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Molecular and Cellular Biology

3. The Cell – From Genes to Proteins

key processes

Prof. Dr. Klaus Heese
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Essential Bio-Engineering-related Bio-Molecules

from genes to peptides / proteins: 3 major steps: 1) transcription, 2) 
processing (splicing), 3) translation

Overview of four (4) basic molecular genetic processes

alternative 
representations of a 
nucleic acid strand 
illustrating its 
chemical 
directionality. by convention, a 

polynucleotide is always 
written 5’--->3’ 
direction.

Single-Strand DNA
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Double-Strand DNA

The temperature at which DNA denatures increases with the 
proportion of GC-pairs. The higher GC%, the higher Tm. DNA supercoils can be removed by cleavage of one strand
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RNA secondary and 
tertiary structures

RNA-synthesis:
5’--->3’

RNA polymerase

Transcription:

DNA ---> RNA

Transcription:
Three stages in 
Transcription
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Structure of the 
5’ methylated 
cap of eukaryotic 
mRNA

Splicing: RNA 
processing to 
produce functional 
mRNA in 
eukaryotes

Processing:

Three
roles of RNA

in Protein Synthesis
(Translation)

mRNA, tRNA & rRNA
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Cells are governed by a cellular chain of commands
– DNA --> RNA --> protein

The Genetic Code

• How many bases 
correspond to an amino 
acid?

• During transcription the 
gene determines the 
sequence of bases along 
the length of an mRNA 
molecule

Codons: Triplets of Bases

• Genetic information is 
encoded as a sequence 
of non-overlapping base 
triplets, or codons

DNA
molecule

Gene 1

Gene 2

Gene 3

DNA strand
(template)

TRANSCRIPTION

mRNA

Protein

TRANSLATION

Amino acid

A C C A A A C C G A G T

U G G U U U G G C U C A

Trp Phe Gly Ser

Codon

3’ 5’

3’5’

Cracking the Code

A codon in messenger RNA is either translated into an amino 
acid or serves as a translational stop signal

Second mRNA base
U C A G

U

C

A

G

UUU
UUC
UUA
UUG

CUU
CUC
CUA
CUG

AUU
AUC
AUA
AUG

GUU
GUC
GUA
GUG

Met or
start

Phe

Leu

Leu
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Val

UCU
UCC
UCA
UCG

CCU
CCC
CCA
CCG

ACU
ACC
ACA
ACG

GCU
GCC
GCA
GCG

Ser

Pro

Thr

Ala

UAU
UAC

UGU
UGCTyr Cys

CAU
CAC
CAA
CAG

CGU
CGC
CGA
CGG

AAU
AAC
AAA
AAG

AGU
AGC
AGA
AGG

GAU
GAC
GAA
GAG

GGU
GGC
GGA
GGG

UGG
UAA
UAG Stop

Stop UGA Stop
Trp

His

Gln

Asn

Lys

Asp

Arg

Ser

Arg

Gly
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G
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Glu

• Codons must be 
read in the correct 
reading frame for 
the specified 
polypeptide to be 
produced

• The genetic code 
is nearly universal 
shared by 
organisms from the 
simplest bacteria to 
the most complex 
animals

64 options

read 5’ ---> 3’

Amino Acids

Genetic Code 

from genes (DNA) 
to proteins –
the genetic code

64 options The Cell’s Heritable Information
Cells contain chromosomes made partly of DNA, the 

substance of genes
– which program the cells’ production of proteins 

and transmit information from parents to 
offspring

Egg cell

Sperm cell

Nuclei
containing
DNA

Fertilized egg
with DNA from
both parents

Embyro’s cells 
with copies of 
inherited DNA

Offspring with traits
inherited from
both parents
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the 5 levels of universal information

result / aim

action / activity

meaning / sense / significance

code / grammar

character-set / signal type  

Universal Information is an abstract 
illustrated message (in the form of a 
code,) abstracted from coded symbols 
that contains expected action and 
intended goals.

1) Universal information is indispensable 
for all life and
2) for humans there are other non-
material components of life: e.g. ‘will / 
volition’ and ‘consciousness’.

statistics

syntax

semantic

pragmatics

apobetics

information content of one letter (bit/letter)
information content of one word (bit/word)
number of possible combinations to form a word of length L 
from n different characters.

L = length of word = 
# of 

letters / word

n = # of 
different letters word length L --->

<-
--

al
ph

ab
et

 le
ng

th
 n

doublet quartettriplettriplet quintet sextet

3 bit/word 4 bit/word 5 bit/word 6 bit/word

n: odd numbers not possible

Biological Information Store: The 
human DNA is about two meters 
long in an elongated form and 
contains 6 x 109 nucleotides 
(chemical letters: adenine [A], 
cytosine [C], guanine [G] and 
thymine [T]). How much 
statistical information (i.e. how 
much information according to 
Shannon) is that?
Since the N = 4 chemical letters 
A, C, G and T occur about 
equally distributed,
is their mean information content 
according to the equation
H = ld 4 = log2 4 = log 4 / log 2 = 
2 bit calculable.
For the entire DNA this results in 
a storage capacity of 
Itotal = 6 x 109 nucleotides x 2 bits 
/ nucleotide = 12 x 109 bits. This 
corresponds to the amount of 
information of 750,000 
typewritten pages.

with 20 amino acids, minimum info per 
word: iw = log2 20 = 4,32 bit

The highest information density known to us is in the DNA 
molecules realized in the living cells. The figure shows the 
DNA dimensions.
This chemical storage medium with 2 nm = 2 x 10-9 m = 2 x 
10-6 mm diameter and 3.4 nm pitch of the helix (Greek 
helix = spiral) indicated. From this, the cylinder volume is 
calculated per turn (V = h x d2 x π / 4):
V = 3.4 x 10-6 mm x (2 x 10-6 mm) 2 x π / 4 = 1.068 x 10-17

mm3 per turn.
The human DNA (germ cell) has 3 x 109 character pairs. 
There, one turn comprises 10 pairs of letters, this results in 
a Volume of (1.068 x 10-17 mm3 / turn) x 3 x 109 letters / 
(10 letters /turn) = 3.2 x 10-9 mm3.
Per turn of the double spiral are 10 chemical letters 
(nucleotides), so that a statistical information density from 
ρ = 10 letters / (10,68 x 10-18 mm3) = 0,94 x 1018 letters / 
mm3 = 0.94 x 1021 letters / cm3.
If one considers the determined information requirement of 
4.32 bit for one amino acid on a letter (nucleotide) of the 
genetic codes, that's how you get on with this method of 
calculation: 4.32: 3 = 1.44 bit / letter. We now want the 
statistical information density of the DNA with the 
values we have just established, and here we are for the 
information content per letter with the value 2 bit / letter :
ρ = 0.94 x 1018 letters / mm3 Å ~ 2 bit / letter = 1.88 x 1018

bit / mm3 or 1.88 x 1021 bit / cm3.

Phases of the Cell Cycle
The cell cycle consists of

– the Mitotic phase (M)
– Interphase (G1, S, G2)

INTERPHASE

G1
S

(DNA synthesis)

G2
Cyto

kin
es

is

Mito
sis

MITOTIC(M) PHASE

• Interphase can be 
divided into sub-
phases

– G1 phase

– S phase

– G2 phase

• The mitotic phase

– is made up of 
mitosis and 
cytokinesis
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the required closed cycle

DNA Replication:
enzyme-regulated

DNA synthesis

Transcription:
DNA-dependent
RNA synthesis

Translation:
RNA-dependent
protein synthesis

Three possible open reading frames (start codons not shown)

Three
roles of RNA

in Protein Synthesis
(Translation)

mRNA, tRNA & rRNA
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synthesis direction of the protein in 
ribosoms

plain, plane, layer, platform, planar

Specific Aminoacyl-tRNA Synthethases activate Amino Acids by 
covalently linking them to tRNAs

Structure of tRNAs

The general structure of ribosomes in prokaryotes and eukaryotes
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Homogenization

TECHNIQUE

HomogenateTissue
cells

1,000 g
(1,000 times the
force of gravity)

10 min Differential centrifugation
Supernatant poured
into next tube

20,000 g
20 min

80,000 g
60 minPellet rich in

nuclei and
cellular debris

Pellet rich in
mitochondria
(and chloro-
plasts if cells
are from a plant)

Pellet rich in
“microsomes”
(pieces of plasma
membranes and
cells’ internal
membranes)

150,000 g
3 hr

Pellet rich in
ribosomes

Ph/CHCl3 – H2O-buffer
Separation of Proteins 
vs
28S rRNA
18S rRNA

5S rRNA

Lab methods

for

Ribosome isolation

DNA synthesis (Replication)

Bidirectional mechanism 
of DNA replication 

A summary of 
transcription and 
translation in a 
eukaryotic cell

TRANSCRIPTION
RNA is transcribed

from a DNA template.

DNA

RNA
polymerase

RNA
transcript

RNA PROCESSING

In eukaryotes, the
RNA transcript (pre-
mRNA) is spliced and
modified to produce
mRNA, which moves
from the nucleus to the
cytoplasm.

Exon

Poly-A

RNA transcript
(pre-mRNA)

Intron

NUCLEUS
Cap

FO R M A TIO N  O F
IN ITIA TIO N  C O M PLEX

After leaving the
nucleus, mRNA attaches
to the ribosome.

CYTOPLASM

mRNA

Poly
-A

Growing
polypeptide

Ribosomal
subunits

Cap

Aminoacyl-tRNA
synthetase

Amino
acid

tRNA
A M IN O  A C ID  A C T IV A T IO N

Each amino acid
attaches to its proper tRNA
with the help of a specific
enzyme and ATP.

Activated
amino acid

T R A N SL A T IO N

A succession of tRNAs
add their amino acids to
the polypeptide chain
as the mRNA is moved
through the ribosome
one codon at a time.
(When completed, the
polypeptide is released
from the ribosome.)

Anticodon

A CC

A A A
UG G U U U A U G

U ACE A

Ribosome

1

Poly
-A

5�

5�

3�

Codon

2

3 4

5

What is a gene? revisiting the question

• A gene is a region of 
DNA whose final 
product is either a 
polypeptide or an 
RNA molecule –

• A gene is the 
molecular unit of 
heredity ( = DNA // or 
RNA) of a living 
organism that codes 
for a protein or a 
(functional) RNA.

What is a gene? revisiting the question


