
Lecture 3: 

History and Review (II) 

DNA the code 

Course 485 

Introduction to Genomics



AIMS

• Review concepts related to: 

•  Chemical composition of DNA and RNA 

• Double helix DNA structure 

• Genome organizations 

• Histone modifications 

• Crick’s Central Dogma 

• Decoding the code



Good Reads

Life’s Greatest Secret: The Story of the Race to Crack 
the Genetic Code by Matthew Cobb



What is nucleic acid made of? 

What is the chemical composition 
of nucleic acids (DNA and RNA)?



DNA and RNA chemical unit

• The chemical unit that makes nucleic acids (DNA and 
RNA) is called Nucleotide.

Nucleotide 

• A nucleotide is 
composed of: 

1. Sugar 
2. Phosphate group 
3. Nitrogenous base 



DNA and RNA chemical unit

Do you remember what a nucleoside is? 
only for fun :-)



• A number of phosphate groups can be attached 
to carbon 5 of the sugar. 

• NTPs? dNTPs?

The phosphate group



What is the function os the phosphate groups? 

Any relation to replication/sequencing?

The phosphate group



The bases
Nitrogenous bases

Small bases Large bases

Pyrimidines 
One ring

Purines 
Two ringsFound in DNA 

and RNA

Found in RNA Found in DNA



Naming of DNA bases

http://www.acgt.me/blog/2014/3/3/celebrating-an-unsung-hero-of-genomics-how-
albrech-kossel-saved-bioinformatics-from-a-world-of-hurt



Naming of DNA bases



Naming of DNA bases



Naming of DNA bases



Naming of DNA bases



Naming of DNA bases

The naming of the DNA bases made it easier 
to abbreviate the names of the molecules 

into unique single letters (A,T,G,C). 

The single letter representation of DNA 
enabled application of information theory via 

bioinformatics.



Nucleotide linking

• Nucleotides are linked via phosphodiester bond. 
• A covalent bond links the phosphate group of one 

nucleotide to the 3’ carbon of the sugar of another.



Polarity
• 5’ end: where the 5’ carbon at one end of the 

molecule has a phosphate group. 

• 3’ end: where the 3’ carbon at the other end of 
the molecule has a hydroxyl group. 



The Race to DNA structure

The story of the discovery of the double helix 
involves these key actors



Molecular structure

How can we learn about the structure of 
molecules?



X-ray diffraction

X-ray diffraction was the method to study the fine 
structure of molecules.  DNA was no different!



X-ray diffraction

Look at the pattern resulting!



New Method

http://www.nature.com/news/the-revolution-will-not-be-crystallized-a-new-method-sweeps-through-
structural-biology-1.18335?WT.mc_id=TWT_NatureNews

I n a basement room, deep in the bowels of a steel-clad building in 
Cambridge, a major insurgency is under way. 

A hulking metal box, some three metres tall, is quietly beaming 
terabytes’ worth of data through thick orange cables that disappear 
off through the ceiling. It is one of the world’s most advanced cryo-

electron microscopes: a device that uses electron beams to photograph 
frozen biological molecules and lay bare their molecular shapes. The 
microscope is so sensitive that a shout can ruin an experiment, says 
Sjors Scheres, a structural biologist at the UK Medical Research Council 
Laboratory of Molecular Biology (LMB), as he stands dwarfed beside the 
£5-million (US$7.7-million) piece of equipment. “The UK needs many 
more of these, because there’s going to be a boom,” he predicts.

In labs around the world, cryo-electron microscopes such as this 
one are sending tremors through the field of structural biology. In the 
past three years, they have revealed exquisite details of protein-making 
ribosomes, quivering membrane proteins and other key cell molecules, 

THE REVOLUTION WILL NOT BE 
CRYSTALLIZED

MOVE OVER X-RAY CRYSTALLOGRAPHY. 
CRYO-ELECTRON MICROSCOPY IS 

KICKING UP A STORM IN STRUCTURAL 
BIOLOGY BY REVEALING THE HIDDEN 

MACHINERY OF THE CELL.
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Crystal

X-ray

Interference

STRUCTURE SOLVERS
X-ray crystallography has long 
been the dominant method for 
deducing high-resolution protein 
structures, but cryo-electron 
microscopy is catching up.

X-RAY CRYSTALLOGRAPHY
X-rays scatter as they pass through a 

crystallized protein; the resulting waves 
interfere with each other, creating a 

diffraction pattern from which the 
position of atoms is deduced.

CRYO-ELECTRON MICROSCOPY
A beam of electrons is fired at a 

frozen protein solution. The 
emerging scattered electrons pass 

through a lens to create a magnified 
image on the detector, and the 
structure can then be deduced.
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• R. Franklin produced the best diffraction photo 
(called photo 51). 
• Her findings were shared (with or without her 
approval?) Watson and Crick by Wilkin.

Franklin/Wilkin



Watson and Crick

• They published a 900 words paper and Franklin 
and Wilkin also published on the same issue of 
Nature.



DNA structure

 1) DNA is a double helix. 
2) Two polynucleotides chains. 
3) The two chains wind around right handedly - 
right handed double helix. 
4) The two chains are in an anti-parallel 
orientation. One strand 5’ – 3’  orientation and 
the other 3’ – 5’). 
5) Sugar-phosphate backbone is located on 
the outside of the helix. 
6) The nitrogenous bases located on the inside 
of the helix.



DNA structure

7) The bases are stacked flat and 
perpendicular to the axis of the helix. The 
bases are on top of each other following the 
twist of the helix. 
8) The bases of the two polynucleotides are 
bonded together via hydrogen bonds on the 
inside of the helix. 
9) Bases of the two polynucleotide chains are 
base-pairing in a combination that maintains 
similar diameter of the double helix. 
10) A Pyrimidine always basepair with Purine 
forming complementary base pairs.



DNA structure

11) Thymine (T) basepair with Adenine (A), 
and Cytosine basepair with Guanine (G). 
12) Two hydrogen bonds involve the base-
pairing of (A and T) and three hydrogen bonds 
between (G and C). 
13) The sequence of one chain (strand) is 
enough to predict the complementary one in 
the other orientation. 
14) A major and minor groove result from the 
unequal spacing of the phosphate-sugar 
backbone.



Summary



Genome packaging and organization



Do you remember the organization of 
viral genomes? 

prokaryotic genomes?



Review of genome condensation



• A single nucleosome is composed of 8 histone 
proteins (octamer). 

• Histone proteins contain tails of amino acids 
that can be modified.

DNA packaging



Histone tail modifications



Histone tail modifications

Do you remember the functions/effects of 
histone modifications? 

  
Are the histone modifications uniform 

across all chromosomes?



The Central Dogma



The Central Dogma

Do you what the word “Dogma” means? 

Do we have dogmas in science?



The Central Dogma



The Central Dogma
Molecules as information and information flow



Terms and processes

The flow of information from DNA to proteins go 
through an intermediate molecule and involves 

two processes. 

DNA RNA ProteinTranscription Translation

Replication



The code

1965: Marshall Nirenberg and Har Gobind 
Khorana (and others)



The code revealing experiments

What scientific developments enabled 
discovering the genetic code? 

What were the experiments based on?



The code revealing experiments

Major advances: 

(1) Cell free protein synthesis 
(2) Artificial (synthetic) m-RNA



The code revealing experiments

Decoding experiments

Stage 1 Stage 2
Mononucleotide polymers 

Random copolymers
Ribosome binding 

Assay



Mononucleotide polymers
Translating a mononucleotide polymer 

results in a a single amino acid polypeptide  



Random copolymers

Historical review: Deciphering the
genetic code – a personal account
Marshall Nirenberg

Laboratory of Biochemical Genetics, National Heart, Lung and Blood Institute, National Institutes of Health, 9000 Rockville Pike,
MSC – 1654, Building 10, Room 7N-315, Bethesda, MD 20892-1654, USA

This is an autobiographical description of the events
that led to the breaking of the genetic code and the sub-
sequent race to decipher the code. The code was deci-
phered in two stages over a five-year period between
1961 and 1966. During the first stage, the base compo-
sitions of codons were deciphered by the directing cell-
free protein synthesis with randomly ordered RNA
preparations. During the second phase, the nucleotide
sequences of RNA codons were deciphered by deter-
mining the species of aminoacyl-tRNA that bound to
ribosomes in response to trinucleotides of known
sequence. Views on general topics such as how to pick
a research problem and competition versus collabor-
ation also are discussed.

I would like to tell you how the genetic codewas deciphered
from a personal point of view. I came to the National
Institutes of Health (NIH) in 1957 as a post-doctoral fellow
with Dewitt Stetten, Jr, a wise, highly articulate scientist
and administrator, immediately after obtaining a PhD in
biochemistry from the University of Michigan in Ann
Arbor. The next year, I started work with William Jakoby
and, by enrichment culture, I isolated aPseudomonad that
grew on g-butyrolactone and purified three enzymes
involved in the catabolism of g-hydroxybutyric acid [1].

There was a weekly seminar in Stetten’s laboratory in
which Gordon Tomkins (Figure 1), who worked in a
different laboratory, participated. Gordon was brilliant,
with a wonderful associative memory and a magnificent
sense of humor. His seminars were superb, especially his
description of the step-by-step developments in the
problem that he intended to discuss. Towards the end of
my post-doctoral fellowship, Gordon replaced Herman
Kalckar as head of the Section of Metabolic Enzymes and
offered me a position as an independent investigator in his
laboratory. The other independent investigators in the
laboratory were Elizabeth Maxwell and Victor Ginsberg,
who were carbohydrate biochemists, and Todd Miles, a
nucleic-acid biochemist. It was a wonderful opportunity
and I decided then that if I was going to work this hard I
might as well have the fun of exploring an important
problem.

In my opinion, the most exciting work in molecular
biology in 1959 were the genetic experiments of Monod
and Jacob on the regulation of the gene that encodes

b-galactosidase in Escherichia coli and that the mechan-
ism of protein synthesis was one of the most exciting areas
in biochemistry. Some of the best biochemists in the world
were working on cell-free protein synthesis, and I had no
experience with either gene regulation or protein syn-
thesis, having previously worked on sugar transport,
glycogen metabolism and enzyme purification. After
thinking about this for a considerable time, I finally
decided to switch fields. My immediate objective was to
investigate the existence of mRNA by determining
whether cell-free protein synthesis in E. coli extracts
was stimulated by an RNA fraction or by DNA. In the
longer term, my objective was to achieve the cell-free
synthesis of penicillinase, a small inducible enzyme that

Figure 1. Gordon Tompkins. Gordon was brilliant, highly articulate and very funny.
He was a charismatic individual who created a stimulating atmosphere and
encouraged exploration. In 1958, towards the end of my post-doctoral fellowship
at the NIH, he offered me a position as an independent investigator in his
laboratory.Corresponding author: Marshall Nirenberg (mnirenberg@nih.gov).

Review TRENDS in Biochemical Sciences Vol.29 No.1 January 200446

http://tibs.trends.com 0968-0004/$ - see front matter q 2003 Elsevier Ltd. All rights reserved. doi:10.1016/j.tibs.2003.11.009

fierce competitor during this time [20–28], we had never
met. So, in 1961 I called him when I was in New York to
arrange a meeting. I thought it would be more civilized to
cooperate, or perhaps split the problem in some way,
rather than compete with one another. Ochoa was very
gracious, he invited me to his laboratory and introduced
me his post-doctoral fellows, and we had tea in the library.
However, there was no way we could collaborate. Later, to
my horror, I found that I enjoyed competing. I focused on
solving the problems that we were investigating and on
workingmore effectively, rather than onwinning or losing.
The competition stimulated me to become more focused
and I accomplished far more than I would have in its
absence. From the beginning I vowed never to cut corners
or reduce the rigor with which experiments were done to
win the competition. Therefore, the quality of our work
remained high throughout the deciphering process.

Years after the genetic code was deciphered, Mirko
Beljansky told me that during a year’s sabbatical in
Ochoa’s laboratory, Ochoa suggested that he see whether
synthetic polynucleotides could direct cell-free protein
synthesis in E. coli extracts. Beljansky spent a year trying
to direct cell-free protein synthesis with poly(A), but was
unsuccessful because the polylysine product of the
reaction is a basic protein and is not precipitated by
trichloracetic acid. Similarly, in Jim Watson’s laboratory,
Tissieres also tried to direct cell-free protein synthesis
with poly(A), but did not detect the polylysine product for
the same reason. Therefore, the idea of using synthetic
polynucleotides to direct cell-free protein synthesis origin-
ated independently in at least three laboratories.

We showed that the code is formed of triplets by the
amounts of radioactive histidine, threonine, asparagine,
glutamine, lysine and proline that were incorporated into
protein by five poly(A-C) preparations that contained
different ratios of A and C [18,19] (Figure 7). The data for
lysine and proline are not shown. The observed codon
frequencies were compared with the theoretical frequen-
cies of triplets or doublets in each poly(A-C) preparation
calculated from the base composition determined for each

polynucleotide preparation. The data showed that the
codon for histidine is a triplet that contains one A and two
Cs and the codons for asparagine and glutamine are
triplets that contain two As and one C. The data also
showed that two triplets or a doublet correspond to
threonine.

A group picture of the people in my laboratory and their
spouses taken in early 1964 is shown in Figure 8. There
were ,20 people in my laboratory in all who deciphered
the genetic code and about half of them (and their spouses)
are in this picture. The occasion was a party for Brian
Clark (middle of the first row in a suit), who was returning
to Cambridge, England after several years in my labora-
tory. The post-doctoral fellows who came to my laboratory
were superb and our work on deciphering the genetic code
was very much a group project.

Although we and Ochoa’s group had deciphered the
nucleotide compositions of RNA codons, the nucleotide
sequences were unknown. We tried several ways to solve
this problem, but were unsuccessful. However, Kaji and
Kaji [29] had shown that poly(U) stimulates the binding of
radioactive polyphenylalanine-tRNA to ribosomes and
Regina Cukier in my laboratory was using randomly
ordered polynucleotides to direct the binding of aminoacyl-
tRNA to ribosomes. I wondered how small a message one
could use that would remain functional in directing

Figure 6. The specificity of randomly ordered polynucleotide templates in stimulat-
ing amino acid incorporation into protein in Escherichia coli extracts. Only the
minimum kinds of bases necessary for template activity are shown, so many
amino acids that respond to randomly ordered polynucleotides composed of two
or more kinds of bases are omitted. The base compositions of RNA codons were
derived from these experiments [49]. Reproduced from Ref. [49].

Figure 7. The theoretical frequencies of RNA codons in randomly ordered poly(AC)
preparations that contain different proportions of A and C, compared with the
observed frequencies of incorporation of radioactively labeled amino acids into
protein. The codon for histidine contains one A and two Cs, and the codons for
asparagine and glutamine contain two As and one C. These results showed that
the code is a triplet code [18,19]. Reproduced from Ref. [18].

Review TRENDS in Biochemical Sciences Vol.29 No.1 January 200450
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Random copolymers

Can random copolymers 
definitively identify the genetic 

code?



Ribosome binding assay
This technique revealed the language of the 

genetic material and the information hidden in it



What is the name of the protein coding unit 
of genetic information? 

How many nucleotides it contains?



The genetic code

The genetic code is composed of 64 codons

61 amino acid 
coding codons

Three codons code 
for the stop of 

translation 
UAA 
UAG 
UGA

Start codon 
(AUG) 

methionine (Met)

60 codons code for 
19 other amino 

acids



Characteristics of the genetic code

1. The genetic code is made of triplets of 
nucleotides (3nts) called codons. 

2. The genetic code is continuous (no skipping). 
3. The code is not overlapping. Every three 

nucleotides in a sequence code for one codon. 
4. The genetic code is universal (almost). 
5. The code has specific signals for start of 

translation and stop of translation. 
6. The genetic code is “degenerate”. 
7. The Wobble effect of the third base in the 

codon.



Characteristics of the genetic code



The genetic code



Expectations

• You are familiar, broadly, with the concepts 
covered.



Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com

mailto:hhalhaddad@gmail.com

