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DNA replication, repair and 

recombination 



DNA 

 Genetic material 

 Eukaryotes: in nucleus 

 Prokaryotes: as plasmid 



Mitosis 
 Division and duplication of somatic 

cells 

 Production of two identical daughter 
cells from a single parent cell 

 4 stages: 

 Prophase: The chromatin condenses 
into chromosomes. Each chromosome 
has duplicated to tow sister chromatids. 
The nuclear envelope breaks down. 

 Metaphase: The chromosomes align at 
the equatorial plate and are held by 
microtubules attached to the mitotic 
spindle and to part of the centromere 

 Anaphase: Centromeres divide and 
sister chromatids separate and move to 
corresponding poles 

 Telophase: Daughter chromosomes 
arrive at the poles and the microtubules 
disappear. The nuclear envelope 
reappears 



DNA replication & recombination 
 Reproduction (Replication) of a 

DNA-double helix -
semiconservative fashion 

 demonstrated by Meselson & Stahl 
by using 15N-labeled ammonium 
chloride in the growth medium  

 heavy nitrogen label was 
incorporated in the DNA of the 
bacteria 

 shifted to normal 14N-medium 
giving rise to density band between 
the “heavy” and the “light” band in 
the 1st generation 

 In the 2nd generation, in addition 
to the hybrid band a light band 
appears which contains only 14N-
DNA 



Synthesis of a new DNA strand 

 nucleoside triphosphates are selected 

 ability to form Watson-Crick base pairs to the corresponding 

position in the template strand 



DNA replication occurs at replication forks 

 For replication - two parental DNA-strands must separate 

from each other 

 at so-called replication forks 

 generates a “replication eye” 

 replication proceeds in both directions 



Replication is semidiscontinuous 

 DNA replication occurs simultaneously at both strands of a 

replication fork 

 DNA-polymerase can only extend a strand in the 5’ to 3’- 

direction 

 dilemma was resolved by Okazaki in 1968 

 showed that small DNA patches are produced on the 

“lagging” strand 



 result postulate a semi-discontinuous mode of replication in 

which the two strands are synthesized in different ways: 

 

 Leading strand - synthesized continuously in the 5’ to 3’-

direction as the replication fork advances 

 Lagging strand - first synthesized as (“Okazaki”) fragments 

and later joined together by DNA-ligase (discontinuously) 



Lagging strand synthesis requires a RNA primer 

 de-novo DNA-biosynthesis requires a free 3’-hydroxyl end 

 Lagging strand is synthesized starting with a short piece of 

RNA – RNA primer 

 generated by primase 

 RNA primer is made complementary to the template DNA 

strand 

 The RNA segments are later replaced by DNA 



DNA polymerase 

 first enzyme necessary for replication 

 Three independent but related activities: 

A DNA-polymerase activity 

A 3’ to 5’- exonuclease activity 

 

 

 

A 5’ to 3’- exonuclease activity 



Additional activities 

 The 3’ to 5’ - exonuclease activity - allows Pol I to edit its mistakes 

 3’ to 5’ - exonuclease activity excises the mispaired nucleotide 

 Polymerase activity is then restored 

 

 The 5’ to 3’ - exonuclease activity - enables Pol I to remove the 

RNA-primer of an Okazaki fragment in the lagging strand 

 Pol I recognizes the nick (a single strand break in a DNA double 

helix) and hydrolytically cleaves the strand about 10 bases towards 

the 3’- end 

 the gap is then filled up by dNTPs towards the new fragment 



Removal of the RNA primers in the 

lagging strand 
 RNA primer at the 5’-end of 

a newly synthesized Okazaki 
fragment is excised by Pol I’s 
5’to 3’- exonuclease activity 

 

 Pol I’s polymerase activity 
links new dNTPs to the 3’-
end of the previously 
synthesized Okazaki fragment 

 

 Once all RNA is removed the 
nick is sealed by DNA ligase 

 



Additional DNA-polymerases 

 in bacteria - The leading and lagging strand is synthesized by 

DNA- polymerase III 

 has a polymerase and a 3’ to 5’-exonuclease activity for 

proofreading 

 lacks a 5’ to 3’-exonuclease activity (cannot translate a nick, 

or remove the RNA primers) 

 DNA-polymerase II – involved in DNA repair 



The primosome 

 All DNA synthesis requires short RNA-primers 

 Primosome - mediates RNA primer synthesis 

 consists of two proteins: a helicase (DnaB) and primase (DnaG) 

 moves in the 5’ to 3’- direction (towards the replication fork) 

 on the template for the lagging strand 

 movement is opposite to the one required for DNA-synthesis 

 



The replisome 
 contains two Pol III enzymes 

 move as a unit in the 5’ to 3’- 
direction along the leading 
strand 

 For this - lagging strand 
template loops around by 180 
degrees 

 After completion of an 
Okazaki fragment, the 
replisome relocates to a new 
RNAprimer near the 
replication fork 



The DNA ligase reaction 

 free energy for the reaction – obtained from coupled hydrolysis of 

either NAD+ to nicotinamide mononucleotide (NMN+) and 

AMP, or ATP to pyrophosphate and AMP 



The clamp and clamp loader protein complex 

 C-shaped protein – dimer, donut-shaped structure 

 wraps around double-stranded DNA-RNA hybrids 

 In E. Coli - Pol III handling lagging strand DNA-polymerization must 

be reloaded every 1-2s 

 achieved by the clamp and clamp reloader complex 

 



Relocation of Pol III in lagging strand 

biosynthesis 
 top left: primase binds and 

synthesizes an RNA-primer 

 bottom left: the clamp 
loading complex near the 
replication fork loads two β-
subunits to form a new clamp 
(blue) 

 bottom right: Pol III 
encounters a previously 
synthesized Okazaki fragment 
and dissociates from the DNA 
leaving the clamp behind 

 top right: Pol III rapidly 
rebinds to the next clamp and 
resumes lagging strand 
DNApolymerisation 

 



Eukaryotic DNA-replication 

 eukaryotic DNA-replication is more complex 

 much slower in eukaryotes 

 multiple replication start sites (replicators) are present in 

eukaryotic genomes 

 DNA-replication is strictly embedded in the cell cycle 



Telomeres 
 The ends of linear eukaryotic chromosomes - problem to the 

replisome 

 to replicate the 5’- end of the lagging strand - synthesis of an 
RNA-primer beyond the end of the template strand would be 
required 

 DNA-polymerase cannot replace the very last bases of an RNA-
primer 

 in the absence of a mechanism for completion - DNA molecules 
would be shortened at both ends 

 eventually lead to a loss of essential genetic information 

 solved by so-called telomeres and the enzyme telomerase 



The telomerase reaction 
 3’-ending of each chromosome - 

up to 1000 so-called tandem 
repeats (TTAGGG in humans) 

 telomeric structure of 
eukaryotic DNA - synthesized 
and maintained by telomerase 

 complex of RNA and protein 

 possesses a short RNA sequence 
serves as template for the 
extension of the 3’- end 

 addition of repeats - template 
for the synthesis of an RNA-
primer 

 Allows normal synthesis of 
Okazaki fragments on the 
lagging strand 



Telomerase, aging and cancer 
 involved in determining the number of times a cell can divide 

 Somatic mammalian cells grown in culture can divide only a 
limited number of times (20-60 times; Hayflick number) 

 correlation between the initial length of the telomere and the 
number of divisions before the cells die 

 

 Progeria - Human individuals suffering from a rapid premature 
aging (7 times as fast as normal) – much shorter telomeres 

 Immortal cells exhibit very high telomerase activity 

 Somatic cells do not have any telomerase activity (!), perhaps to 
prevent uncontrolled proliferation of the cells leading to cancer 



DNA recombination 

 Genes are not immutable 

 two processes are known which achieve DNA reorganization: 

 

1. Crossing-over between homologous chromosomes and 

insertion of foreign DNA by recombination 

 

2. Insertion of transposons, mobile genetic elements 



Meiosis 
 single parent diploid cell 

divides to produce four 
daughter haploid cells 

 germ cells (eggs and sperm) 
are produced 

 involves a reduction in the 
amount of genetic material 

 For each nuclear division, 
four stages can be 
distinguished 

 second division of meiosis is 
not accompanied by DNA-
replication 



Mechanism of general recombination 

 Between homologous DNA 
segments. Recognition and 
preparation for recombination is 
achieved by RecA and related 
enzyme activities (RecBCD 
protein). 

 First step is the nicking of the 
corresponding strands of the 
aligned duplexes 

 The nicked strands “cross over” to 
pair with the nearly complementary 
strands (form heterologous DNA) 

 Strand nicks are sealed 

 crossover point is a four-stranded 
structure, known as a Holliday 
junction. This junction can migrate 
in either direction, known as 
branch migration 



Resolution into two separate duplex 

DNAs 
 (left) Cleavage of the strands 

that crossed over (red line) and 
resealing as indicated by the 
green lines. These are not 
recombinants since all markers 
surrounding the crossover site 
(to the left and right) are 
derived from the same initial 
chromosome. 

 

 (right) Cleavage of the strands 
that did not cross-over (red line) 
and resealing as indicated. This 
generates recombinant DNA 
molecules. 

 



Additional roles of DNA-recombination 

 Site-specific recombination is an important - DNA repair 

mechanism 

 

 Immunoglobulin genes are reshuffled by recombination 

allowing for the immense number of antigene-specific 

antibodies (Molecular immunology) 



DNA-repair mechanisms 



Chemical mutagenesis 
 The effect of chemical mutagens fall into two classes: 

 

 1. Point mutations, in which one base pair replaces another  

(a) Transitions, in which one purine (or pyrimidine) is replaced 
by another. 

(b) Transversions, in which a purine is replaced by a pyrimidine 
or vice versa 

 

 2. Insertion/deletion mutations  

one or more nucleotide pair(s) are inserted into or deleted from 
DNA 



Point mutations are generated by 

altered bases 

 base analog 5-bromouracil resembles thymine 

 bromo atom alters the keto-enol-tautomerization 

 5- bromouracil has an increased tendency to base-pair with 

guanine instead of the usual adenine 

 when incorporated into DNA instead of thymine - induces an 

AT to GC transition in subsequent rounds of DNA 

replication 



Transversions 

 Alkylation of nucleotide bases weakens their glycosidic 

bond and renders them susceptible to hydrolysis 

 gap is filled in by an error-prone enzymatic repair system 

 transversion occurs when the missing purine is replaced by a 

pyrimidine base or vice versa 



Insertions/Deletions 

 Intercalating agents insert into the DNA 

 double the distance between two consecutive base pairs 

 Replication of the distorted DNA - results in insertion or 

deletion of one or more nucleotides in the newly synthesized 

strand 

These dyes are also used to stain double helix DNA since 

intercalation increases their fluorescence 



Carcinogens 
 Alterations in the DNA sequence not necessarily result in an 

observable phenotype 

 

• Mutation occurs in a non-coding region. 

• Mutation changes a triplett code, but not the amino acid it encodes 
(silent mutation) 

• Mutation causes a change in amino acid sequence that does not 
affect the protein’s function 

 

 single mutation in a protein can significantly alter its function and 
lead to changes in cellular metabolism possibly resulting in the 
transformation of the cell (cancer). 

 All mutagens have the potential to be carcinogens! 



DNA repair mechanisms 
 all DNA repair mechanisms rely on the presence of an intact 

complementary strand, as a blue-print for repair 

• Direct reversal of the damage 

(a) Demethylation by O6-methylguanine - DNA methyltransferase 

(b) Photoreactivation by DNA-photolyase 

• Base Excision Repair 

(a) Nucleotide excision repair (NER) 

(b) DNA glycosylase 

• SOS Response and Recombination Repair 

• Mismatch Repair 



O6-methylguanine 

 Methylation of guanine at O6 - incorporation of thymine 

during replication 

 leads to a transition of GC to AT 

 In the presence of alkylating agents - common and highly 

mutagenic lesion. 



O6-methylguanine-DNA methyltransferase 

 transfers the methyl group directly to one of its own thiol groups 

 leads to inactivation of the “enzyme” – no mechanism to release 

the methyl group from the cysteine 

 

*O6-methylguanine-DNA methyltransferase is not an enzyme because it 

is altered chemically during the reaction and not capable of 

multiple turnover 



Photoreactivation of pyrimidine dimers 

 DNA-photolyase catalyzes the cleavage of pyrimidine dimers 

 found in many prokaryotes and eukaryotes but not in humans 



Nucleotide excision repair (NER) 

 Pyrimidine dimers can also be removed by excision repair 

 In bacteria - multisubunit endonuclease (UvrABC) hydrolyses 

a phosphodiester bond at the 5’- and 3’- end (seven and four 

nucleotides up- and downstream of the lesion) 

 gap is filled in by Pol I and the resynthesized fragment is 

resealed by DNA-ligase 

 

 In eukaryotes - 16 proteins are involved in nucleotide 

excision repair 



Human diseases related to NER 
 Deficiency in NER - Xeroderma pigmentosum and Cockayne syndrome 

 

 XP: inability of skin cells to repair Uvinduced DNA lesions. 

 individuals are extremely sensitive to sunlight; in fact they have to stay 
indoors with UV-shielded windows and can only go outside with UV- 
protective gear or after sunset (“children of the moon”) 

 Symptoms emerge during infancy 

 Mean age of skin cancer is 8, less than 40% survive beyond age 20 

 

 CS: same symptoms as XP but no increased incidence of skin cancer 

 patients suffer from stunted growth and neurological dysfunction due to 
neuron demyelination 



DNA glycosylases - BER 

 DNA containing a damaged base can also be restored 

 Each of these enzymes cleaves the glycosidic bond of a specific 

type of altered nucleotide 

 This leads to an apurinic or apyrimidinic site (AP site). 

 recognizes a damaged base and cleaves the N-glycosidic bond 

 AP endonuclease cleaves the phosphodiester backbone in the 

vicinity of the AP site 

 Pol I initiates repair synthesis from the 3’- hydroxyl at the nick 

 DNA ligase seals the nick left behind by Pol I. 



Recombination repair 

 initiated when the replication fork encounters a lesion that 

had not been repaired before replication started 

 postreplication repair 

 



SOS response 

 At an unusually high rate of DNA damage – additional 

system 

 alert system - has the disadvantage of being error-prone 

 involves a specialized DNA polymerase that can replicate past 

many of the DNA lesions that would normally block 

replication 

 Proper base pairing at these sites is impossible -there is no 

information as to which base has to be filled in 

 a “desperation” strategy as it will lead to lethal mutations 



Mismatch repair 
 corrects lesions in a newly 

synthesized DNA strand after 
replication 

 The newly synthesized strand 
is corrected according to the 
information present on the 
template strand 

 mismatch repair requires a 
system that allows to 
distinguish between the 
template and newly 
synthesized strand 

 achieved by Dam-
methylation (in E. coli) 



DNA damage - the cell at a crossroad 



DNA repair 

 DNA-replication is a very accurate process 

 Errors can occur 

 transmitted to the next generation - seriously compromise the 

fitness of the offspring 

 DNA can be damaged by external influences: 

 

• ionizing radiation 

short-λelectromagnetic radiation, such as UV, X-ray radioactivity 

• mutagenic chemicals, e. g. alkylating agents 



Summary 
 DNA replication 

 DNA polymerases 

 Primosome 

 Replisome 

 DNA ligase 

 The clamp 

 Eukaryotic DNA replication 

 Telomeres 

 DNA recombination 

 DNA repair mechanisms 


