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Prokaryotic 

cells
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Nucleus

Nuclear envelope

Pores allow movement of mRNA 

and ribosomes into ER

Chromatin

Diffuse form of chromosome

Site of transcription

Nucleolus

Region for ribosome assembly
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Chromatin
• grainy threadlike material seen in nucleus

• DNA organizes into chromosomes before each cell division

• chromosomes contain DNA & coiling proteins

• DNA wrapped around histone proteins - "beads on a string‖

• then higher levels of DNA packaging = supercoiling
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During non-division phase of cell cycle

• DNA molecules in extended,

uncondensed form  =  chromatin

– cell can only use DNA to produce

molecules when in extended state
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During division phase of cell cycle

• DNA molecules condense to form

chromosomes prior to division

– each chromosome is a single

molecule of DNA

– easier to sort and organize

DNA into daughter cells
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DNA condensation

DNA in the nucleus is 

condensed into 

chromatin fibers
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Chromosome-DNA Packaging



Human Genes are Packaged 

into Chromosomes:

• Chromosomes are inside the nucleus

• DNA wraps around proteins to make 

“beads on a string” (chromatin)

• Human Genome has 3.2 billion bases 

that contain the human body master plan.

Genes are Carried on Chromosomes in Nucleus in Cells

Gene DNA Sequence of Bases: 

A, G, C, T
nucleosomes histones



Mitotic chromosome



Different types of chromatin

• Euchromatin

– Active

– Less condensed

• Heterochromatin

– Silenced

– Highly condensed



Contrast between interphase chromatin 

and mitotic chromosomes

Euchromatin (transcribed regions): much less densely 

packed and dispersed throughout the nucleus. Only a 

small portion is transcribed at any given time.

Heterochromatin (inactive):  

• constitutive: regions that are not expressed, remain 

condensed, structural role; located near centromers

and other regions.

• Facultative: entire chromosomes that are inactive in 

one cell lineage (mammalian X chromosome) in the 

female.



Levels of Chromatin Packing 

in Condensed Chromosome

Fig 4-3 Nucleotides make ssDNA 

(A) 30 nm chromatin fiber

Nucleosomes in EM: 

Chromosome Loops            

(B) „beads on a string‟ = nucleosomes  





An electron micrograph of chromatin showing its 

"beads on a string" character.

Nucleosomes:

―beads on a string‖

-fundamental unit of structure for the chromosome.



Structure of the Ubiquitous Nucleosome:

Nucleosome core contains 8 histone proteins, 

two of each: H3, H4, H2A, H2B

Core is released when linker DNA is cut by a 

nuclease enzyme (nuclease can cut the 

exposed linker DNA between nucleosomes but 

cannot cut the DNA wrapped around the 

protein core.)

Released core dissociates into DNA plus 

octamer complex (can now determine the 

length of DNA that was wrapped around the 

core). Typically 146 bp of DNA helix wraps 

1.65 times around the histone core. 

Nucleosomes: Fundamental Unit of Chromatin

Dissociation into histone monomer proteins: 

H3, H4, H2A, H2B



1970‘s Nucleosome discovered

Electron micrograph

Progressive digestion 

of nucleosomal DNA 

with Mnase.



Stochiometry of core histones in chromatin



Nucleosomes have a common structure



Nucleosomes

• Nucleosome: The fundamental unit  of all eukaryotic 

chromatin.  

• Contains ~200 bp of DNA and 4 histone proteins each in 2 

copies. 

• ~50% of mass is histone protein.

Histones: small basic proteins (11 to 15 kDa) that form 

the interior core of nucleosome.  

DNA is wound (2 turns) around the outside of the core 

particle. 

H3 and H4 are two of the most highly conserved proteins 

in evolution.





The core histones share 

a common structural fold.







Nucleosome Structure: 

X-Ray Crystallography

Nucleosome Structure:

Protein core contains octamer of 8 histones: H3 H4, H2A, H2B

Typical nucleosome has 146 bp of DNA wrapped 1.65 times around the 

histone core. The C-terminal HFD (histone fold domain) of the histone 

proteins are folded into the core, and the N-tails of the histone proteins 

extend outside and are unstructured in the x-ray crystal structure, 

suggesting the N-tails are flexible. 

Crystals were made from nucleosomes reconstituted from recombinant 

histone proteins and a purified DNA fragment.

N-tail of a histone proteinN-tail of histone protein

DNA helix

Histone octamer coreDNA Histone core

DNA

DNA



Nucleosome structure

Luger et al., Nature 1997

(White et al., EMBO J, 2001)

H2A

H2B

H3

H4



The physical packaging of DNA into chromatin

• Prokaryotic DNA is not permanently 
associated with proteins

• Eukaryotic DNA contains proteins as 
an intrinsic structural element

• The basic unit of eukaryotic DNA 
structure is the nucleosome

• DNA is packaged with histone proteins 
to make up chromatin

DNA double helix

The four colors indicate 

each of the four core 

histones



Chromatin possesses degrees of order 

depending on its structure

Solenoid

= “second level” 

DNA packaging

nucleosome

= “first level” 

DNA packaging

• DNA in interphase cells is highly condensed
into a fiber 30 nm in diameter

• Dissociation of protein:protein interactions 
between nucleosomes reveals the extended 
―beads-on-a-string‖ structure of chromatin
– Bead = nucleosome

– String = linker DNA between nucleosomes

• Assembly of solenoids is assisted by ―linker‖ 
histone H1
– ―paperclips‖ rows of nucleosomes together into 

heterochromatin

– Different genes code for H1 variants that may be 
important in the dynamic shift between eu- and 
hetero-chromatin

• Higher order chromatin structure may also be 
assisted by N-terminal tails



Histone protein sequences are highly conserved

• The fundamental importance of histones in packaging DNA 
makes this unsurprising

• DNA chemical makeup is conserved, so are the proteins that fold 
it

• Histones are DNA binding proteins

• Specifically, three α-helices linked by 2 turns 
= the histone fold motif (HFD)

• Present in all 4 core histones
– 90%+ structural homology across species

– Motif conserved between the 4 histone isoforms too!

• DNA-histone interactions occur via extensive H-bonds between 
amino acid backbone and DNA phosphodiester backbone



Nucleosome Core Histonie Proteins

Core Histone Proteins:

(A) Core histone proteins have post-

translationaly modified and a histone 

fold domain (HFD), which contains a 

long central helix, flanked by short 

helices on either end, and is common to 

all core histones. 

(B) HFD folds into 3 alpha-helices

(C) Handshake interaction forms 

heterodimers.

HFD              handshake

HFD HFD = histone fold domain



1) Handshake (HS)

H3 + H4 = H3/H4 (heterodimer)

H2A + H2B = H2A/H2B (heterodimer)

2) Four helix bundle (4HB)

H3/H4 + H3/H4 = H4/H3-H3/H4 tetramer

Tetramer positions site of nucleosome 

assembly on DNA helix (usually random)

Nucleosome Core Histone Assembly

H2A/H2B

H2A

H4

H3

H2B

H3/H4

histone

octamer

H4/H3-H3/H4

tetramer

Nucleosome Core Protein Assembly

Nucleosome

DNA 

helix

(HS)

(4HB)

(HS)

H4/H3-H3/H4 + 2(H2A/H2B) = octamer

In some conditions histone octamer 

will assemble + DNA = nucleosome



Core histones are rich in basic amino acids

• e.g., histidine and lysine

– basic (H+ acceptors  they contain which functional R-group?)

– These neutralize the negative charge of the phosphate backbone of 
the DNA

• This charge neutralization allows the folding of the DNA into 
chromatin!

• Variants of core histones are expressed in some species at 
different developmental timepoints

– Coded for by specific genes under transcriptional control of distinct 
TFs

– This affects newly-assembled nucleosome stability



The position of nucleosomes along the DNA is 

sequence dependent
• Recall that A-T rich DNA is easier to bend

• DNA must be wrapped around the nucleosome to 
be properly packaged

• Histone-DNA contact is made at minor grooves

• Thus the easily-bent minor grooves (A-T rich) are 
located adjacent to the nucleosome

• Harder to compress G-C rich minor grooves are 
not H-bonded to histones

• Despite the cartoons, there is no ―regular‖ spacing 
of linker DNA between nucleosomes

• Nucleosome positioning also depends on the 
presence of non-histone binding proteins
– These include TFs, polymerases, hormone 

receptors and other nuclear enzymes 

• These serve to help guide the positioning of 
nucleosomes along the DNA
– Help adjacent or overtop

– Hinder physically on either side



Nucleosome-free regions

in promoters

Yuan et al., 2005Sekinger et al., 2005



Nucleosome DNA Wraps Around Histone Core

dsDNA

2                                             B
H2A/H2B

2                                             

CENH3 PROTEINS: H3/H4 tetramer binds initially to DNA and wraps the helix 

around the core, usually without regard to specific DNA sequences. The CENH3 

protein replaces H3 in nucleosomes at the CENTROMERE.

histone

octamer

dsDNA binding 

initiates across 

dyad

DNA in Nucleosome Bends Around Histone Core

Minor groove is compressed on the inside of turn.

Narrow minor groove is accommodated by the structure of A-T-rich DNA helix



Nucleosomes Make 30 nm Chromatin Fibers

2                                             B

H2A/H2B

H2A/H2B

2                                             Zigzag Model: 

30 nm Fiber

Variations in 30 nm fiber. Structure of zigzag 

nucleosome fiber is altered by bound sequence-specific 

(non-histone) DNA binding proteins. 

The N-tail of histone in one 

nucleosome contacts the 

histone core of adjacent 

nucleosomes.

Histone H1 helps 

condense fiber

Histone H1: a linker 

(not core) histone, 

binds to linker DNA; 

might change DNA 

path as it exits core.

H1

30-nm fiber is heterogenous.



Centromeres (CEN) and Kinetochores

Human centromere contains highly 

repeated DNA (satellite DNA 171 bp) 

associated with heterochromatin.

Scanning EM shows 

heterochromatin near a 

telomere (chromsome end) 



Nucleosome DNA Wraps Around Specialized Histone Core at Centromere

Nucleosome

CEN

DNA

2                                             B

H2A/H2B

H2A/H2B

2                                             

G-C preferred here 

(minor groove outside)

A-T preferred here  

(minor groove inside)
Histone 

Core

histone

octamer

Centromere-specific H3-

like protein (CENH3) 

replaces standard H3. 

CENH3 protein makes 

specialized nucleosome 

at the centromere

CENH3 

proteins 

replace 

both H3 

proteins

CENH3

(Cse4p)

Specialized CENH3 Nucleosome Forms at 

Centromeres in All Eucaryotes!

The centromere-specific histone H3-like 

protein (CenH3) in yeast is called Cse4p, 

which binds only to CEN DNA. 

All eucaryotic centromeres have a protein 

homolog of Cse4p; in humans this protein 

is called CENP-A. (Cse4p was discovered 

by an MCB grad student).



Chromatin structure is changed by remodeling 

complexes

• Protein machines that use the potential 

energy of ATP to change the structure of 

nucleosomes temporarily

• This changes the affinity of DNA-histone

interactions

• The machines are multiprotein (10+) 

complexes

• Different subunits for different tasks 

requiring protein-DNA contacts?

– Recombination

– Replication

– Transcription

– Repair

• Some machines loosen, some tighten the 

grip of the DNA on the nucleosomes

+ATP

+ATP



Looser histone-DNA interactions promote 

association of other DNA binding proteins

Loosening these bonds has 2 consequences

• Allows enzymes to access the DNA 
template

– This includes TFs and RNA pol
holoenzyme to access the genes and 
initiate transcription

– Also includes enzymes of DNA repair and 
replication to access the template

• The remodeling complex may remain 
bound to preserve the loosened 
nucleosome-DNA complex

• It may also dissociate, allowing gradual 
return to the ―standard‖ inhibitory 
nucleosome state

• Nucleosomes can slide along and be 
repositioned or be transferred within or 
between DNA molecules

1

2



Dynamic Chromatin: Remodeling Mechanisms

Chromatin remodeling.

In absence of remodeling complex, 

the interconversion between 

nucleosome states is very slow due 

to high activation energy. 

Remodeling complex uses ATP 

hydrolysis to make an activated 

intermediate with histone-DNA 

contacts partially disrupted.  

Chromatin remodeling cycle.
Cells have more than one chromatin 

remodeling complex; the same complexes 

might disrupt and re-form nucleosomes. 

Remodeling complex could dissociate 

histone cores to form nucleosome-free 

regions of DNA



The N-terminal tails of histones

are often modified



Histone modification influences gene expression



Covalent histone N-terminal tail modification 

affects chromatin structure

• Covalent modifications include
– Acetylation (of Lys)

– Methylation (of Lys)

– Ubiquitylation (of Lys)

– Phosphorylation (of Ser)

• All modifications are catalyzed by specific enzymes

• Histones in nucleosomes are usually covalently modified after their 
assembly

• These enzymes are nuclear-localized
– e.g., acetylation and deacetylation by histone acetylases (HATs) and 

deacetylases (HDACs) 

Lysine acetylation

HAT

HDAC

demethylase?



Histone modifications are reversible

• The covalent additions of functional groups to histones do not 
largely affect the stability of the nucleosome where they occur

• They do however affect the higher second level order of the 
30-nm solenoid

• This is usually because of charge differences 
– e.g., acetylated lysines are less basic and cannot H-bond to the DNA as 

effectively

• The modified tails attract other DNA binding proteins that can 
either
– Further disrupt second and first (nucleosome) order structure (make 

euchromatin)

– Increase the tightness of DNA-histone binding (make heterochromatin)

• The large combination of covalent modifications are thought 
to make a ―histone code‖
– Also, 8 tails per nucleosome may be modified!

– Particular combinations may carry ―meaning‖ and impact transcription 
of the genes within those nucleosomes



Proteins ―read‖ histone code

bromodomain +

acetylated lysine

chromodomain +

methylated lysine

Khorasanizadeh, 2004



Interdependence of 

histone modifications

• H3 S10 phosphorylation 

– inhibits H3 K9 methylation

– Promotes H3 K14 

acetylation

S. Berger, 2001

http://www.sciencemag.org/cgi/content/full/292/5514/64/F1


Functions of modifications

• Alter structure of nucleosome

– Acetylation neutralizes tails

– H3-K56

• Generate binding site for chromatin protein

– Chromodomain binds methylated lysines

– Bromodomain binds acetylated lysines



Known Covalent Modifications of the Core Histone N-Tails 

Fig 4-3 Nucleotides make ssDNA 

(A) Covalent modification of 

histone protein N-tails. 

Covalent modification of histone N-tails:

Me = methyl group

Ac = acetyl group

P = phosphate

U = ubiquitin

Some sites like H3 lysine 9 can be 

modified in more than one way.

Ubiquitin is 76 amino acid peptide, one or 

several ubiquitin peptides are added to 

histone proteins; role of ubiquitin in 

histone function is not yet understood. 



Histone Code Hypothesis: Modification of Histone N-Tails 

Fig 4-3 Nucleotides make ssDNA 

(B) continued.

Covalent modification of 

histone N-tails suggests:

Doubly-acetylated N-tail of 

H4 is “read” by protein 

required for gene expression.

H3 N-tail methylated at lysine 

9 is read by proteins that 

create a very compact form 

of chromatin, thus silencing 

gene expression in that 

region.

Modification of a particular 

position in a histone N-tail 

can have different meanings 

depending on other features 

of the local chromatin 

structure. 
(B) Covalent modification of histone N-tails:

Core histone N-tails are marked by different 

combinations of modifications, and each marking 

conveys a specific meaning to the region of chromatin 

on which it resides. Few meanings are known.



The histone code ―meaning‖ is just beginning to 

be unraveled
• Though many Ser, Lys may be posttranslationally modified, the meaning of 

these is not often known

• Histone H3 and H4 signals are most well characterized

• Are unmodified histones meant to aid in silencing genes?

“Histone code”



Mitotic cell division

2 major processes:

• mitosis – nuclear division

=> preserves diploid number of

chromosomes

• cytokinesis – cytoplasmic division

=> cell divides into two daughter cells 



Mitosis

4 phases:

1st – Prophase (3 major events)

2nd – Metaphase

3rd – Anaphase

4th – Telophase and Cytokinesis



Mitosis in animal cells





Why do cells divide?

• Growth

• Repair damaged cells

• Development (Replace worn out cells)



Cell cycle

• Activities of a cell from one cell division

to the next

– Cell grows, adding more

cytoplasmic constituents

– DNA is replicated

– cell divides into two identical

daughter cells



The cell cycle is an ordered series of events 

leading to the replication of cells





The cell cycle

When you look at cells under a microscope, you see 2 states:

Dividing cells and cells in an Interphase between divisions.

With the introduction of DNA labeling methods, 4 phases 

were identified.



Eukaryotic cell cycle

 The period between the M phase is called 
the interphase.

 The interphase can be divided into three 
additional phases; two G phases (gaps) and an 
S phase (DNA synthesis)

 The G phases can vary depending upon cell 
type and stage of development 



Eukaryotic cell cycle

2 major phases:

• Interphase (3 stages)

– DNA uncondensed (= chromatin)

• Mitotic cell division (4 stages)

– DNA condensed (= chromosomes)

Cell Cycle can be defined as the life span of the cell.



The cell cycle

• S phase: DNA synthesis

• G phase: gap for growth 

• M phase: mitosis (nuclear 

division)

• Cell division or cytokinesis 

is part of G1





Cell cycle



The cell cycle



Main events of cell cycle phases

• M phase: mitosis (nuclear division) and 

cytokinesis (cytoplasmic division)

• Interphase:

– G1: gap

– (G0: quiescent state during which cell cycle does 

not proceed)

– S: replication of DNA and assembly of 

chromosomal proteins on daughter DNA 

molecules

– G2: gap



Interphase

• non-dividing state

• 3 stages:

G1 – cell grows in size

– organelles replicated

S – replication of DNA

– synthesis of proteins associated

with DNA

G2 – synthesis of proteins associated

with mitosis



Interphase

• Cell performs normal 

function

• Three subphases:
– G1: cell duplicates most 

organelles

– S: quantity of DNA in the 

cell is doubled. Each 

chromosome has a pair of 

sister chromatids

connected by a kinetochore

– G2: chemical components 

stockpiled

• Nucleolus present



The cell cycle



Control
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DNA exists as a right-handed helix

34
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Franklin and Wilkins (1950-1953)

• used fibers of DNA (like crystals)

• X-rays will be scattered in a simple, regular, repeating pattern

• X-type pattern denotes a helix

• diameter of 20 Å  indicates double helix

Distance between 

base pairs is .34nm

or 3.4 Å

Helix repeat every 

3.4nm or 34 Å

1 full turn of helix

10 Å  = 1 x 109 meter or 1 nm



Erwin Chargaff‘s findings:

• [A] = [T] ; [C] = [G]; total [purines] = [pyrimidines]

• Ratios of A:T;G:C are same for different species

• But % of G/C does not equal % of A/T

• That is the %GC content is variable between species

Erwin Chargaff 1930 
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Watson and Crick, May 1953
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James Watson and his sister Betty in Copenhagen in the summer of 1951. 
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Meeting of the RNA tie club in Portugal Place, Cambridge, England. 

Francis Crick (back, left), Leslie Orgel (back, right), Alexander Rich (front, left), 

and James Watson (front, right). Courtesy of Alexander Rich. 1955 
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Left to right: Maurice Wilkins, John Steinbeck, John Kendrew, 

Max Perutz, Francis Crick and Jim Watson after the 

Nobel Ceremony in Stockholm in December 1962. Nobel Prize winners, December 1962

Maurice Wilkins, Max Perutz, Francis Crick, John Steinbeck,

James D Watson, John Kendrew

http://images.google.com.tw/imgres?imgurl=http://www.atin.org/ALMANAK/images/1953/Crick_Watson_DNA.jpg&imgrefurl=http://www.atin.org/ALMANAK/images/1953/Crick_Watson_DNA.html&h=354&w=472&sz=24&tbnid=05Pok8R1Ya4J:&tbnh=93&tbnw=124&start=4&prev=/images?q=Crick+Watson&hl=zh-TW&lr=&ie=UTF-8
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Watson and Crick describe structure of DNA (1953) 

http://www.pbs.org/wgbh/aso/databank/entries/do53dn.html
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Rosalind Franklin (1920 – 1958)

http://www.pbs.org/wgbh/aso/databank/entries/bofran.html
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Maurice H. F. Wilkins in laboratory.

From DNA: The Double Helix, Perspective and Prospective At Forty Years. 1953 
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Maurice Wilkins, Notable Twentieth-Century Scientists, Vol. 4 S-Z ca. 1970 
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http://images.google.com.tw/imgres?imgurl=http://www.autographcollector.com/acm1098/b_crick.JPG&imgrefurl=http://www.autographcollector.com/acm1098/buy.htm&h=242&w=474&sz=15&tbnid=2h4y4TA4mzoJ:&tbnh=64&tbnw=125&start=118&prev=/images?q=Crick+Watson&start=100&hl=zh-TW&lr=&ie=UTF-8&sa=N
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May 29, 2003: Francis Crick receives an award from 

the British government at the Salk Institute for 

Biological Studies in San Diego.

http://images.google.com.tw/imgres?imgurl=http://sq.k12.com.cn:9000/ce/cedar/resource/8scientist/image/crickA.jpg&imgrefurl=http://sq.k12.com.cn:9000/ce/cedar/resource/8scientist/crick.htm&h=298&w=203&sz=16&tbnid=vLp72P70Q9cJ:&tbnh=110&tbnw=75&start=143&prev=/images?q=Crick+Watson&start=140&hl=zh-TW&lr=&ie=UTF-8&sa=N
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Francis Crick (1916 – 2004)

http://www.pbs.org/wgbh/aso/databank/entries/bocric.html



YM-Bioinfohttp://www.cnn.com/2004/TECH/science/07/29/people.crick.reut/
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The big picture

Central dogma of molecular biology
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Hydrogen-bonding patterns in the base pairs 

defined by Watson and Crick

Complementarity of strands in the DNA double helix
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• DNA replication is 

semiconservative : 

• copying in which one strand 

(parental) is conserved and 

acts as a template for the other 

(daughter) to be synthesized

The Watson-Crick model of  DNA replication
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The Watson-Crick model of DNA replication
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Three possible models of DNA replication
discontinuous



YM-Bioinfo

1958 – Matthew Meselson and Franklin Stahl

Experimental proof of 

semiconservative replication

• Need to differentiate between parental and daughter DNA

• Controlled isotopic composition of nucleotides 

incorporated into newly synthesized daughter DNA
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The Meselson-Stahl experiment
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Predictions:

Conservative: no intermediate DNA ever!

Dispersive: No fully light (14N) DNA in second gen.

Only semi-conserv. fits observations!



Transfer to 14N

Etc.

Invalidates

conservative

Invalidates

discontinuous
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Experiment dermonstrating that DNA replication in eukaryotic cells is 

semiconservative. (a) Schematic diagram of the results of an experiment in which cells 

were transferrred from a medium containing thymidine to one containing 

bromodeoxyuridine (BrdU) and allowed to complete two successive rounds of replication. 

DNA strands containing BrdU are shown in red. (b) The results of an experiment similar to 

that shown in a. In this experiment, cultured mammalian cells were grown in BrdU to two

rounds of replication before mitotic chromosomes were prepared and stained by a 

procedure using fluorescent dyes and Giemsa stain. Using this procedure, chromatids 

containing thymidine within one or both strands stain darkly, whereas chromatids 

containing only BrdU stain lightly. The photograph indicates that, after two rounds of 

replication in BrdU, one chromatid of each duplicated chromosome contains only BrdU, 

while the other chromatid contains a strand of thymidine-labeled DNA.
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Mechanism of DNA 

polymerase action

3‘OH of growing chain forms covalent bond 

with phosphate of dNTP.

DNA polymerases can only add nucleotides

to 3‘ end (5‘—>3‘direction of synthesis).



YM-Bioinfo



YM-Bioinfo

Visualization of E. coli DNA replication
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Most replication proceeds bidirectionally 

from a unique origin of replication.

Unidirectional replication does occur in some viruses.





Demonstration of bidirectional 

growth of cellular DNA chains. If 

cultured replicating cells are 

exposed alternately to high and low 

levels of [3H]thymidine, the 

resulting DNA will be heavily 

labeled (―hot‖) near replication 

origins (Or) and lightly labeled 

(―warm‖) farther away. When such 

labeled DNA is dried on a 

microscope slide as long linear 

molecules (fibers) and then exposed 

to a radiation-sensitive emulsion, 

autoradiographic signals should be 

produced corresponding to the hot-

warm DNA regions. (a) Predicted 

patterns of autoradiographicbands 

for uni- and bidirectional DNA 

synthesis. (b) Actual fiber 

autoradiograph of DNA from 

cultured mammalian cells shows 

autoradiographic signals consistent 

with bidirectional synthesis. [See 

J.A. Huberman and A.D. Rigss, 

1968, J. Mol. Biol., 32:327; and 

J.A. Huberman and A. Tsai, 1973, 

J. Mol. Biol. 75:5]
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Chromosomal replication is bidirectional

• Prokaryotic 

chromosomes have a 

single origin of 

replication, with two 

replication forks

• Much larger 

eukaryotic 

chromosomes have 

many origins of 

replication
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Visualization of bidirectional DNA replication. Replication of a circular chromosome 

produces a structure resembling the Greek letter theta (). Labeling with tritium (3H) shows that 

both strands are replicated at the same time (new strands shown in red). The electron 

micrographs illustrate the replication of a circular E. coli plasmid as visualized by 

autoradiography.
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Leading and lagging strands

Leading strand is 

made continuously

Lagging strand is 

made discontinuously
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Synthesis of the 

lagging strand

(3‘—>5‘ strand)

is discontinuous

Discontinuous

5‘—>3‘ synthesis

on lagging strand

allows overall

3‘—>5‘ synthesis.



Bidirectionel DNA-Replication

of a Circular Genome
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1. Special sites (or one site 

in bacteria) with a 

specific sequence of 

nucleotides that is 

recognized by the 

replication enzymes.

 Starts at the 3‘ end (sugar) 

of the template DNA 

molecule and proceeds 

toward the 5‘ end 

(phosphate).

Origins of replication

These enzymes separate the strands, forming a replication “bubble”.
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DNA Replication in Bacteria and Eukaryotes
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• Initiated at specific point called an origin of replication, here the 

double helix separates and forms replication forks

• Eukaryotic DNA has multiple origins, producing multiple 

replication sites, each replicating bidirectionally
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Initiation

• Control point for all replication

• Occurs at an origin of replication

– Specific DNA sequence

– In bacteria about 250 base pairs

• Bacteria have single origin

• Eucaryotes have multiple origins
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 hundreds or thousands of origin sites per chromosome. 

The replication bubbles elongate as the DNA is replicated and 
eventually fuse.

Replication in eukaryotes
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DNA Replication: a closer look

• Origin of replication (―bubbles‖):  beginning of replication

• Replication fork: ‗Y‘-shaped region where new strands of DNA are 

elongating

• Helicase:catalyzes the untwisting of the DNA at the replication fork

• DNA polymerase:catalyzes the elongation of new DNA
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1 l culture = 4.1010 cells --> 400 000 km DNA synthesized (Earth-Moon distance)

Yeast 14 Mbp
(1 cm)

3 kb/min 20 min 330 S would last 80hr if only 1 ori

2.1013 km DNA synthesized (2 light-years) during life time (1016 cell divisions)

Human 3 Gbp
(2 m)

3 kb/min 7 h >10 000 ? S would last 1 year if 1 ori

Genome Fork speed S phase Origins Comment

E. coli 4.6 Mbp 30 kb/min 40 min 1 S longer than doubling time

Eukaryotes need multiple replication origins
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Eukaryotes

+
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Cell cycle control of chromosome duplication
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Where does replication start?

1. Replication of circular DNA

– Theta () replication

• Bacterial genomes

• Bacteriophages (e.g. lambda)

– Sigma () replication (rolling circle)

• Bacteriophage lambda

2. Replication of linear DNA
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Theta () replication

– identified by John Cairns

– starts at a unique site called the origin of 

replication (oriC in Escherichia coli)

– proceeds in both directions (bidirectional)
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Theta () replication

bidirectional

Replication loop

theta
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Replication of circular DNA in

E. coli:

1. Two replication forks result in a 

theta-like () structure.

2. As strands separate, positive 

supercoils form elsewhere in the 

molecule.

3. Topoisomerases relieve tensions 

in the supercoils, allowing the 

DNA to continue to separate.
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Origin of replication (oriC)

E. coli

~ 4.8 Mbp

oriC position 1

Tandem array of

13-mers (AT-rich)

Binding sites 

for DnaA (9-mers)

245 bp

5’-GATCTNTTNTTTT-3’

3’-CTAGANAANAAAA-5’

Consensus sequence

5’-TTATCCACA-3’
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Initiation

– starts at oriC in E. coli

– requires at least 9 different proteins

(DnaA, DnaB, DnaC, HU, single-stranded
DNA binding proteins (SSBs), DnaG, 
DNA gyrase, Dam methylase, and 
RNA polymerase)

– is the only regulated step in 
DNA replication

– requires energy in form of ATP

• Key steps:

– opens DNA helix

– establish a prepriming complex
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Single-stranded binding protein (SSB)

Three functions:

1. Prevent separated DNA strands from reannealing.

2. Prevent ssDNA from forming fortuitous intra-

molecular secondary structures (helical stems)

3. Protect ssDNA from nucleases.

The ssDNA must be stripped of SSB 

before it can be replicated by Pol III holoenzyme.
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E. coli chromosome

has single origin

of bidirectional

replication (OriC).

Eukaryotic chrom.

have multiple

bidir. Replication

origins (not called

OriC!!).
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Origins control initiation of replication. In E. coli the chromosomal origin is 
called OriC. This origin is represented by a short sequence region (245 bp). 
It is an AT rich sequence that contains a series of repeats. There are three 13 
mer repeats and four 9 mer repeats. The 9 bp repeats are the initial binding 
sites for the dnaA protein. 

The minimal origin is defined by the distance between 

the outside members of the 13-mer and 9-mer repeats.

The origin has two sets of repeats
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DNA Replication

Prokaryotic DNA replication - E. coli
This multistep process involves several proteins.

• Protein Function

• Helicase Begins unwinding of DNA helix

• DNA gyrase Assists unwinding

• SSB proteins Stabilizes single DNA strands

• Primase Synthesis of RNA primer

• DNA polymerase III Elongation of chain by DNA synthesis

• DNA polymerase I Removal of RNA primer and fill in

• gap with DNA

• DNA ligase Closes last phosphoester gap
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Proteins involved in DNA Replication



Prokaryotic Replication

Step one

Helicase recognizes and binds to the origin for 
replication.

It catalyzes the separation of the two DNA strands.

DNA gyrase assists in unwinding and the replication 
fork is formed.

DNA gyrase

Helicase

ATP

ADP

5’

3’



Step two

Exposed single strands of DNA must then be stabilized and 

protected from cleavage of the phosphodiester bonds.

SSB proteins perform this function.

Complementary strands are now available as templates.

SSB protein

Prokaryotic Replication



Prokaryotic Replication

Step three

Primase initiates synthesis by producing a short strand of 

RNA (4-10 nucleotides.)

This is only required once for the leading strand. Separate 

initiation is required for all Okazaki fragments.

DNA polymerase III can then process the 3‘-hydroxyl group.

primer RNA

primase

DNA polymerase III



Prokaryotic Replication

Step four

After ‗priming‘, DNA polymerase III can then process the 3‘-

hydroxy group.

The leading strand continues in the direction of the advancing 

replication fork.

The lagging strand fragments stop when they reach another 

fragment.



Prokaryotic Replication

Step five

The RNA primers are removed by the 5‘->3‘ nuclease action 

of DNA polymerase I.

Remaining gaps are filled by DNA polymerase I.

DNA

polymerase I



Prokaryotic Replication

Step six

DNA ligase is used to complete the final phosphoester bond.

Termination of replication occurs when the two replication 

forks meet on the circular DNA.

DNA ligase

ATPADP



E. coli DNA ligase utilizes NAD; 

bacteriophage T4 and eukaryotic ligases utilize ATP.

The DNA ligase mechanism involves a two intermediates:

1.  an enzyme adenylylate (at an  amino group)

2.  an adenylylated 5‘ phosphate at the nick (therefore requires 5‘-P)

Polynucleotide Kinases phosphorylate 5‘ hydroxyls at nicks and ends to permit 

ligation.

DNA ligase has a key physiological role in sealing nicks created during

DNA replication, repair and recombination, but also allows the

biochemist to join DNA molecules in the test tube.

DNA ligase



Simultaneous synthesis of 

both DNA strands





Okazaki fragments

1. Synthesis on the leading strand is continuous

2. Synthesis on the lagging strand is discontinuous occurring in the form of 

Okazaki* fragments which have RNA primers at their 5‘ ends with  5‘ triphosphate termini.

*Discovered by Reiji Okazaki



The replication origin expands as 

replication proceeds
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Sigma () replication

Rolling circle mechanism
• Example: bacteriophage lambda ()

1. Lambda phages contains linear dsDNA. 

Upon infection of  bacteria ring closure 

occurs at the cos sites (12 nucleotiode 

cohesive ends)

2. Endonucleotytic cleavage of one strand 

3. Attachment of new deoxynucleotides to 

the 3‘-OH end (continuous DNA 

synthesis)

4. Separation of the 5‘ strand and synthesis 

of a new DNA strand in a discontinuous 

fashion

5. Cleavage of linear dsDNA via terminase 

at cos sites and packaging into DNA. 



YM-Bioinfo

Rolling circle model of 

DNA replication:

1. Common in several 

bacteriophages including .

2. Begins with a nick at the origin of 

replication.

3. 5’ end of the molecule is displaced 

and acts as primer for DNA 

synthesis.

4. Can result in a DNA molecule 

many multiples of the genome 

length.

5. During viral assembly the DNA is 

cut into individual viral 

chromosomes.
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DNA Replication, II

• Antiparallel nature: 

• sugar/phosphate backbone 

runs in opposite directions;                              

• one strand runs 5‘ to 3‘, 

while the other runs 3‘ to 5‘;   

• DNA polymerase only 

adds nucleotides at the free 

3‘ end, forming new DNA 

strands in the 5‘ to 3‘ 

direction only      
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DNA Replication, III

• Leading strand:  
synthesis toward the replication 

fork (only in a 5‘ to 3‘ direction from 

the 3‘ to 5‘ master strand)

• Lagging strand:  
synthesis away from the 

replication fork (Okazaki fragments); 

joined by DNA ligase (must wait for 

3‘ end to open; again in a 5‘ to 3‘ 

direction)

• Initiation:
Primer (short RNA 

sequence~w/primase enzyme), 

begins the replication process
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1. E. coli - < 1 hour to copy each of the 5 million 

base pairs in its single chromosome and divide to 

form two identical daughter cells.

2. A human cell can copy its 6 billion base pairs

and divide into daughter cells in only a few 

hours.

3. This process is remarkably accurate, with only 

one error per billion nucleotides.

4. More than a dozen enzymes and other proteins 

participate in DNA replication. 

A large team of enzymes and other proteins 

carries out DNA replication
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Some amazing facts

•  30 proteins required to replicate E. coli
chromosome

• occurs with great fidelity

– error frequency = 10-9 or 10-10 per base pair 
replicated

– due to proofreading activity of DNA 
polymerases III and I

• occurs very rapidly

– 750 to 1,000 base pairs/second in prokaryotes

– 50-100 base pairs/second in eukaryotes
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DNA polymerases in E. coli

• DNA polymerase I: Proofreading

– involved in clean-up functions, DNA repair, etc.

• DNA polymerase II: Proofreading

– involved in DNA repair

• DNA polymerase III: Chromosome replication

– principle replication enzyme in E. coli

– fast  (250 –1000 nts/sec) and high processivity

• DNA polymerase IV and V

– discovered in 1999

– involved in specific forms of DNA repair
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Processivity

• Polymerases carry out multiple catalytic steps 

without dissociating from the template primer. 

• Processivity can vary from ~20-200 nucleotides for Pol I 

to >5,000 nucleotides for the E. coli replicative

polymerase Pol III Holoenzyme.
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E. coli DNA polymerase I has two exonuclease activities

Klenom fragment

DNA damage
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Proofreading function of DNA polymerase I
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Some DNA polymerase have other

enzyme activities. Ex. DNA pol I

5‘—>3‘ polymerase

5‘—>3‘ exonuclease

3‘—5‘ exonuclease
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3‘—>5‘ exonuclease activity allows 

―proofreading‖ of the last base inserted



YM-Bioinfo

DNA polymerase III

• high catalytic potency (250 - 1,000 nts/sec)

• high processitvity (> 500,000 nts)

• high fidelity 

• 3’-5’ exonuclease activity (proofreading)

• multipeptide complex (~ 830 kDa)

– 10 different polypeptides

– Catalytic DNA polymerase activity is encoded by polC 
(dnaE)

• asymmetric dimer

– can replicate both parental strands at the same time
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DNA polymerase III in E. coli

subunit No. of 

subunits

Gene Activity Component

 2 pol C (dnaE) DNA polymerase

 2 dnaQ (mut D) 3' - 5' exonuclease

 2 hol E stimulates exonuclease

 2 dnaX dimerizes core linker protein

 2 dnaX * (binds ATP ?)

 1 hol A binds to -subunit

' 1 hol B binds to  - and - 

subunit

 1 hol C (binds SSB ?)

 1 hol D binds to  and 

 4 dnaN optimizes processivity
sliding DNA 

clamp

clamp loader 

(loads b subunits 

on lagging strand 

at each Okazaki 

fragment)

core polymerase

DNA pol III in a multi-protein aggregate, termed the 

holoenzyme, carries out the major DNA synthesis functions.
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DNA pol III holoenzyme is very

complex, with many polypeptides
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E. coli DNA polymerase III holoenzyme is a complex of 900 kD that contains 

10 proteins organized into four types of subcomplex: 

• There are two copies of the catalytic core. 

Each catalytic core contains the α subunit 

(the DNA polymerase activity), 

ε subunit (3‘ –5‘ proofreading exonuclease), & 

θ subunit (stimulates exonuclease). 

• There are two copies of the dimerizing subunit, τ, 

which link the two catalytic cores together. 

• There are two copies of the clamp, which is responsible 

for holding catalytic cores on to their template strands. 

Each clamp consists of a homodimer of β subunits that 

binds around the DNA and ensures processivity. 

• The γ complex is a group of 5 proteins, 

the Clamp loader, that places the clamp on DNA.
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The clamp loader loads the sliding clamp onto the DNA

The 3‘ complex of the Clamp Loader has been crystallized, as has  bound to a mutant 

monomeric form of  (the ring protomer).  Analysis of these structures indicates that binding 

of  alone to  distorts the  structure enough to open the ring.  Hydrolysis of ATP at three 

sites in the  subunits results in release of the clamp loader and association with Pol III.  
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β-subunit dimers clamp DNA
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Space-filling model of 

β-subunit dimers bound to DNA

Structure of the B clamp



3’

5’

1



dnaB helicase

Pol III

DNA pol III: 

events at the replication fork



Pol III









3’

5’

2

DNA pol III: 

events at the replication fork

DnaG

 

Primase joins 

the complex.



3’

5’

3

DNA pol III: 

events at the replication fork

new primer 

synthesized

 

Primase 

displaced by 

contact with 

clamp loader.



3’

5’

4

DNA pol III: 

events at the replication fork

 


Clamp loader 

displaces Primase

and then loads 
clamp into primer 

site. ATP      ADP



3’

5’

5

DNA pol III: 

events at the replication fork

 


Pol III collides with the 

previous Okazaki 

fragment and releases 

contact with the 
clamp.



3’

5’

6

DNA pol III: 

events at the replication fork





Pol III displaces the 

clamp loader from the 

new  clamp and then 

elongates the RNA 

primer to make a new 

Okazaki fragment.





3’

5’

6

DNA pol III: 

events at the replication fork





Clamp loader binds 

another b clamp to 

prepare for the next 

round of initiation.





Langston, LD and O'Donnell  (2006) 

DNA replication: keep moving and 

don’t mind the gap, Mol. Cell 23: 155-

160.

The cycle of 

Lagging 

Strand 

Synthesis.




DnaB

helicase:

•increases 

replication 

rate by 10 

fold.

•Activates 

primase

(DnaG).

SSB
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The replication fork of E.coli
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Looping of template for the lagging strand enables a dimeric 

DNA polymerase III holoenzyme at the replication fork to 

synthesize both of the daughter strands
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Coordination between strands

Model:

1. The DNA moves through 

the DNA pol. III complex.

2. Formation of new loops 

every ~ 1,000 bp

Looping of the template

Primer
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Simultaneous replication occurs 

via looping of the lagging strand
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Replication forks must stop and disassemble at the termination of replication.

How is this accomplished?

• Sequences that stop movement of replication forks have been identified in the 

form of the ter elements of the E. coli chromosome or equivalent sequences in 

some plasmids. The common feature of these elements is a 23 bp consensus 

sequence that provides the binding site for the product of 

the tus gene, a 36 kD protein that is necessary for 

termination. Tus binds to the consensus sequence, where 

it provides a contra-helicase activity and stops DnaB 

from unwinding DNA. The leading strand continues to 

be synthesized right up to the ter element, while the 

nearest lagging strand is initiated 50-100 bp before reaching ter.

• The result of this inhibition is to halt movement of the replication fork and 

(presumably) to cause disassembly of the replication apparatus. Tus stops the 

movement of a replication fork in only one direction. The crystal structure of a 

Tus-ter complex shows that the Tus protein binds to DNA asymmetrically; 

α-helices of the protein protrude around the double helix at the end that blocks 

the replication fork. Presumably a fork proceeding in the opposite direction can 

displace Tus and thus continue. A difficulty in understanding the function of 

the system in vivo is that it appears to be dispensable, since mutations in the 

ter sites or in tus are not lethal.
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Replication termination

1. Seven terminator sites (two directions): TerA/D/E, TerC/B/F/G.

2. Tus protein binds to a Ter site and prevents strand displacement by DnaB helicase, 

thus arresting replication fork motion. Tus interferences with the progress of DnaB

in unwinding DNA from one side of Tus but not the other.
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Termination

• Replication forks meet at Ter sequences (locus)

• Ter (termination) sequences  20 bp long

– core consensus is: 5’-GTGTGTTGT-3’

– bound by Tus protein (terminus utilization substance)

– not essential for termination of replication
oriC

Clockwise forkCounterclockwise

fork

TerG TerF     TerB TerC     TerA TerD TerB

counterclockwise fork trapclockwise fork trap
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Replication in eucaryotes

• Very complex

– larger chromosomes

– Chromatin structure

– proceeds bidirectionally (in humans)

• Origins of replication (replicators) [Yeast]

– ARS (autonomously replicating sequences)

– ~ 150 bp long (AT- rich)

– ~ 400 replicators on 17 chromosomes (haploid)

• Origin recognition complex (ORC)

– multi-subunit protein => binds at ARS

– cell cycle regulated
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Eukaryotic cells have a large number of DNA polymerases

Each of the three nuclear DNA replicases 

has a different function:

• DNA polymerase α

initiates the synthesis of new strands. 

• DNA polymerase δ

elongates the leading strand. 

• DNA polymerase ε may be involved in 

lagging strand synthesis, 

but also has other roles. 
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Similar functions are required at all replication forks

http://images.google.com.tw/imgres?imgurl=http://www.udel.edu/Biology/Wags/histopage/modelspage/t4.gif&imgrefurl=http://www.udel.edu/Biology/Wags/histopage/modelspage/modelspage.htm&h=550&w=600&sz=23&tbnid=F29VYdqs08cJ:&tbnh=121&tbnw=133&hl=zh-TW&start=2&prev=/images?q=T4+phage&svnum=10&hl=zh-TW&lr=&rls=GGLD,GGLD:2005-13,GGLD:en&sa=G
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Eucaryotic DNA polymerases

– DNA polymerases 

• Multi-subunit complex without 3’-5’ exonuclease activity

• May function in synthesis of short primers

– DNA polymerase 

• Stimulated by PCNA (proliferating cell nuclear antigen)

• PCNA is similar to the beta subunit in E.coli DNA pol. III

– DNA polymerase 

• may play a role in DNA repair

• Possible counterpart of DNA pol. I in E.coli

– Telomerase

• Replicates DNA at the end of chromosomes (telomers)

• Enzyme contains an RNA molecule 

• Related to reverse transcriptases

• Play a role in aging and cancer-cell biology
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Telomers and the ends of chromosomes 

• Can‘t get to the end on both strands

• It‘s nice to have a cushion at the end

• A non-templated DNA replication

• Telomerase
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What about the ends (or telomeres) of linear 

chromosomes?

Big problem---If this gap is not filled, chromosomes would become 

shorter each round of replication!

Solution:  

1. Most eukaryotes have tandemly repeated sequences at the ends of 

their chromosomes.

2. Telomerase (contains protein and RNA complementary to the 

telomere repeat) binds to the terminal telomere repeat and catalyzes 

the addition of of new repeats.

3. Compensates by lengthening the chromosome.

4. Absence or mutation of telomerase activity can result in 

chromosome shortening and limited cell division.
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Synthesis of telomeric DNA by telomerase
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Telomerase - complex 

eukaryotic enzyme that 

directs DNA synthesis to 

put ends on linear 

chromosomes.

Enzyme is a 

ribonucleoprotein, has 

short piece of RNA that 

acts as template 

(5‘AACCCC-3‘)
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Eukaryotic DNA Polymerases

(I) (II) (III)

Distinguished from each other based on intracellular locations, 

kinetic properties, and responses to inhibitors
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Other Proteins Involved in Replication

DNA Ligase:

Covalently closes nicks in double stranded DNA

nick must contain 3‘hydroxyl and 5‘phosphoryl termini

Primase:

- active only in the presence of other proteins (together 

called a ‘primosome’) 

- plays a part in unwinding DNA strands ahead of the 

replication fork

- synthesizes RNA primers
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Polymerase Accessory Proteins:

- help to keep DNA pol III processive (I.e. moving continuously 

on the same strand of DNA, instead of coming on and off).

Single Standed DNA Binding Proteins (SSB):

- destabilizes double-helix & stabilize single-stranded DNA or 

the ‗melted‘ form

Keeps template in extended single stranded conformation

Helicases:

- enzymes that use ATP to actively unwind DNA

Topoisomerases:

- proteins that relieve super-helical stress
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Semidiscontinuous

• DNA 

synthesis is 

5 to 3

• However 

double helix 

is antiparallel

Replication is continuous on one strand 

(leading) and discontinuous on other 

strand (lagging)
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DNA ligase

Ligating the phosphodiester backbone

• NAD+ or ATP required to 

catalyze resealing of 

phosphodiester backbone 

– Lagging strand replication

– DNA repair

– Recombination
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The fate of

stalled replication forks

• The primosome describes the complex of proteins involved in the 

priming action that initiates replication on φX174-type origins. 

It is also involved in restarting stalled replication forks.
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1. Mistakes during the initial pairing of template 
nucleotides and complementary nucleotides 
occurs at a rate of one error per 10,000 base 
pairs.

2. DNA polymerase proofreads each new 
nucleotide against the template nucleotide as 
soon as it is added.

3. If there is an incorrect pairing, the enzyme 
removes the wrong nucleotide and then 
resumes synthesis.

4. The final error rate is only one per billion 
nucleotides.

Enzymes proofread DNA during its replication 

and repair damage in existing DNA
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What feature of a bacterial (or plasmid) origin ensures that 

it is used to initiate replication only once per cycle?

Is initiation associated with some change that marks the origin so that 

a replicated origin can be distinguished from a nonreplicated origin?

• oriC contains 11 copies of the sequence   , which is a target for 

methylation at the N6 position of adenine by the Dam methylase. 

• an origin of nonmethylated 

DNA can function 

effectively.

• Hemimethylated DNA is 

methylated on one strand 

of a target sequence.
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• Hemimethylated origins cannot initiate again until the Dam methylase has converted

them into fully methylated origins. The GATC sites at the origin remain 

hemimethylated for ~13 minutes after replication. This long period is unusual, 

because at typical GATC sites elsewhere in the genome, 

remethylation begins immediately (<1.5 min) following 

replication. One other region behaves like oriC; the promoter

of the dnaA gene also shows a delay before remethylation

begins.

While it is hemimethylated, the dnaA promoter is repressed, 

which causes a reduction in the level of DnaA protein. 

So the origin itself is inert, and production of the crucial 

initiator protein is repressed, during this period. 

What is responsible for the delay in remethylation at oriC and dnaA? 
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Marking newly synthesized DNA in E. coli

*
GATC   normally methylated on the A

CTAG

*

• Newly synthesized strands not methylated right away,  

delayed for ~10 minutes:  gives hemi-methylated DNA

*
GATC

CTAG

Hemi-methylated DNA:

1. Not recognized by the oriC activation system

2. Recognized by the Mismatch Repair System



Common Types of DNA Damage and Spontaneous Alterations

Radiotherapy

Ionizing Radiation

X-rays

Chemotherapy

(Alkylating agents)

Cisplatin 

Mitomycin C

Cyclophosphamide

Psoralen

Melphalan

UV (sunlight)

Pollution (hydrocarbons)

Exogneous Sources

Endogenous Sources

Oxidative damage by free radicals

(oxygen metabolism)

Replicative errors

Spontaneous alterations in DNA

Alkylating agents (malondialdehyde)

Smoking

Foodstuffs
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Types of base pair substitutions and mutations



YM-Bioinfo

Types of base pair substitutions and mutations



YM-Bioinfo

Effect of a nonsense mutation on translation
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tRNA suppressor gene mechanism for nonsense mutation
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Yes

HNPCC

HNPCC  - Hereditary Non-Polyposis Colon Cancer

Is DNA repair important?



Human Syndromes Related to DNA Repair Defects


