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The DNA Saga… so far

Important contributions for cracking the genetic code:

• The “transforming principle” (1928)

• The nature of the transforming principle: DNA (1944 - 1952)

• X-ray diffraction and the structure of proteins (1951)

• The structure of DNA (1953)

?
How is DNA (4 nucleotides) the genetic material while 

proteins (20 amino acids) are the building blocks? 

DNA Protein
?



The Coding Craze

• DNA resides inside the nucleus

• Protein synthesis occur in the cytoplasm through ribosomes

• Only RNA is associated with ribosomes (no DNA)

• Ribosomal RNA (rRNA) was a homogeneous population

What was already known?

- DNA is not the carrier {
- rRNA is not the carrier {

DNA Protein
?

The “messenger RNA” hypothesis

François Jacob Jacques Monod



The Coding Craze

DNA Protein

?
RNA

Table from Wikipedia

RNA Tie Club



The Coding Craze

Who won the race

Marshall Nirenberg

J. Heinrich Matthaei



Linus Carl Pauling

• 1901-1994

• Born in Portland, Oregon

• 1922: B.S. Chemical Engineering from Oregon State University

• 1925: PhD Physical Chemistry from Caltech

• Founder of quantum chemistry

• X-ray diffraction structures

• Nature of the chemical bond — Nobel Prize in Chemistry (1954)

• Peace activist — Nobel Peace Prize (1962)



Protein Structure

Hershey Branson Robert Corey

E. coli TolC structure

Koronakis, V et al. Nature 2000



Protein Structure

Hershey Branson Robert Corey

May, 1951 Issue
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Protein Structure

• Focused on single chain rather then whole protein structures

• X-ray pictures from different kinds of protein crystals to look for common features



Protein Structure
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Protein Structure
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Protein Structure

• Calculated interatomic distances and bond angles

• Nitrogen atom must form hydrogen bond with 

oxygen of another residue

- Maximum distance should be 2.72 Å
- Vector angle from NH to Oxygen < 30˚ 30˚



Protein Structure

30˚

• Residue that will form hydrogen bond with a 

determined NH depends on the rotational angle

• Respecting bond angles and interatomic distances:

- Rotational angle = 97.2˚       (3.7-residue structure)

- Rotational angle = 70.1˚C     (5.1-residue structure)



Protein Structure



Protein Structure

Summary:

• Planar structure of peptide bond

• All residues involved in hydrogen bonds

• Helical structure of proteins

• Non-integer number of residues per helix turn 

was key to elucidate the structure

• Two proposed helical structures:

3.7-residues/turn 5.1-residues/turn

Never found

Myoglobulin structure. Nature 1958



Cracking the Genetic Code

Important contributions for cracking the genetic code:

• The “transforming principle” (1928)

• The nature of the transforming principle: DNA (1944 - 1952)

?
How is DNA (4 nucleotides) the genetic material while 

proteins (20 amino acids) are the building blocks? 

DNA Protein
?

• X-ray diffraction and the structure of proteins (1951)

• The structure of DNA (1953)



Marshall Warren Nirenberg

Image from Wikipedia

• 1927-2010

• Born in New York City

• 1948: B.S. Zoology and Chemistry from University of Florida

• 1952: M.S. Zoology from University of Florida

• 1957: PhD Biochemistry from University of Michigan

• Post-doc / Researcher at NIH

• Wanted to investigate whether DNA or RNA is the template 

for protein synthesis

“I could have done the work that I did only at the NIH. I would never have been awarded a grant to do the work because I had 

- Marshall Nirenberg

• Nobel Prize in Physiology or Medicine in 1968 for cracking the genetic code



Marshall Warren Nirenberg

Bruce Ames

“It’s suicidal to do this”

“Nirenberg is committing professional suicide”

- NIH colleagues



J. Heinrich Matthaei

Source: NIH

• 1929-today

• Born in Germany

• 1956: PhD in Biochemistry in Germany

• 1060: Post-doc at NIH

• Experience in generating radioactive amino acids

• No Nobel Prize



Cracking the Genetic Code

1) Needed a cell-free system to test different templates 

2) Needed to prove that RNA is the template for protein synthesis — the poly-U experiment

3) Identify the amino acid encoded by each codon



Cracking the Genetic Code



Cracking the Genetic Code

Multiple extraction

and centrifugation 

steps

S-30
(DNA+RNA+Proteins+Ribosomes)

(no intact cells)

S-100
(DNA+RNA+Proteins)

(no Ribosomes)

W-Rib
(Ribosomes)



Cracking the Genetic Code

In vitro translation:

- S-30 / S-100 + W-Rib

- Tris

- Magnesium acetate

- KCl

- Mercaptoethanol

- ATP

- Phosphoenolpyruvate

- PEP kinase

- 19 L-amino acids (except valine)

- GTP/CTP/UTP

- C14-Valine



Cracking the Genetic Code

S-30: DNA, RNA, Proteins, Ribosomes

S-100: DNA, RNA, Proteins (no Ribosomes)

W-Rib: Ribosomes

Fig 1: S-30

Fig 2: S100 + W-Rib

Cell-free translation system was stable



Cracking the Genetic Code

S-30: DNA, RNA, Proteins, Ribosomes

S-100: DNA, RNA, Proteins (no Ribosomes)

W-Rib: Ribosomes

Fig 1: W-Rib + titration of S-100 Fig 1: S-100 + titration of W-Rib

Both S-100 and W-Rib are required for in vitro protein synthesis
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S-30: DNA, RNA, Proteins, Ribosomes

S-100: DNA, RNA, Proteins (no Ribosomes)

W-Rib: Ribosomes

S-100 + W-Rib

S-30
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Cracking the Genetic Code

S-30: DNA, RNA, Proteins, Ribosomes

S-100: DNA, RNA, Proteins (no Ribosomes)

W-Rib: Ribosomes

“Inhibition by DNAse observed in this cell-

free system may be due to the destruction of 

DNA and its resultant inability to serve as 

templates for the synthesis of template RNA”

Fig 6: S-30 +/- DNAse



Cracking the Genetic Code

• Two species of RNA were known at the time:

- Soluble RNA (RNA present in extraction after ribosomes were precipitated)

- Ribosomal RNA (RNA associated with ribosomes) —> Higher concentrations!

• Where would messenger RNA be?

- Nirenberg thought that rRNA would could have small amounts of template RNA 

(higher concentration)



Cracking the Genetic Code

Multiple extraction

and centrifugation 

steps

S-30
(RNA+Proteins+Ribosomes)

(no intact cells, no DNA)

S-100
(Soluble RNA)

-tRNA-

W-Rib
(Ribosomes, ribosomal RNA)

+DNAse



Cracking the Genetic Code

S-30: Soluble + Ribosomal RNA

S-100: Soluble RNA

W-Rib: Ribosomal RNA

Fig 1: S-30 supplemented with S-100 Fig 2: S-30 supplemented with W-Rib

Effect of soluble vs ribosomal RNA in stimulating protein synthesis



Cracking the Genetic Code

S-30: Soluble + Ribosomal RNA

S-100: Soluble RNA

W-Rib: Ribosomal RNA

Fig 3: S-30 protein synthesis stimulation by W-Rib 



Cracking the Genetic Code

• Ribosomal RNA contained RNA species that seemed to work as template for protein 

synthesis (C14-Valine incorporation)

S-30: Soluble + Ribosomal RNA

Sensitive to protein 

synthesis inhibitors

Sensitive to ATP levels and 

RNAse. Not to DNAse.

Sensitive to amino 

acids levels



Cracking the Genetic Code

Ribosomal RNA stimulation required both ribosomes (W-Rib) and S-100

S-30: Soluble + Ribosomal RNA

S-100: Soluble RNA

W-Rib: Ribosomal RNA

S-100 + W-Rib



Cracking the Genetic Code

Ribosomal RNA in E. coli does not contain a lot of template/messenger RNA



Cracking the Genetic Code

Sucrose-density gradient centrifugation of Ribosomal RNA

How much of the Ribosomal RNA is actually working as template RNA?



Cracking the Genetic Code

So far:

• Ribosomal RNA stimulated C14-Valine incorporation in vitro

• Ribosomal RNA seems to contain small amounts of “template/messenger” RNA

How to confirm that RNA is indeed the template?

• Synthetic RNA



Cracking the Genetic Code

Effect of synthetic RNAs in stimulating protein synthesis (Phenylalanine incorporation)

S-30

S-30



Cracking the Genetic Code

Poli-U strongly stimulates Phenylalanine incorporation



Cracking the Genetic Code

Poli-U stimulation is restricted to Phenylalanine



Cracking the Genetic Code



Cracking the Genetic Code

“One or more uridylic acid residues therefore appear to be the 

code for phenylalanine. Whether the code is of the singlet, triplet, 

etc., type has not yet been determined. Polyuridylic acid 

seemingly functions as a synthetic template or messenger RNA”



Next Steps

Using cell-free system + synthetic RNAs

Thursday!



Thanks!


