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Class 12

Genetic Code

Marshall Nirenberg & 
Heinrich Matthaei - 1961

Main characters involved in the history
(approx. in order of appearance)

Nome Born-Deceas.
Age in 
1961

NPW/       
area

1 Marshall Nirenberg 1927-2010 34 1968-Med.
2 J. Heinrich Matthaei 1929- 32
3 Francis Harry Compton Crick 1916-2004 45 1962-Med.
4 James Dewey Watson 1928- 33 1962-Med.
5 George Gamow 1904-1968 57
6 Har Gobind Khorana 1922-2011 39 1968-Med.
7 Otto Loewi 1873-1961 88 1936-Med.
8 Marianne Grunberg-Manago 1921-2013 40
9 Christian de Duve 1917-2013 54 1974-Med.

10 Otto Warburg 1883-1970 78 1931-Med.
11 Philip Siekevitz 1918-2009 43
12 Paul Zamecnik 1912-2009 49
13 Mahlon Hoagland 1921-2009 40
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BACKGROUND

First Ideas about the code

Francis Crick

Sydney Brenner coined the term "codon" — the 

trinucleotide unit that specifies one amino acid.
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Cobb, Curr. Biol. 25:R523-R548, 2015 
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https://bit.ly/3UBtlmN
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George Gamow (1904-1968)

One of the 128 drawings that illustrate the book “1, 2, 3… 
infinity”, by G. Gamow
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Watson (2001), Genes, Girls and Gamow – after de double helix. Knopf, NY – 259pp.

Hypothesis of George Gamow for the coding of
proteins in DNA

Gamow, Nature 173:318, 1954
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Gamow, Nature 173:318, 1954

BACKGROUND

A pinch of chemistry
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Clivage generates a 
5´ phosphate and a 
3´ terminal hydroxy

group

Clivage of
phosphodiester
bonds

Adams et al., The Biochemistry of Nucleic Acids - 11th ed., 1992.

2’3’

5’
Clivage generates a 
3´ phosphate and a 
5´ terminal hydroxy

group

E. coli exonuclease III (DNA phosphatase-exonuclease)

Adams et al., The Biochemistry of Nucleic Acids - 11th ed., 1992.
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Action of pancreatic RNase on RNA

Adams et al., The Biochemistry of Nucleic Acids - 11th ed., 1992.

BACKGROUND

The code in 1965
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(1912-1991)
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Watson (1965) Molecular Biology of the Gene – 1a. Edição - Benjamin

Watson (1965) Molecular Biology of the Gene – 1a. Edição - Benjamin
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Watson (1965) Molecular Biology of the Gene – 1a. Edição - Benjamin

BACKGROUND

The Code in 1976
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Archer (1976) Genética Molecular – Edições Brotéria - Lisboa
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BACKGROUND

Har Gobind Khorana

“We must be modest except in our aims”
Otto Loewi cited by Khorana

هار گوبند خورانا
Har Gobind Khorana (1922-2011)

NPW 1968

Doctorate fellowship (PhD) in organic
chemistry at the University of Liverpool, 
England.

Doctor degree obtained in 1948

Works at the ETH (Eidgenössische Technische
Hoshschule) in Zurich - group of Vladimir 
Prelog (NPW 1975)

Master in Chemistry at the University of
Punjab in Lahore

Finds the little known paper published by Fritz 
Zetzsche about the carbodiimides -> will latter
use the method for the synthesis of nucleotide
cofactors and ATP.
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1952 - begins an independent career as non-academic researcher at the 
"British Columbia Research Council" in Vancouver, Canada. Synthesizes 
ATP and nucleotide cofactors

1960-1970. Moves to the Institute for Enzyme Research at the University 
of Wisconsin in Madison.

Shows that CUCUCU codes for a polypeptide with Leucine (CUC) and
Serine (UCU).

Synthesizes the gene for tRNAAla with the regulatory regions and shows 
that it functions inside a bacterial cell. 

Leaves Madison and goes to the MIT where he works with bacteriorhodopsin.

Fails at concourse in India and obtains a three year fellowship with
Alexander Todd, University of Cambridge.

Is introduced to the results obtained by Sanger, Perutz, Kendrew and falls
in love with Molecular Biology.

A year later runs out of money Zurich.

H. Gobind Khorana F. Crick M. Grunberg-Manago

Cold Spring Harbor Symposium on the Genetic Code - 1966
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Marshall Nirenberg H. Gobind Khorana

2009

Chemical synthesis of dinucleotides - Khorana

J. Am. Chem. Soc. 80:6212–6222, 1958
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DCC = N,N'-dicyclohexylcarbodiimide

TsCl = 4-toluenesulfonyl chloride

Synthesis of polynucleotides by the method developed by Khorana

Gilham & Khorana, J. Amer. Chem. Soc. 80:6212-6222, 1958.
https://en.wikipedia.org/wiki/Oligonucleotide_synthesis

Same strategy that was 
already used for the synthesis 
of peptides in 1958

Synthesis of oligonucleotides today
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Issue nr 2 of vol. 72 (1972) of JMB had
13 papers by Khorana´s group on the
synthesis of tRNAAla

1965
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FRACIONAMENTO CELULAR

(MONTANDO O CENÁRIO)
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Subcellular fractionation
through

Differential Centrifugation

[microsomes]

Otto Warburg manometric apparatus for metabolic
analysis

Different manometric arrangementsOtto Warburg

1931

1970

Sample
Flask
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Warburg flask

Tissue sample or
subcellular fraction
to be tested

CO2 trap

Substrate(s), etc. added
here to star reaction

Additional trap

Stand for mounting the manometers
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Original Warburg “machine”
Water bath for
temperature control

Electric motor
for sample shaking
in the water bath

MOVEMENT

Different
samples

“Modern” Warburg manometers and water bath
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Setting up a 
“modern” 
Warburg
apparatus with
several samples

Sir Hans Krebs (NPW 1953)(1900-1981) and his students
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Warburg Manometer setup
https://www.youtube.com/watch?v=M-HYbZwN43o
https://www.youtube.com/watch?v=TI41djHlh_o

Some movies in YouTube about the Warburg apparatus
setup and use

Incorporation of radioactive alanine into the proteins of 
the various fractions of a rat liver homogenate (1952)

Siekevitz J. Biol. Chem. 195:549-565, 1952
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Siekevitz J. Biol. Chem. 195:549-565, 1952

Relation between metabolism of phosphorilated
compounds (ATP-like) and protein synthesis

RAT LIVER

Biochemical and molecular biological sketches for protein 
synthesis

Darden & Craver, Stud. Hist. Phil. & Biomed. Sci. 33:1-28, 2002
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Pederson, FASEB J. 19:1583-1584, 2005

Mahlon Hoagland & Paul Zamecnik, ca. 1984

Zamecnik & Keller, JBC 209:337-354, 1954 – cit. in
Rheinberger in Protein Synthesis and Ribosome Structure (Niehaus & Wilson, eds.), p.1-51, 2004

Fracionamento e recombinação do extrato de 
fígado de rato

CONDIÇÕES:
DL-Leucina-1-14C (0,25 
mM, 300.000 cpm)
MgCl2 4mM, 
NAD 10mM, 
Tampão fosfato pH7,4 
40 mM, 
2P-glicose 10 mM, 
sacarose 250 mM.
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end of the 1940s

ca. 1952

ca. 1955

end of 1950s

Dissection of the rat-liver cellfree system for the 
incorporation of [14C]-amino acids into protein

Hoagland, Rec. Trav. Chim. 77:623-633, 1958

NIRENBERG et al.
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1927 – is born on April 10th in NYC

1941 – Rheumatic fever -> 
moves to Orlando, FL

1948 - BS (Zoology and Chemistry)

1952 - MS (Zoology)

1957 - PhD (Biological Chemistry)

1959-60 - Postdoc

1961 - Describes the experiment with poly U in Moscow at 
the International Congress of Biochemistry (August) 
(Nirenberg & Matthaei)

1963-66 - Completes the genetic code

Marshall Nirenberg

2002

2010 - dies on January 15

1965-69 – Go to study neurobiology

1967 – begins the study of neuroblastoma.

1968 – receives the Nobel Prize with RW Holey e HG Khorana

1969 - publishes his first paper on neurobiology with Philip 
Nelson.

1973 – Studies the efect of morphine in the Nervous System

1976 - Begins the work with receptors of nerve cells in retina 
of chicks.
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http://profiles.nlm.nih.gov/ps/access/KKBBFR.pdf#xml=http://profiles.nlm.nih.gov/pdfhighlight?uid=KKBBFR&query=%28Isaias%20Raw%29

Marshall Nirenberg e 
Heinrich Matthaei –

aprox. 1961

Primeiro pos-doc de Nirenberg 
com quem publicou o famoso 
experimento do poli-U
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Marshall Nirenberg e 
Heinrich Matthaei –

aprox. 1962

Apresentação de 
Nirenberg em
Moscou (Agosto de 
1961) sobre a 
incorporação de 14C-
Phe num sistema 
“cell-free” com poli-U
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Apresentação de Nirenberg em
Moscou (Agosto de 1961) sobre a incorporação de 14C-Phe 
num sistema “cell-free” com poli-U

Marshall Nirenberg 
no laboratório –

aprox. 1962
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http://www.dnaftb.org/images/22/16501_leder2.jpg

CSH Symposium on protein synthesis

Phil Leder discussing with coleagues

1966

http://www.dnaftb.org/22/av.html

Declaration of Marshall Nirenberg about
the code deciphering
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Codon usage table of E. coli based on all
ORFs of the genome

CCU = 0,16
CCC = 0,10
CCA = 0,20
CCG = 0,55

UUU = 0,51
UUC = 0,49

AAA = 0,76
AAG = 0,24

Codon usage table of E. coli based on all
ORFs of the genome
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https://profiles.nlm.nih.gov/ps/retrieve/ResourceMetadata/JJBCCQ

Nirenberg Lab – 1968
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