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THE MAINTENANCE OF 
DNA SEQUENCES

• Mutation Rates Are Extremely Low

THE MAINTENANCE OF 
DNA SEQUENCES

• The mutation rate, the rate at which changes occur 
in DNA sequences. 

• Many mutations are silent (for example, those that 
change a codon but not the amino acid it specifies, 
or those that change an amino acid without 
affecting the activity of the protein coded for by 
the gene). 

• The human mutation rate, expressed in terms of 
cell divisions (instead of human generations), is 
approximately 1 mutation/1010 nucleotides/cell 
division.



THE MAINTENANCE OF 
DNA SEQUENCES

• Low Mutation Rates Are Necessary for Life as We 
Know It

Low Mutation Rates Are Necessary for Life as We Know It

THE MAINTENANCE OF 
DNA SEQUENCES

• The germ cells transmit genetic information from 
parent to offspring; the somatic cells form the 
body of the organism (Figure 5–1). 

• Both for the perpetuation of a species with a large 
number of genes (germ-cell stability) and for the 
prevention of cancer resulting from mutations in 
somatic cells (somatic-cell stability), multicellular 
organisms like ourselves depend on the 
remarkably high fidelity with which their DNA 
sequences are replicated and maintained.

Summary

• In all cells, DNA sequences are maintained and 
replicated with high fidelity. The mutation rate, 
approximately one nucleotide change per 1010 
nucleotides each time the DNA is replicated, is 
roughly the same for organisms as different as 
bacteria and humans. Because of this remarkable 
accuracy, the sequence of the human genome 
(approximately 3.2 × 109 nucleotide pairs) is 
unchanged or changed by only a few nucleotides 
each time a typical human cell divides. This allows 
most humans to pass accurate genetic instructions 
from one generation to the next, and also to avoid 
the changes in somatic cells that lead to cancer.
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Base-Pairing Underlies DNA Replication and DNA Repair

(B) Structure of DNA polymerase complexed wth DNA (orange), as determined 
by x-ray crystallography (Movie 5.1). The template DNA strand is the longer strand and the newly synthesized DNA is the shorter. 

Base-Pairing Underlies DNA Replication and DNA Repair

DNA	templating	is	the	mechanism	the	cell	uses	to	copy	the	
nucleotide	sequence	of	one	DNA	strand	into	a	complementary	DNA	
sequence.	

The	first	nucleotide-polymerizing	enzyme,	DNA	polymerase,	was	
discovered	in	1957.	The	free	nucleotides	that	serve	as	substrates	for	
this	enzyme	were	found	to	be	deoxyribonucleoside	triphosphates,	
and	their	polymerization	into	DNA	required	a	single-strand	DNA	
template.

Base-Pairing Underlies DNA 
Replication and DNA Repair



DNA replication

• Must be carried out with speed and accuracy. 

• 3.2 x 109 (32억개) nucleotides into 24 chromosome

• Awe-inspiring! This copy in about 8 hours. 

• 1,000 books copy (Essential Cell Biology 3rd Ed. x 1,000 with almost 
no errors)

Base-Pairing Underlies DNA 
Replication and DNA Repair • Synthesizes new DNA in the 5’ to 3’ directions. 

• Only one direction.

• dNTP (deoxyribonucleoside triphosphate) is used.

• Hydrolysis of the NTP provides the energy for the reaction.

• Forms phosphodiester bond.

• Stays associated with the DNA for many cycles (cf. RNA polymaerase II).

• So accurate : only about one error in every 107.

DNA 중합효소 (DNA polymerase)

• Each DNA strand can serve as a template, or mold, for the 
synthesis of a new complementary strand (Fig 6-2).

• DNA acts as a template for its own duplication (Fig 6-3)

• Performed by a cluster of proteins that together form a “replication 
machine”.

• Semiconservative
• Each of the daughter DNA = Original (old) strands + New 

strand.

DNA REPLICATION MECHANISMS

• The DNA Replication Fork Is Asymmetrical
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The	DNA	double	helix	is	said	to	be	replicated	“semiconservatively.”	

Analyses	carried	out	in	the	early	1960s	on	whole	replicating	chromosomes	
revealed	a	localized	region	of	replication	that	moves	progressively	along	
the	parental	DNA	double	helix;	a	replication	fork.



The DNA double helix is said to be replicated 
“semiconservatively.”

Analyses carried out in the early 1960s on whole replicating 
chromosomes revealed a localized region of replication that 
moves progressively along the parental DNA double helix; a 
replication fork.

An experiment performed in the late 1960s; researchers 
added highly radioactive 3H-thymidine to dividing bacteria 
for a few seconds, so that only the most recently 
replicated DNA—that just behind the replication fork—
became radiolabeled. This experiment revealed the 
transient existence of pieces of DNA that were 1000–
2000 nucleotides long, now commonly known as Okazaki 
fragments.

The synthesis of this strand by a discontinuous 
“backstitching” mechanism means that DNA replication 
requires only the 5ʹ-to-3ʹ type of DNA polymerase.

• The DNA double helix is normally very stable due to the large 
number of hydrogen bonds between the bases on both strands.

• Only temperature approaching those of boiling water provide 

enough thermal energy to separate these strands.

• DNA double helix must first be opened up and the two 
strands separated to expose unpaired base.

• Replication Origin
• The position at which the DNA is first opened.

• ≈100 base pairs (bacteria or yeast).

• Easy to open.
• Attract the initiator proteins.

• Particular sequence of nucleotides.

•  DNA rich in A-T base pairs are typically found at replication 

origin.

• A bacteria genome: a single origin of replication.

• The human genome: 10,000 origins (allows a cell to replicate its DNA 
relatively quickly;  At many places at once).



Initiator proteins

• Bind to the DNA and pry the two strands apart, breaking the hydrogen 
bonds between the bases (Fig 6-5).

• Individually each hydrogen bond is weak (not require a large energy input to be 
separated).

• Separating a short length of DNA does not require a large energy input and 

can occur with the assistance of these proteins at normal temp.

Replication forks

• Y-shaped junctions.

• Replication machine is opening up DNA double helix, making a new 
daughter strand.

• Two replication forks are formed.

• Move away in both directions (“bidirectional”).

• Move very rapidly (1,000 nt/s in bacteria; 100 nt/s in humans).

DNA REPLICATION MECHANISMS

• The High Fidelity of DNA Replication Requires 
Several Proofreading Mechanisms

The High Fidelity of DNA Replication Requires Several Proofreading 
Mechanisms



The High Fidelity of DNA Replication Requires Several Proofreading 
Mechanisms

The High Fidelity of DNA Replication Requires Several Proofreading 
Mechanisms

DNA polymerase is so accurate : only about one error in every 107 (lower than can 
be explained by AT, GC base-pairing).  

1. Careful Monitoring: incoming nucleotide + template.

• 5’-to-3’ polymerization activity (add the next).

2. Proofreading (self-correcting)
• At the same time as DNA synthesis

• Error-correcting activity.

• Check whether the previous nucleotide added is correctly. 

• 3’-to-5’ exonuclease activity (remove the mispaired).

• The two activities (polymerization + proofreading) are tightly coordinated by 
different domains within the polymerase.

DNA REPLICATION MECHANISMS

• Only DNA Replication in the 5ʹ-to-3ʹ Direction 
Allows Efficient Error Correction



Base-Pairing Underlies DNA Replication and DNA Repair

Figure 5-10  Molecular Biology of the Cell (© Garland Science 2008)

 The need for accuracy probably explains why DNA 
replication occurs only in the 5ʹ-to-3ʹ direction. 

In this case, the mistakes in polymerization could not be 
simply hydrolyzed away, because the bare 5ʹ end of the 
chain thus created would immediately terminate DNA 
synthesis.

DNA REPLICATION MECHANISMS

• A Special Nucleotide-Polymerizing Enzyme 
Synthesizes Short RNA Primer Molecules on the 
Lagging Strand



• For the leading strand, a primer is needed only at 
the start of replication. 

• On the lagging side of the fork, however, each time 
the DNA polymerase completes a short DNA 
Okazaki fragment.

A Special Nucleotide-Polymerizing Enzyme Synthesizes Short RNA 
Primer Molecules on the Lagging Strand
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A Special Nucleotide-Polymerizing Enzyme Synthesizes Short RNA 
Primer Molecules on the Lagging Strand



On the lagging strand...

•New primers are needed continually (cf. leading strand - only starting point).

•Three additional enzymes
Nuclease: breaks apart the RNA primer.

DNA polymerase (or repair polymerase): replaces the RNA with DNA 

using the adjacent Okazaki fragment as a primer.
DNA ligase: nick sealing.

• In this way, the cell’s replication machinery ensure that all 
of the DNA is copied faithfully.

• RNA primer 
• 10 nt long, provides a base-paired 3’ end.

• A starting point for DNA polymerase.

• Complementary base-pairing with DNA.

• Primase
• Joins two nucleotides together w/o the need for a base-paired end.

• Synthesizes a short length of a closely related type of nucleic acid, 
RNA (Ribonucleic acid, Does not synthesize DNA) 

• An example of RNA polymerase.
• Not proofread: A high frequency of mistakes. But, automatically 

removed and replaced by DNA.

DNA REPLICATION MECHANISMS

• Special Proteins Help to Open Up the DNA Double 
Helix in Front of the Replication Fork
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Special Proteins Help to Open Up the DNA Double Helix in Front of the 
Replication Fork

https://www.rcsb.org/structure/1E0J
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Special Proteins Help to Open Up the DNA Double Helix in Front of the 
Replication Fork

https://www.rcsb.org/structure/1JMC

•Nuclease, repair polymerase, and ligase.

• Unzipping of DNA double helix (Two proteins cooperate)

• Helicase: uses the energy of ATP hydrolysis to pry apart the double 
helix as it speeds along the DNA.

• Single-strand binding protein: clings to the single-stranded DNA 

exposed by the helicase and transiently prevents it from re-forming base 
pairs.

• Sliding clamp: keeps the DNA polymerase firmly attached to the DNA.

• Clamp loader: hydrolyzes ATP and locks a clamp around the DNA.

DNA REPLICATION MECHANISM

• A Sliding Ring Holds a Moving DNA Polymerase 
Onto the DNA

A Sliding Ring Holds a Moving DNA Polymerase Onto the DNA



A Sliding Ring Holds a Moving DNA Polymerase Onto the DNA

https://www.rcsb.org/structure/3BEP

A Sliding Ring Holds a Moving DNA Polymerase Onto the DNA

DNA REPLICATION MECHANISMS

• The Proteins at a Replication Fork Cooperate to 
Form a Replication Machine
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Replication Machinery (Multienzyme complex)

• Most of the proteins in DNA replication 
• Held together in a large mutienzyme complex.
• Enable DNA synthesis on both strands in a coodinated manner.

• Sewing machine (재봉틀) composed of protein parts and powered by 

nucleoside triphosphate hydrolysis.

• How these components fit together and work as a 
team is not entirely understood.

DNA REPLICATION MECHANISMS

• A Strand-Directed Mismatch Repair System 
Removes Replication Errors That Escape from the 
Replication Machine
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A Strand-Directed Mismatch Repair System Removes Replication 
Errors That Escape from the Replication Machine



A Strand-Directed Mismatch Repair System Removes Replication 
Errors That Escape from the Replication Machine

https://www.rcsb.org/structure/1EWQ

A Strand-Directed Mismatch Repair System 
Removes Replication Errors That Escape from 
the Replication Machine

✓ Accuracy
✓ DNA polymerase

(1 mistake per 105 )

✓ Self-correcting ✓ DNA polymerase
(1 mistake per 107 )

✓ Repairing the 
accidental damage

✓ Mismatch repair system
(1 mistake per 109 )

A proofreading system must be able to distinguish 
and remove the mismatched nucleotide only on the 
newly synthesised strand, where the replication error 
occurred.

The strand-distinction mechanism used by the 
mismatch proofreading system in E. coli depends on 
the methylation of selected A residues in the 
DNA.

Methyl groups are added to all A residues in the 
sequence GATC, but not until some time after the 
A has been incorporated into a newly synthesized 
DNA chain.

The recognition of these unmethylated GATCs 
allows the new DNA strands to be transiently 
distinguished from old ones, as required if their 
mismatches are to be selectively removed.



• Three steps

1) Recognition of a mismatch

2) Excision of the segment of DNA 
containing the mismatch from the newly 
synthesized str

3) Resynthesis of the excised segment using 
the old strand as a template. 

In eukaryotes, 

newly synthesized lagging-strand DNA transiently 
contains nicks (before they are sealed by DNA 
ligase) and biochemical experiments reveal that 
such nicks (also called single-strand breaks) 
provide the signal that directs the mismatch 
proofreading system to the appropriate strand.

Human system

• The importance of this system in humans is seen 
in individuals who inherit one defective copy of a 
mismatch repair gene. 

• Hereditary nonpolyposis colon cancer (HNPCC): 
a type of colon cancer; deficient in mismatch 
proofreading; accumulate mutations unusually 
rapidly.



DNA REPLICATION MECHANISMS

• DNA Topoisomerases Prevent DNA Tangling During 
Replication
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"winding problem"

: Every 10 base pairs replicated at the fork 
corresponds to one complete turn about the axis of 
the parental double helix. 

500 nucleotides / 50 revolutions per second

Therefore, for a replication fork to move, the entire 
chromosome ahead of the fork would normally have 
to rotate rapidly.

DNA Topoisomerases Prevent DNA Tangling  
During Replication

Topoisomerase I

1. Produces a transient single-strand break (or nick)

2. Allows the two sections of DNA helix on either side of the 
nick to rotate freely.

3. DNA replication can occur with the rotation of only a 
short length of helix.

Topoisomerase II

1. Produce a transient double-strand break.

2. Activated by sites on chromosomes where two double 
helics cross over each other

3. Uses ATP hydrolysis to perform 

(1) breaks one double helix reversibly to create a DNA 
gate 
(2) it causes the second, nearby double helix to pass 
through this break 
(3) reseals the break and dissociates from the DNA.

4. In this way, type II DNA topoisomerases can efficiently 
separate two interlocked DNA circles.

DNA Topoisomerases Prevent DNA Tangling During Replication

DNA	topoisomerase	(topoisomerase)	Enzyme	that	binds	to	DNA	and	
reversibly	breaks	a	phosphodiester	bond	in	one	or	both	strands.		

Topoisomerase	I	creates	transient	single-	strand	breaks,	allowing	the	
double	helix	to	swivel	and	relieving	superhelical	tension.		

Topoisomerase	II	creates	transient	double-	strand	breaks,	allowing	
one	double	helix	to	pass	through	another	and	thus	resolving	tangles.	
(Figures	5–21	and	5–22)



DNA REPLICATION MECHANISMS

• DNA Replication Is Fundamentally Similar in 
Eukaryotes and Bacteria

Summary

• DNA replication takes place at a Y-shaped structure called a replication 
fork. A self-correcting DNA polymerase enzyme catalyzes nucleotide 
polymerization in a 5ʹ-to-3ʹ direction, copying a DNA template strand with 
remarkable fidelity. Since the two strands of a DNA double helix are 
antiparallel, this 5ʹ-to-3ʹ DNA synthesis can take place continuously on 
only one of the strands at a replication fork (the leading strand). On the 
lagging strand, short DNA fragments must be made by a “backstitching” 
process. Because the self-correcting DNA polymerase cannot start a new 
chain, these lagging-strand DNA fragments are primed by short RNA 
primer molecules that are subsequently erased and replaced with DNA. 

• DNA replication requires the cooperation of many proteins. These include 
(1) DNA polymerase and DNA primase to catalyze nucleoside triphosphate 
polymer- ization; (2) DNA helicases and single-strand DNA-binding (SSB) 
proteins to help in opening up the DNA helix so that it can be copied; (3) 
DNA ligase and an enzyme that degrades RNA primers to seal together 
the discontinuously synthesized lagging- strand DNA fragments; and (4) 
DNA topoisomerases to help to relieve helical wind- ing and DNA tangling 
problems. Many of these proteins associate with each other at a 
replication fork to form a highly efficient “replication machine,” through 
which the activities and spatial movements of the individual components 
are coordinated.

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• DNA Synthesis Begins at Replication Origins

DNA Synthesis Begins at Replication Origins



The process of DNA replication is begun by special 
initiator proteins that bind to double-stranded DNA 
and pry the two strands apart, breaking the hydrogen 
bonds between the bases.

Replication Origins: the positions at which the DNA 
helix is first opened.

DNA Synthesis Begins at Replication Origins In simple cells like those of bacteria or yeast, the 
replication ORIGINS;

1. Specified by DNA sequences several hundred 
nucleotide pairs in length.

2. Contains both short sequences that attract initiator 
proteins and stretches of DNA that are especially 
easy to open.

3. Enriched in A-T pairs.

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• Bacterial Chromosomes Typically Have a Single 
Origin of DNA Replication
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Bacterial Chromosomes Typically Have a Single Origin of DNA 
Replication

The genome of E. coli is contained in a single circular 
DNA molecule of 4.6 x 106 nucleotide pairs.

DNA replication begins at a single origin of replication 
(at approximately 500-1,000 nucleotides per second).

Bacterial Chromosomes Typically Have a Single 
Origin of DNA Replication



“The only point at which E. coli can control DNA 
replication is initiation”

• The initiation is therefore highly regulated.

• The initiator proteins bind in multiple copies to specific 
sites in the replication origin, wrapping the DNA around 
the proteins to form a large protein-DNA complex.

• This complex attracts a DNA helicase.

• The helices loader is analogous to the clamp loader.

• Helicases unwind DNA, exposing enough single-stranded 
DNA for primase to synthesize the RNA primer that 
begins the leading strand.

In E. coli, the interaction of the initiator protein with the 
replication origin is carefully regulated, with initiation 
occurring only when sufficient nutrients are available for 
the bacterium to complete an entire round of replication.

1. The activity of the initiator proteins are controlled.

2.  An origin of replication experiences “refractory 
period” (불응기;자극에 반응한 후, 다음 자극에 반응할 수 없는 짧은 기간), caused by a 
delay in the methylation of newly synthesized A 
nucleotide.

• DNA methylation at 11 GATC sequences in the origin.

• Hemimethylated state, the origin is bound by an inhibitor 
protein, Seq A.

• 20 minutes (Refractory period) after replication is 
initiated, the origin become fully methylated by a DNA 
methylase, Dam.

• SeqA dissociates. 

refractory period
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Eukaryotic Chromosomes Contain Multiple Origins of Replication

A method for determining the general pattern of 
eucaryotic chromosome replication; the early1960s. 

An average-size human chromosome contains a single 
linear DNA molecule of about 150 million (1.5억) 
nucleotide pairs.

• 3.2 x 109 (32억개) nucleotides into 24 chromosome

Eucaryotic chromosomes contain multiple 
origins of replication



(l) Replication origins tend to be activated in clusters, 
called replication units, of perhaps 20-80 origins.

(2) New replication units seem to be activated at different 
times during the cell cycle until all of the DNA is replicated.

(3) Within a replication unit, individual origins are spaced 
at intervals of 30,000-250,000 nucleotide pairs from one 
another.

(4) As in bacteria, replication forks are formed in pairs and 
create replication bubble as they move in opposite 
directions.

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• In Eukaryotes, DNA Replication Takes Place During 
Only One Part of the Cell Cycle
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the Cell Cycle

In most eucaryotic cells, DNA replication occurs only 
during S phase.

In a mammalian cell, the S phase: about 8 hours

In simpler eucaryotic cells such as yeasts, the S phase: 40 
minutes.

In Eucaryotes DNA Replication Takes Place 
During Only One part of the Cell Cycle



THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• Different Regions on the Same Chromosome 
Replicate at Distinct Times in S Phase

Figure 5-31  Molecular Biology of the Cell (© Garland Science 2008)

Different Regions on the Same Chromosome Replicate 
at Distinct Times in the S Phase

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• A Large Multisubunit Complex Binds to Eukaryotic 
Origins of Replication
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The replication origins in eucaryotic chromosomes to be 
specific DNA sequence as Bacterial cells.

A strategy used to identify DNA sequences that are 
sufficient for initiating DNA replication: ARS

Well-defined DNA Sequences Serve as Replication 
Origins in a

Simple Eucaryote, the Budding Yeast

A Large Multisubunit Complex Binds to Eukaryotic Origins of 
Replication

DNA sequence that can serve as an origin of replication

(l) a binding site for a large, multisubunit initiator protein 
called ORC, for origin recognition complex

(2) a stretch of DNA that is rich in As and Ts and therefore 
easy to unwind

(3) at least one binding site for proteins that help attract 
ORC to the origin DNA

The mechanism of DNA replication initiation in eucaryotes

A Large Multi-subunit Complex Binds to Eucaryotic 
Origins of Replication

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• Features of the Human Genome That Specify 
Origins of Replication Remain to Be Discovered



Compared with the situation in budding yeasts, DNA 
sequences that specify replication origins in other 
eucaryotes have been more difficult to define.

Specific human DNA sequences, each serve thousand 
nucleotide pairs in length are sufficient to serve as 
replication origins.

These origins continue to function when moved to a 
different chromosomal region by recombinant DNA 
methods.

Features of the Human Genome That Specify Origins of 
Replication Remain to Be Discovered

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• New Nucleosomes Are Assembled Behind the 
Replication Fork

Figure 5-38a  Molecular Biology of the Cell (© Garland Science 2008)

New Nucleosomes Are Assembled Behind the Replication 
Fork

Figure 5-38b  Molecular Biology of the Cell (© Garland Science 2008)



New Nucleosomes Are Assembled Behind the Replication Fork THE INITIATION AND COMPLETION OF DNA 
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• Telomerase Replicates the Ends of Chromosomes
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Bacteria: circular DNA molecules as chromosomes.

Eucaryotes: “Solve this problem in an ingenious way”

• Special repetitive tamdem nucleotide sequences (GGGGTTA) 

at the ends of chromosomes which are incorporated into telomeres 
(about 1,000 times). 

‘end-replication problem’ 

: there is no place to lay down the RNA 
primer needed to start the Okazaki 
fragment!

 Telomerase

• Attracted by the telomeric DNA sequences.

• Having RNA template as a part of the enzyme.

• A large protein-RNA complex.

• Replenishes the nucleotides in 5’-to-3’ direction, which are lost 

each time a eucaryotic chromosome is duplicated.

• Contains reverse transcriptase domain (from RNA to DNA).

• The length of telomere sequences is balanced.

• The repetitive DNA sequences then acts as a template.

The Function of  Telomerase

 Allows replication: of chromosome ends.

 Protection: distinguishes from the double-strand break.

 Replicative cell senescence: provide a safeguard against the uncontrolled 

cell proliferation.

Human fibroblast (섬유아(芽) 세포) proliferates for 60 cell division.
Produce only low levels of telomerases.
Telomeres gradually shorten each time they divide.

When inserting an active telomerase gene, telomere length is maintained 

and cells continue to proliferate indefinitely.
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Telomeres Are Packaged Into Specialized Structures That Protect the 
Ends of Chromosomes

An additional end problem

Telomeres must clearly be distinguished from the accidental 
breaks; otherwise the cell will attempt to “repair” telomeres, 
causing chromosome fusions and other genetic abnormalities. 

The protruding end attracts a group of proteins that form a 
protective chromosome cap known as shelterin, which “hides” 
telomeres from the cell’s damage detectors.



THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES

• Telomere Length Is Regulated by Cells and 
Organisms

Telomere Length Is Regulated by Cells and Organisms

Summary

• The proteins that initiate DNA replication bind to 
DNA sequences at a replication origin to catalyze the 
formation of a replication bubble with two outward-
moving replication forks. The process begins when 
an initiator protein–DNA complex is formed that 
subsequently loads a DNA helicase onto the DNA 
template. Other pro- teins are then added to form 
the multienzyme “replication machine” that 
catalyzes DNA synthesis at each replication fork. 

• In bacteria and some simple eukaryotes, replication 
origins are specified by spe- cific DNA sequences 
that are only several hundred nucleotide pairs long. 
In other eukaryotes, such as humans, the sequences 
needed to specify an origin of DNA replication seem 
to be less well defined, and the origin can span 
several thousand nucleotide pairs.

Summary

• Bacteria typically have a single origin of replication in a 
circular chromosome. With fork speeds of up to 1000 
nucleotides per second, they can replicate their genome in 
less than an hour. Eukaryotic DNA replication takes place 
in only one part of the cell cycle, the S phase. The 
replication fork in eukaryotes moves about 10 times more 
slowly than the bacterial replication fork, and the much 
longer eukary- otic chromosomes each require many 
replication origins to complete their replica- tion in an S 
phase, which typically lasts for 8 hours in human cells. 
The different replication origins in these eukaryotic 
chromosomes are activated in a sequence, determined in 
part by the structure of the chromatin, with the most 
condensed regions of chromatin typically beginning their 
replication last. After the replication fork has passed, 
chromatin structure is re-formed by the addition of new 
histones to the old histones that are directly inherited by 
each daughter DNA molecule.



Summary

• Eukaryotes solve the problem of replicating the 
ends of their linear chromosomes with a 
specialized end structure, the telomere, 
maintained by a special nucleotide polymerizing 
enzyme called telomerase. Telomerase extends one 
of the DNA strands at the end of a chromosome by 
using an RNA template that is an integral part of 
the enzyme itself, producing a highly repeated DNA 
sequence that typically extends for thousands of 
nucleotide pairs at each chromosome end. 
Telomeres have specialized structures that 
distinguish them from broken ends of 
chromosomes, ensuring that they are not 
mistakenly repaired.

DNA REPAIR

• Introduction

Introduction
DNA REPAIR

• Without DNA Repair, Spontaneous DNA Damage 
Would Rapidly Change DNA Sequences



Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences

Figure 5–37 A summary of spontaneous alterations that require DNA repair. 
The sites on each nucleotide modified by spontaneous oxidative damage (red arrows), hydrolytic attack (blue 
arrows), and methylation (green arrows) are shown, with the width of each arrow indicating the relative 
frequency of each event 

Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences
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Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences



Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences

Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences

Depurination & Deamination 
• The most frequent chemical reactions.

• Create serious DNA damage in cells.

• Depurination
• Release guanine as well as adenine from DNA (does not break 

the phosphodiester backbone).

• Spontaneous reaction: 1012 (10조개) purines will be 
lost.

• Deamination 
• Converts cytosine to Uracil.
• Spontaneous reaction.

UV radiation in sunlight

• Thymine dimer

• Two adjacent thymine bases attached to one another.

• Stall the DNA replication machinery at the site of the 
damage.

• Xeroderma pigmentosum (색소건피증): cannot 
repair thymine dimers, because they have inherited a defective 
gene for one of proteins involved in the repair process (skin cancer).



Bisulfite sequencing
Treatment of DNA with bisulfite converts cytosine residues to uracil, but leaves 5-methylcytosine 
residues unaffected.

DNA REPAIR

• The DNA Double Helix Is Readily Repaired

•The DNA Double Helix carries two separate 
copies of all the genetic information.

•All cells use it; only a few small viruses use single-
strand DNA or RNA as their genetic material.

DNA REPAIR

• DNA Damage Can Be Removed by More Than One 
Pathway
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DNA Damage Can Be Removed by More Than One Pathway

Figure 5–42 The recognition of an unusual nucleotide in DNA by base- flipping. The DNA glycosylase 
family of enzymes recognizes specific inappropriate bases in the conformation shown. Each of these 
enzymes cleaves the glycosyl bond that connects a particular recognized base (yellow) to the backbone 
sugar, removing it from the DNA. (A) Stick model; (B) space-filling model.

3 steps Key enzyme process

Excision* Nuclease The damaged DNA is 
recognized and removed

Resynthsis Repair DNA 
polymerase

Binds to the 3’-hydroxyl end 
of the cut and fills in the gap

Ligation DNA ligase The nick in the helix is sealed.

* A series of different enzymes, each specialized for removing 
different types of DNA damage.



The importance of repair process

• The large investment that cells make in DNA repair enzymes.

•  Yeast cells contain more than            different proteins.

• DNA repair pathways are even more complex in humans.
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DNA REPAIR

• Coupling Nucleotide Excision Repair to 
Transcription Ensures That the Cell’s Most 
Important DNA Is Efficiently Repaired

Cells have a way of directing DNA repair to the DNA 
sequences that are most urgently needed.

 

RNA polymerase stalls at DNA lesions and, through the use of 
coupling proteins, directs the excision repair machinery to 
these sites.

Coupling Nucleotide Excision Repair to 
Transcription Ensures That the Cell’s Most 
Important DNA Is Efficiently Repaired Cockayne syndrome

Caused by a defect in transcription-coupled excision repair. 

These individuals suffer from growth retardation, skeletal abnormalities, progressive neural 
retardation, and severe sensitivity to sunlight. 

Most of these problems are thought to arise from RNA polymerase molecules that 
become permanently stalled at sites of DNA damage that lie in important 
genes.



Coupling Nucleotide Excision Repair to Transcription Ensures That the Cell’s Most Important DNA Is 
Efficiently Repaired

DNA REPAIR

• The Chemistry of the DNA Bases Facilitates 
Damage Detection

The Chemistry of the DNA Bases Facilitates Damage Detection The Chemistry of the DNA Bases Facilitates Damage Detection

(B) About 3% of the C nucleotides in vertebrate DNAs are methylated to help in controlling gene 
expression (discussed in Chapter 7). When these 5-methyl C nucleotides are accidentally deaminated, 
they form the natural nucleotide T. However, this T will be paired with a G on the opposite strand, 
forming a mismatched base pair. 



DNA REPAIR

• Special Translesion DNA Polymerases Are Used in 
Emergencies

Special Translesion DNA Polymerases Are Used in Emergencies

Translesion DNA polymerases

1.  A replicative polymerase stalled at a site of DNA damage is recognized by 
the cell as needing rescue. 

2. Specialized enzymes covalently modify the sliding clamp (typically, it is 
ubiquitylated) which releases the replicative DNA polymerase

3.  Attracts a translesion polymerase specific to that type of damage. 

4. Once the damaged DNA is bypassed, the covalent modification of the 
clamp is removed, the translesion polymerase dissociates, and the replicative polymerase is 
brought back into play.

DNA REPAIR

• Double-Strand Breaks Are Efficiently Repaired



Double-Strand Breaks Are Efficiently Repaired Double-Strand Breaks Are Efficiently Repaired

Figure 5–46 Nonhomologous end joining. (A) A central role is played by the Ku protein, a heterodimer that 
grasps the broken chromosome ends. The additional proteins shown are needed to hold the broken ends 
together while they are processed and eventually joined covalently. 

Double-Strand Breaks Are Efficiently Repaired

(B) Three-dimensional structure of a Ku heterodimer bound to the end of a duplex DNA fragment. The Ku 
protein is also essential for V(D)J joining, a specific recombination process through which antibody and T 
cell receptor diversity is generated in developing B and T cells (discussed in Chapter 24). V(D)J joining 
and nonhomologous end joining show many similarities in mechanism but the former relies on specific 
double-strand breaks produced deliberately by the cell. (B, from J.R. Walker, R.A. Corpina, and J. 
Goldberg, Nature 412:607–614, 2001. With permission from Macmillan Publishers Ltd.) 

• Double-strand breaks 
• A particularly dangerous type of DNA damage

• Leave no intact template strand.

• Ionizing radiation, mishaps at replication fork, strong 
oxidizing agents, and metabolites produced in the cells.

• Non-homologous end-joining
• Two broken ends are simply rejoined.
• Nucleotides are usually lost.
• Quick and dirty mechanism.



• DNA replication, repair mechanisms maintain the nucleotide sequences with 

little change.

• However, what happens when a double-strand break occurs?

•Homologous recombination
• The exchange of genetic information between a pair of 

homologous chromosomal DNA (Repair process).

•Genetic variation is also important to allow organisms to evolve 

(Genetic diversity during meiosis)

Homologous Recombination 
(상동�재조합)

Homologous recombination requires extensive 
regions of sequence similarity

• It promotes the exchange of DNA sequences between 
chromosomes.

• It takes place only between DNA duplexes.

• The match need not be perfect for homologous recombination to succeed, 

but it must be very close.

• It is often initiated when a double-strand break occurs 
shortly after a stretch of DNA has been replicated.

• At that time, the duplicated helices are still 
in close proximity to one another.

DNA REPAIR

• DNA Damage Delays Progression of the Cell Cycle



Summary

• Genetic information can be stored stably in DNA 
sequences only because a large set of DNA repair 
enzymes continuously scan the DNA and replace 
any damaged nucleotides. Most types of DNA 
repair depend on the presence of a separate copy 
of the genetic information in each of the two 
strands of the DNA double helix. An accidental 
lesion on one strand can therefore be cut out by a 
repair enzyme and a corrected strand 
resynthesized by reference to the information in 
the undamaged strand.

Summary

• Most of the damage to DNA bases is excised by one of two 
major DNA repair pathways. In base excision repair, the 
altered base is removed by a DNA glycosylase enzyme, 
followed by excision of the resulting sugar phosphate. In 
nucleotide exci- sion repair, a small section of the DNA 
strand surrounding the damage is removed from the DNA 
double helix as an oligonucleotide. In both cases, the gap 
left in the DNA helix is filled in by the sequential action of 
DNA polymerase and DNA ligase, using the undamaged 
DNA strand as the template. Some types of DNA damage 
can be repaired by a different strategy—the direct 
chemical reversal of the damage— which is carried out by 
specialized repair proteins. When DNA damage is 
excessive, a special class of inaccurate DNA polymerases, 
called translesion polymerases, is used to bypass the 
damage, allowing the cell to survive but sometimes 
creating per- manent mutations at the sites of damage.

Summary

• Other critical repair systems—based on either 
nonhomologous end joining or homologous 
recombination—reseal the accidental double-strand 
breaks that occur in the DNA helix. In most cells, 
an elevated level of DNA damage causes a delay in 
the cell cycle, which ensures that DNA damage is 
repaired before a cell divides.



HOMOLOGOUS RECOMBINATION

• Homologous Recombination Has Common Features 
in All Cells

HOMOLOGOUS RECOMBINATION

• DNA Base-Pairing Guides Homologous 
Recombination

DNA Base-Pairing Guides Homologous Recombination

Figure 5–47 DNA hybridization. DNA double helices can re-form from their separated strands in a 
reaction that depends on the random collision of two complementary DNA strands. The vast majority of 
such collisions are not productive, as shown on the left, but a few result in a short region where 
complementary base pairs have formed (helix nucleation). A rapid zippering then leads to the formation of 
a complete double helix. Through this trial-and-error process, a DNA strand will find its complementary 
partner even in the midst of millions of nonmatching DNA strands. 

HOMOLOGOUS RECOMBINATION

• Homologous Recombination Can Flawlessly Repair 
Double-Strand Breaks in DNA



Homologous Recombination Can Flawlessly Repair Double-Strand 
Breaks in DNA

• A special enzyme cuts both strands of the double helix, creating a 
complete break.

• The 5’ end are then chewed back by a DNA-digesting enzyme, 

creating protruding single-stranded 3’ ends.

• Each of these single strands then searches for a homologous 

DNA helix, leading to the formation of a “joint molecule”.

Homologous recombination begins with a 
double strand break in a chromosome.

HOMOLOGOUS RECOMBINATION

• Strand Exchange Is Carried Out by the RecA/Rad51 
Protein

Strand Exchange Is Carried Out by the RecA/Rad51 Protein



• How does the invading single strand rapidly sample a 
DNA duplex for homology? 

• Once the homology is found, how does the exchange 
occur? 

• How is the inherent stability of the template double 
helix overcome?

Of all the steps of homologous recombination, 
strand exchange is the most difficult to imagine

HOMOLOGOUS RECOMBINATION

• Homologous Recombination Can Rescue Broken 
DNA Replication Forks

Homologous Recombination Can Rescue Broken DNA Replication 
Forks

• The most important role of Homologous 
Recombination is in rescuing stalled or broken DNA 
replication forks.

• A single-strand nick or gap in the parental DNA helix 
just ahead of a replication fork can be flawlessly repaired 
with slight modifications.

Homologous Recombination Can Rescue Broken 
DNA Replication Forks



HOMOLOGOUS RECOMBINATION

• Cells Carefully Regulate the Use of Homologous 
Recombination in DNA Repair

Cells Carefully Regulate the Use of Homologous Recombination in 
DNA Repair

Figure 5–51 Structure of a portion of the Rad52 protein. This doughnut-shaped structure is composed of 11 
subunits. Single-strand DNA has been modeled into the deep groove running along the protein surface. 
Rad52 helps load Rad51 onto single-strand DNA to form the nucleoprotein filament that carries out strand 
exchange. Rad52 also acts later to re-form the double helix and complete the homologous recombination 
reaction.

Cells Carefully Regulate the Use of Homologous Recombination in 
DNA Repair

Figure 5–52 Experiment demonstrating the rapid 
localization of repair proteins to DNA double-strand 
breaks. 

Human fibroblasts were x-irradiated to produce DNA 
double-strand breaks. Before the x-rays struck the cells, 
they were passed through a microscopic grid with x-
ray-absorbing “bars” spaced 1 µm apart. This produced 
a striped pattern of DNA damage, allowing a 
comparison of damaged and undamaged DNA in the 
same nucleus. 

(A) Total DNA in a fibroblast nucleus stained with the 
dye DAPI. (B) Sites of new DNA synthesis due to 
repair of DNA damage, indicated by incorporation of 
BudR (a thymidine analog) and subsequent staining 
with fluorescently labeled antibodies to BudR (green). 
(C) Localization of the Mre11 complex to damaged 
DNA as visualized by antibodies against the Mre11 
subunit (red). Mre11 is a nuclease that processes 
damaged DNA in preparation for homologous 
recombination (see Figure 5–48). (A), (B), and (C) 
were processed 30 minutes after x-irradiation. (From 
B.E. Nelms et al., Science 280:590– 592, 1998. With 
permission from AAAS.)

• HR sometimes “repairs” damage using the wrong bit of the genome 
as the template. 

Loss of heterozygosity

• When a broken human chromosome is “repaired” using the homolog from the 
other parent instead of the sister chromatid as the template.

• If the homolog used for repair contains a deleterious mutation, it can have severe 

consequences; a critical step in the formation of many cancers.

Cells Carefully Regulate the Use of Homologous 
Recombination in DNA Repair



• The loading of RecA or Rad52 onto the processed 
DNA ends and the subsequent strand-exchange 
reaction are tightly controlled.

• The enzymes that catalyze recombinational repair are 
made at relatively high levels in eukaryotes and are 
dispersed throughout the nucleus in an inactive form. 

• In response to DNA damage, repair enzymes rapidly 
converge on the sites of DNA damage, become 
activated, and form “repair factories” where many 
lesions are apparently brought together and repaired.

HOMOLOGOUS RECOMBINATION

• Homologous Recombination Is Crucial for Meiosis

Homologous Recombination Is Crucial for Meiosis

• Meiosis is the process by which a diploid cell gives rise 
to four haploid germ cells.

• Meiosis produces germ cells in which the paternal and 
maternal genetic information (red and blue) has been 
reassorted through chromosome crossovers. In 
addition, many short regions of gene conversion occur, 
as indicated. 

Chromosome crossing-over occurs in meiosis



HOMOLOGOUS RECOMBINATION

• Meiotic Recombination Begins with a Programmed 
Double-Strand Break

Meiotic Recombination Begins with a Programmed Double-Strand 
Break

Meiotic Recombination Begins with a Programmed Double-Strand 
Break

• HR in meiosis starts with a bold stroke: a specialized 
protein (called Spo11 in budding yeast) breaks both 
strands of the DNA double helix.

• Several meiosis-specific proteins direct them to perform 
their tasks somewhat differently.

• In meiosis, recombination occurs preferentially between 
maternal and paternal chromosomal homologs.

Meiotic Recombination Begins with a 
Programmed Double-Strand Break



HOMOLOGOUS RECOMBINATION

• Holliday Junctions Are Formed During Meiosis

Holliday Junctions Are Formed During Meiosis

Holliday Junctions Are Formed During Meiosis

D) Structure of the Holliday junction in the open form depicted in (B). The Holliday 
junction is named for the scientist who first proposed its formation. (PDB code: 1DCW.) 



Holliday Junctions Are Formed During Meiosis Holliday Junctions Are Formed During Meiosis

Figure 5–57 Enzyme-catalyzed branch movement at a Holliday junction by branch migration. In E. coli, a 
tetramer of the RuvA protein (green) and two hexamers of the RuvB protein (yellow) bind to the open form of 
the junction. The RuvB protein, which resembles the hexameric helicases used in DNA replication (Figure 5–
14), uses the energy of ATP hydrolysis to spool DNA rapidly through the Holliday junction, extending the 
heteroduplex region as shown. The RuvA protein coordinates this movement, threading the DNA strands to 
avoid tangling. (PDB codes: 1IXR, 1C7Y.) 

• Each Holliday junction can adopt multiple conformations 
and a special set of recombination proteins binds to, and 
thereby stabilizes, the open, symmetric isomer.

• Specialized proteins that bind to Holliday junctions can 
catalyze a reaction known as branch migration, whereby 
DNA is spooled through the Holliday junction by 
continually breaking and re-forming base pairs.

Holliday junction or cross-strand exchange

HOMOLOGOUS RECOMBINATION

• Homologous Recombination Produces Both 
Crossovers and Non-Crossovers During Meiosis



Homologous Recombination Produces Both Crossovers and Non-
Crossovers During Meiosis

Figure 5–58 Heteroduplexes formed during meiosis. Heteroduplex DNA is present at sites of 
recombination that are resolved either as crossovers or non-crossovers. Because the DNA sequences of 
maternal and paternal chromosomes differ at many positions along their lengths, heteroduplexes often 
contain a small number of base-pair mismatches. 

HOMOLOGOUS RECOMBINATION

• Homologous Recombination Often Results in Gene 
Conversion

Homologous Recombination Often Results in Gene Conversion

• In sexually reproducing organisms, it is a fundamental 
law of genetics that—aside from mitochondrial DNA, 
which is inherited only through the mother—each 
parent makes an equal genetic contribution to an offspring. 

• Alternative versions of the same gene are called alleles, 
and it is the divergence from their expected 
distribution during meiosis that is known as gene 
conversion.

Homologous Recombination Often Results in 
Gene Conversion



• Heteroduplex DNA is formed at the sites of homologous recombination 
between maternal and paternal chromosomes. If the maternal and paternal DNA 

sequences are slightly different, the heteroduplex region will include some 
mismatched base pairs, which may then be corrected by the DNA 
mismatch repair machinery. 

• Such repair can “erase” nucleotide sequences on either the paternal or the 

maternal strand. The consequence of this mismatch repair is gene 
conversion, detected as a deviation from the segregation of equal copies of 
maternal and paternal alleles that normally occurs in meiosis.

Summary

• Homologous recombination describes a flexible set of 
reactions resulting in the exchange of DNA sequences 
between a pair of identical or nearly identical duplex DNA 
molecules. In all cells, this process is essential for the error-
free repair of chromosome damage, particularly double-
strand breaks and broken or stalled replication forks. 
Homologous recombination is also responsible for the 
crossing-over of chromosomes that occurs during meiosis. 
Homologous recombination takes place through a variety of 
pathways, but they have in common a strand-exchange 
step whereby a single strand from one DNA duplex invades 
a second duplex and base- pairs with one strand while 
displacing the other. This reaction, catalyzed by the RecA/
Rad51 family of proteins, can only occur if the invading 
strand can form a short stretch of consecutive nucleotide 
pairs with one of the strands of the duplex. This 
requirement ensures that homologous recombination occurs 
only between identical or very similar DNA sequences.

Summary

• When used as a repair mechanism, homologous 
recombination occurs between a damaged DNA 
molecule and its recently duplicated sister molecule, 
with the undamaged duplex acting as a template to 
repair the damaged copy flawlessly. 

• In meiosis, homologous recombination is initiated by 
deliberate, carefully regulated double-strand breaks and 
occurs preferentially between the homologous chro- 
mosomes rather than the newly replicated sister 
chromatids. The outcome can be either two 
chromosomes that have crossed over (that is, 
chromosomes in which the DNA on either side of the 
site of DNA pairing originates from two different homo- 
logs) or two non-crossover chromosomes. In the latter 
case, the two chromosomes that result are identical to 
the original two homologs, except for relatively minor 
DNA sequence changes at the site of recombination.

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Through Transposition, Mobile Genetic Elements 
Can Insert Into Any DNA Sequence



• Transposition (also called transpositional 
recombination).

• Conservative site-specific recombination—that do not 
require substantial regions of DNA homology.

• Virtually all cells contain mobile genetic elements 
(known informally as “jumping genes”).

Mobile genetic elements

• Molecular parasites (they are also termed “selfish DNA”).

• Mobile genetic elements have benefits to the cell

• Antibiotic resistance in bacterial cells.

• Genetic variants upon which evolution depends. 

• Thus, spontaneous mutations observed in Drosophila, 
humans, and other organisms are often due to the 
movement of mobile genetic elements. 

Mobile genetic elements

• Mobile elements that move by way of transposition are 
called transposons, or transposable elements.

• A transposase, acts on specific DNA sequences at each 
end of the transposon, causing it to insert into a new 
target DNA site.

• In bacteria, transposons typically move once every 105 cell 
divisions. More frequent movement would probably 
destroy the host cell’s genome.

Through Transposition, Mobile Genetic Elements 
Can Insert Into Any DNA Sequence

Through Transposition, Mobile Genetic Elements Can Insert Into Any 
DNA Sequence
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TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• DNA-Only Transposons Can Move by a Cut-and-
Paste Mechanism

DNA-Only Transposons Can Move by a Cut-and-Paste Mechanism

Figure 5–60 Three of the many DNA-only transposons found in bacteria. 

Each of these mobile DNA elements contains a gene that encodes a transposase, an enzyme that carries out 
the DNA breakage and joining reactions needed for the element to move. Each transposon also carries short 
DNA sequences (indicated in red) that are recognized only by the transposase encoded by that element 
and are necessary for movement of the element. In addition, two of the three mobile elements shown carry 
genes that encode enzymes that inactivate the antibiotics ampicillin (AmpR)—a penicillin derivative—and 
tetracycline (TetR). The transposable element Tn10, shown in the bottom diagram, is thought to have evolved 
from the chance landing of two much shorter mobile elements on either side of a tetracycline-resistance gene. 

DNA-Only Transposons Can Move by a Cut-and-Paste Mechanism TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Some Viruses Use a Transposition Mechanism to 
Move Themselves Into Host-Cell Chromosomes



Some Viruses Use a Transposition Mechanism to Move Themselves 
Into Host-Cell Chromosomes

• Found only in eucaryotic cells.

• Resembles retrotransposon.

• DNA is synthesized using RNA as a template by ‘reverse transcriptase’ 
encoded by retroviral genome.

• The life cycle of retrovirus includes reverse transcription + 
integration into the host genome.

• Retrovirus

•HIV (human immunodeficiency virus, causing AIDS) genome 

can persist in the latent state as a DNA provirus.

• The retroviral DNA is inserted, or integrated into a randomly selected site in the 

host genome by a ‘integrase’ enzyme 

(Retroviral integrase (IN) is an enzyme produced by a retrovirus (such as HIV))

• This ability of the virus to hide within host cells complicates any 
attempt to treat the infection with antiviral drugs.

• AIDS ‘viral reverse transcriptase’ is one of the prime target of drug 
development.

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Retroviral-like Retrotransposons Resemble 
Retroviruses, but Lack a Protein Coat



These elements are present in organisms as diverse as 
yeasts, flies, and mammals; unlike viruses, they have no 
intrinsic ability to leave their resident cell but are passed 
along to all descendants of that cell through the normal 
processes of DNA replication and cell division.

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• A Large Fraction of the Human Genome Is 
Composed of Nonretroviral Retrotransposons

A Large Fraction of the Human Genome Is Composed of Nonretroviral 
Retrotransposons

L1 elements

• A highly repeated sequence.
• LINE (long interspersed nuclear element)

•  cf. SINE (short interspersed nuclear element)

• Together the LINEs and SINEs make up over 30% of the human genome .

• 500,000 copies of LINEs and over a million of SINEs.

• Most copies are immobile (accumulation of mutations).

• Translocation of L1 can sometimes result in human disease:  
• Hemophilia (血友病): is caused by insertion of an L1 element into 

Factor VIII gene (essential for proper blood clotting).



Alu sequence
• Present in about 1 million copies in our genome. 

• Do not encode their own reverse transcriptase.

L1 and Alu sequence
• Have proliferated in primates relatively recently in evolutionary time.

• Must have had major effects on the expression of many of our genes

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Different Transposable Elements Predominate in 
Different Organisms

• Bacteria: DNA-only types.

• Yeast: Retroviral-like retrotransposons. 

• Drosophila: DNA-based, retroviral, and nonretroviral 
transposons

• Human: contains all three types of transposon, but their 
evolutionary histories are strikingly different.

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Genome Sequences Reveal the Approximate Times 
at Which Transposable Elements Have Moved



• The DNA-only transposons appear to have been very active 
well before the divergence of humans and Old World 
monkeys (25–35 million years ago).

• Only a single family of retroviral-like retrotransposons is 
believed to have transposed in the human genome since 
the divergence of human and chimpanzee approximately 
6 million years ago.

• The nonretroviral retrotransposons are also ancient, but 
some are still moving in our genome; de novo movement 
of an Alu element is seen once in every 100–200 human 
births.

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Conservative Site-Specific Recombination Can 
Reversibly Rearrange DNA

Conservative Site-Specific Recombination Can Reversibly Rearrange 
DNA

• (A) Through an integration reaction, a circular DNA 
molecule can become incorporated into a second DNA 
molecule; by the reverse reaction (excision), it can exit to 
re-form the original DNA circle. Many bacterial viruses 
move in and out of their host chromosomes in this way.

• (B) Conservative site-specific recombination can also 
invert a specific segment of DNA in a chromosome. A 
well-studied example of DNA inversion through site-
specific recombination occurs in the bacterium Salmonella 
typhimurium, an organism that is a major cause of food 
poisoning in humans.



TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Conservative Site-Specific Recombination Can Be 
Used to Turn Genes On or Off

Conservative Site-Specific Recombination Can Be Used to Turn Genes 
On or Off

Figure 5–65 Switching gene expression by DNA inversion in bacteria. Alternating transcription of two 
flagellin genes in a Salmonella bacterium is caused by a conservative site-specific recombination event that 
inverts a small DNA segment containing a promoter. 

TRANSPOSITION AND CONSERVATIVE SITE-
SPECIFIC RECOMBINATION

• Bacterial Conservative Site-Specific Recombinases 
Have Become Powerful Tools for Cell and 
Developmental Biologists

Bacterial Conservative Site-Specific Recombinases Have Become 
Powerful Tools for Cell and Developmental Biologists



Bacterial Conservative Site-Specific Recombinases Have Become 
Powerful Tools for Cell and Developmental Biologists

• This approach requires the insertion of two specially 
engineered DNA molecules into the animal’s germ line. 
The first contains the gene for a recombinase (in this 
case, the Cre recombinase from the bacteriophage P1) 
under the control of a tissue-specific promoter, which 
ensures that the recombinase is expressed only in that 
tissue. 

• The second DNA molecule contains the gene of interest 
flanked by recognition sites (in this case, LoxP sites) for the 
recombinase. The mouse is engineered so that this is the 
only copy of this gene. Therefore, if the recombinase is 
expressed only in the liver, the gene of interest will be deleted 
there, and only there. 

Summary

• The genomes of nearly all organisms contain 
mobile genetic elements that can move from one 
position in the genome to another by either 
transpositional or conservative site-specific 
recombination processes. In most cases, this 
movement is random and happens at a very low 
frequency. Mobile genetic elements include 
transposons, which move within a single cell (and 
its descendants), plus those viruses whose 
genomes can integrate into the genomes of their 
host cells.

Summary

• There are three classes of transposons: the DNA-
only transposons, the retroviral-like 
retrotransposons, and the nonretroviral 
retrotransposons. All but the last have close 
relatives among the viruses. Although viruses and 
transposable elements can be viewed as parasites, 
many of the new arrangements of DNA sequences 
that their site-specific recombination events 
produce have played an important part in creating 
the genetic variation crucial for the evolution of 
cells and organisms.


