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Genetic information is coded by DNA

3
Molecular Biology of the Cell (© Garland Science 2008)

The experiment combining two strains of Streptococcus pneumoniae bacteria.

O. Avery
C. MacLeod
M.McCarty

MB_2_2022 



Nuclein

4

• Nuclein – acidic substance rich in nitrogen and 
phosphorus

• J. F. Miescher - 1864
• Isolated from blood of wounded patients and 

cleaved by pepsin (proteolytic enzyme)
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Roles of genetic material
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Genotype – storage of genetic information and its transition 
to the offspring

Phenotype – expression of genetic information to particular 
properties of an individual

Evolutionary role – adaptation of an organism/species to the 
environment through the changes in genetic information
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Terminology
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Gene – several “definitions” depending on the point of view:

classic genetics (Mendel) – elementary unit of hereditary genetic information

molecular genetics – part of DNA coding for RNA (and as a consequence 
coding for some property of the individual)

structural genes coding for mRNA/protein (+ regulatory regions)

genes coding for functional RNA (miRNA, …)

strict – structural gene – part of DNA that codes for protein sequence

Allele – particular variant of the respective gene

Genome – complete DNA of organism (molecular) x complete genetic information of 
organism x sum of genes (classic)

Genotype – the combination of particular alleles of all genes in individual

Phenotype – the sum of actual individual properties (as a result of expression of 
particular genotype in the respective environment)

Genophore – the carrier of genetic information, usually a molecule of DNA (often used 
for bacteria)
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Information biopolymers
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Deoxyribonucleic acid (DNA)
• linear heteropolymer composed from 2-deoxyribonucleotides connected by 
phosphodiester bonds
• usually as a stable and resistant double helix
• serves as a storage of genetic information, as a template for its reproduction 
(replication) and as a template for the expression of genetic information to the 
phenotype (transcription)

Ribonucleic acid (RNA)
• linear heteropolymer composed from ribonucleotides connected by phosphodiester
bonds
• usually as a single-stranded structure of variable length, structure and reactivity
• many functions depending on type of RNA

Protein
• linear heteropolymer composed from 20 (21) amino acids connected by peptide
bonds
• highly variable structures, properties and functions

MB_2_2022 



Central dogma of molecular biology

8

DNA

RNA

Protein

Transcription

Translation

Reverse transcription (retroviruses, …)
Nucleic 
acids

Replication

Replication
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Gene
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https://www.ncbi.nlm.nih.gov/gene/5460

5´ UTR

Regulatory regions
Promoter + enhancers

3´ UTR

Exons = coding regions

Introns = noncoding regions
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Genes
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Exon = coding region

Intron = noncoding region

Most eukaryotic genes contain introns, that are transcribed into primary RNA 
transcript and introns are consecutively removed by splicing process on 
spliceosome to form final mRNA.

Prokaryotic genes do not contain introns and they are directly transcribed into 
mRNA that serves as a template for translation into protein.

Exon = coding region
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Nucleic acids
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5-carbon sugar - pentose
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Base
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Nucleic acid nomenclature
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Base Nucleoside
Nucleotide

NTP

G Guanine Guanosine
Guanosine 

triphosphate

A Adenine Adenosine
Adenosine 

triphosphate

T Thymine Thymidine
Tymidine 

triphosphate

C Cytosine Cytidine
Cytidine 

triphosphate

U Uracil Uridine
Uridine

triphosphate

DNA – prefix deoxy-

NMP = monophosphate
NDP = diphosphate
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Modified bases
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Oxidative damage

EpigeneticsMetabolism

tRNA

5-methyl cytosine 5-hydroxymethyl cytosinexanthine hypoxanthine inosine

8-oxo adenine 8-oxo guanine

pseudouracil dihydrouracil
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Formation of sugar-phosphate backbone

17

N
O

O

O

P

OH

O

OH

N
O

O

O

P

O

OH

N
O

O

OH

P

O

OH

N

NH2

O

N

NH
N

NH2

O

NH

O

O

CH3

N
O

O

OH

P

O

OH

P

O

O

OH

OH

OH

O

O

P N

N
N

NH2

P

O

O

OH

OH

OH

OH

O

P

Phosphodiester
bond

5‘ end
(phosphate)

3‘ end
(hydroxyl)

REPLICATION
DNA-dependent DNA polymerase

TRANSCRIPTION
DNA-dependent RNA polymerase

REVERSE TRANSCRIPTION
RNA-dependent DNA polymerase

MB_2_2022 



Base reactivity – hydrogen bonds
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Hydrogen bond – weak electrostatic interaction of two polar groups – one covalently binds
hydrogen (DONOR – usually -N-H a -O-H); the second (ACCEPTOR) is usually N or O
Length: ~ 2.8 A (2 - 3,4 A) Energy: < 1 kcal/mol both depend on particular atoms and on 
the environment 
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Watson-Crick base pairing
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DNA double helix
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DNA double helix
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• two molecules (strands) of DNA

• the helix is right-handed

• the strands are antiparallel – their 5´-3´ direction is opposite in
the context of double helix direction

• similar content of purines and pyrimidines; content of A = T, G = C 
(Chargaff rules)

• result – the strands are complementary – i.e. according to the 
Watson-Crick base pairing rules we can predict the sequence of 
one strand according to the sequence of the other

• on average the double helix contains 10,5 base pairs per turn of 
the helix, which is about 3,4 nm in length
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DNA structure –Watson and Crick model
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M. Wilkins R. Franklin E. Chargaff

F. Crick J.D. Watson

MB_2_2022 



DNA structure – Pauling model
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Various types of double helix
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B-DNA
• DNA in water/salt soulutions

A-DNA
• DNA in crowding solutions
• RNA

Z-DNA
• CpG sequences in crowding conditions

Left handed
Zig-zag step
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Reversed Watson-Crick pairing

25

N

N

N

N

N
H H

R

N

N

N

N

N
HH

R

N

N

N

N

N

O

H

H

H

R

N

N

N

N

N

O

H

H

H

R

N

N

N

O

HH

R

NH
+

N

N

O

H H

R

N

N

O

O

CH3

R

H

N

N

O

O

CH3

R

H

A

A

G

G

T

TC

C

MB_2_2022 TEST



Base protonation
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•base protonation might
alter the base reactivity

• free bases have pK far 
from physiological

•pK of bases in DNA might
be closer to pH 7.4

• cytosine in Cn sequences
has pK~7 – cytosine i-motif
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DNA double helix x ions / water
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• phosphates in DNA backbone are negatively charged – repulsion
• this is compensated by interaction with ions (Na+, K+, Mg2+, …) or water (H-H bonds)
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Stability of DNA double helix
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= melting temperature

• hydrogen bonds AT = 2 x GC = 3 Tm increases with GC and length
• base stacking various Tm increases with length and ions
• repulsion of backbone phosphates    Mg2+>Na+ Tm increases with ions
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Base-pair parameters in double helix
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Lu et al., 2003, NAR
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Types of nucleic acids
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• linear (human chromosome) x circular (bacterial genome)

• single-stranded (most RNAs) x double-stranded (human DNA)
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Superhelicity
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Superhelicity happen mostly as a result of 
transition of polymerase complex and 
unwinding of DNA (helicase, …) during 
replication and transcription.

Topoisomerases
• Enzymes that relax the superhelicity
• Topo I – works on 1 DNA strand
• Topo II – works on 2-strand DNA
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Reactivity of bases with amino acids
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Double-stranded NA:
Interaction of Hoogsteen side
with amino acid in major groove.
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Reactivity of bases with amino acids
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Single-stranded NA:
Interaction of Watson-Crick side
with amino acid.
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Genome composition

34
Molecular Biology of the Cell (© Garland Science 2008)
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Repetitive sequences - repeats

35

Some sequences in genome are unique, usually the genomic sequences (both coding 
and non-coding). In contrast, other sequences exist in many copies – repetitive 
sequences (repeats). The length of repeat (microsatelites 2-6 bp x LINE 6-7000 bp), as 
well as the number of copies (several – 1.5M SINE in human) is highly variable.

Structure:
• direct repeats

• inverted repeats + palindromes

Position:
• Tandem repeats

• Interspersed repeats

5´...AGTC...AGTC...3´

3´...TCAG...TCAG...5´

5´...AGTC...CTGA...3´

3´...TCAG...GACT...5´

5´...AGTC...GACT...3´

3´...TCAG...CTGA...5´
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Inverted repeats
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5´ 3´AGTCGACT

5´ 3´AGTCTGAGCTGACT

C--G
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A--T5´ 3´
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A--T5´ 3´
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G
A G

C

T

Hairpin
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Inverted repeat

Hairpin with loop
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Inverted repeats
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Special types of repetitions - transposons
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LTR – long terminal repeat - 100 bp – 5 kbp – variant of retrotransposons
LINE – long interspersed nuclear elements – up to 6 kbp – human> 500k copies

- 3 types (L1, L2, L3) – only some L1 are able to transpose
SINE – (Alu, …) short interspersed nuclear elements – up to 500 bp – human ~ 1,5M copies

Interspersed repetitions with various lengths and number of copies.
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Loops and hairpins in RNA
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16S RNA

tRNA (Lys)
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Functional types of RNA

40

hnRNA

rRNA

tRNA

snRNA, snoRNA, …

mRNA

siRNA, miRNA, …

DNA

pre-rRNA

pre-tRNA

Translation; codes for protein sequence

Translation; part of ribosome

Translation; amino acid carrier

Splicing/modification of RNA

Gene expression regulation
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Hoogsteen pairing - triplexes
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Hoogsteen pairing – G-quadruplexes
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Guanine quadruplexes
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(Biffi G., et al., Nat Chem, 2013)

(Maizels N. and Gray L.T., PloS Genet., 2013)(Brooks T. A., et al., FEBS J, 2010)

(Huppert J.L., Chem Soc Rev, 2008)
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Base reactivity
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Hydrofobic bases with high ability to form hydrogen bonds are reluctant to 
be freely expressed into water environment around – if there is any 
chance to avoid this and lower the base exposition to the environment by 
any type of base pairing or base stacking, the bases tend to form a 
structure. Even the “single-stranded” RNA or DNA forms, in fact, compact 
structure with number of base pairs.

MB_2_2022 



Packing of DNA into chromosome
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(Nature Education, 2013)
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Binding of DNA to a histone octamer
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Molecular Biology of the Cell (© Garland Science 2008)
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Folding of nucleosomes into 30 nm fiber
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Molecular Biology of the Cell (© Garland Science 2008)
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30 nm fiber binds to protein scaffold
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Molecular Biology of the Cell (© Garland Science 2008)
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Chromosome
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Molecular Biology of the Cell (© Garland Science 2008)

Telomere – terminal part of chromatides that 
protect the end from being recognised as a 
double-strand break by a DNA repair machinery

Centromere – here are the chromosomes 
connected to the system of cellular microtubules 
– important for chromosome segregation during 
cell division
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Chromosome
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Fully condensed chromosomes are present only during the cell division, otherwise 
they are more or less decondensed to a lower levels of structure, especially in 
transcriptionally active sites (euchromatin). Transcriptionally inactive parts of 
DNA, as well as repetitive regions or telomeres are much more condensed 
(heterochromatin). Various types of chromatin differ in epigenetic markers of 
both DNA (5-methyl cytosine) and histones (methylation a acetylation).
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Figure 1-37 Molecular Biology of the Cell, Fifth Edition (© Garland Science 2008)
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Table 1-1 (part 2 of 2) Molecular Biology of the Cell, Fifth Edition (© Garland Science 2008)
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Levels of structure of biopolymers
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DNA RNA Protein

Primary

Secondary

Tertiary
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Genetic code

54

Set of rules that assign a sequence of aminoacids in the protein 
to the sequence of nucleotides in DNA or RNA.

Transcription
+

Translation

M.W.Nirenberg MB_2_2022 



Properties of genetic code
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• genetic code is based on triplets – one aminoacid in protein is coded by a 
sequence of three nucleotides in DNA (RNA)

• genetic code is universal – individual triplets code for the same aminoacid in 
almost all organisms (x mitochondria)

• genetic code is degenerated – one aminoacid might be coded by several different 
triplets (but the opposite is not true)

Arginine

CGU

CGA

CGC

CGG

AGG

AGA

CGUGGUACGAUUGGAUGU

CGU = Arginine CGU = Arginine CGU = Arginine

Arg Gly Thr Ile Gly Cys
mRNA

Protein

Triplet = Codon x anticodon = complementary
sequence on particular tRNA that carries the
respective aminoacid
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Genetic code
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Second nt

First nt U C A G Third nt

U

Phe Ser Tyr Cys U

Phe Ser Tyr Cys C

Leu Ser STOP STOP/Sel A

Leu Ser STOP Trp G

C

Leu Pro His Arg U

Leu Pro His Arg C

Leu Pro Gln Arg A

Leu Pro Gln Arg G

A

Ile Thr Asn Ser U

Ile Thr Asn Ser C

Ile Thr Lys Arg A

Met/START Thr Lys Arg G

G

Val Ala Asp Gly U

Val Ala Asp Gly C

Val Ala Glu Gly A

Val Ala Glu Gly G
MB_2_2022 



Reading frames
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CGUGGUACGAUUGGAUGU

Arg Gly Thr Ile Gly Cys
mRNA

Protein1

CGUGGUACGAUUGGAUGU

Val  Val Arg Leu  Asp
mRNA

Protein2

CGUGGUACGAUUGGAUGU

Trp  Tyr Asp Trp  Met
mRNA

Protein3

Genetic code is based on triplets – three possible ways of reading (reading frames), 
but only one is correct.
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Genetic code
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Although the genetic code is universal, the usage of particular 
codons, as well as the amount of particular tRNAs and 
aminoacyl transferases differ

Modification of synthetic genes for recombinant protein 
production according to the expression system used (Bacteria, 
human, …) might be highly beneficial.
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