability to reproduce—Chemical evolution theory predicts a molecule was the first "living entity" (i.e., the first to become self-replicating).

2.
The ability to acquire specific molecules and use them in controlled chemical reactions:

a.
The reactions must occur in an enclosed space, which concentrates reactants.

b.
First "living organism" was a cell—bounded by an enclosed membrane, containing self-replicating molecules—and a series of controlled chemical reactions, which together enable the cell to reproduce. 

II.
Molecules of the Prebiotic Soup—Step 2 of Chemical Evolution Theory

A.
Amino Acids—Building Blocks of Proteins

1.
Basic composition—One carbon atom bonded to a hydrogen, an amino (NH2), a carboxyl (COOH), and a variable R-group. (Fig. 3.3) 

a.
The pH of water causes ionization of the carboxyl to COO– and the amino to NH3+. (Table 3.1)

(1)
Increases the solubility of the amino acid

(2)
Enhances the chemical reactivity of the amino acid

b.
The 20 amino acids in organisms are identified by the structure of their R-group.

(1)
Nonpolar R-groups lack charged or electronegative atoms.

(a)
They are hydrophobic and will coalesce to avoid water.

(b)
Their chemical behavior depends on their size and shape.

(2)
Polar or acidic or basic R-groups contain charged or electronegative atoms.

(a)
They are hydrophilic and will disperse easily in water.

(b)
Their behavior depends on their chemical reactivity.

2.
Amino acids and the prebiotic soup:

a.
Evidence/observations that support the occurrence of amino acids in prebiotic soup:

(1)
Amino acids form readily in Miller's spark-discharge experiment, so they could have formed in conditions of early Earth.

(2)
Amino acids may have been seeded from outer space.

(a)
Interstellar dust that constantly falls on Earth contains hydrogen cyanide and aldehydes, key reactants in forming amino acids.

(b)
Murchison meteorite landed on Earth 1969, contained 18 different amino 
acids. 

b.
Unresolved problem in amino acid chemical evolution—Why did only left-handed enantiomers emerge during chemical evolution?

B.
Sugars—Building Blocks of Nucleic Acids (RNA and DNA).

1.
Sugar structure: (Fig. 3.5) in organisms.

a.
One sugar monomer = monosaccharide.

(1)
Example—ribose, a 5-carbon (pentose) monosaccharide that forms a ring with an –OH group bonded to carbon atom 2.

(2)
Example—deoxyribose, a pentose ring with an H instead of –OH bonded to carbon atom 2 (i.e., it is "de-oxy"). 

2.
Sugars and the prebiotic soup

a.
Evidence that supports the occurrence of sugars in the prebiotic soup:

(1)
Monosaccharides form readily in Miller's spark-discharge experiment.

(2)
Heating H2CO molecules in solution forms almost all the pentose and hexose monosaccharides.

D.
Nucleotides—Building Blocks of Nucleic Acids (RNA and DNA).

1.
Nucleotide structure: (Fig. 3.6)

a.
Phosphate group (PO4–) bonded to a pentose sugar, which is bonded to a nitrogenous base.

b.
Nitrogenous bases determine the name and identity of the nucleotide. 

(1)
Purines—adenine and guanine

(2)
Pyrimidines—thymine, cytosine, and uracil

2.
Nucleotides and the prebiotic soup

a.
Purines are readily synthesized in the laboratory from reactions of HCN. 

b.
Pyrimidines are never synthesized under the same conditions, so the origin of pyrimidines needs explaining in the chemical evolution theory. 

III.
Formation of Macromolecules—Step 3 of Chemical Evolution Theory

A.
Macromolecules Polymerize from Monomers (Fig. 3.7)

1.
Amino acids polymerize to form proteins.

2.
Nucleotides polymerize to form RNA or DNA.

3.
Polymerization occurs by condensation reactions—Remove a molecule of H2O from two monomers to form a bond between them. (Fig. 3.8)

4.
De-polymerize by hydrolysis—Add a molecule of H2O to the bond between monomers to break the bond.

IV.
Proteins—Highly Variable Macromolecules, Some of Which Act as Catalysts

A.
Primary Structure of Proteins

1.
Peptide bond (C–N) links –COOH of one amino acid to –NH2 of another. (Fig. 3.9) 

a.
A chain of peptide bonds forms the backbone of a polypeptide.

b.
Features of the backbone:

(1)
Highly flexible—Bonds on each side of the peptide bond can rotate freely. 

(2)
Has polarity—Each peptide bond is asymmetrical, with C of COOH on one side and N of NH2 on the other side, so the backbone has an N-terminus and a C-terminus.

c.
The R-group of each amino acid extends out from the backbone. 

2.
Primary structure is critical to function.

a.
A single amino acid change can alter function of the protein. Example—In sickle-cell anemia, hemoglobin has a single amino acid change.

b.
Primary sequence of amino acids determines how protein spontaneously folds into a complex 3-D shape.

(1)
Hydrophilic amino acids face outward toward water.

(2)
Hydrophobic amino acids coalesce inward, avoiding water. 

B.
Secondary Structure of Proteins (Fig. 3.10)

1.
Created by hydrogen bonding between carboxyl oxygen of one residue of the polypeptide and the amino hydrogen of another.

2.
H bonds may cause the backbone to

a.
Coil into an alpha helix.

b.
Link adjacent segments of the polypeptide into flat, planar beta-sheets.

C.
Tertiary Structure of Proteins (Fig. 3.11) 

1.
Caused by reactions between R-groups, or between R-groups and portions of the peptide backbone

2.
Wide variety of possible bond interactions influences 3-D form:

a.
Locks folds into place.

b.
Rods or globular masses are formed.

D.
Quaternary Structure of Proteins 

1.
A feature only of proteins that are composed of multiple polypeptides 

2.
Linkage of multiple polypeptides into one protein forms the quaternary structure.

F.
Proteins and the Prebiotic Soup

1.
Chemical evolution theory predicts the first living entity was a self-replicating molecule.

2.
Could proteins have been the first living entities?

a.
Arguments in favor of proteins as the first living entities:

(1)
Prebiotic soup likely contained many different proteins due to polymerization from amino acids on mineral surfaces.

(2)
Proteins are the most efficient catalysts known—A self-replicating molecule must act as a catalyst to assemble and polymerize its copy.

b.
Arguments against proteins as the first living entities:

(1)
Assembly of a copy requires a template that provides the pattern/instructions for assembly.

(2)
Proteins can be catalysts, but cannot act as templates for synthesizing new proteins.

V.
DNA—A Stable, Information-Containing Molecule That Can Act as a Template

A.
Structure of DNA

1.
Primary structure of DNA—DNA is a polymer of deoxyribonucleotides.

a.
Deoxyribonucleotides in DNA—adenine (A), guanine (G), thymine (T), cytosine (C). 

b.
Link together by condensation—Phosphate group of one nucleotide joins to –OH group on the deoxyribose sugar of another nucleotide (= "phosphodiester bond"). 

c.
Sugar-phosphate spine forms the backbone of the molecule; nitrogenous bases (A, G, T, or C) project out from the backbone.

d.
Sugar-phosphate backbone is polar:

(1)
5' carbon of pentose ring of one deoxyribose links to 3' carbon of pentose ring of another through the phosphodiester bond.

(2)
One end of a DNA molecule has an unlinked 5' carbon; the other end has an unlinked 3' carbon.

(3)
The sequence of deoxyribonucleotides in the DNA strand is written, by convention, in the 5' to 3' direction.

2.
Secondary structure of DNA:

a.
A DNA molecule is composed of two intertwined strands of DNA—a "double helix." (Fig. 3.17b)

b.
Discovery of the structure of double-stranded DNA: (Box 3.4)

(1)
Chemists determined DNA was composed of nucleotides linked by phosphodiesterase bonds.

(2)
Chargaff determined: 

(a)
In a DNA molecule, the number of purines = the number of pyrimidines.

(b)
The no. of T's = no. of A's and the no. of C's = the no. of G's. 

(3)
Rosalind Franklin and Maurice Wilkins:

(a)
X-rays of crystalline DNA yield a specific and precise pattern, indicating a 
helix shape overall.

(b)
Three distances between points in the pattern were repeated many times: 0.34 nanometers (nm), 2 nm, and 3.4 nm.

(4)
Watson and Crick:

(a)
Inferred that the 2-nm distance was the width of the helix.

(b)
Inferred the 0.34-nm distance was between vertically stacked bases.

(c)
Noticed that the 3.4-nm distance was 10x the distance between bases.

(d)
Built physical models of possible structures and found:

(i)
Between two antiparallel strands of DNA, there is space for purines to pair to pyrimidines only on the opposite strand.

(ii)

Hydrogen bonds form between adjacent purines and pyrimidines; Chargaff's rules suggested A–T and C–G pairings. (Fig. 3.17a)

B.
DNA is a better template than either proteins or RNA.

1.
Each strand of DNA can act as a template for synthesizing the opposite strand, based on complementary base-pairing rules. (Fig. 3.18) 

2.
DNA is a very stable molecule—less chemically reactive than proteins or RNA, and will not degrade easily.

a.
Lack of –OH group on carbon 2 of deoxyribose reduces its chemical reactivity.

b.
Double-helix structure increases stability and reduces chemical reactivity.

c.
Hydrophobic interior of the DNA molecule is difficult to break apart. 

C.
DNA and the Prebiotic Soup

1.
Lack of chemical reactivity means that DNA is not an effective catalyst. 

2.
In a living organism, no DNA molecule has ever been shown to have catalytic properties, but some RNA molecules are catalytic in living organisms.

VI.
RNA—An Information-Containing Molecule That Can Act as a Template or a Catalyst

A.
Primary Structure of RNA

1.
Polymer of ribonucleotides = ribonucleic acid (RNA). 

2.
Four types of ribonucleotides: A, G, C, and uracil (U). 

3.
Phosphodiester bonds link ribonucleotides together. (Fig. 3.14) 

a.
The sugar-phosphate spine forms a backbone to the molecule.

b.
Nitrogenous bases project out from the backbone.

c.
The sugar-phosphate backbone is polar—each has a 5' end and a 3' end.

B.
Secondary Structure of RNA—The sugar-phosphate backbone may fold into a specific shape.

1.
Hydrogen bonds may form between purines and pyrimidines on the same strand (A–U, or G–C). (Fig. 3.15a)

2. Stable stem-loop hairpin structures may form. (Fig. 3.15b)

C.
RNA can function as a template.

1.
An RNA molecule can serve as an information source for making copies of itself. 

a.
The primary structure of an existing RNA molecule is the template for making a copy.

b.
Complementary base-pairing rules determine nucleotide sequence in the new strand.

2.
Six basic steps in copying an RNA molecule: (Fig. 3.16) 

a.
Step 1—Free ribonucleotides pair with complementary bases on existing template RNA molecule by hydrogen bond formation.

b.
Step 2—Phosphodiester bonds form between the newly added ribonucleotides, linking 
them together into a new strand of RNA. 

(1)
The polarity of the new strand is opposite that of the template.

(2)
The bases of the new strand are complementary to those of the template.

c.
Step 3—H-bonds joining the new strand to template are broken by heating or catalysis, releasing the new RNA strand.

d.
Steps 4–6—Steps 1–3 are repeated with the new RNA strand acting as the template. The product RNA strand is an exact copy of the original template RNA molecule.

E.
RNA can function as a catalyst.

1.
Primary structure varies from one RNA molecule to another; different RNA molecules exist.

2.
Secondary structure varies from one RNA to another; different RNAs have different shapes. 

3.
Some RNA molecules have catalytic activity (Altman and Cech, Nobel Prize 1989).

a.
Certain RNA molecules of Tetrahymena catalyze condensation and hydrolysis of phosophodiester bonds.

b.
Catalytic RNAs are called "ribozymes."

F.
RNA and the Prebiotic Soup

1.
RNA can act as a template, but is not as good a template as DNA.

2.
RNA can act as a catalyst, but is not as good a catalyst as proteins.

3.
Only RNA can act as both template and catalyst.

a.
The "RNA world" hypothesis—The first living entity was probably a self-replicating RNA molecule.

b.
No self-replicating RNAs exist today in nature.

4.
Can a self-replicating RNA (i.e., an "RNA replicase") be created in the laboratory?

a.
Essential features of an RNA replicase: 

(1)
Able to catalyze the formation of phosphodiester bonds between nucleotides

(2) Able to read a template strand and select the complementary nucleotide for inclusion in the new strand

5.
Chemical evolution gives way to biological evolution over time.

A.
Biological evolution begins when natural selection of the self-replicating molecule occurs.

B.
Natural selection then becomes the primary mechanism for creating the diversity of living organisms.

