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Lecture 3 

• Molecular structure and replication of procaryotic 
and eukaryotic genomes.
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Order versus chaos

• Cells maintain a high degree of orderliness in a disordered universe. 

• This property is largely due to their capabilities to duplicate their genetic 
information with great precision. 

• The same genetic information divided into daughter cells ensures their 
similarity. 

• Reproduction of the chemical information in DNA – replication. 
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Identical twins 

• Same genome. 
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Cell division and reproduction 

• Every cell needs a complete set of genes,
therefore, duplication of the whole genome
must accure before cell division.

• Each chromosome needs to be accurately
duplicated and one copy of the chromosome
transfered into each daughter cell.

• Estimation, there is around 65 trillion cells
(6.5 x 1013) in the body, and there is the
same number of replications of the genome.

https://sites.google.com/a/kcsd.k12.or.us/nickersonl/dna-model-1  Department of Experimental Biology 
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Replication of nucleic acids 

• Replication is a biological process of duplicating or producing
an exact copy, such as a polynucleotide strand of DNA.
Creation of replicas (copies).

• It is a molecular process taking place in dividing cells, by which
the DNA creates a copy of itself.

• Human speed of replication: 3 000 nucleotides/min.

• Bacterial speed of replication: 30,000 nucleotides/min.

• Accuracy: one error per 109 embedded nucleotides.

https://www.biologyonline.com/dictionary/replicationDepartment of Experimental Biology 
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Source of mutations during replication 

• Replication inaccuracies: 

• Exposure to chemicals and radiation from the external environment. 

• Action of reactive molecules inside the cell. 

• Impaired DNA-repair mechanisms. 

June 1981Plasmid 5(3):371-3

https://microbenotes.com/different-forms-of-dna-b-form-a-form-z-form/
Department of Experimental Biology 
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Precision versus Tolerance during DNA replication 

• Short-term cell survival requires the highest possible accuracy of 
DNA replication and quality function of repair mechanisms. 

• Long-term survival of the cell on a scale of many generations 
requires tolerance of minor changes in genetic information –
condition of evolutionary success of cells in variable. 

Department of Experimental Biology 
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Somatic and Germ cells  
 

• Unicellular organisms: 

• cell division = reproduction. 

• Multicellular organisms: 

• reproduction = emergence of new organisms, 

• cell division = formation of new cells without 

direct connection with reproduction of the 

organism. 

Department of Experimental Biology 
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Stability of the genome 

• Individual survival requires a high degree of genetic stability. 

• If the change occurs in the DNA and the repair mechanisms do not correct it, 
then, it becomes permanent – referred to as mutation. 

• If the mutation is located within some area of DNA important for life, it can 
cause disease of the organism or even its death. 

Department of Experimental Biology 
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 Frequencies of mutations in bacteria 

LOW

Can be determined experimentally: 
• E. coli in laboratory conditions divides once every 30 minutes. 
• One cell in less than a day creates a population of several billion cells. 
• In it can be found a fraction of cells in which a mutation has occurred in 

a certain nonessential gene. 

• Conclusion: 
• A gene of average size (about a thousand nucleotide pairs) is affected 

approximately 1x in 106 bacterial generations. 
• Mutation rate in bacteria: about 3 nucleotide changes per 1010

nucleotides per 1 cell generation. 

Department of Experimental Biology 
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Frequencies of mutations in humans 
• Frequencies of mutations can be determined by direct sequencing of the 

parents and their descendants genome in the germ lines. 

• Approximately 70 single-nucleotide substitutions were revealed for each 
offspring. 

• If frequency of mutations adjusted to the size of the human genome, then the 
mutation rate is: 1 mutation per 108 nucleotides per human generation. 

• Approximately 100 cell divisions take place from the moment of fertilization to 
the formation of eggs/sperm. 

• Thus, mutational frequency adjusted to the cell division instead of human 
generations is approximately: 1 mutation/1010 nucleotide/cell division. 

Department of Experimental Biology 
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 Frequencies of mutations in humans 
 

• The mutation rate adjusted to one round of DNA replication is 
extremely low in both bacteria and humans. 

Department of Experimental Biology 
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Principles of DNA replication 

Alberts et al.: Molecular biology of the cell. Garland Sci. 2008, 2015

• Strands in DNA helix duplexes are 
complementary: after separation, each of them 
can serve as template for the synthesis of new 
strand. 

• New strands are created through gradual 
integration of nucleotides based on base pairing 
rules. 

• DNA replication is catalyzed by an enzymes. 

• Once replication is finished, each template strand 
is paired with a newly synthesized  strand. 

Department of Experimental Biology 



15

Replication occurs in the S-phase of cell cycle

https://quizizz.com/admin/quiz/606682e1825246001f488abd/dna-structure-function-
and-replication-basics 

• Replication cannot occur repeatedly within one 
cell cycle (similar to other phases). 

• DNA must be replicated before the cell divides in 
Mitosis to ensure the new cells have DNA. 

• DNA is replicated during the S-phase of the cell 
cycle. 

Department of Experimental Biology 
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Basic characteristics of DNA replication 

• DNA replication is Semi-discontinuous. 

• Continuous Replication:
o It occurs on the leading strand. 
o Progresses from 5′ end to 3′ end in the direction 

of the replication fork. 
o Only DNA polymerase III is involved. 
o In vivo no need for RNA primer. 

• Discontinuous Replication:
o It progresses opposite to the leading strand on 

the lagging strand from 3′ end to 5′ end. 
o It starts somewhere in the DNA and away from 

the replication fork. 
o Needs RNA primers. 
o It requires DNA polymerase III, DNA polymerase I 

and ligase enzymes. 

https://www.quora.com/How-does-a-continuous-DNA-replication-differ-from-a-discontinuous-oneDepartment of Experimental Biology 
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• Explorers: 
• Reiji Okazaki (1930-1975) and his wife Tsuneko 

Okazaki (*1933). 
• Nagoya University, Japan. 

• Reiji died prematurely of leukemia- The result of 
the radiation exposure of the Hiroshimi bombing. 

• Tsuneko – first professor in Nagoya University. 

Okazaki´s fragments  

Department of Experimental Biology 
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Basic characteristics of DNA replication

https://slideplayer.com/slide/13166744/

• DNA polymerase catalyzes the 
growth of the new DNA chain in 
5´ to  3´ direction. 

• Thus DNA replication is 
asymetrical, due to continuous
and discontinuous synthesis of 
new DNA strand at the at the tip 
of replication fork. 

Department of Experimental Biology 
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Models of DNA replication 

• In the semi-conservative model, the two 
parental strands separate and each 
makes a copy of itself.

• After one round of replication, the two 
daughter molecules each comprises 
one old and one new strand.

• Note that after two rounds, two of the 
DNA molecules consist only of new 
material, while the other two contain 
one old and one new strand.

https://www.mun.ca/biology/scarr/iGen3_03-01.html  Department of Experimental Biology 
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Models of DNA replication 

• In the conservative model, the parental 
molecule directs synthesis of an entirely 
new double-stranded molecule, such 
that after one round of replication, one 
molecule is conserved as two old 
strands. 

• This is repeated in the second round.

https://www.mun.ca/biology/scarr/iGen3_03-01.html  Department of Experimental Biology 
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Models of DNA replication 

• In the dispersive model, material in the 
two parental strands is distributed more 
or less randomly between two daughter 
molecules. 

• In the model shown here, old material is 
distributed symmetrically between the 
two daughters molecules, yet other 
distributions are possible.

https://www.mun.ca/biology/scarr/iGen3_03-01.html  Department of Experimental Biology 
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DNA replication is semi-conservative process  

https://www.thoughtco.com/dna-versus-rna-608191  

• In 1958 the semi-conservative 
model of replication, proposed 
by Watson and Crick in 1953, 
was proved. 

• Evidence based on the study of 
DNA density after marking with 
heavy nitrogen 15N. 

Matthew Meselson 
(1930 - 

Franklin Stahl 
(1929 -

Department of Experimental Biology 
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DNA replication is semi-conservative process  

https://bio.libretexts.org/Bookshelves/Cell_and_Molecular_Biology/Book%3A_Cells_-
_Molecules_and_Mechanisms_(Wong)/07%3A_DNA/7.02%3A_Semi-Conservative_DNA_Replication

• 1) Conservative: 
o no molecules with hybrid 

density. 

• 2) Semi-conservative: 
o there is hybrid density. 

• 3) Dispersive: 
o gradually decreasing hybrid 

density. 

Department of Experimental Biology 
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Basic characteristics of DNA replication   

• DNA replication is Semi-conservative. 

• Both dsDNA strands serve as templates. 

• The result of DNA replication is a double 
helix containing one original and one newly 
synthesized strand. 

• Each parental strand remains preserved. 

• The original strands remain intact for many 
generations. 

Department of Experimental Biology 
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DNA replication – biochemical view 

• Replication is a process of producing an 
exact copy of polynucleotide strand of 
DNA. 

• New strands are created through gradual 
integration of nucleotides based on base 
pairing rules. 

• DNA polymerase is the key enzyme 
catalyzing the synthesis of the DNA 
strand. 

Department of Experimental Biology 
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Beginning of DNA replication 

• Initiation of DNA replication takes place in specific 
places – „origins of replication“. 

• From the beginning DNA replication takes place in 
both directions (always in the direction of 5´- 3´). 

• Each beginning ensures replication of a stretch of 
DNA called a „replicon“. 

• In bacteria and viruses, there is usually 1 origin
per chromosome (prokaryotic chromosomes form 
a single replicon). 

• In large eukaryotes chromosomes, there are 
many origins of replication (many replicons). 

https://basicmedicalkey.com/s-phase-and-dna-replication/Department of Experimental Biology 
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Beginning of DNA replication 

• Once DNA is released at the ori (origin of 
replication) site by the action of helicases, 
the template strands are continuously 
separated and a replication bubble is 
formed. 

• Replication proceeds from this point in both 
directions and a structure of "Y- shape" is 
formed and is called replication fork. 

• Movement of the replication fork is 
coordinated with metabolic processes 
responsible for the synthesis of dNTPs. 

Department of Experimental Biology 



29

Beginning of DNA replication 

https://quizlet.com/ca/246045954/dna-molecules-of-heredity-diagram/Department of Experimental Biology 
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Replisome 

• It contains several proteins 

with enzymatic activities: 

o Helicase 

o Primase

o DNA polymerase 

o Exonuclease 

o Topoisomerase 

http://dx.doi.org/10.1016/bs.enz.2016.03.004 

• The replisome is a large protein complex that carries out DNA 

replication, starting at the replication origin.

Department of Experimental Biology 
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Parts of DNA replication complex 

• Template (matrix chain) = parent molecule. 

• Nucleotides (dNTP). 

• Primer = short oligoribonucleotide with free 3 -́OH end. 

• Enzymes catalyzing the joining of nucleotides

o Primase 

o Polymerase 

o Ligase. 

RNA primer synthesized 
strand 

Department of Experimental Biology 
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DNA replication phases 

• Steps involved in DNA replication: 

• Initiation 

• Elongation 

• Termination.

Nat Rev Mol Cell Biol. 2017 Aug; 18(8): 507–516.Department of Experimental Biology 
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• Prokaryotic DNA replication 

Department of Experimental Biology 
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Initiation phase - origin of DNA replication 

https://basicmedicalkey.com/s-phase-and-dna-replication/ 

• Size 245 pb. 

• Present in the genome 1x. 

• Two types of repeating Sequences:

o sequence 13 pb (repeated 3 times, 

rich in AT, place of loosening), 

o sequence 9 pb (repeated 4 times, 

instead of protein binding, which are 

necessary for the formation of a 

replication bubble). 

• The specific sequence called oriC in bacteria is recognized by a DnaA factor. 

Department of Experimental Biology 
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Initiation phase – unwinding 

https://basicmedicalkey.com/s-phase-and-dna-replication/ 

• An initiator protein (product of the E. coli
DnaA gene) binds to this origin and either 
directly or indirectly. 

• DnaA promotes melting of the DNA duplex, 
giving the replication machinery access to 
two single strands of DNA. 

• DnaB or helicase unwinds oriC (origin of 
replication) and extends the single stranded 
region for copying. 

Department of Experimental Biology 
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Initiation phase – binding of SSB proteins 

• Single strand binding protein (SSB) binds 
to this single stranded region to protect it 
from breakage and to prevent it from 
renaturing. 

• Other factors bind to the initiator, and their 
concerted action produces a wave of DNA 
replication proceeding outward in both 
directions along the DNA (a replication 
“bubble”). 

• As the parental DNA is unwound by DNA 
helicases and SSB (travels in 5’-3’ 
direction). 

https://basicmedicalkey.com/s-phase-and-dna-replication/ Department of Experimental Biology 
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Initiation phase – DNA twisting issue 

• DNA rotates in front of the replication fork due to unwiding of 
DNA helix. The unwiding of DNA leads to the formation of 
„positive supercoiled loops“. 

• The resulting positive supercoiling (torsional stress) is relieved 
by topoisomerse I and II (DNA gyrase) by inducing transient 
single or double stranded breaks. 

Department of Experimental Biology 
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Elongation phase – Leading strand 

Leading strand synthesis: 
• On the template strand with 3’-5’ orientation, new DNA is made continuously 

in 5’-3’ direction towards the replication fork. The new strand that is 
continuously synthesized in 5’-3’ direction is the leading strand. 

• DNA polymerase III extends the RNA primer made by primase. DNA 
polymerase possesses separate catalytic sites for polymerization and 
degradation of nucleic acid strands. 

DNA polymerase III5

5

5

3

3

3

growing 
replication fork

primase

RNA

Department of Experimental Biology 
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Elongation phase – Lagging strand 
Lagging strand synthesis: 
• On the template strand with 5’-3’ orientation, multiple RNA primers are 

synthesized at specific sites by primase (primosome complex). 

• DNA pol III synthesizes short pieces of new DNA (about 1000 nucleotides 
long) new DNA is in 5’-3’ direction. 

• The new strand which is discontinuously synthesized in small, Okazaki´s 
fragments, fragments is called the lagging strand. 

5

5

3

3

5

3 5
3 5 3

growing 
replication fork
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Elongation phase – RNA primers degradation and ligation 

• DNA polymerase III synthesizes DNA for both leading and lagging strands. 

• After DNA synthesis by DNA pol III, DNA polymerase I uses its 5’-3’ 
exonuclease activity to remove the RNA primer and fills the gaps with new 
DNA. 

• Finally DNA ligase joins the ends of the DNA fragments together. 

5

5

5

5

3

3

3

3

growing 
replication fork

DNA polymerase I

RNA

ligase
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Termination phase  

Nat Rev Mol Cell Biol. 2017 Aug; 18(8): 507–516.

• The two replication forks meet approximatelly 
180  degree opposite to oriC, as DNA is 
circular in prokaryotes. 

• There are several terminator sites - ter 
(typically 10 sites) which form termination 
zone. These sites arrest the movement of 
forks by binding to the terminus site-binding 
protein (Tus), an inhibitor of helicase (DnaB). 

• The ter sites are oriented such that the 
leftward fork can pass the first five ter sites it 
encounters (red arrowheads), but stalls at the 
five blue sites. Conversely, the rightward fork 
passes through the ter sites marked as blue 
arrowheads but stalls at the red sites.

Department of Experimental Biology 
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Termination phase  
• In this way, forks can enter but not leave the 

termination zone.

• TopoIV induces fork convergence and 3´flap 
is generated. 

• The flap is normally degraded or remodeled 
and the gap is subsequently filled. 

• Polymerase I may use its 5’ to 3’ 
exonuclease activity to remove the RNA 
primer of the last Okazaki fragment. 

• Once replication is complete, the two double 
stranded circular DNA molecules (daughter 
strands) remain interlinked. Topoisomerase II 
unlink these molecules. 

Nat Rev Mol Cell Biol. 2017 Aug; 18(8): 507–516.Department of Experimental Biology 
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DNA Polymerase in prokaryotes
• DNA polymerases are a group of enzymes that are used to make copies of DNA. 

• Play a major role in DNA replication and DNA repair mechanisms. 

• They are not used for initiating the synthesis of new strands, but in the extension 
of already existing DNA or RNA strands which are paired with a template strand. 

• They act by synthesizing the new DNA strand by adding new nucleotides that 
match those of the template, extending the 3′ end of the template chain. 

• They atalyze the formation of the phosphodiester bonds between nucleotides. 

• The DNA polymerase uses energy from the hydrolysis of the phosphoanhydride
bond that is between the three phosphates (nucleotides). 

• Uses a magnesium ion (Mg2+)in catalytic activity to balance the charge from the 
phosphate group. 

https://microbenotes.com/dna-polymerase/#dna-polymerase-iiiDepartment of Experimental Biology 
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DNA Polymerase in prokaryotes

https://microbenotes.com/dna-polymerase/#dna-polymerase-iii

• The addition of a nucleotide to a growing DNA strand forms a phosphodiester 
bond between the phosphate of the nucleotide to the growing chain using the 
high-energy phosphate bond of hydrolysis, releasing two distal phosphates 
known as pyrophosphate.

• DNA polymerases are very accurate in their mechanism with minimal errors of 
less than one error for every 107 nucleotides.

• Some types of DNA polymerase have the ability to proofread and remove 
unmatched bases of nucleotides and correct them.

• They also correct post-replication mismatches by monitoring and repairing the 
errors, by distinguishing mismatches of the new strand from the template strand 
sequences.

Department of Experimental Biology 
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DNA Polymerase in prokaryotes

FEMS Microbiol Rev. 2012 Nov; 36(6): 1105–1121.Department of Experimental Biology 
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DNA Polymerase III 

https://microbenotes.com/dna-polymerase/#dna-polymerase-iii

• This is the primary enzyme that is used 
by prokaryotic cells in DNA replication. 

• Is able to synthesize long stretches of 
template DNA. 

• It is responsible for the synthesis of 
new strands , 5´- 3´ orientation, by 
adding nucleotides to the 3′- OH group 
of the primer. 

• It has a 3′-5′ exonuclease activity 
hence it can also proofread the errors 
that may arise during DNA strand 
replication. 

FEMS Microbiol Rev. 2012 Nov; 36(6): 1105–1121.
Department of Experimental Biology 
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DNA Polymerase III 
• DNA polymerase III is multisubunit 

complex. 

• Core polymerazition activity – α, ε and Θ 
subunits. 

• β –dimer (clamp) prevents premature 
release of DNA-polymerases III from the 
template. 

Subunits of DNA polymerase III
• α - polymerace – 5´- 3´
• ε - 3´- 5´- exonuclease activity 
• Θ – stimulation of ε-subunit 
• γ, δ, - connection to β-clamps 
• β - clamp 
• τ - dimerization of enzymes core units α. 

Department of Experimental Biology 
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DNA Polymerase III 

• 5´- 3´ synthesis of new strands from 
the RNA primer. 

• Enzymatic activities of DNA polymerase III 

• 3′ - 5′ exonuclease activity in order to 
proofread the errors that may arise 
during DNA strand replication. 

Department of Experimental Biology 
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DNA Polymerase I 

• Its main function is excision
repair of DNA strands from the 
3′-5′ direction to the 5′-3 
direction, as an exonuclease. 

• Its role during replication is the 
addition of nucleotide at the 
RNA primer and it moves along 
the 5′-3′ direction. 

• It also helps with the maturation 
of Okazaki fragments, which are 
short DNA strands that make up 
the lagging strand during DNA 
replication. 

https://pdb101.rcsb.org/motm/3

5´- 3´synthesis

3´-5´exonuclease 
- proofreading

5´-3´ exonuclease 
– RNA primer removal 

Department of Experimental Biology 
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Discovery of DNA polymerase 

• He isolated the DNA-polymerase III from E. coli, for 
the first time. 

• 2006 - Nobel Prize in Physiology or Medicine for 
discoveries of mechanism of DNA replication. 

Arthur Kornberg 
(1918 – 2007) 

• In 1956 he isolated the DNA-polymerase I from E. coli, 
for the first time. 

• 1959 - Nobel Prize in Physiology or Medicine for 
discovery of DNA synthesis. 

Roger Kornberg (*1947 -

Stanford university 

Department of Experimental Biology 
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DNA Polymerase I 

https://pdb101.rcsb.org/motm/3

• 5′-3′ polymerase activity 

• 5′-3 exonuclease activity 

• 1st ribonucleotide of RNA 
primer is triphospahted (NTP) 

• 3′ - 5′ exonuclease proofreading 
activity to correct the errors that may 
arise during DNA replication. 

Department of Experimental Biology 
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Differences beetween 
DNA polymerase III and I 

• 5´- 3´ synthesis of new strands 
• DNA polymerase III 
• DNA polymerase I 

• 3′ - 5′ exonuclease activity 

• DNA polymerase I 

• DNA polymerase III 
• DNA polymerase I 

• 5′ - 3′ exonuclease activity 

Department of Experimental Biology 
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Unwiding of DNA double helix 

• Replication condition is the availability of unpaired nucleotides in the 
DNA chain – loosening of the double helix. 

• However, the double helix is stable (temperature is needed for 
denaturing close to boiling point). 

• Opening the double helix is assisted by 3 types of replication proteins:

o DNA-helicase 

o Single strand binding (SSB) proteins 

o DNA-topoisomerase. 

Department of Experimental Biology 
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DNA Helicase 

• Unwinding of paraller DNA strands is a 
condition for their separation. 

• The one turn one time is processed. 

• 1 turn of helicase - 10 pb: 360o rotation for 
every 10 nucleotides. 

• E. coli: replication rate of 30,000 
nucleotides per minute. What is the speed 
of DNA rotation in turns/twists per minute? 

https://www.pnas.org/doi/10.1073/pnas.1620500114

• 3,000 turns/twists per minute. 

Department of Experimental Biology 
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DNA Helicase 

eLife 2015;4:e06562 DOI: 10.7554/eLife.06562

• Six-compartment cylinders, that surround 
single-strand DNA. 

• Binds and hydrolyze ATP and thus move 
along single-strand DNA. 

• Once it encounters the double stranded 
region of DNA, Helicase continues its 
movement and separates bound strands 
from each other. 

Department of Experimental Biology 
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SSB proteins 

• Single-stranded DNA-binding proteins 
(SSBs) bind to single-stranded DNA (ssDNA) 
by wrapping the single DNA strand around 
the tetrameric protein core to protect it from 
degradation and prevent secondary structure 
formation.

• They bind to DNA in a cooperative way 
(binding one monomer stimulates the bond of 
the other). 

• Bind tightly to the single sranded sections of 
DNA formed by the action of helicases, 
without blocking the bases, which thus 
remain available for pairing. 

https://onlinelibrary.wiley.com/doi/full/10.1002/pro.3115Department of Experimental Biology 
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SSB proteins 

• E. coli SSB is a homotetramer. 

• Each monomer features a structured 

o DNA-binding domain (residues 1–112) 

o Long and disordered C-terminal tail 
(residues 116–177) containing a highly 
acidic tip. 

Nucleic Acids Res. 2017 Dec 1; 45(21): 12125–12139.Department of Experimental Biology 
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Topoisomerase 

Topoisomerase:
• helps with prevention of DNA strand 

twisting - ‘swivels’. 

Two types

o Topoisomerase I - Break one 
strand only and then rejoin. 

o Topoisomerase II (Gyrase) - Break 
both strands and then rejoin. 

Topoisomerase

Department of Experimental Biology 
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RNA primase 

• After unfolding DNA at the site of ori DNA-
helicase RNA-polymerase (primase) 
synthesizes special short sections of RNA. 

• RNA-primers are complemntary to the 
template strand. 

• Primase (dnaG) synthesizes short stretches of 
RNA nucleotides, providing a 3’-OH group to 
which DNA polymerase can add DNA 
nucleotides in the direction of 5 -́3 .́ 

• 10-60 nucleotides for prokaryotes. 

• 10 nucleotides for eukaryotes. 

Department of Experimental Biology 
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Primosome 

• DNA-helicase (dnaB) and DNA-
primease (dnaG) complex form 
Primosome. 

• Ensures the release of single strands 
from the dsDNA and the synthesis of 
RNA-primers. 

• Moves along a DNA molecule powered 
by ATP energy. 

Department of Experimental Biology 
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Ligase 

• DNA-ligase corrects "notches"in the sugar-phosphate skeleton of DNA
o DNA replication, 
o DNA Repair. 

• DNA-ligase is activated by ATP binding and temporarily joins the free 5 ́P at 
the notch site (P-P is released). 

• Release of ASF restores covalent bond in the chain. 

Department of Experimental Biology 
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Replisome 

https://www.sciencedirect.com/science/article/pii/S0959440X18300952#fig0025
Department of Experimental Biology 
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DNA replication in prokaryotes – overview 

SSB = single-stranded binding proteinsDepartment of Experimental Biology 
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Models of DNA replication 

• Theta 

• Rolling circle 

• Linear 

Department of Experimental Biology 
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escherichia-coli.pdf 

Theta model of DNA replication  

• Two replication forks can proceed independently around the DNA ring and when 
viewed from above the structure resembles the Greek letter "theta" (θ). 

• Originally discovered by John Cairns, it led to the understanding that 
bidirectional DNA replication could take place.

• Theta replication is a type of common in E. coli and other organisms possessing 
circular DNA. 

Department of Experimental Biology 
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Theta model of DNA replication  

https://sacbiotech.files.wordpress.com/2017/11/the-theta-mode-of-dna-replication-in-
escherichia-coli.pdf 

Department of Experimental Biology 
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Rolling-circle replication 

• Rolling circle replication (RCR) is a process which a circular DNA or 

RNA molecule is replicated in one direction. 

• RSR is associated with replication of the 

o genomes of bacteriophages,

o plasmids of Gram-positive and Gram-negative bacteria, 

o archaeal plasmids, 

o eukaryotic viruses, 

o the circular RNA genome of viroids. 

https://teaching.ncl.ac.uk/bms/wiki/index.php/Rolling_circle_replicationDepartment of Experimental Biology 
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Rolling-circle replication 

• Rolling circle replication (RCR) has three 
phases – initiation, elongation, termination. 

1. Initiation

• The Rolling Circle DNA replication is 
initiated by an initiator protein called 
nicking enzyme (RepA). 

• This protein is encoded by plasmid or 
bacteriophage DNA which nicks (=cuts) 
one strand of the DNA molecule at a site 
called “Double-Strand Origin” (DSO). 
Remember that the other strand remains 
as it is (no nicking). 

https://plantlet.org/replication-of-circular-dna-rolling-circle-model/Department of Experimental Biology 



69

Rolling-circle replication 

2. Elongation

• The initiator protein remains bound to 
5`phosphate end of nicked strand as in 
the figure and 3`hydroxyl end is 
released to serve as a primer for DNA 
synthesis by DNA polymerase enzyme. 

• Meanwhile just after the nick is 
produced, a DNA polymerase enzyme 
gets attached to the complementary 
stand (which is not nicked or the inner 
circular strand). 

https://plantlet.org/replication-of-circular-dna-rolling-circle-model/Department of Experimental Biology 
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Rolling-circle replication 

2. Elongation
• Using the un-nicked strand (blue color) 

as a template replication proceeds, 
displacing the nicked strand (the 
unbroken red strand) as single 
stranded DNA. The replication 
proceeds in a circular fashion. That is 
why it is called the Rolling Circle Model. 

• The displacement of nicked strand is 
carried out by a host encoded helicase 
called PcrA (Plasmid Copy Reduced). 

https://plantlet.org/replication-of-circular-dna-rolling-circle-model/Department of Experimental Biology 
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Rolling-circle replication 

3. Termination
• In this step the linear copies of the original 

DNA molecule are converted into circular 
DNA molecule. 

• First the initiator protein makes another 
nick to terminate synthesis of the first 
(Leading) strand (the blue one). Thus the 
first circle is made complete. 

https://plantlet.org/replication-of-circular-dna-rolling-circle-model/Department of Experimental Biology 
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Rolling-circle replication 

3. Termination
• To produce DNA from the single strand 

(the red one). 

• RNA polymerase and DNA polymerase III 
then replicate the single stranded origin 
(SSO) DNA to make another double 
stranded circle.

• Then DNA polymerase I removes the 
primer replacing it with DNA.

• DNA ligase joins the ends making another 
molecule of double stranded circular DNA. 

Department of Experimental Biology https://plantlet.org/replication-of-circular-dna-rolling-circle-model/
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Rolling-circle replication 
• In this step the linear copies of the original DNA molecule are converted into 3’-

OH at the nick is the growing point where DNA synthesis begins. The inner 
strand is used as a template. 

• The 3’ end grows around the circle giving rise to the name rolling-circle model. 

Department of Experimental Biology 
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Rolling-circle replication 

Concatemer

• Continued DNA synthesis can 
produce multiple single stranded 
DNA copies of the original DNA 
in a continuous Head To Tail 
series called Concatemer. 

Department of Experimental Biology 
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Linear model of DNA replication 

• The linear molecule circularizes after serving as a template for the 
synthesis of a complementary strand - or either before serving as a 
template. 

Department of Experimental Biology 

2nd revolution

1st revolution

Newly synthesized  DNA (discontunious 
repication) lagging strand. 
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• Eukaryotic DNA replication 

Department of Experimental Biology 
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Eukaryotic DNA replication 

• RNA-primers and Okazaki fragments are 

longer shorter. 

• At least 15 types of DNA-polymerases. 

• Helicases in on the leading strand. 

• RNAse cleaves the RNA primer. 

•  DNA components of chromatin. 
https://wou.edu/chemistry/courses/online-chemistry-textbooks/ch450-and-ch451-
biochemistry-defining-life-at-the-molecular-level/chapter-9-dna-replication-and-repair-2/

Department of Experimental Biology 

• The basic principles of the eukaryotic DNA replication are the same as in the 
prokaryotes. 

Differences: 
• DNA synthesis takes place only at a certain stage of the cell cycle (S-phase). 

• Replication take place in the nucleus. 

• Multiple replication beginnings– around 10,000. 
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Eukaryotic DNA replication 

• The origins of replication are present in many 
copies in the genome (thousands). 

• The size of the site ori of higher eukaryotes 
reaches up to several thousand pair base, with 
proper DNA topology. 

• Before the DNA replication is started the RLF 
(replication licensing factor) binds near the ori
site before replication begins. 

• RLF is removed once the replication begins. 

• RLF coordinates replication initiation from 
many ori sites in order to avoid multiple 
duplication of DNA within one cycle. 

Cold Spring Harb Perspect Biol 2013;5:a010108
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Eukaryotic DNA replication 

Department of Experimental biology 

• Replication licensing factor (RLF) is present in 
the nucleus before beginning of replication. 

• Once the replication starts, the RLF is 
inactivated by degradation or translocation to 
the cytoplasm to prevent reinitiation of 
replication. 

• RLF is loaded on DNA only when the nuclear 
membrane is disrupted during mitosis. 
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Eukaryotic DNA replication 

• In eukaryotes the origin recognition complex 
(ORC) is highly conserved six-subunit. 

• ORC recognizes origins of replications and 
binds them in ATP-dependent manner. 

• The Cdc6 and Cdt1 proteins are synthesized 
exclusively in phase G1. 

• Together they bind to ORC (origin recognition 
complex) associated with the ori sites. 

• The MCM2 – 7 helicase is recruited to the 
origins. 

• The DNA is unwinded. 

Department of Experimental biology 
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Eukaryotic DNA replication 

Department of Experimental biology 

• Cdc6 leaves the complex and is 
phosphorylated and degraded (yeast) or 
exproeted from the nucleus due to 
phosphorylation by CDKs (higher eukaryotes). 

• Other proteins are attached,which are 
necessary for binding of DNA-polymerases. 

• Cdt1, is realesed from the complex and 
inhibited by binding of Gemnin. 

• The cell enters the S-phase. 

• Since Cdc6 and Cdt1 factors can't be activated 
again in the same cycle, thus these factors 
establish DNA relication licensing. 
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Eukaryotic DNA replication 

Department of Experimental biology 

Telomere 

Origin of 
replication 

Origin of 
replication 

Centromere 

Replicon 

Interphase Interphase Mitosis 
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Origins of replications 

Department of Experimental biology 

Organism

E. coli
S. cerevisiae
D. melanogaster
X. laevis
M. musculus
V. faba

Number of replicons 

1
500

3 500
15 000
25 000
35 000

Size of replicons 

4600 kb
40 kb
40 kb

200 kb
150 kb
300 kb

Fork movement 

30 000 bp/min
3 600 bp/min
2 600 bp/min
500 bp/min
2 200 bp/min

Differences in speed of DNA synthesis. 
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Eukaryotic DNA polymerases 

Department of Experimental biology 

• Pol α - in a stable complex with DNA-primase, synthesis of Okazaki´s 

fragments, 3 ́-5  ́exonuclease, absence of 5 -́3  ́exonuclease activity 

for the removal of RNA-primers. 

• Pol β - synthesis of short chains in DNA repair,  absence of 5 ́-

3 ́exonuclease activities for the removal of RNA-primers. 

• Pol γ - mitochondrial DNA synthesis. 

• Pol δ - synthesis of the leading chain and completion of the synthesis 

of the lagging strand, high processivity, 3 ́-5  ́exonuclease. 

• Pol ε - unknown function, possible synthesis of the leading chain. 

• Removal of primers: separate enzymes - ribonuclease H1 and FEN1. 

• Ligation of two DNA strands by DNA-ligase. 
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Eukaryotic DNA polymerases 

Department of Experimental biology SCIENCE OF AGING KNOWLEDGE ENVIRONMENT • 26 Feb 2003 • Vol 2003, Issue 8 • p. re3 
• DOI: 10.1126/sageke.2003.8.re3
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Eukaryotic Replisome

Department of Experimental biology https://wou.edu/chemistry/courses/online-chemistry-textbooks/ch450-and-ch451-
biochemistry-defining-life-at-the-molecular-level/chapter-9-dna-replication-and-repair-2/ 

• DNA-polymerase of pol α, pol δ and pol ε. 

• Two polymerases are present in a single replication fork. 

• Pol α is in a stable complex with DNA-primase. 

• DNA-helicases and DNA 

topoisomerases unwind dsDNA. 

• PCNA (proliferating cell nuclear 

antigen) ~ β-clamp increases 

processivity of polymerase. 

• Unwind chains are surround by 

Replication protein A (RPA). 
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Elongation of Eukaryotic DNA replication 

Department of Experimental biology 

• DNA-polymerases α, δ and ε have 3 -́5 éxonuclease activity for the 

correction function, but do not have 5 -́3 éxonuclease activity, they 

cannot remove RNA-primers like DNA-polymerase I in E. coli. 

• Primers are removed by ribonucleases H1 and FEN-1. 

• The gaps are filled by Polymerase δ and DNA-ligase connects the 

sythesized strand. 
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Initiation of Eukaryotic DNA replication 

Department of Experimental biology 

• Primase synthesizes RNA-primer ~ 10 nucleotides. 

• DNA-polymeráza α then add ~ 20 nucleotides of 

iDNA (initiator DNA). 

• Replication Factor C (RFC) binds to iDNA and 

recrutes PCNA, situation similar to the prokaryots, 

when γ complex helps binding of β-clamp in E. coli. 

• RFC via PCNA allows binding of DNA-polymerase δ. 

• DNA-polymerase δ then synthesizes the new DNA 

strand. 
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Prokaryotic and Eukaryptic replisome 

Department of Experimental biology 
http://dx.doi.org/10.1016/bs.enz.2016.03.004 



90

• Limitations of DNA polymerase create 
problems for the linear DNA of 
eukaryotic chromosomes (remember 
that bacteria and viruses replicate 
circular DNA and do not suffer from this 
dilemma). 

• The usual replication machinery 
provides no way to complete the 
terminal 5´ end of a DNA strand. 

• As DNA polymerase has no primer to 
start off at, repeated rounds of 
replication produce shorter and shorter 
progeny DNA strands, effecting the cell. 

Replication of ends of chromosme

https://slideplayer.com/slide/10450154/ Department of Experimental biology 
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• Telomeres are distinctive structures 
made of DNA sections found at the 
ends of each of our chromosomes. 

• They consist of the same sequence 
of bases repeated over and over. 

• In humans the telomere sequence is 
TTAGGG. 

• This sequence is usually repeated 
about 3,000 times and can reach up 
to 15,000 base pairs? in length. 

Telomeres 

Department of Experimental biology https://www.yourgenome.org/facts/what-is-a-telomere 
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• Each cell is programmed how many 
times can divide – insurence against 
tumor growth. 

• The consequence of chromosome 
shortening is the arrest of further 
division – replicative cell senescence. 

Telomeric repeats – control of the cell cycle 

Department of Experimental biology 
https://www.yourgenome.org/facts/what 

https://www.cellsignal.com/science-resources/overview-of-cellular-senescence 

• At birth, telomeres have a full length. 

• With each division of somatic cells, the telomeres loses 50-100 nt. 

• After many divisions, cells inherit defective short chromosomes. 
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• In 1984, Blackburn co-discovered telomerase, the 
enzyme that replenishes the telomere. 

• For this work, she was awarded the 2009 Nobel Prize in 
Physiology or Medicine. 

Telomeric repeats – control of the cell cycle 

Elisabeth Backburn 
(1948 -  

Department of Experimental biology http://nobelprize.org 



94

Telomeric repeats – control of the cell cycle 

Department of Experimental biology 

• Introducing the telomerase gene into 

mice prolongs their life by ¼. 

• Deregulation of telomerase expression 

may lead to oncogenesis. 

• Telomerase inhibitors: potential use in 

therapy. 

• Human fibroblasts in tissue culture stop growth after 60 divisions, 

followed by senescence and death. 

• How to extend viability? Inject the gene for telomerase! 

• Division is restored, telomere length is maintained, cells do not 

age. 
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• Copies its own small RNA fragment 
that acts as a template. 

• Requires 3 ́- end as primer. 
• Synthesis takes place in the direction 

of 5 -́ 3 .́ 
• Affected activity leads to the 

immortality of cells. 

Telomerase  
• Ribonucleoprotein, which prevents 

shortening of DNA ends by adding 
telomeres – telomeric sequences. 

• TERT = telomerase reverse 
transcriptase. 

• TR (TERC) = telomerase RNA 
component. 

Department of Experimental biology https://inf.news/en/science/3d7b28d65ba369432dc3695ddeb31dbe.html
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Replication of ends of chromosomes 
• The RNA component of Telometase (451 bases in 

humans) includes an 11 base template RNA 
sequence that is used for the synthesis of new 
telomere repeat DNA. Thus, telomerase acts as a 
reverse transcriptase (TERT). 

• The 3’CAAUC5’ sequence on RNA interacts with 
the 5’GTTAG3’ sequence on DNA. 

• The remaining 3’CCAAUC5’ sequence on RNA 
acts as a template to fill in the 5’GGTTAG3’ 
sequence on DNA. The process repeats.

• The alternative strand of DNA gets filled in using 
DNA as a template. 

• Complementary strand is synthesized by
 DNA-polymerase. 
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• Telomerase enzymatic 

activity summary.

Function of Telomerase 

Department of Experimental biology 

Clear view of telomerase at last (acs.org)

https://cen.acs.org/biological-chemistry/genomics/Clear-view-telomerase-last/96/i18
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• „ thumb“ 

Telomerase structure  

Department of Experimental biology 

• „ fingers“ 

• „ palm“ 

• The enzyme is composed 
of protein and RNA. 
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•TTGGGG - T2G4 u Tetrahymena thermophila a Glaucoma chattoni

•TTTTGGGG - T4G4 u Euplotes aediculatus a Oxytricha nova

•TTTAGGG - T3A1G3 u Arabidopsis thaliana

•TGGG - TG3 u Saccharomyces cerevisiae

•TTAGGG - T2A1G3  man and mouse, a Trypanosoma brucei

Telomeric sequences in various organisms 

Department of Experimental biology 
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• (A) Illustration of the shelterin 
complex loaded on the telomeric 
DNA. Shelterin components TRF1 
and TRF2 are shown as dimers. 
Importantly, many complexes bind 
throughout the telomeric repeats. 

• (B) Illustration of the telomere in the 
t-loop configuration, where the 3′ 
telomeric overhang has invaded the 
internal repeats, pairing with the 
complementary C-rich strand. 

Shelterins  

Department of Experimental biology Genes 2019, 10, 318; doi:10.3390/genes10040318 

• A group of proteins covering telomeres at the ends of the chromosome. 
Shelterin are protein complexs with DNA remodeling activity that acts 
together with several associated DNA repair factors to change the 
structure of the telomeric DNA, thereby protecting chromosome ends. 
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Shelterins  

Department of Experimental biology Clinical Interventions in Aging 2020:15 827–839

• DNA is twisted into a t-loop. 

• Protection against 
chromosome fusion. 



102 https://en.wikipedia.org/wiki/Cellular_senescence 

• Most somatic cells do not have 
telomerase activity (unlike stem or tumor 
cells) - telomeres are gradually 
shortened. 

• Human somatic cells grown in culture 
pass only to a limited extent the number 
of divisions (50 - 70 generations) - then 
the division stops, occurs aging and 
death (replicative cell senescence). 

• Correlates the length of telomeres and 
the number of cell divisions through 
which the cell passed, which indicates 
her old age and nearness of death. 

Length of telomerase and aging 

Department of Experimental biology 
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• Leonard Hayflick, 1961: 3 phases of cell 
growth. 

• Phase 1: Rapid Division. 

• Phase 2: slow division. 

• Phase 3: stopping division followed by 
aging and cell death. 

• Human cells stop after 50 divisions. 

https://historyofyesterday.com/the-biologist-who-gave-every-human-an-expiration-date-
of-125-years-37a0f0e8cbad 

Hyiflick´s limite - molecular clock 
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• It has been proposed the shortening of telomeres contributes to aging
• Dilemma: If chromosomes of germ cells became shorter in every cell cycle, the 

essential genes would eventually be missing from the gametes they produce, 
destroying the heritability of the species

• Eukaryotic chromosomal DNA molecules have terminal nucleotide sequences 
called telomeres (5’ TTAGGG 3’). Telomeres do not prevent shortening of DNA; 
they postpone genetic erosion near the ends of DNA

• Solution: An enzyme called telomerase catalyzes the lengthening of telomeres 
in germ cells (sperm and egg cells), thus protecting the integrity of reproduction

• Of note: The shortening of telomeres protects somatic cells from cancerous 
growth by limiting the number of cell divisions (and hence compiled mutations). 
There is evidence of telomerase activity in cancer cells, allowing cancer cells to 
persist. 

Replication of ends of chromosome 

https://slideplayer.com/slide/10450154/ 
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• DNA-polymerases can not replicate the last segment of lagging DNA 
strands in the linear chromosome. 

• Addition of telomer at the end of linear chromosomes is carried out by 
telomerase. 

Replication of ends of chromosome 

End facing the 
centromere Distant end  

3´-OH end is not available
for covalent binding
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Chromatine 
• DNA strands in eukaryotic cells arrange 

themself in higher conformational 
structutes with help of specialized 
proteins. 

• Interphase DNA: regular winding by 
nucleosomes. 

Department of Experimental biology 
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Structure of nucleosome 

• The core of nucleosome is formed by 
octamere of histones: 
o 2xH2A (2x) 
o 2xH2B (2x) 
o 2xH3 (2x) 
o 2xH4(2x) 

• Complete nucleosome is formed by 
attachmentof one molecule of histone H1. 

• Interactions between nucleosomes and 
DNA resultes in formation of compact 
structures (30 nm fiber). 

• Protects DNA from nucleases. 

Department of Experimental biology 
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Structure of nucleosome 

Department of Experimental biology Workman and Kingston, Ann. Rev. Biochem. 67: 545 (1998)
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• Eukaryotic genomic DNA associates 
with histones into the chromatin. 

• Heterochromatine (highly condensed, 
transcriptionally inactive) areas. 

• Euchromatin (relaxed and available 
for binding, transcriptionally active). 

• Each cell exhibits a specific 
arrangement of heterochromatin and 
euchromatin. 

Levels of chromosome organization 

Department of Experimental biology 
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Duplication of nucleosome in replication forks 

Department of Experimental biology 

• Nucleosomes decay and fold quickly to allow prope DNA replication. 

• Histones are synthesized preferably during the S-phase. 

• EM: nucleosomes maintain their structure and distance from each otheron 
both sides of the replication fork. 

Replication forks 
Nucleosomes 
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Ncleosome replication 

• Translocation of MCM helicase along the leading 

strand disrupts parental nucleosome octamers, 

resulting in the release of H3-H4 and H2A-H2B.

• Reassembly of nucleosomes behind the 

replication fork is mediated by chromatin assembly 

factors (CAFs). 

• Labeling experiments indicate that nucleosome 

duplication is predominantly conservative.

• “Old” and “new” histones are assigned to each 

daughter strand semi-randomly, resulting in equal 

division of regulatory modifications.
https://www.wikiwand.com/en/S_phase Department of Experimental biology 
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Ncleosome replication 

• When eukaryotic DNA is replicated, it 

complexes with histones. This requires the 

synthesis of histone proteins and the 

assembly of new nucleosomes. 

• Transcription of histone genes is initiated 

near the end of the G1 phase and the 

translation of histone proteins occurs 

throughout S phase. 

• An H3/H4 tetramer is reused in 1 new strand. 

• H2A/H2B is broken down to 2 dimers which 

are reused arbitrarily. 

Department of Experimental biology https://slideplayer.com/slide/10450154/ 
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• Participation of specific 
proteins: 

• Nap-1 (nucleosome assembly 
protein 1): is responsible for 
transfer of histones from the 
site of their synthesis in the 
cytoplasm to the nucleus. 

• CAF-1 (chromatin assembly 
factor 1): ensures the transfer 
of histones to the site of DNA 
replication, where 
nucleosomes are assembled, 
it also binds to PCNA. 

https://www.youtube.com/watch?v=FYwxJnGq_8c 

Ncleosome replication 

Department of Experimental biology 
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THANK YOU FOR YOUR ATTENTION

Department of Experimental biology 
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RNA is also carrier of the genetic information 

• For the firts time he linked specific genetic mutation with the 
sickle cell disease to a demonstrated change in an individual 
protein, the hemoglobin in the erytrocytes of impacted 
individuals. 

• Nobel Prize in Chemistry in 1954 

https://www.timetoast.com/timelines/history-of-molecular-biology-be6fc34c-dedf-48ce-8318-7ad4a3eae585 


