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Extra questions

How is heterochromatin attached to the nuclear lamina? 

• The nuclear lamina interacts with heterochromatin through proteins. This anchors 
silent chromatin at the nuclear periphery.


• The nuclear periphery is generally a transcriptionally repressive environment. By 
tethering heterochromatin there, the cell ensures genes in these regions remain 
silent.


 
The arrangement creates a functional separation:

•Euchromatin (active, loosely packed) is often more central in the nucleus.

•Heterochromatin (inactive, dense) is peripheral, adjacent to the lamina.
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Extra questions

What is the difference between FISH and chromosome painting 

• Both FISH and chromosome painting are cytogenetic techniques that rely on fluorescent probes to visualize DNA 
sequences, but they differ in scope, purpose, and resolution.


FISH (Fluorescence In Situ Hybridization) 
•  Definition: A technique where fluorescently labeled DNA probes bind (hybridize) to specific DNA sequences on chromosomes.

•  Scope: Can target small, specific DNA sequences—for example, a single gene, a locus, or even repetitive sequences.

•  Resolution: High—can detect specific genes or small chromosomal abnormalities like microdeletions, duplications, or 
translocations.

•  Uses:

◦ Location of a given DNA sequence in the nucleus 

◦ Diagnosing genetic disorders (e.g., Down syndrome, DiGeorge syndrome).

◦ Detecting cancer-associated chromosomal rearrangements (e.g., BCR-ABL fusion in leukemia).

◦ Identifying copy number variations.
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Extra questions

What is the difference between FISH and chromosome painting 

Chromosome Painting (a type of FISH) 
•  Definition: A special application of FISH where entire chromosomes (or large chromosomal regions) are 
“painted” with fluorescent probes that cover their full length.

•  Scope: Whole chromosomes—probes are made from DNA libraries spanning an entire chromosome.

•  Resolution: Lower than gene-specific FISH, since it labels the whole chromosome rather than pinpointing a 
small locus.

•  Uses:

◦ Identifying structural chromosomal abnormalities (e.g., translocations, insertions, complex rearrangements).

◦ Karyotyping in cancer research.

◦ Studying chromosome evolution across species (comparative genomics).
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Extra questions
What is the difference between biotin or fluorescent probes? 

Biotinylated Probes 
•  How they work:

◦ Probes are labeled with biotin (a vitamin).

◦ After hybridization to the target DNA, a secondary detection step is needed: Biotin is recognized by avidin/streptavidin/
antibody, which are conjugated to a fluorescent dye or an enzyme.


•Advantages:

◦ Signal amplification: Multiple fluorescent molecules can bind to a single biotin, giving a stronger signal—useful for detecting 
low-copy sequences.

◦ Flexibility: The same biotin probe can be detected with different labels (fluorescent or enzymatic).

◦ Stable labeling: Biotinylation is chemically stable and easy to incorporate into probes.


•Disadvantages:

◦ Requires extra steps (hybridization + detection), so more time-consuming.



6

Extra questions
What is the difference between biotin or fluorescent probes? 

Fluorescent-Labeled Probes 
•  How they work:

◦ The probe itself is directly tagged with a fluorescent dye

◦ After hybridization, you can visualize the probe immediately under a fluorescence microscope.


•  Advantages:

◦ Faster and simpler—no secondary detection step.

◦ Lower background compared to biotin-based methods.

◦ Great for high-copy targets (like repetitive sequences or chromosome painting).


•  Disadvantages:

◦ Lower sensitivity (since only one dye per labeled nucleotide).

◦ Less flexible (if you want to change the color, you need to remake the probe).

◦ Fluorescent dyes may photobleach faster.
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Quick recap: genomes



• Evolution depends on accident and mistakes followed by non-random survival


• Failures in the mechanisms by which genomes are copied or repaired


• When errors (mutations) happen in germ cells, they are passed on to the next generation


• Errors are “rare” events: ~ 1 in 108 per generation (implying that each gamete has in average 30 mutations)
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Quick recap: genome evolution

What are the different types of mutations?


• Simple, local changes - point mutations


• Large-scale genome rearrangements - deletions, duplications, inversion, translocations


• In addition, important role of mobile genetic elements
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Fluctuation test
➡ How do we know if mutations are induced by a given condition or if they are random and later selected by 

the given condition?

Luria and Delbrück (1943)
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Fluctuation test
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Quick recap: the human genome



Plan
• Quick recap


• Mobile genetic elements


• Comparing genomes


• The maintenance of DNA sequences


• DNA replication mechanisms
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• All cells contain mobile genetic elements


• Mobile genetic elements


• Typically between few hundreds to tens of thousands base pairs


• Each carries a unique set of genes


• Often, one of these genes catalyses the movement of that element


• They move within the genome


• In the process, they might disrupt the function or alter the regulation of existing genes
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Mobile genetic elements



• They are typically part of the repeated sequences in our genome


• Overtime, random mutations affected their sequence and only a small fraction is still active


• They are considered to be molecular parasites (or selfish DNA) that persist in cells because they cannot get rid of them


• The genes they carry can provide an advantage to the host (e.g. antibiotic resistance in bacteria)


• Over long periods of evolution, mobile genetic elements are considers as drivers of evolution and biodiversity
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Mobile genetic elements
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Transposons
Transposable DNA elements (=transposons) are parasitic DNA sequences that can integrate and spread in the genomes 

they colonise (=one class of mobile genetic element)

https://www.researchgate.net/publication/311653875_Local_Alignment_on_Highly_Unbalanced_DNA_Sequence_Lengths



Transposons
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• Mobile elements that move by transposition are called transposons


• A transposase (usually encoded by the transposon) is an enzyme that acts on specific DNA sequences at each end of the 
transposon, causing it to insert at a new DNA location


• They are typically not very selective in choosing their target site


• Most transposons move rarely


• Transposons belong to 3 large classes, based on their structure and transposition mechanisms



18https://www.onlinebiologynotes.com/transposable-elements-in-eukaryotes/

Transposons
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Transposons

288 Chapter 5:  DNA Replication, Repair, and Recombination

Through Transposition, Mobile Genetic Elements Can Insert Into 
Any DNA Sequence
Mobile elements that move by way of transposition are called transposons, or 
transposable elements. In transposition, a speci!c enzyme, usually encoded 
by the transposon itself and typically called a transposase, acts on speci!c DNA 
sequences at each end of the transposon, causing it to insert into a new target 
DNA site. Most transposons are only modestly selective in choosing their target 
site, and they can therefore insert themselves into many di"erent locations in a 
genome. In particular, there is no general requirement for sequence similarity 
between the ends of the element and the target sequence. Most transposons move 
only rarely. In bacteria, where it is possible to measure the frequency accurately, 
transposons typically move once every 105 cell divisions. More frequent move-
ment would probably destroy the host cell’s genome.

On the basis of their structure and transposition mechanism, transposons 
can be grouped into three large classes: DNA-only transposons, retroviral-like ret-
rotransposons, and nonretroviral retrotransposons. #e di"erences among them 
are brie$y outlined in Table 5–4, and each class will be discussed in turn.

DNA-Only Transposons Can Move by a Cut-and-Paste 
Mechanism
DNA-only transposons, so named because they exist only as DNA during their 
movement, predominate in bacteria, and they are largely responsible for the 
spread of antibiotic resistance in bacterial strains. When antibiotics like penicillin 
and streptomycin !rst became widely available in the 1950s, most bacteria that 
caused human disease were susceptible to them. Now, the situation is di"erent—
antibiotics such as penicillin (and its modern derivatives) are no longer e"ective 
against many modern bacterial strains, including those causing gonorrhea and 
bacterial pneumonia. #e spread of antibiotic resistance is due largely to genes 

TABLE 5–4 Three Major Classes of Transposable Elements

Class description and structure Specialized enzymes 
required for movement

Mode of movement Examples

DNA-only transposons

Short inverted repeats at each end Transposase Moves as DNA, either 
by cut-and-paste or 
replicative pathways

P element (Drosophila),  
Ac-Ds (maize), Tn3 and Tn10 
(E. coli), Tam3 (snapdragon)

Retroviral-like retrotransposons

Directly repeated long terminal 
repeats (LTRs) at each end

Reverse transcriptase and 
integrase

Moves via an RNA 
intermediate whose 
production is driven by a 
promoter in the LTR

Copia (Drosophila),  
Ty1 (yeast), THE1 (human), 
Bs1 (maize)

Nonretroviral retrotransposons

Poly A at 3ʹ end of RNA transcript;  
5ʹ end is often truncated

Reverse transcriptase and 
endonuclease

Moves via an RNA 
intermediate that is 
often synthesized from a 
neighboring promoter

F element (Drosophila),  
L1 (human), Cin4 (maize)

These elements range in length from 1000 to about 12,000 nucleotide pairs. Each family contains many members, only a few of which are listed 
here. Some viruses can also move in and out of host-cell chromosomes by transpositional mechanisms. These viruses are related to the first two 
classes of transposons.

AAAATTTT

AAAATTTT

AAAATTTT



DNA-only transposons
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• Predominate in bacteria


• Largely responsible for the spread of antibiotic resistance 
- these elements can be moved from one bacteria to the 
other by horizontal gene transfer


• Once inserted in a cell, it will be passed to the progeny


• Cut-and-paste transposition


• The “hole” left by excision is repaired by recombinational 
double-strand break repair


• Short direct repeats around the transposon allow to track 
transposition in genomes
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that encode antibiotic-inactivating enzymes that are carried on transposons (Fig-
ure 5–60). Although these mobile elements can transpose only within cells that 
already carry them, they can be moved from one cell to another through other 
mechanisms known collectively as horizontal gene transfer (see Figure 1–19). 
Once introduced into a new cell, a transposon can insert itself into the genome 
and be faithfully passed on to all progeny cells through the normal processes of 
DNA replication and cell division.

DNA-only transposons can relocate from a donor site to a target site by cut-
and-paste transposition (Figure 5–61). Here, the transposon is literally excised 
from one spot on a genome and inserted into another. !is reaction produces a 
short duplication of the target DNA sequence at the insertion site; these direct 
repeat sequences that "ank the transposon serve as convenient records of prior 
transposition events. Such “signatures” often provide valuable clues in identifying 
transposons in genome sequences.

When a cut-and-paste DNA-only transposon is excised from its original loca-
tion, it leaves behind a “hole” in the chromosome. !is lesion can be perfectly 
healed by recombinational double-strand break repair (see Figure 5–48), pro-
vided that the chromosome has just been replicated and an identical copy of the 
damaged host sequence is available. Alternatively, a nonhomologous end-join-
ing reaction can reseal the break; in this case, the DNA sequence that originally 
"anked the transposon is altered, producing a mutation at the chromosomal site 
from which the transposon was excised (see Figure 5–45).

Remarkably, the same mechanism used to excise cut-and-paste trans-
posons from DNA has been found to operate in developing immune systems of 

TRANSPOSITION AND CONSERVATIVE SITE-SPECIFIC RECOMBINATION
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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. 

Figure 5–61 Cut-and-paste 
transposition. DNA-only transposons can 
be recognized in chromosomes by the 
“inverted repeat DNA sequences” (red) 
present at their ends. These sequences, 
which can be as short as 20 nucleotides, 
are all that is necessary for the DNA 
between them to be transposed by the 
particular transposase enzyme associated 
with the element. The cut-and-paste 
movement of a DNA-only transposable 
element from one chromosomal site to 
another begins when the transposase 
brings the two inverted DNA sequences 
together, forming a DNA loop. Insertion 
into the target chromosome, also catalyzed 
by the transposase, occurs at a random 
site through the creation of staggered 
breaks in the target chromosome (purple 
arrowheads). Following the transposition 
reaction, the single-strand gaps created by 
the staggered breaks are repaired by DNA 
polymerase and ligase (black). As a result, 
the insertion site is marked by a short direct 
repeat of the target DNA sequence, as 
shown. Although the break in the donor 
chromosome (green) is repaired, this 
process often alters the DNA sequence, 
causing a mutation at the original site of the 
excised transposable element (not shown).
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• Some viruses are considered mobile genetic elements 
because they can insert their genome in the host DNA by 
transposition - but they can also infect other cells


• Transposition has a key role for specific viruses like 
retroviruses (e.g. HIV)


• Important role of the retrotranscriptase and integrase


• Retroviral-like retrotransposons move by a similar 
mechanism


1. Transcription of the whole transposon


2. Production of the retrotranscriptase and integrase


3. Double-strand DNA copy from the RNA


4. Integration in the genome by integrase


• They cannot leave their host cell (unlike viruses)

290 Chapter 5:  DNA Replication, Repair, and Recombination

vertebrates, catalyzing the DNA rearrangements that produce antibody and T cell 
receptor diversity. Known as V(D)J recombination, this process will be discussed 
in Chapter 24. Found only in vertebrates, V(D)J recombination is a relatively 
recent evolutionary novelty, but it is believed to be derived from the much more 
ancient cut-and-paste transposons.

Some Viruses Use a Transposition Mechanism to Move 
Themselves Into Host-Cell Chromosomes
Certain viruses are considered mobile genetic elements because they use trans-
position mechanisms to integrate their genomes into that of their host cell. How-
ever, unlike transposons, these viruses encode proteins that package their genetic 
information into virus particles that can infect other cells. Many of the viruses that 
insert themselves into a host chromosome do so by employing one of the !rst two 
mechanisms listed in Table 5–4; namely, by behaving like DNA-only transposons 
or like retroviral-like retrotransposons. Indeed, much of our knowledge of these 
mechanisms has come from studies of particular viruses that employ them.

Transposition has a key role in the life cycle of many viruses. Most notable are 
the retroviruses, which include the human AIDS virus, HIV. Outside the cell, a ret-
rovirus exists as a single-strand RNA genome packed into a protein shell or capsid 
along with a virus-encoded reverse transcriptase enzyme. During the infection 
process, the viral RNA enters a cell and is converted to a double-strand DNA mol-
ecule by the action of this crucial enzyme, which is able to polymerize DNA on 
either an RNA or a DNA template (Figure 5–62). "e term retrovirus refers to the 
virus’s ability to reverse the usual #ow of genetic information, which normally is 
from DNA to RNA (see Figure 1–4).

Once the reverse transcriptase has produced a double-strand DNA mole-
cule, speci!c sequences near its two ends are recognized by a virus-encoded 
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Figure 5–62 The life cycle of a retrovirus. The retrovirus genome consists of an RNA molecule (blue) that is typically between 7000 and 12,000 
nucleotides in length. It is packaged inside a protein capsid, which is surrounded by a lipid-based envelope that contains virus-encoded envelope 
proteins (green). Inside an infected cell, the enzyme reverse transcriptase (red circle) first makes a DNA copy of the viral RNA molecule and then a 
second DNA strand, generating a double-strand DNA copy of the RNA genome. The integration of this DNA double helix into the host chromosome 
is then catalyzed by a virus-encoded integrase enzyme. This integration is required for the synthesis of new viral RNA molecules by the host-cell RNA 
polymerase, the enzyme that transcribes DNA into RNA (discussed in Chapter 6).
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• A significant fraction of vertebrates chromosomes


• A few retained the ability to move


• Need an endonuclease and a reverse transcriptase


• LINEs and SINEs make up over 30% of our genome
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transposase called integrase. Integrase then inserts the viral DNA into the chro-
mosome by a mechanism similar to that used by the cut-and-paste DNA-only 
transposons (see Figure 5–61). 

Retroviral-like Retrotransposons Resemble Retroviruses, but Lack 
a Protein Coat
A large family of transposons called retroviral-like retrotransposons (see Table 
5–4) move themselves in and out of chromosomes by a mechanism that is similar 
to that used by retroviruses. !ese elements are present in organisms as diverse as 
yeasts, "ies, 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. !e #rst step in their trans-
position is the transcription of the entire transposon, producing an RNA copy of 
the element that is typically several thousand nucleotides long. !is transcript, 
which is translated as a messenger RNA by the host cell, encodes a reverse tran-
scriptase enzyme. !is enzyme makes a double-strand DNA copy of the RNA mol-
ecule via an RNA–DNA hybrid intermediate, precisely mirroring the early stages 
of infection by a retrovirus (see Figure 5–62). Like a retrovirus, the linear, dou-
ble-strand DNA molecule then integrates into a site on the chromosome using an 
integrase enzyme that is also encoded by the element. !e structure and mecha-
nisms of these integrases closely resemble those of the transposases of DNA-only 
transposons.

A Large Fraction of the Human Genome Is Composed of 
Nonretroviral Retrotransposons
A signi#cant fraction of many vertebrate chromosomes is made up of repeated 
DNA sequences. In human chromosomes, these repeats are mostly mutated and 
truncated versions of nonretroviral retrotransposons, the third major type of 
transposon (see Table 5–4). Although most of these transposons in the human 
genome are immobile, a few retain the ability to move. Relatively recent move-
ments of the L1 element (sometimes referred to as a LINE or long interspersed 
nuclear element) have been identi#ed, some of which result in human disease; 
for example, a particular type of hemophilia results from an L1 insertion into the 
gene encoding the blood-clotting protein Factor VIII (see Figure 624.

Nonretroviral retrotransposons are found in many organisms and move via a 
distinct mechanism that requires a complex of an endonuclease and a reverse 
transcriptase. As illustrated in Figure 5–63, the RNA and reverse transcriptase 
have a much more direct role in the recombination event than they do in the ret-
roviral-like retrotransposons described above.

Inspection of the human genome sequence reveals that the bulk of nonretro-
viral retrotransposons—for example, the many copies of the Alu element, a mem-
ber of the SINE (short interspersed nuclear element) family—do not carry their 
own endonuclease or reverse transcriptase genes. Nonetheless, they have suc-
cessfully ampli#ed themselves to become major constituents of our genome, pre-
sumably by pirating enzymes encoded by other transposons. Together the LINEs 
and SINEs make up over 30% of the human genome (see Figure 4–62); there are 
500,000 copies of the former and over a million of the latter. 
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Figure 5–63 Transposition by a nonretroviral retrotransposon. 
Transposition of the L1 element (red) begins when an endonuclease attached 
to the L1 reverse transcriptase (green) and the L1 RNA (blue) nick the target 
DNA at the point at which insertion will occur. This cleavage releases a 3ʹ-OH 
DNA end in the target DNA, which is then used as a primer for the reverse 
transcription step shown. This generates a single-strand DNA copy of the 
element that is directly linked to the target DNA. In subsequent reactions, 
further processing of the single-strand DNA copy results in the generation of 
a new double-strand DNA copy of the L1 element that is inserted at the site 
of the initial nick.
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Mobile genetic elements in Humans

https://europepmc.org/article/med/34867957
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Mobile genetic elements in the human genome

218 Chapter 4:  DNA, Chromosomes, and Genomes

mechanisms by which genomes are copied or repaired when damaged, although 
the movement of transposable DNA elements (discussed below) also plays an 
important part. As we will explain in Chapter 5, the mechanisms that maintain 
DNA sequences are remarkably precise—but they are not perfect. DNA sequences 
are inherited with such extraordinary !delity that typically, along a given line of 
descent, only about one nucleotide pair in a thousand is randomly changed in the 
germ line every million years. Even so, in a population of 10,000 diploid individu-
als, every possible nucleotide substitution will have been “tried out” on about 20 
occasions in the course of a million years—a short span of time in relation to the 
evolution of species.

Errors in DNA replication, DNA recombination, or DNA repair can lead either 
to simple local changes in DNA sequence—so-called point mutations such as the 
substitution of one base pair for another—or to large-scale genome rearrange-
ments such as deletions, duplications, inversions, and translocations of DNA from 
one chromosome to another. In addition to these failures of the genetic machin-
ery, genomes contain mobile DNA elements that are an important source of 
genomic change (see Table 5–3, p. 267). "ese transposable DNA elements (trans-
posons) are parasitic DNA sequences that can spread within the genomes they 
colonize. In the process, they often disrupt the function or alter the regulation 
of existing genes. On occasion, they have created altogether novel genes through 
fusions between transposon sequences and segments of existing genes. Over long 
periods of evolutionary time, DNA transposition events have profoundly a#ected 
genomes, so much so that nearly half of the DNA in the human genome consists 
of recognizable relics of past transposition events (Figure 4–62). Even more of our 
genome is thought to have been derived from transpositions that occurred so long 
ago (>108 years) that the sequences can no longer be traced to transposons.

The Genome Sequences of Two Species Differ in Proportion to the 
Length of Time Since They Have Separately Evolved
"e di#erences between the genomes of species alive today have accumulated 
over more than 3 billion years. Although we lack a direct record of changes over 
time, scientists can reconstruct the process of genome evolution from detailed 
comparisons of the genomes of contemporary organisms.

"e basic organizing framework for comparative genomics is the phyloge-
netic tree. A simple example is the tree describing the divergence of humans from 
the great apes (Figure 4–63). "e primary support for this tree comes from com-
parisons of gene or protein sequences. For example, comparisons between the 
sequences of human genes or proteins and those of the great apes typically reveal 
the fewest di#erences between human and chimpanzee and the most between 
human and orangutan.

For closely related organisms such as humans and chimpanzees, it is relatively 
easy to reconstruct the gene sequences of the extinct, last common ancestor of the 
two species (Figure 4–64). "e close similarity between human and chimpanzee 
genes is mainly due to the short time that has been available for the accumulation 
of mutations in the two diverging lineages, rather than to functional constraints 
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Figure 4–62 A representation of the 
nucleotide sequence content of the 
sequenced human genome. The LINEs 
(long interspersed nuclear elements), SINEs 
(short interspersed nuclear elements), 
retroviral-like elements, and DNA-only 
transposons are mobile genetic elements 
that have multiplied in our genome by 
replicating themselves and inserting the 
new copies in different positions. These 
mobile genetic elements are discussed in 
Chapter 5 (see Table 5–3, p. 267). Simple 
sequence repeats are short nucleotide 
sequences (less than 14 nucleotide pairs) 
that are repeated again and again for long 
stretches. Segmental duplications are large 
blocks of DNA sequence (1000–200,000 
nucleotide pairs) that are present at two 
or more locations in the genome. The 
most highly repeated blocks of DNA 
in heterochromatin have not yet been 
completely sequenced; therefore about 
10% of human DNA sequences are not 
represented in this diagram. (Data courtesy 
of E. Margulies.)

Transposable DNA elements (=transposons) are parasitic DNA sequences that can integrate and spread in the genomes 
they colonise
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Using transposons in research
Building Tn-libraries and Tn-Seq

Figure 1: Transposon insertion sequencing method (from Chao et al. 2016)

https://training.galaxyproject.org/training-material/topics/genome-annotation/tutorials/tnseq/tutorial.html#Chao2016
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• Quick recap


• Mobile genetic elements


• Comparing genomes


• The maintenance of DNA sequences


• DNA replication mechanisms
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• Differences in genomes have accumulated over 3 billon years


• Nucleotide substitution rate reflects the time available for the 
accumulation of mutations


• Comparative genomics use phylogenetic trees, built using 
comparison of genes or protein sequences


• Timing has been calibrated with fossil record and mutations 
occur at a nearly constant rate (molecular clock for evolution)


• Some clocks run faster than others 

27

How can we reconstruct evolution?
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How can we reconstruct evolution?
  219

that have kept the sequences the same. Evidence for this view comes from the 
observation that the human and chimpanzee genomes are nearly identical even 
where there is no functional constraint on the nucleotide sequence—such as in 
the third position of “synonymous” codons (codons specifying the same amino 
acid but di!ering in their third nucleotide).

For much less closely related organisms, such as humans and chickens (which 
have evolved separately for about 300 million years), the sequence conservation 
found in genes is almost entirely due to purifying selection (that is, selection that 
eliminates individuals carrying mutations that interfere with important genetic 
functions), rather than to an inadequate time for mutations to occur. 

Phylogenetic Trees Constructed from a Comparison of DNA 
Sequences Trace the Relationships of All Organisms 
Phylogenetic trees based on molecular sequence data can be compared with 
the fossil record, and we get our best view of evolution by integrating the two 
approaches. "e fossil record remains essential as a source of absolute dates, 

HOW GENOMES EVOLVE
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Figure 4–63 A phylogenetic tree 
showing the relationship between 
humans and the great apes based on 
nucleotide sequence data. As indicated, 
the sequences of the genomes of all four 
species are estimated to differ from the 
sequence of the genome of their last 
common ancestor by a little over 1.5%. 
Because changes occur independently 
on both diverging lineages, pairwise 
comparisons reveal twice the sequence 
divergence from the last common 
ancestor. For example, human–orangutan 
comparisons typically show sequence 
divergences of a little over 3%, while 
human–chimpanzee comparisons show 
divergences of approximately 1.2%. 
(Modified from F.C. Chen and W.H. Li,  
Am. J. Hum. Genet. 68:444–456, 2001.)
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Figure 4–64 Tracing the ancestral 
sequence from a sequence comparison 
of the coding regions of human and 
chimpanzee leptin genes. Reading left 
to right and top to bottom, a continuous 
300-nucleotide segment of a leptin-coding 
gene is illustrated. Leptin is a hormone 
that regulates food intake and energy 
utilization in response to the adequacy of 
fat reserves. As indicated by the codons 
boxed in green, only 5 nucleotides (of 
441 total) differ between the two species. 
Moreover, in only one of the five positions 
does the difference in nucleotide lead to 
a difference in the encoded amino acid. 
For each of the five variant nucleotide 
positions, the corresponding sequence in 
the gorilla is also indicated. In two cases, 
the gorilla sequence agrees with the human 
sequence, while in three cases it agrees 
with the chimpanzee sequence. 
  What was the sequence of the leptin gene 
in the last common ancestor? The most 
economical assumption is that evolution 
has followed a pathway requiring the 
minimum number of mutations consistent 
with the data. Thus, it seems likely that 
the leptin sequence of the last common 
ancestor was the same as the human and 
chimpanzee sequences when they agree; 
when they disagree, the gorilla sequence 
would be used as a tiebreaker. For 
convenience, only the first 300 nucleotides 
of the leptin-coding sequences are given. 
The remaining 141 are identical between 
humans and chimpanzees.
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based on radioisotope decay in the rock formations in which fossils are found. 
Because the fossil record has many gaps, however, precise divergence times 
between species are di!cult to establish, even for species that leave good fossils 
with distinctive morphology.

Phylogenetic trees whose timing has been calibrated according to the fos-
sil record suggest that changes in the sequences of particular genes or proteins 
tend to occur at a nearly constant rate, although rates that di"er from the norm 
by as much as twofold are observed in particular lineages. #is provides us with a 
molecular clock for evolution—or rather a set of molecular clocks corresponding 
to di"erent categories of DNA sequence. As in the example in Figure 4–65, the 
clock runs most rapidly and regularly in sequences that are not subject to purifying 
selection. #ese include portions of introns that lack splicing or regulatory signals, 
the third position in synonymous codons, and genes that have been irreversibly 
inactivated by mutation (the so-called pseudogenes). #e clock runs most slowly 
for sequences that are subject to strong functional constraints—for example, the 
amino acid sequences of proteins that engage in speci$c interactions with large 
numbers of other proteins and whose structure is therefore highly constrained, 
or the nucleotide sequences that encode the RNA subunits of the ribosome, on 
which all protein synthesis depends.

Occasionally, rapid change is seen in a previously highly conserved sequence. 
As discussed later in this chapter, such episodes are especially interesting because 
they are thought to re%ect periods of strong positive selection for mutations that 
have conferred a selective advantage in the particular lineage where the rapid 
change occurred.

#e pace at which molecular clocks run during evolution is determined not 
only by the degree of purifying selection, but also by the mutation rate. Most 
notably, in animals, although not in plants, clocks based on functionally uncon-
strained mitochondrial DNA sequences run much faster than clocks based on 
functionally unconstrained nuclear sequences, because the mutation rate in ani-
mal mitochondria is exceptionally high.

Categories of DNA for which the clock runs fast are most informative for recent 
evolutionary events; the mitochondrial DNA clock has been used, for example, to 
chronicle the divergence of the Neanderthal lineage from that of modern Homo 
sapiens. To study more ancient evolutionary events, one must examine DNA for 
which the clock runs more slowly; thus the divergence of the major branches of 
the tree of life—bacteria, archaea, and eukaryotes—has been deduced from study 
of the sequences specifying ribosomal RNA.

In general, molecular clocks, appropriately chosen, have a $ner time resolu-
tion than the fossil record, and they are a more reliable guide to the detailed struc-
ture of phylogenetic trees than are classical methods of tree construction, which 
are based on family resemblances in anatomy and embryonic development. For 
example, the precise family tree of great apes and humans was not settled until 
su!cient molecular sequence data accumulated in the 1980s to produce the ped-
igree shown previously in Figure 4–63. And with huge amounts of DNA sequence 
now determined from a wide variety of mammals, much better estimates of our 
relationship to them are being obtained (Figure 4–66). 

GTGCCTATCCAGAAAGTCCAGGATGACACCAAAACCCTCATCAAGACCATTGTCACCAGGATCAATGACATTTCACACACGGTA-GGAGTCTCATGGGGGGACAAAGATGTAGGACTAGA
GTGCCCATCCAAAAAGTCCAAGATGACACCAAAACCCTCATCAAGACAATTGTCACCAGGATCAATGACATTTCACACACGGTAAGGAGAGT-ATGCGGGGACAAA---GTAGAACTGCA

 
ACCAGAGTCTGAGAAACATGTCATGCACCTCCTAGAAGCTGAGAGTTTAT-AAGCCTCGAGTGTACAT-TATTTCTGGTCATGGCTCTTGTCACTGCTGCCTGCTGAAATACAGGGCTGA
GCCAG--CCC-AGCACTGGCTCCTAGTGGCACTGGACCCAGATAGTCCAAGAAACATTTATTGAACGCCTCCTGAATGCCAGGCACCTACTGGAAGCTGA--GAAGGATTTGAAAGCACA

exon intron
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mouse

human

mouse

human

Figure 4–65 The very different rates of evolution of exons and introns, as illustrated by comparing a portion of the 
mouse and human leptin genes. Positions where the sequences differ by a single nucleotide substitution are boxed in green, 
and positions that differ by the addition or deletion of nucleotides are boxed in yellow. Note that, thanks to purifying selection, 
the coding sequence of the exon is much more conserved than is the adjacent intron sequence.

How can we reconstruct evolution?
• Mutation rate is different in different parts of the genome 

Negative selection or purifying selection is the selective removal of alleles that are deleterious
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A Comparison of Human and Mouse Chromosomes Shows How 
the Structures of Genomes Diverge
As would be expected, the human and chimpanzee genomes are much more 
alike than are the human and mouse genomes, even though all three genomes 
are roughly the same size and contain nearly identical sets of genes. Mouse and 
human lineages have had approximately 80 million years to diverge through accu-
mulated mutations, versus 6 million years for humans and chimpanzees. In addi-
tion, as indicated in Figure 4–66, rodent lineages (represented by the rat and the 
mouse) have unusually fast molecular clocks, and have diverged from the human 
lineage more rapidly than otherwise expected.

While the way that the genome is organized into chromosomes is almost iden-
tical between humans and chimpanzees, this organization has diverged greatly 
between humans and mice. According to rough estimates, a total of about 180 
breakage-and-rejoining events have occurred in the human and mouse lineages 
since these two species last shared a common ancestor. In the process, although 
the number of chromosomes is similar in the two species (23 per haploid genome 
in the human versus 20 in the mouse), their overall structures di!er greatly. None-
theless, even after the extensive genomic shu"ing, there are many large blocks 
of DNA in which the gene order is the same in the human and the mouse. #ese 
stretches of conserved gene order in chromosomes are referred to as regions of 
synteny. Figure 4–67 illustrates how segments of the di!erent mouse chromo-
somes map onto the human chromosome set. For much more distantly related 
vertebrates, such as chicken and human, the number of breakage-and-rejoining 
events has been much greater and the regions of synteny are much shorter; in 
addition, they are often hard to discern because of the divergence of the DNA 
sequences that they contain. 

An unexpected conclusion from a detailed comparison of the complete mouse 
and human genome sequences, con$rmed by subsequent comparisons between 
the genomes of other vertebrates, is that small blocks of DNA sequence are being 
deleted from and added to genomes at a surprisingly rapid rate. #us, if we 
assume that our common ancestor had a genome of human size (about 3.2 billion 
nucleotide pairs), mice would have lost a total of about 45% of that genome from 
accumulated deletions during the past 80 million years, while humans would 
have lost about 25%. However, substantial sequence gains from many small chro-
mosome duplications and from the multiplication of transposons have compen-
sated for these deletions. As a result, our genome size is thought to be practically 
unchanged from that of the last common ancestor of humans and mice, while the 
mouse genome is smaller by only about 0.3 billion nucleotides. 
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Figure 4–66 A phylogenetic tree showing 
the evolutionary relationships of some 
present-day mammals. The length of 
each line is proportional to the number of 
“neutral substitutions”—that is, nucleotide 
changes at sites where there is assumed 
to be no purifying selection. (Adapted from 
G.M. Cooper et al., Genome Res.  
15:901–913, 2005. With permission from 
Cold Spring Harbor Laboratory Press.)

• Human and chimpanzee genomes are much more 
alike than mouse genome, although they have 
similar sizes and carry a nearly identical set of genes


• Mouse and human have diverged 80 million years 
ago (only 6 million for human and chimpanzees)


• Rodents have fast molecular clocks (generation 
time is shorter)

Comparing human and mouse genomes
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Good evidence for the loss of DNA sequences in small blocks during evolution 
can be obtained from a detailed comparison of regions of synteny in the human 
and mouse genomes. !e comparative shrinkage of the mouse genome can be 
clearly seen from such comparisons, with the net loss of sequences scattered 
throughout the long stretches of DNA that are otherwise homologous (Figure 
4–68). 

DNA is added to genomes both by the spontaneous duplication of chromo-
somal segments that are typically tens of thousands of nucleotide pairs long  
(as will be discussed shortly) and by insertion of new copies of active transposons. 
Most transposition events are duplicative, because the original copy of the  
transposon stays where it was when a copy inserts at the new site; see, for exam-
ple, Figure 5–63. Comparison of the DNA sequences derived from transposons  
in the human and the mouse readily reveals some of the sequence additions  
(Figure 4–69).

It remains a mystery why all mammals have maintained genome sizes of 
roughly 3 billion nucleotide pairs that contain nearly identical sets of genes, 
even though only approximately 150 million nucleotide pairs appear to be under 
sequence-speci"c functional constraints.

The Size of a Vertebrate Genome Reflects the Relative Rates of 
DNA Addition and DNA Loss in a Lineage
In more distantly related vertebrates, genome size can vary considerably, appar-
ently without a drastic e#ect on the organism or its number of genes. !us, the 
chicken genome, at one billion nucleotide pairs, is only about one-third the size 

human chromosome 14

mouse chromosome 12

200,000 bases
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Figure 4–68 Comparison of a syntenic 
portion of mouse and human genomes. 
About 90% of the two genomes can be 
aligned in this way. Note that while there 
is an identical order of the matched index 
sequences (red marks), there has been a 
net loss of DNA in the mouse lineage that 
is interspersed throughout the entire region. 
This type of net loss is typical for all such 
regions, and it accounts for the fact that the 
mouse genome contains 14% less DNA than 
does the human genome. (Adapted from 
Mouse Genome Sequencing Consortium, 
Nature 420:520–562, 2002. With permission 
from Macmillan Publishers Ltd.)
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Figure 4–67 Synteny between human 
and mouse chromosomes. In this 
diagram, the human chromosome set 
is shown above, with each part of each 
chromosome colored according to the 
mouse chromosome with which it is 
syntenic. The color coding used for each 
mouse chromosome is shown below. 
Heterochromatic highly repetitive regions 
(such as centromeres) that are difficult to 
sequence cannot be mapped in this way; 
these are colored black. (Adapted from  
E.E. Eichler and D. Sankoff, Science 
301:793–797, 2003. With permission  
from AAAS.)

• Mouse (20 chromosome pairs); Human (23 chromosome 
pairs)


• Heavy chromosomal rearrangement during evolution 
(e.g. 180 breakage/fusion events)


• DNA was lost over evolution in mice
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Good evidence for the loss of DNA sequences in small blocks during evolution 
can be obtained from a detailed comparison of regions of synteny in the human 
and mouse genomes. !e comparative shrinkage of the mouse genome can be 
clearly seen from such comparisons, with the net loss of sequences scattered 
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(as will be discussed shortly) and by insertion of new copies of active transposons. 
Most transposition events are duplicative, because the original copy of the  
transposon stays where it was when a copy inserts at the new site; see, for exam-
ple, Figure 5–63. Comparison of the DNA sequences derived from transposons  
in the human and the mouse readily reveals some of the sequence additions  
(Figure 4–69).

It remains a mystery why all mammals have maintained genome sizes of 
roughly 3 billion nucleotide pairs that contain nearly identical sets of genes, 
even though only approximately 150 million nucleotide pairs appear to be under 
sequence-speci"c functional constraints.

The Size of a Vertebrate Genome Reflects the Relative Rates of 
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portion of mouse and human genomes. 
About 90% of the two genomes can be 
aligned in this way. Note that while there 
is an identical order of the matched index 
sequences (red marks), there has been a 
net loss of DNA in the mouse lineage that 
is interspersed throughout the entire region. 
This type of net loss is typical for all such 
regions, and it accounts for the fact that the 
mouse genome contains 14% less DNA than 
does the human genome. (Adapted from 
Mouse Genome Sequencing Consortium, 
Nature 420:520–562, 2002. With permission 
from Macmillan Publishers Ltd.)
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Figure 4–67 Synteny between human 
and mouse chromosomes. In this 
diagram, the human chromosome set 
is shown above, with each part of each 
chromosome colored according to the 
mouse chromosome with which it is 
syntenic. The color coding used for each 
mouse chromosome is shown below. 
Heterochromatic highly repetitive regions 
(such as centromeres) that are difficult to 
sequence cannot be mapped in this way; 
these are colored black. (Adapted from  
E.E. Eichler and D. Sankoff, Science 
301:793–797, 2003. With permission  
from AAAS.)

Comparing human and mouse genomes

Stretches of DNA with conserved gene order are called synteny
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• The size of vertebrate genomes reflects the rate of deletion and addition of DNA


• Large difference in genome size between similar organisms
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of the mammalian genome. An extreme example is the pu!er "sh, Fugu rubripes 
(Figure 4–70), which has a tiny genome for a vertebrate (0.4 billion nucleotide 
pairs compared to 1 billion or more for many other "sh). #e small size of the Fugu 
genome is largely due to the small size of its introns. Speci"cally, Fugu introns, as 
well as other noncoding segments of the Fugu genome, lack the repetitive DNA 
that makes up a large portion of the genomes of most well-studied vertebrates. 
Nevertheless, the positions of the Fugu introns between the exons of each gene 
are almost the same as in mammalian genomes (Figure 4–71).

While initially a mystery, we now have a simple explanation for such large dif-
ferences in genome size between similar organisms: because all vertebrates expe-
rience a continuous process of DNA loss and DNA addition, the size of a genome 
merely depends on the balance between these opposing processes acting over 
millions of years. Suppose, for example, that in the lineage leading to Fugu, the 
rate of DNA addition happened to slow greatly. Over long periods of time, this 
would result in a major “cleansing” from this "sh genome of those DNA sequences 
whose loss could be tolerated. #e result is an unusually compact genome, rela-
tively free of junk and clutter, but retaining through purifying selection the ver-
tebrate DNA sequences that are functionally important. #is makes Fugu, with 
its 400 million nucleotide pairs of DNA, a valuable resource for genome research 
aimed at understanding humans.

We Can Infer the Sequence of Some Ancient Genomes 
#e genomes of ancestral organisms can be inferred, but most can never be 
directly observed. DNA is very stable compared with most organic molecules, 
but it is not perfectly stable, and its progressive degradation, even under the best 
circumstances, means that it is virtually impossible to extract sequence infor-
mation from fossils that are more than a million years old. Although a modern 
organism such as the horseshoe crab looks remarkably similar to fossil ancestors 
that lived 200 million years ago, there is every reason to believe that the horse-
shoe-crab genome has been changing during all that time in much the same way 
as in other evolutionary lineages, and at a similar rate. Selection must have main-
tained key functional properties of the horseshoe-crab genome to account for the 
morphological stability of the lineage. However, comparisons between di!erent 
present-day organisms show that the fraction of the genome subject to purifying 
selection is small; hence, it is fair to assume that the genome of the modern horse-
shoe crab, while preserving features critical for function, must di!er greatly from 
that of its extinct ancestors, known to us only through the fossil record.

It is possible to get direct sequence information by examining DNA samples 
from ancient materials if these are not too old. In recent years, technical advances 
have allowed DNA sequencing from exceptionally well-preserved bone fragments 
that date from more than 100,000 years ago. Although any DNA this old will be 
imperfectly preserved, a sequence of the Neanderthal genome has been recon-
structed from many millions of short DNA sequences, revealing—among other 
things—that our human ancestors interbred with Neanderthals in Europe and 
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Figure 4–69 A comparison of the 
ȕ-globin gene cluster in the human 
and mouse genomes, showing the 
locations of transposable elements. This 
stretch of the human genome contains five 
functional β-globin-like genes (orange); 
the comparable region from the mouse 
genome has only four. The positions of 
the human Alu sequences are indicated 
by green circles, and the human L1 
sequences by red circles. The mouse 
genome contains different but related 
transposable elements: the positions of 
B1 elements (which are related to the 
human Alu sequences) are indicated by 
blue triangles, and the positions of the 
mouse L1 elements (which are related to 
the human L1 sequences) are indicated 
by orange triangles. The absence of 
transposable elements from the globin 
structural genes can be attributed to 
purifying selection, which would have 
eliminated any insertion that compromised 
gene function. (Courtesy of Ross Hardison 
and Webb Miller.)

MBoC6 m4.81/4.69

Figure 4–70 The puffer fish, Fugu 
rubripes. (Courtesy of Byrappa Venkatesh.)
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that modern humans have inherited speci!c genes from them (Figure 4–72). "e 
average di#erence in DNA sequence between humans and Neanderthals shows 
that our two lineages diverged somewhere between 270,000 and 440,000 years 
ago, well before the time that humans are believed to have migrated out of Africa. 

But what about deciphering the genomes of much older ancestors, those for 
which no useful DNA samples can be isolated? For organisms that are as closely 
related as human and chimpanzee, we saw that this may not be di$cult: reference 
to the gorilla sequence can be used to sort out which of the few sequence di#er-
ences between human and chimpanzee are inherited from our common ancestor 
some 6 million years ago (see Figure 4–64). And for an ancestor that has produced 
a large number of di#erent organisms alive today, the DNA sequences of many 
species can be compared simultaneously to unscramble much of the ancestral 
sequence, allowing scientists to derive DNA sequences much farther back in time. 
For example, from the genome sequences currently being obtained for dozens of 
modern placental mammals, it should be possible to infer much of the genome 
sequence of their 100 million-year-old common ancestor—the precursor of spe-
cies as diverse as dog, mouse, rabbit, armadillo, and human (see Figure 4–66). 

Multispecies Sequence Comparisons Identify Conserved DNA 
Sequences of Unknown Function
"e mass of DNA sequence now in databases (hundreds of billions of nucleotide 
pairs) provides a rich resource that scientists can mine for many purposes. "is 
information can be used not only to unscramble the evolutionary pathways that 
have led to modern organisms, but also to provide insights into how cells and 
organisms function. Perhaps the most remarkable discovery in this realm comes 
from the observation that a striking amount of DNA sequence that does not code 
for protein has been conserved during mammalian evolution (see Table 4–1,  
p. 184). "is is most clearly revealed when we align and compare DNA synteny 
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Figure 4–72 The Neanderthals. (A) Map 
of Europe showing the location of the 
cave in Croatia where most of the bones 
used to isolate the DNA used to derive 
the Neanderthal genome sequence were 
discovered. (B) Photograph of the Vindija 
cave. (C) Photograph of the 38,000-year-
old bones from Vindija. More recent 
studies have succeeded in extracting 
DNA sequence information from hominid 
remains that are considerably older (see 
Movie 8.3). (B, courtesy of Johannes 
Krause; C, from R.E. Green et al., Science 
328: 710–722, 2010. Reprinted with 
permission from AAAS.)
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Figure 4–71 Comparison of the 
genomic sequences of the human 
and Fugu genes encoding the protein 
huntingtin. Both genes (indicated in red) 
contain 67 short exons that align in 1:1 
correspondence to one another; these 
exons are connected by curved lines. 
The human gene is 7.5 times larger than 
the Fugu gene (180,000 versus 24,000 
nucleotide pairs). The size difference is 
entirely due to larger introns in the human 
gene. The larger size of the human 
introns is due in part to the presence of 
retrotransposons (discussed in Chapter 
5), whose positions are represented by 
green vertical lines; the Fugu introns lack 
retrotransposons. In humans, mutation of 
the huntingtin gene causes Huntington’s 
disease, an inherited neurodegenerative 
disorder. (Adapted from S. Baxendale et 
al., Nat. Genet. 10:67–76, 1995. With 
permission from Macmillan Publishers Ltd.)
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Small genome for a vertebrate
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Conservation of genes across evolution
Homologous genes are genetic sequences inherited from a common ancestor. They are similar in sequence and can likely 
perform similar functions. Paralogues and orthologues are homologues. 

 Paralogues are homologues in the same genome that arose from a gene duplication event.

 Orthologues are homologues in different genomes derived from a common ancestor.

 Analogues are similar sequences in different genomes without a common ancestor.
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DNA replication


• Accurate duplication of vast quantities of DNA


• Occurs before a cell can produce two genetically-identical daughter cells


DNA repair


• DNA is continuously damaged by chemicals, radiation, thermal accidents or reactive molecules inside the cells


• Protein machineries that repair DNA

Maintaining DNA
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• Sexually-reproducing animals or plants have two types of cells: germ cells and somatic cells


• Both need to protect their DNA: germ-cells to maintain the species and somatic cells, to maintain the 
structure of the body


• Uncontrolled mutant proliferation in somatic cells = cancer

Maintaining DNA

Germ-cells transmit genetic information from parent to offspring while somatic cells form the body of the organism
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with a large number of genes (germ-cell stability) and for the prevention of can-
cer resulting from mutations in somatic cells (somatic-cell stability), multicellular 
organisms like ourselves depend on the remarkably high !delity with which their 
DNA sequences are replicated and maintained.

Summary
In all cells, DNA sequences are maintained and replicated with high !delity. "e 
mutation rate, approximately one nucleotide change per 1010 nucleotides each time 
the DNA is replicated, is roughly the same for organisms as di#erent 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. "is 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.

DNA REPLICATION MECHANISMS
All organisms duplicate their DNA with extraordinary accuracy before each cell 
division. In this section, we explore how an elaborate “replication machine” 
achieves this accuracy, while duplicating DNA at rates as high as 1000 nucleotides 
per second.

Base-Pairing Underlies DNA Replication and DNA Repair
As introduced in Chapter 1, DNA templating is the mechanism the cell uses to copy 
the nucleotide sequence of one DNA strand into a complementary DNA sequence 
(Figure 5–2). "is process requires the separation of the DNA helix into two tem-
plate strands, and entails the recognition of each nucleotide in the DNA template 
strands by a free (unpolymerized) complementary nucleotide. "e separation of 

DNA REPLICATION MECHANISMS
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Figure 5–1 Germ-line cells and somatic 
cells carry out fundamentally different 
functions. In sexually reproducing 
organisms, the germ-line cells (red) 
propagate genetic information into the next 
generation. Somatic cells (blue), which form 
the body of the organism, are necessary 
for the survival of germ-line cells but do not 
themselves leave any progeny.
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Figure 5–2 The DNA double helix acts 
as a template for its own duplication. 
Because the nucleotide A will pair 
successfully only with T, and G only with 
C, each strand of DNA can serve as 
a template to specify the sequence of 
nucleotides in its complementary strand by 
DNA base-pairing. In this way, a double-
helical DNA molecule can be copied 
precisely.

• Separation of the DNA helix into two strands


• Recognition of each template nucleotide by a free complementary nucleotide (deoxyribonucleotide triphosphate)


• Polymerisation of the nucleotide by the DNA polymerase


• Most mechanisms uncovered in bacteria and viruses
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the DNA helix exposes the hydrogen-bond donor and acceptor groups on each 
DNA base for base-pairing with the appropriate incoming free nucleotide, align-
ing it for its enzyme-catalyzed polymerization into a new DNA chain. 

!e "rst nucleotide-polymerizing enzyme, DNA polymerase, was discovered 
in 1957. !e 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. Figure 5–3 and Figure 5–4 illustrate the 
stepwise mechanism of this reaction.

The DNA Replication Fork Is Asymmetrical
During DNA replication inside a cell, each of the two original DNA strands serves 
as a template for the formation of an entire new strand. Because each of the two 
daughters of a dividing cell inherits a new DNA double helix containing one origi-
nal and one new strand (Figure 5–5), the DNA double helix is said to be replicated 
“semiconservatively.” How is this feat accomplished?

Figure 5–3 The chemistry of DNA synthesis. The addition of a deoxyribonucleotide to the  
3ʹ end of a polynucleotide chain (the primer strand) is the fundamental reaction by which DNA is 
synthesized. As shown, base-pairing between an incoming deoxyribonucleoside triphosphate and 
an existing strand of DNA (the template strand) guides the formation of the new strand of DNA 
and causes it to have a complementary nucleotide sequence. The way in which complementary 
nucleotides base-pair is shown in Figure 4–4.

O
P O
O

OH2C

O
P

_
O O

O
OH2C

OCH2

O
OP

O
OP

O
O

O
_

P
_
O

OH

P
_

O

O
O

O

O

CH2

P
_

O

O
O

O

O

CH2

P
_

O

O
O

O
O

CH2

P
_

O

O
O

O

O

CH2

O
O

O

P
_

O

O

O

CH2

incoming deoxyribonucleoside triphosphate

PRIMER
STRAND TEMPLATE

STRAND

O
_

O
_

5′ end of strand

5′ end of strand

3′ end of strand

3′ end of strand

OH
pyrophosphate

_
O

C G

C G

A

A

T

T



DNA replication mechanism

41

  241

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. Because of its Y-shaped structure, this active region 
is called a replication fork (Figure 5–6). At the replication fork, a multienzyme 
complex that contains the DNA polymerase synthesizes the DNA of both new 
daughter strands.

Initially, the simplest mechanism of DNA replication seemed to be the con-
tinuous growth of both new strands, nucleotide by nucleotide, at the replication 
fork as it moves from one end of a DNA molecule to the other. But because of 
the antiparallel orientation of the two DNA strands in the DNA double helix (see 
Figure 5–2), this mechanism would require one daughter strand to polymerize 
in the 5ʹ-to-3ʹ direction and the other in the 3ʹ-to-5ʹ direction. Such a replication 
fork would require two distinct types of DNA polymerase enzymes. However, as 
attractive as this model might be, the DNA polymerases at replication forks can 
synthesize only in the 5ʹ-to-3ʹ direction.

How, then, can a DNA strand grow in the 3ʹ-to-5ʹ direction? !e answer 
was "rst suggested by the results of 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. !is experiment revealed the transient 
existence of pieces of DNA that were 1000–2000 nucleotides long, now commonly 
known as Okazaki fragments, at the growing replication fork. (Similar replication 
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Figure 5–4 DNA synthesis catalyzed by DNA polymerase. (A) DNA polymerase catalyzes the stepwise addition of a 
deoxyribonucleotide to the 3ʹ-OH end of a polynucleotide chain, the growing primer strand that is paired to an existing template 
strand. The newly synthesized DNA strand therefore polymerizes in the 5ʹ-to-3ʹ direction as shown also in the previous figure. 
Because each incoming deoxyribonucleoside triphosphate must pair with the template strand to be recognized by the DNA 
polymerase, this strand determines which of the four possible deoxyribonucleotides (A, C, G, or T) will be added. The reaction  
is driven by a large, favorable free-energy change, caused by the release of pyrophosphate and its subsequent hydrolysis  
to two molecules of inorganic phosphate. (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. (C) Schematic diagram of DNA polymerase, based on the structure in (B). The proper base-pair geometry of a correct 
incoming deoxyribonucleoside triphosphate causes the polymerase to tighten around the base pair, thereby initiating the 
nucleotide addition reaction (middle diagram (C)). Dissociation of pyrophosphate relaxes the polymerase, allowing translocation 
of the DNA by one nucleotide so the active site of the polymerase is ready to receive the next deoxyribonucleoside triphosphate.
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• DNA replication is semiconservative as the two daughter cells will inherit a double helix that contains one “original” and 
one “new” strand242 Chapter 5:  DNA Replication, Repair, and Recombination

intermediates were later found in eukaryotes, where they are only 100–200 nucle-
otides long.) !e Okazaki fragments were shown to be polymerized only in the 
5ʹ-to-3ʹ chain direction and to be joined together after their synthesis to create 
long DNA chains.

A replication fork therefore has an asymmetric structure (Figure 5–7). 
!e DNA daughter strand that is synthesized continuously is known as the  
leading strand. Its synthesis slightly precedes the synthesis of the daughter strand 
that is synthesized discontinuously, known as the lagging strand. For the lagging 
strand, the direction of nucleotide polymerization is opposite to the overall direc-
tion of DNA chain growth. !e synthesis of this strand by a discontinuous “back-
stitching” mechanism means that DNA replication requires only the 5ʹ-to-3ʹ type 
of DNA polymerase.

The High Fidelity of DNA Replication Requires Several 
Proofreading Mechanisms
As discussed above, the "delity of copying DNA during replication is such that only 
about one mistake occurs for every 1010 nucleotides copied. !is "delity is much 
higher than one would expect from the accuracy of complementary base-pairing. 
!e standard complementary base pairs (see Figure 4–4) are not the only ones 
possible. For example, with small changes in helix geometry, two hydrogen bonds 
can form between G and T in DNA. In addition, rare tautomeric forms of the four 
DNA bases occur transiently in ratios of 1 part to 104 or 105. !ese forms mispair 
without a change in helix geometry: the rare tautomeric form of C pairs with A 
instead of G, for example.

If the DNA polymerase did nothing special when a mispairing occurred 
between an incoming deoxyribonucleoside triphosphate and the DNA template, 
the wrong nucleotide would often be incorporated into the new DNA chain, 
producing frequent mutations. !e high "delity of DNA replication, however, 
depends not only on the initial base-pairing but also on several “proofreading” 
mechanisms that act sequentially to correct any initial mispairings that might 
have occurred.
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Figure 5–6 Two replication forks moving 
in opposite directions on a circular 
chromosome. An active zone of DNA 
replication moves progressively along 
a replicating DNA molecule, creating a 
Y-shaped DNA structure known as a 
replication fork: the two arms of each Y 
are the two daughter DNA molecules, 
and the stem of the Y is the parental DNA 
helix. In this diagram, parental strands are 
orange; newly synthesized strands are red. 
(Micrograph courtesy of Jerome Vinograd.)

Figure 5–5 The semiconservative nature of DNA replication. In a round 
of replication, each of the two strands of DNA is used as a template for the 
formation of a complementary DNA strand. The original strands therefore 
remain intact through many cell generations.
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• Localised region of replication that moves along the DNA = replication fork


• At the replication fork, a multienzyme complex (with DNA polymerase) synthesises the DNA of both 
new daughter strands
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intermediates were later found in eukaryotes, where they are only 100–200 nucle-
otides long.) !e Okazaki fragments were shown to be polymerized only in the 
5ʹ-to-3ʹ chain direction and to be joined together after their synthesis to create 
long DNA chains.

A replication fork therefore has an asymmetric structure (Figure 5–7). 
!e DNA daughter strand that is synthesized continuously is known as the  
leading strand. Its synthesis slightly precedes the synthesis of the daughter strand 
that is synthesized discontinuously, known as the lagging strand. For the lagging 
strand, the direction of nucleotide polymerization is opposite to the overall direc-
tion of DNA chain growth. !e synthesis of this strand by a discontinuous “back-
stitching” mechanism means that DNA replication requires only the 5ʹ-to-3ʹ type 
of DNA polymerase.

The High Fidelity of DNA Replication Requires Several 
Proofreading Mechanisms
As discussed above, the "delity of copying DNA during replication is such that only 
about one mistake occurs for every 1010 nucleotides copied. !is "delity is much 
higher than one would expect from the accuracy of complementary base-pairing. 
!e standard complementary base pairs (see Figure 4–4) are not the only ones 
possible. For example, with small changes in helix geometry, two hydrogen bonds 
can form between G and T in DNA. In addition, rare tautomeric forms of the four 
DNA bases occur transiently in ratios of 1 part to 104 or 105. !ese forms mispair 
without a change in helix geometry: the rare tautomeric form of C pairs with A 
instead of G, for example.

If the DNA polymerase did nothing special when a mispairing occurred 
between an incoming deoxyribonucleoside triphosphate and the DNA template, 
the wrong nucleotide would often be incorporated into the new DNA chain, 
producing frequent mutations. !e high "delity of DNA replication, however, 
depends not only on the initial base-pairing but also on several “proofreading” 
mechanisms that act sequentially to correct any initial mispairings that might 
have occurred.
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Figure 5–6 Two replication forks moving 
in opposite directions on a circular 
chromosome. An active zone of DNA 
replication moves progressively along 
a replicating DNA molecule, creating a 
Y-shaped DNA structure known as a 
replication fork: the two arms of each Y 
are the two daughter DNA molecules, 
and the stem of the Y is the parental DNA 
helix. In this diagram, parental strands are 
orange; newly synthesized strands are red. 
(Micrograph courtesy of Jerome Vinograd.)

Figure 5–5 The semiconservative nature of DNA replication. In a round 
of replication, each of the two strands of DNA is used as a template for the 
formation of a complementary DNA strand. The original strands therefore 
remain intact through many cell generations.
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DNA polymerase can only polymerise from 5’ to 3’ —> How does it work for the other strand?
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• Transient existence of pieces of DNA that are ~ 100-1000 nucleotide long at the replication fork = okazaki fragments


• They are synthesised from 5’ to 3’ and joined together after synthesis


• The replication fork has therefore an asymmetric structure with a leading strand (synthesised continuously) and a 
lagging strand (synthesised non-continuously)

  243

DNA polymerase performs the !rst proofreading step just before a new nucle-
otide is covalently added to the growing chain. Our knowledge of this mechanism 
comes from studies of several di"erent DNA polymerases, including one pro-
duced by a bacterial virus, T7, that replicates inside E. coli. #e correct nucleotide 
has a higher a$nity for the moving polymerase than does the incorrect nucleo-
tide, because the correct pairing is more energetically favorable. Moreover, after 
nucleotide binding, but before the nucleotide is covalently added to the grow-
ing chain, the enzyme must undergo a conformational change in which its “grip” 
tightens around the active site (see Figure 5–4). Because this change occurs more 
readily with correct than incorrect base-pairing, it allows the polymerase to “dou-
ble-check” the exact base-pair geometry before it catalyzes the addition of the 
nucleotide. Incorrectly paired nucleotides are harder to add and therefore more 
likely to di"use away before the polymerase can mistakenly add them.

#e next error-correcting reaction, known as exonucleolytic proofreading, 
takes place immediately after those rare instances in which an incorrect nucle-
otide is covalently added to the growing chain. DNA polymerase enzymes are 
highly discriminating in the types of DNA chains they will elongate: they require 
a previously formed, base-paired 3ʹ-OH end of a primer strand (see Figure 5–4). 
#ose DNA molecules with a mismatched (improperly base-paired) nucleotide 
at the 3ʹ-OH end of the primer strand are not e"ective as templates because the 
polymerase has di$culty extending such a strand. DNA polymerase molecules 
correct such a mismatched primer strand by means of a separate catalytic site 
(either in a separate subunit or in a separate domain of the polymerase molecule, 
depending on the polymerase). #is 3ʹ-to-5ʹ proofreading exonuclease clips o" any 
unpaired or mispaired residues at the primer terminus, continuing until enough 
nucleotides have been removed to regenerate a correctly base-paired 3ʹ-OH ter-
minus that can prime DNA synthesis. In this way, DNA polymerase functions as a 
“self-correcting” enzyme that removes its own polymerization errors as it moves 
along the DNA (Figure 5–8 and Figure 5–9).

#e self-correcting properties of the DNA polymerase depend on its require-
ment for a perfectly base-paired primer terminus, and it is apparently not pos-
sible for such an enzyme to start synthesis de novo, without an existing primer. 
By contrast, the RNA polymerase enzymes involved in gene transcription do not 
need such an e$cient exonucleolytic proofreading mechanism: errors in making 
RNA are not passed on to the next generation, and the occasional defective RNA 
molecule that is produced has no long-term signi!cance. RNA polymerases are 
thus able to start new polynucleotide chains without a primer.
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Figure 5–7 The structure of a DNA replication fork. Left, replication fork with newly synthesized 
DNA in red and arrows indicating the 5ʹ-to-3ʹ direction of DNA synthesis. Because both daughter 
DNA strands are polymerized in the 5ʹ-to-3ʹ direction, the DNA synthesized on the lagging strand 
must be made initially as a series of short DNA molecules, called Okazaki fragments, named after 
the scientist who discovered them. Right, the same fork a short time later. On the lagging strand, 
the Okazaki fragments are synthesized sequentially, with those nearest the fork being the most 
recently made.

Figure 5–8 Exonucleolytic proofreading by DNA polymerase during DNA 
replication. In this example, a C is accidentally incorporated at the growing 
3ʹ-OH end of a DNA chain. The part of DNA polymerase that removes the 
misincorporated nucleotide is a specialized member of a large class of 
enzymes, known as exonucleases, that cleave nucleotides one at a time from 
the ends of polynucleotides.
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• DNA polymerase cannot start synthesis de novo without a primer 


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


• For the lagging strand, a primer is needed at each new Okazaki fragment


• This mechanism depends on the DNA primase which uses ribonucleotides 
triphosphate to synthesise short RNA primers on the lagging strand


• In eukaryotes, those are about 10 nucleotide long and are made at intervals of 
100-200 nucleotides on the lagging strand
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chance to correct these errors by a process called strand-directed mismatch repair. 
Before discussing this mechanism, however, we describe the other types of pro-
teins that function at the replication fork.

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: once 
a replication fork is established, the DNA polymerase is continuously presented 
with a base-paired chain end on which to add new nucleotides. On the lagging 
side of the fork, however, each time the DNA polymerase completes a short DNA 
Okazaki fragment (which takes a few seconds), it must start synthesizing a com-
pletely new fragment at a site further along the template strand (see Figure 5–7).  
A special mechanism produces the base-paired primer strand required by the 
DNA polymerase molecules. !e mechanism depends on an enzyme called  
DNA primase, which uses ribonucleoside triphosphates to synthesize short  
RNA primers on the lagging strand (Figure 5–10). In eukaryotes, these primers 
are about 10 nucleotides long and are made at intervals of 100–200 nucleotides on 
the lagging strand.

!e chemical structure of RNA was introduced in Chapter 1 and is described 
in detail in Chapter 6. Here, we note only that RNA is very similar in structure to 
DNA. A strand of RNA can form base pairs with a strand of DNA, generating a 
DNA–RNA hybrid double helix if the two nucleotide sequences are complemen-
tary. !us, the same templating principle used for DNA synthesis guides the syn-
thesis of RNA primers. Because an RNA primer contains a properly base-paired 
nucleotide with a 3ʹ-OH group at one end, it can be elongated by the DNA poly-
merase at this end to begin an Okazaki fragment. !e synthesis of each Okazaki 
fragment ends when this DNA polymerase runs into the RNA primer attached to 
the 5ʹ end of the previous fragment. To produce a continuous DNA chain from the 
many DNA fragments made on the lagging strand, a special DNA repair system 
acts quickly to erase the old RNA primer and replace it with DNA. An enzyme 
called DNA ligase then joins the 3ʹ end of the new DNA fragment to the 5ʹ end of 
the previous one to complete the process (Figure 5–11 and Figure 5–12). 

Why might an erasable RNA primer be preferred to a DNA primer that would 
not need to be erased? !e argument that a self-correcting polymerase cannot 
start chains de novo also implies the converse: an enzyme that starts chains anew 
cannot be e"cient at self-correction. !us, any enzyme that primes the synthesis 
of Okazaki fragments will of necessity make a relatively inaccurate copy (at least 
one error in 105). Even if the copies retained in the #nal product constituted as 
little as 5% of the total genome (for example, 10 nucleotides per 200-nucleotide 
DNA fragment), the resulting increase in the overall mutation rate would be enor-
mous. It therefore seems likely that the use of RNA rather than DNA for priming 
brings a powerful advantage to the cell: the ribonucleotides in the primer auto-
matically mark these sequences as “suspect copy” to be e"ciently removed and 
replaced.
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Figure 5–11 The synthesis of one of many DNA fragments on the 
lagging strand. In eukaryotes, RNA primers are made at intervals spaced 
by about 200 nucleotides on the lagging strand, and each RNA primer is 
approximately 10 nucleotides long. This primer is erased by a special DNA 
repair enzyme (an RNAse H) that recognizes an RNA strand in an RNA/DNA 
helix and fragments it; this leaves gaps that are filled in by DNA polymerase 
and DNA ligase.

Figure 5–10 RNA primer synthesis. A schematic view of the reaction 
catalyzed by DNA primase, the enzyme that synthesizes the short RNA 
primers made on the lagging strand using DNA as a template. Unlike DNA 
polymerase, this enzyme can start a new polynucleotide chain by joining 
two nucleoside triphosphates together. The primase synthesizes a short 
polynucleotide in the 5ʹ-to-3ʹ direction and then stops, making the  
3ʹ end of this primer available for the DNA polymerase.

Building an RNA primer
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• On the lagging strand, DNA synthesis stops when the DNA 
polymerase runs into the next RNA primer


• A special DNA repair system acts quickly to erase the RNA primer 
and replace it with DNA


• A DNA ligase then joins the 3’ end of the new fragment to the 5’ end of 
the old fragment
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chance to correct these errors by a process called strand-directed mismatch repair. 
Before discussing this mechanism, however, we describe the other types of pro-
teins that function at the replication fork.

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: once 
a replication fork is established, the DNA polymerase is continuously presented 
with a base-paired chain end on which to add new nucleotides. On the lagging 
side of the fork, however, each time the DNA polymerase completes a short DNA 
Okazaki fragment (which takes a few seconds), it must start synthesizing a com-
pletely new fragment at a site further along the template strand (see Figure 5–7).  
A special mechanism produces the base-paired primer strand required by the 
DNA polymerase molecules. !e mechanism depends on an enzyme called  
DNA primase, which uses ribonucleoside triphosphates to synthesize short  
RNA primers on the lagging strand (Figure 5–10). In eukaryotes, these primers 
are about 10 nucleotides long and are made at intervals of 100–200 nucleotides on 
the lagging strand.

!e chemical structure of RNA was introduced in Chapter 1 and is described 
in detail in Chapter 6. Here, we note only that RNA is very similar in structure to 
DNA. A strand of RNA can form base pairs with a strand of DNA, generating a 
DNA–RNA hybrid double helix if the two nucleotide sequences are complemen-
tary. !us, the same templating principle used for DNA synthesis guides the syn-
thesis of RNA primers. Because an RNA primer contains a properly base-paired 
nucleotide with a 3ʹ-OH group at one end, it can be elongated by the DNA poly-
merase at this end to begin an Okazaki fragment. !e synthesis of each Okazaki 
fragment ends when this DNA polymerase runs into the RNA primer attached to 
the 5ʹ end of the previous fragment. To produce a continuous DNA chain from the 
many DNA fragments made on the lagging strand, a special DNA repair system 
acts quickly to erase the old RNA primer and replace it with DNA. An enzyme 
called DNA ligase then joins the 3ʹ end of the new DNA fragment to the 5ʹ end of 
the previous one to complete the process (Figure 5–11 and Figure 5–12). 

Why might an erasable RNA primer be preferred to a DNA primer that would 
not need to be erased? !e argument that a self-correcting polymerase cannot 
start chains de novo also implies the converse: an enzyme that starts chains anew 
cannot be e"cient at self-correction. !us, any enzyme that primes the synthesis 
of Okazaki fragments will of necessity make a relatively inaccurate copy (at least 
one error in 105). Even if the copies retained in the #nal product constituted as 
little as 5% of the total genome (for example, 10 nucleotides per 200-nucleotide 
DNA fragment), the resulting increase in the overall mutation rate would be enor-
mous. It therefore seems likely that the use of RNA rather than DNA for priming 
brings a powerful advantage to the cell: the ribonucleotides in the primer auto-
matically mark these sequences as “suspect copy” to be e"ciently removed and 
replaced.
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Figure 5–11 The synthesis of one of many DNA fragments on the 
lagging strand. In eukaryotes, RNA primers are made at intervals spaced 
by about 200 nucleotides on the lagging strand, and each RNA primer is 
approximately 10 nucleotides long. This primer is erased by a special DNA 
repair enzyme (an RNAse H) that recognizes an RNA strand in an RNA/DNA 
helix and fragments it; this leaves gaps that are filled in by DNA polymerase 
and DNA ligase.

Figure 5–10 RNA primer synthesis. A schematic view of the reaction 
catalyzed by DNA primase, the enzyme that synthesizes the short RNA 
primers made on the lagging strand using DNA as a template. Unlike DNA 
polymerase, this enzyme can start a new polynucleotide chain by joining 
two nucleoside triphosphates together. The primase synthesizes a short 
polynucleotide in the 5ʹ-to-3ʹ direction and then stops, making the  
3ʹ end of this primer available for the DNA polymerase.
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• On the lagging strand, DNA synthesis stops when the DNA polymerase runs into the next RNA primer


• A special DNA repair system acts quickly to erase the RNA primer and replace it with DNA


• A DNA ligase then joins the 3’ end of the new fragment to the 5’ end of the old fragment
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Special Proteins Help to Open Up the DNA Double Helix in Front 
of the Replication Fork
For DNA synthesis to proceed, the DNA double helix must be opened up (“melted”) 
ahead of the replication fork so that the incoming deoxyribonucleoside triphos-
phates can form base pairs with the template strands. However, the DNA double 
helix is very stable under physiological conditions; the base pairs are locked in 
place so strongly that it requires temperatures approaching that of boiling water to 
separate the two strands in a test tube. For this reason, two additional types of rep-
lication proteins—DNA helicases and single-strand DNA-binding proteins—are 
needed to open the double helix and provide the appropriate single-strand DNA 
templates for the DNA polymerase to copy.

DNA helicases were !rst isolated as proteins that hydrolyze ATP when they are 
bound to single strands of DNA. As described in Chapter 3, the hydrolysis of ATP 
can change the shape of a protein molecule in a cyclical manner that allows the 
protein to perform mechanical work. DNA helicases use this principle to propel 
themselves rapidly along a DNA single strand. When they encounter a region of 
double helix, they continue to move along their strand, thereby prying apart the 
helix at rates of up to 1000 nucleotide pairs per second (Figure 5–13 and Figure 
5–14). 

"e two strands of DNA have opposite polarities, and, in principle, a helicase 
could unwind the DNA double helix by moving in the 5ʹ-to-3ʹ direction along one 
strand or in the 3ʹ-to-5ʹ direction along the other. In fact, both types of DNA heli-
case exist. In the best-understood replication systems in bacteria, a helicase mov-
ing 5ʹ to 3ʹ along the lagging-strand template appears to have the predominant 
role, for reasons that will become clear shortly.

Single-strand DNA-binding (SSB) proteins, also called helix-destabilizing 
proteins, bind tightly and cooperatively to exposed single-strand DNA without 
covering the bases, which therefore remain available as templates. "ese proteins 
are unable to open a long DNA helix directly, but they aid helicases by stabiliz-
ing the unwound, single-strand conformation. In addition, through cooperative 
binding, they coat and straighten out the regions of single-strand DNA, which 
occur routinely in the lagging-strand template, thereby preventing the formation 
of the short hairpin helices that readily form in single-strand DNA (Figure 5–15 
and Figure 5–16). If not removed, these hairpin helices can impede the DNA syn-
thesis catalyzed by DNA polymerase.

A Sliding Ring Holds a Moving DNA Polymerase Onto the DNA
On their own, most DNA polymerase molecules will synthesize only a short string 
of nucleotides before falling o# the DNA template. "e tendency to dissociate 
quickly from a DNA molecule allows a DNA polymerase molecule that has just 
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Figure 5–12 The reaction catalyzed by 
DNA ligase. This enzyme seals a broken 
phosphodiester bond. As shown, DNA 
ligase uses a molecule of ATP to activate 
the 5ʹ end at the nick (step 1) before 
forming the new bond (step 2). In this way, 
the energetically unfavorable nick-sealing 
reaction is driven by being coupled to the 
energetically favorable process of ATP 
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Figure 5–13 An assay for DNA helicase enzymes. A short DNA fragment 
is annealed to a long DNA single strand to form a region of DNA double helix. 
The double helix is melted as the helicase runs along the DNA single strand, 
releasing the short DNA fragment in a reaction that requires the presence 
of both the helicase protein and ATP. The rapid stepwise movement of the 
helicase is powered by its ATP hydrolysis (shown schematically in Figure 
3–75A). As indicated, many DNA helicases are composed of six subunits.
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• The double helix should be opened ahead of the replication fork 


• DNA is very stable, in the lab, we use very high temperatures to separate two DNA 
strands


• DNA helicases hydrolyze ATP when they are bound to single strands of DNA, they 
move along the strand and open the helix once they encounter double-stranded DNA 
(1000 nt/sec)
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ahead of the replication fork so that the incoming deoxyribonucleoside triphos-
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can change the shape of a protein molecule in a cyclical manner that allows the 
protein to perform mechanical work. DNA helicases use this principle to propel 
themselves rapidly along a DNA single strand. When they encounter a region of 
double helix, they continue to move along their strand, thereby prying apart the 
helix at rates of up to 1000 nucleotide pairs per second (Figure 5–13 and Figure 
5–14). 
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strand or in the 3ʹ-to-5ʹ direction along the other. In fact, both types of DNA heli-
case exist. In the best-understood replication systems in bacteria, a helicase mov-
ing 5ʹ to 3ʹ along the lagging-strand template appears to have the predominant 
role, for reasons that will become clear shortly.

Single-strand DNA-binding (SSB) proteins, also called helix-destabilizing 
proteins, bind tightly and cooperatively to exposed single-strand DNA without 
covering the bases, which therefore remain available as templates. "ese proteins 
are unable to open a long DNA helix directly, but they aid helicases by stabiliz-
ing the unwound, single-strand conformation. In addition, through cooperative 
binding, they coat and straighten out the regions of single-strand DNA, which 
occur routinely in the lagging-strand template, thereby preventing the formation 
of the short hairpin helices that readily form in single-strand DNA (Figure 5–15 
and Figure 5–16). If not removed, these hairpin helices can impede the DNA syn-
thesis catalyzed by DNA polymerase.

A Sliding Ring Holds a Moving DNA Polymerase Onto the DNA
On their own, most DNA polymerase molecules will synthesize only a short string 
of nucleotides before falling o# the DNA template. "e tendency to dissociate 
quickly from a DNA molecule allows a DNA polymerase molecule that has just 
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The double helix is melted as the helicase runs along the DNA single strand, 
releasing the short DNA fragment in a reaction that requires the presence 
of both the helicase protein and ATP. The rapid stepwise movement of the 
helicase is powered by its ATP hydrolysis (shown schematically in Figure 
3–75A). As indicated, many DNA helicases are composed of six subunits.
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!nished synthesizing one Okazaki fragment on the lagging strand to be recycled 
quickly, so as to begin the synthesis of the next Okazaki fragment on the same 
strand. "is rapid dissociation, however, would make it di#cult for the poly-
merase to synthesize the long DNA strands produced at a replication fork were it 
not for an accessory protein (called PCNA in eukaryotes) that functions as a regu-
lated sliding clamp. "is clamp keeps the polymerase !rmly on the DNA when 
it is moving, but releases it as soon as the polymerase runs into a double-strand 
region of DNA. 

How can a sliding clamp prevent the polymerase from dissociating without at 
the same time impeding the polymerase’s rapid movement along the DNA mole-
cule? "e three-dimensional structure of the clamp protein, determined by x-ray 
di$raction, revealed it to be a large ring around the DNA double helix. One face 
of the ring binds to the back of the DNA polymerase, and the whole ring slides 
freely along the DNA as the polymerase moves. "e assembly of the clamp around 
the DNA requires ATP hydrolysis by a special protein complex, the clamp loader, 
which hydrolyzes ATP as it loads the clamp on to a primer–template junction  
(Figure 5–17).

On the leading-strand template, the moving DNA polymerase is tightly bound 
to the clamp, and the two remain associated for a very long time. "e DNA poly-
merase on the lagging-strand template also makes use of the clamp, but each 
time the polymerase reaches the 5ʹ end of the preceding Okazaki fragment, the 
polymerase releases itself from the clamp and dissociates from the template. "is 
polymerase molecule then associates with a new clamp that is assembled on the 
RNA primer of the next Okazaki fragment.
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Figure 5–14 The structure of a DNA helicase. (A) Diagram of the protein 
as a hexameric ring drawn to scale with a replication fork. (B) Detailed 
structure of the bacteriophage T7 replicative helicase, as determined by 
x-ray diffraction. Six identical subunits bind and hydrolyze ATP in an ordered 
fashion to propel this molecule, like a rotary engine, along a DNA single 
strand that passes through the central hole. Red indicates bound ATP 
molecules in the structure (Movie 5.2). (PDB code: 1E0J.)

Figure 5–15 The effect of single-strand DNA-binding proteins (SSB proteins) on the structure 
of single-strand DNA. Because each protein molecule prefers to bind next to a previously 
bound molecule, long rows of this protein form on a DNA single strand. This cooperative binding 
straightens out the DNA template and facilitates the DNA polymerization process. The “hairpin 
helices” shown in the bare, single-strand DNA result from a chance matching of short regions of 
complementary nucleotide sequence; they are similar to the short helices that typically form in RNA 
molecules (see Figure 1–6).
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• Single-strand DNA binding proteins (SSB) 
bind to single-stranded DNA without covering 
the bases (available as templates)


• They help helices by stabilising and 
straightening the DNA


• They are unable to open a long DNA helix
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!nished synthesizing one Okazaki fragment on the lagging strand to be recycled 
quickly, so as to begin the synthesis of the next Okazaki fragment on the same 
strand. "is rapid dissociation, however, would make it di#cult for the poly-
merase to synthesize the long DNA strands produced at a replication fork were it 
not for an accessory protein (called PCNA in eukaryotes) that functions as a regu-
lated sliding clamp. "is clamp keeps the polymerase !rmly on the DNA when 
it is moving, but releases it as soon as the polymerase runs into a double-strand 
region of DNA. 

How can a sliding clamp prevent the polymerase from dissociating without at 
the same time impeding the polymerase’s rapid movement along the DNA mole-
cule? "e three-dimensional structure of the clamp protein, determined by x-ray 
di$raction, revealed it to be a large ring around the DNA double helix. One face 
of the ring binds to the back of the DNA polymerase, and the whole ring slides 
freely along the DNA as the polymerase moves. "e assembly of the clamp around 
the DNA requires ATP hydrolysis by a special protein complex, the clamp loader, 
which hydrolyzes ATP as it loads the clamp on to a primer–template junction  
(Figure 5–17).

On the leading-strand template, the moving DNA polymerase is tightly bound 
to the clamp, and the two remain associated for a very long time. "e DNA poly-
merase on the lagging-strand template also makes use of the clamp, but each 
time the polymerase reaches the 5ʹ end of the preceding Okazaki fragment, the 
polymerase releases itself from the clamp and dissociates from the template. "is 
polymerase molecule then associates with a new clamp that is assembled on the 
RNA primer of the next Okazaki fragment.
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Figure 5–14 The structure of a DNA helicase. (A) Diagram of the protein 
as a hexameric ring drawn to scale with a replication fork. (B) Detailed 
structure of the bacteriophage T7 replicative helicase, as determined by 
x-ray diffraction. Six identical subunits bind and hydrolyze ATP in an ordered 
fashion to propel this molecule, like a rotary engine, along a DNA single 
strand that passes through the central hole. Red indicates bound ATP 
molecules in the structure (Movie 5.2). (PDB code: 1E0J.)

Figure 5–15 The effect of single-strand DNA-binding proteins (SSB proteins) on the structure 
of single-strand DNA. Because each protein molecule prefers to bind next to a previously 
bound molecule, long rows of this protein form on a DNA single strand. This cooperative binding 
straightens out the DNA template and facilitates the DNA polymerization process. The “hairpin 
helices” shown in the bare, single-strand DNA result from a chance matching of short regions of 
complementary nucleotide sequence; they are similar to the short helices that typically form in RNA 
molecules (see Figure 1–6).
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Figure 5–16 Human single-strand binding protein bound to DNA. (A) Front view of the two 
DNA-binding domains of the protein (called RPA) which cover a total of eight nucleotides. Note 
that the DNA bases remain exposed in this protein–DNA complex. (B) Diagram showing the three-
dimensional structure, with the DNA strand (orange) viewed end-on. (PDB code: 1JMC.)
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Figure 5–17 The regulated sliding clamp that holds DNA polymerase on the DNA. (A) The 
structure of the clamp protein from E. coli, as determined by x-ray crystallography, with a DNA helix 
added to indicate how the protein fits around DNA (Movie 5.3). (B) Schematic illustration showing 
how the clamp (with red and yellow subunits) is loaded onto DNA to serve as a tether for a moving 
DNA polymerase molecule. The structure of the clamp loader (dark green) resembles a screw nut, 
with its threads matching the grooves of double-stranded DNA. The loader binds to a free clamp 
molecule, forcing a gap in its ring of subunits so that this ring is able to slip around DNA. The clamp 
loader, thanks to its screw-nut structure, recognises the region of DNA that is double-stranded 
and latches onto it, tightening around the complex of a template strand with a freshly synthesized 
elongating (primer) strand. It carries the clamp along this double-stranded region until it encounters 
the 3ʹ end of the primer, at which point the loader hydrolyzes ATP and releases the clamp, allowing 
it to close around the DNA and bind to DNA polymerase. In the simplified reaction shown here, the 
clamp loader dissociates into solution once the clamp has been assembled. At a true replication 
fork, the clamp loader remains close to the polymerase so that, on the lagging strand, it is ready to 
assemble a new clamp at the start of each new Okazaki fragment (see Figure 5–18). (A, from  
X.P. Kong et al., Cell 69:425–437, 1992. With permission from Elsevier; B, adapted from B.A. Kelch 
et al., Science 334:1675–1680, 2011. With permission from AAAS. PDB code: 3BEP.)
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• DNA polymerases need to be able to “fall off” the DNA to synthesise the lagging strand


• On the leading strand, it needs a sliding clamp (proteins) and clamp loader


• The clamp keeps the polymerase onto the DNA until running into double-strand regions
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Figure 5–16 Human single-strand binding protein bound to DNA. (A) Front view of the two 
DNA-binding domains of the protein (called RPA) which cover a total of eight nucleotides. Note 
that the DNA bases remain exposed in this protein–DNA complex. (B) Diagram showing the three-
dimensional structure, with the DNA strand (orange) viewed end-on. (PDB code: 1JMC.)
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Figure 5–17 The regulated sliding clamp that holds DNA polymerase on the DNA. (A) The 
structure of the clamp protein from E. coli, as determined by x-ray crystallography, with a DNA helix 
added to indicate how the protein fits around DNA (Movie 5.3). (B) Schematic illustration showing 
how the clamp (with red and yellow subunits) is loaded onto DNA to serve as a tether for a moving 
DNA polymerase molecule. The structure of the clamp loader (dark green) resembles a screw nut, 
with its threads matching the grooves of double-stranded DNA. The loader binds to a free clamp 
molecule, forcing a gap in its ring of subunits so that this ring is able to slip around DNA. The clamp 
loader, thanks to its screw-nut structure, recognises the region of DNA that is double-stranded 
and latches onto it, tightening around the complex of a template strand with a freshly synthesized 
elongating (primer) strand. It carries the clamp along this double-stranded region until it encounters 
the 3ʹ end of the primer, at which point the loader hydrolyzes ATP and releases the clamp, allowing 
it to close around the DNA and bind to DNA polymerase. In the simplified reaction shown here, the 
clamp loader dissociates into solution once the clamp has been assembled. At a true replication 
fork, the clamp loader remains close to the polymerase so that, on the lagging strand, it is ready to 
assemble a new clamp at the start of each new Okazaki fragment (see Figure 5–18). (A, from  
X.P. Kong et al., Cell 69:425–437, 1992. With permission from Elsevier; B, adapted from B.A. Kelch 
et al., Science 334:1675–1680, 2011. With permission from AAAS. PDB code: 3BEP.)
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• Most of the proteins discussed before act together as a large multi-enzyme complex that rapidly synthesizes 
DNA 
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The Proteins at a Replication Fork Cooperate to Form a 
Replication Machine
Although we have discussed DNA replication as though it were performed by a 
mix of proteins all acting independently, in reality most of the proteins are held 
together in a large and orderly multienzyme complex that rapidly synthesizes 
DNA. !is complex can be likened to a tiny sewing machine composed of protein 
parts and powered by nucleoside triphosphate hydrolysis. Like a sewing machine, 
the replication complex probably remains stationary with respect to its immedi-
ate surroundings; the DNA can be thought of as a long strip of cloth being rapidly 
threaded through it. Although the replication complex has been most intensively 
studied in E. coli and several of its viruses, a very similar complex also operates in 
eukaryotes, as we see below.

Figure 5–18 summarizes the functions of the subunits of the replication 
machine. At the front of the replication fork, DNA helicase opens the DNA helix. 
Two DNA polymerase molecules work at the fork, one on the leading strand and 
one on the lagging strand. Whereas the DNA polymerase molecule on the leading 
strand can operate in a continuous fashion, the DNA polymerase molecule on the 
lagging strand must restart at short intervals, using a short RNA primer made by 
a DNA primase molecule. !e close association of all these protein components 
increases the e"ciency of replication and is made possible by a folding back of 
the lagging strand as shown in Figure 5–18A. !is arrangement also facilitates the 
loading of the polymerase clamp each time that an Okazaki fragment is synthe-
sized: the clamp loader and the lagging-strand DNA polymerase molecule are 
kept in place as a part of the protein machine even when they detach from their 
DNA template. !e replication proteins are thus linked together into a single large 
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Figure 5–18 A bacterial replication fork. (A) This schematic diagram shows a current view of the arrangement of replication proteins at a replication 
fork when DNA is being synthesized. The lagging-strand DNA is folded to bring the lagging-strand DNA polymerase molecule into a complex with the 
leading-strand DNA polymerase molecule. This folding also brings the 3ʹ end of each completed Okazaki fragment close to the start site for the next 
Okazaki fragment. Because the lagging-strand DNA polymerase molecule remains bound to the rest of the replication proteins, it can be reused to 
synthesize successive Okazaki fragments. In this diagram, it is about to let go of its completed DNA fragment and move to the RNA primer that is just 
being synthesized. Additional proteins (not shown) help to hold the different protein components of the fork together, enabling them to function as a 
well-coordinated protein machine (Movie 5.4 and Movie 5.5). (B) An electron micrograph showing the replication machine from the bacteriophage  
T4 as it moves along a template synthesizing DNA behind it. (C) An interpretation of the micrograph is given in the sketch: note especially the 
DNA loop on the lagging strand. Apparently, the replication proteins became partly detached from the very front of the replication fork during the 
preparation of this sample for electron microscopy. (B, courtesy of Jack Griffith; see P.D. Chastain et al., J. Biol. Chem. 278:21276–21285, 2003.)

Bacterial replication fork



Have a nice day! 
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