
Information Processing:  DNA Replication

Copying instructions
The only way to make new cells is by the divi-
sion of pre-existing cells.  Single-celled organ-
isms undergo division to produce more cells 
like themselves, while multicellular organisms 
arise through division of a single cell, 
generally the fertilized egg.  Each 
time a cell divides, all of its DNA 
must be copied faithfully so that 
a copy of this information can be 
passed on to the daughter cell.   This 
process is called DNA replication.  It is the 
means by which genetic information can be 

transmitted down generations of cells, and it 
ensures that every new cell has a complete 
copy of the genome.  In the next section, we 
will examine the process by which the DNA of 
a cell is completely and accurately copied.

The structure of DNA elucidated by 
Watson and Crick in 1953 im-
mediately suggested a mecha-
nism by which double-stranded 

DNA could be copied to give two 
identical copies of the DNA.  They proposed 
that the two strands of the DNA molecule, 
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which are held together by hydrogen bonds 
between the base-paired nucleotides, 
would separate and each serve as a tem-
plate on which a complementary strand 
could be assembled (Figure 7.8).  The 
base-pairing rules would ensure that this 
process would result in the production of 
two identical DNA molecules.  The beau-
tiful simplicity of this scheme was shown 
to be correct in subsequent experiments 
by Meselson and Stahl, that demon-
strated that DNA replication was semi-
conservative, i.e., that after replication, 

each of the two resulting DNA 
molecules was made up of one 
old strand and one new strand 
that had been assembled across 
from it (Figure 7.9).

Building materials
What are the ingredients neces-
sary for building a new DNA 
molecule?  As noted above, the 
original, or parental DNA mole-
cule serves as the template.  
New DNA molecules are assem-
bled across from each template 
by joining together free DNA 
nucleotides as directed by the 
base pairing rules, with As 
across from Ts and Gs across 
from Cs. 

The nucleotides used in DNA 
synthesis are deoxyribonu-
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Figure 7.9 - Semi-conservative replication
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Figure 7.8 - Watson & Crick’s DNA structure
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cleoside triphosphates or dNTPs.   As can 
be inferred from their name, such nucleotides 
have a deoxyribose sugar and three phos-
phates, in addition to one of the four DNA 
bases, A, T, C or G (Figure 7.10).  

When dNTPs are added into a growing DNA 
strand, two of those phosphates will be 
cleaved off, as described later, leaving the nu-
cleotides in a DNA molecule with only one 
phosphate per nucleotide.  This reaction is 
catalyzed by enzymes known as DNA po-
lymerases, which create phosphodiester 
linkages between one nucleotide and the next.   

Challenges
Before examining the actual process of DNA 
replication, it is useful to think about what it 
takes to accomplish this task successfully. Con-

sider the challenges fac-
ing a cell in this proc-
ess:

• The sheer number of 
nucleotides to be cop-
ied is enormous: e.g., in 
human cells, on the or-
der of several billions.  
• A double-helical pa-
rental DNA molecule 
must be unwound to ex-
pose single strands of 
DNA that can serve as 
templates for the syn-
thesis of new DNA 

strands. 
•Unwinding must be accomplished without in-
troducing topological distortion into the mole-
cule.  
• The unwound single strands of DNA must be 
kept from coming back together long enough 
for the new strands to be synthesized. 
• DNA polymerases cannot begin synthesis 
of a new DNA strand de novo and require a 
free 3' OH to which they can add deoxynu-
cleotides. 
• DNA polymerases can only extend a strand 
in the 5' to 3' direction.  The 5' to 3' growth of 
both new strands means that one of the 
strands is made in pieces. 
• The use of RNA primers requires that the 
RNA nucleotides must be removed and re-
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placed with DNA nucleotides and the re-
sulting DNA fragments must be joined. 

• The copying of all the parental DNA must 
be accurate, so that mutations are not in-
troduced into the newly made DNA..

Addressing challenges
With this in mind, we can begin to examine 
how cells deal with each of these challenges.  
Our understanding of the process of DNA 
replication is derived from studies using 

bacteria, yeast, and other systems.  These in-
vestigations have revealed that DNA replica-
tion is carried out by the action of a large num-
ber of proteins that act together as a com-
plex protein machine.  Numerous proteins in-
volved in replication have been identified and 
characterized, including multiple different 
DNA polymerases in both prokaryotes 
and eukaryotes.  Although the specific pro-
teins involved are different in bacteria and 
eukaryotes, it is useful to understand the basic 
considerations that are relevant in all cells.  A 
generalized account of the steps in DNA repli-
cation is presented below, focused on the chal-
lenges mentioned above.

• The sheer number of nucleotides to be cop-
ied is enormous: e.g., in human cells, on the 
order of several billions.
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Cells, whether bacterial or eukaryotic, have to 
replicate all of their DNA before they can di-
vide.  In cells like our own, the vast amount of 
DNA is broken up into many chromosomes, 
each of which is composed of a linear strand 
of DNA (Figure 7.12).  In cells like those of 
E. coli, there is a single circular chromosome.  

In either situation, DNA replication is initi-
ated at sites called origins of replication.  

These are regions of the DNA molecule that 
are recognized by special proteins called initia-
tor proteins that bind the DNA. In E.coli, ori-
gins have small regions of A-T-rich sequences 
that are “melted” to separate the strands, 

when the initiator proteins bind to the origin 
or replication. As you may remember, A-T 
base-pairs, which have two hydrogen bonds 
between them are more readily disrupted 
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Figure 7.13 - Bidirectional replication 
from an origin
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Figure 7.15 - A-T and G-C base 
pairs

Figure 7.14 - Prokaryotic vs. eukaryotic DNA replication
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than G-C base-pairs which have three apiece 
(Figure 7.15).  

How many origins of replication are there 
on a chromosome?  In the case of E. coli, 
there is a single origin of replication on its cir-
cular chromosome.  In eukaryotic cells there 
may be many thousands of origins of replica-

tion, with each chromosome having hundreds 
(Figure 7.16).  DNA replication is, thus, initi-
ated at multiple points along each chromo-
some in eukaryotes. Electron micrographs of 
replicating DNA from eukaryotic cells 
show many replication bubbles on a 
single chromosome.  This makes 
sense in light of the large amount 
of DNA that there is to be copied 
in cells like our own, where beginning 
at one end of each chromosome and replicat-
ing all the way through to the other end from 
a single origin would simply take too long. 
This is despite the fact that the DNA po-

lymerases in human cells are capable of 
building new DNA strands at the very respect-
able rate of about 50 nucleotides per second!

• A double-helical parental molecule must be 
unwound to expose single strands of DNA 
that can serve as templates for the synthe-
sis of new DNA strands.

Unwinding
Once a small 
region of the 
DNA is 
opened up at 
each origin 
of replica-
tion, the 
DNA helix 
must be un-
wound to al-
low replica-

tion to proceed.  The unwinding of the DNA 
helix requires the action of an enzyme called 
helicase.  

Helicase uses the energy released when 
ATP is hydrolyzed, to break the hy-

drogen bonds between the 
bases in DNA and separate the 
two strands (Figure 7.17).  Note 

that a replication bubble is made up 
of two replication forks that "move" or open 
up, in opposite directions.  At each replication 
fork, the parental DNA strands must be un-
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wound to expose new sections of single-
stranded template. 

• This unwinding must be accomplished with-
out introducing topological distortion into 
the molecule.

What is the effect of unwinding one region of 
the double helix?  Local unwinding of the 
double helix causes over-winding (increased 
positive supercoiling) ahead of the unwound 
region.  

The DNA ahead of the replication fork has 
to rotate, or it will get twisted on itself and 

halt replication.  This is a major problem, not 
only for circular bacterial chromosomes, but 
also for linear eukaryotic chromosomes, 
which, in principle, could rotate to relieve the 
stress caused by the increased supercoiling.  

Topoisomerases
The reason this is problematic is that it is not 
possible to rotate the entire length of a chro-
mosome, with its millions of base-pairs, as 
the DNA at the replication fork is unwound.  
How, then, is this problem solved?  Enzymes 
called topoisomerases can relieve the topo-
logical stress caused by local “unwinding” of 
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Figure 7.17 - View of a eukaryotic DNA replication fork with helicase shown in 
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the extra winds of the double helix.  They do 
this by cutting one or both strands of the DNA 
and allowing the strands to swivel around 
each other to release the tension before rejoin-
ing the ends.  In E. coli, the topoisomerase 
that performs this function is called gyrase.

•The separated single 
strands of DNA must be 
kept from coming back to-
gether so the new strands 
to be synthesized.

Single-strand DNA 
binding protein
Once the two strands of 
the parental DNA mole-
cule are separated, they 
must be prevented from 
going back together to 
form double-stranded 
DNA.  To ensure that un-
wound regions of the pa-
rental DNA remain single-
stranded and available for 
copying, the separated 
strands of the parental 
DNA are bound by many 
molecules of a protein 
called single-strand 
DNA binding protein 
(SSB - Figure 7.18).

•DNA polymerases can-
not begin synthesis of a new DNA strand de 
novo and require a free 3' OH to which they 
can add DNA nucleotides.

Although single-stranded parental DNA is 
now available for copying, DNA polymerases 
cannot begin synthesis of a complementary 
strand de novo.  This simply means that DNA 
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polymerases can only add new nucleotides on 
to the 3' end of a pre-existing chain, and can-
not start a chain of nucleotides on their 
own.  Because of this limitation, some enzyme 
other than a DNA po-
lymerase must first make a 
small region of nucleic acid, 
complementary to the paren-
tal strand, that can provide a 
free 3' OH to which DNA po-
lymerase can add a deoxyri-
bonucleotide.  This task is 
accomplished by an enzyme 
called a primase, which as-
sembles a short stretch of 
RNA base-paired to the pa-
rental DNA template.  This 
provides a short base-paired 
region, called the RNA 
primer, with a free 3'OH 
group to which DNA po-

lymerase can add the first new DNA nucleo-
tide (Figure 7.12). 

Sliding clamp
Once a primer provides a free 3'OH for exten-
sion, other proteins get into the act.  These 
proteins are involved in loading the DNA po-
lymerase onto the primed template and keep-
ing it associated with the DNA.  The first of 
these is the clamp loader.  As its name sug-
gests, the clamp loader helps to load a protein 
complex called the sliding clamp onto the 
DNA at the replication fork (Figure 7.19 and 
7.20).  The sliding clamp, a multi-subunit 
ring-shaped protein, is then joined by the 
DNA Polymerase.  The function of the sliding 
clamp is to keep the polymerase associated 
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Figure 7.19 - Top view of the sliding 
clamp (outside) surrounding DNA 
strand (inside)

Figure 7.20 - Side view of the sliding clamp surrounding a 
DNA strand (in purple)



with the replication fork - in fact, it has been 
described as a seat-belt for the DNA po-
lymerase. The sliding clamp ensures that 
the DNA polymerase is able to synthesize 
long stretches of new DNA before it dissoci-
ates from the template.  The property of 
staying associated with the tem-
plate for a long time before disso-
ciating is known as the proces-
sivity of the enzyme.  In the pres-
ence of the sliding clamp, DNA po-
lymerases are much more processive, making 
replication faster and more efficient.

Extending the primer
The DNA polymerase is now poised to start 
synthesis of the new DNA strand (in E. coli, 

the primary repli-
cative polymerase 
is called DNA po-
lymerase III).  
As you already 
know, the synthe-
sis of new DNA is 
accomplished by 
the addition of 
new nucleotides 
complementary to 
those on the pa-
rental strand.  
DNA polymerase 
catalyzes the reac-
tion by which an 
incoming deoxy-
ribonucleotide, 

complementary to the template, is added onto 
the 3' end of the previous nucleotide, starting 
with the 3'OH on the end of the RNA primer. 
The importance of the 3’OH group lies in the 
nature of the reaction that builds a chain of nu-

cleotides.  

The reaction catalyzed by the 
DNA polymerase occurs through 

the nucleophilic attack by the 
3’OH group at the end of a nucleic 

acid strand on the α phosphate of the incom-
ing dNTP (Figure 7.21).  The immediate hy-
drolysis of the pyrophosphate that is 
cleaved off the incoming dNTP drives the reac-
tion forward.  The sequential addition of new 
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nucleotides at the 3’ end of the growing chain 
of DNA accounts for the fact that the strand 
grows in a 5’to 3’ direction.

The 5' phosphate on each incoming nucleotide 
is joined by the DNA polymerase to the 3' OH 
on the end of the growing nucleic acid chain, 
to make a phosphodiester bond.  Each added 
nucleotide provides a new 3’OH, allowing the 
chain to be extended for as long as the DNA 
polymerase continues to synthesize the new 
strand. As we already noted, the new DNA 
strands are synthesized by the addition of 
DNA nucleotides to the end of an RNA 
primer. The new DNA molecule thus has a 
short piece of RNA at the beginning.

•DNA polymerases can only 
extend a strand in the 5' to 
3' direction.  The 5' to 3' 
growth of both new strands 
means that one of the 
strands is made in pieces.

Leading strand
We know that DNA po-
lymerases can only build 
a new DNA strand in the 5' 
to 3' direction.  We also 
know that the two parental 
strands of DNA are anti-
parallel.  This means that 
at each replication fork, 
one new strand, called the 

leading strand can be synthesized continu-
ously in the 5' to 3' direction because it is be-
ing made in the same direction that the repli-
cation fork is opening up.

Lagging strand
The synthesis of the other new strand, called 
the lagging strand, also proceeds in the 5’ to 
3’ direction.  But because the template strands 
are running in opposite directions, the lagging 
strand is being extended in the direction oppo-
site to the opening of the replication fork 
(Figure 7.22). As the replication fork opens 
up, the region behind the original start point 
for the lagging strand will need to be copied.  
This means another RNA primer must be 
laid down and extended.  This process repeats 
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replication fork (d), RNA primer (e), and DNA extended 
RNA primers (f)

Wikipedia



itself as the replication fork opens up, with 
multiple RNA primers laid down and ex-
tended, producing many short pieces that are 
later joined. These short nucleic acid pieces, 
each composed of a small stretch of RNA 
primer and about 1000-2000 DNA nucleo-
tides, are called Okazaki fragments, for 
Reiji Okazaki, the scientist who first demon-
strated their existence.  

• The use of RNA primers requires that the 
RNA nucleotides must be removed and re-
placed with DNA nucleotides.  

Primer removal
We have seen that each newly synthesized 
piece of DNA starts out with an RNA primer, 

effectively making a new nucleic acid strand 
that is part RNA and part DNA.  The newly 
made DNA strand cannot be allowed to have 
pieces of RNA attached. So, the RNA nucleo-
tides must be removed and the gaps filled in 
with DNA nucleotides (Figure 7.23).  This 
is done by DNA polymerase I in E. coli.  
This enzyme begins adding DNA nucleotides 
at the end of each Okazaki fragment.  How-
ever, the end of one Okazaki fragment is adja-
cent to the RNA primer at the beginning of 
the next Okazaki fragment.  DNA polymerase 
I has an exonuclease activity acting in the 5’ 
to 3’ direction that removes the RNA nucleo-
tides ahead of it, while the polymerase activity 
replaces the RNA nucleotides with dNTPs.  
Once all the RNA nucleotides have been re-
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moved, the lagging strand is made up of 
stretches of DNA.  The DNA pieces are then 
joined together by the enzyme DNA ligase.   

The steps outlined above essentially complete 
the process of DNA replication.  But one issue 
still remains.  

• Ensuring accuracy in the copying of so much 
information

Accuracy
How accurate is the copying of information 
by DNA polymerase?  As you are aware, 
changes in DNA sequence (mutations) 
can change the amino acid sequence of 
the encoded proteins and that this is of-
ten, though not always, deleterious to the 
functioning of the organism.  When billions 
of bases in DNA are copied during replica-
tion, how do cells ensure that the newly syn-
thesized DNA is a faithful copy of the origi-
nal information?

DNA polymerases, as we have noted ear-
lier work fast (averaging 50 bases a second 
in human cells and up to 200 times faster 
in E. coli).  Yet, both human and bacterial 
cells seem to replicate their DNA quite accu-
rately.  This is because replicative DNA po-
lymerases have a proofreading function 
that enables the polymerase to detect when 
the wrong base has been inserted across 
from a template strand, back up and re-
move the mistakenly inserted base, before 
continuing with synthesis (Figure 7.24).  

Multiple activities
This is possible because most DNA po-
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lymerases are dual-function enzymes.  They 
can extend a DNA chain by virtue of their 5' to 
3' polymerase activity.  Some polymerases like 
DNA polymerase I can also remove RNA prim-
ers in the 5’ to 3’ direction, though that is not 
a common activity of polymerases. Many po-
lymerases, however have an ability to back-
track and remove the last inserted base be-
cause they possess a 3' to 5' exonuclease ac-
tivity.  

The exonuclease activity of a DNA po-
lymerase allows it to excise a wrongly in-
serted base, after which the polymerase activ-
ity inserts the correct base and pro-
ceeds with extending the strand.  

In other words, the DNA po-
lymerase is monitoring its own ac-
curacy (also termed its fidelity) as it 
makes new DNA, correcting mistakes immedi-
ately before moving on to add the next base.  
This mechanism, which operates 
during DNA replication, cor-
rects many errors as they occur, 
reducing by about a 100-fold the 
mistakes made when DNA is cop-
ied.

DNA polymerases
As noted earlier, both prokary-
otic and eukaryotic cells have 
multiple DNA polymerases.  In 
E.coli, for example, DNA po-
lymerase III is the major repli-

cative polymerase (a.k.a. replicase) while 
DNA polymerase I is responsible for DNA 
repair as well as removal of RNA primers 
and their replacement with DNA nucleotides 
during replication.  DNA polymerase II plays 
a role in restarting replication after DNA dam-
age stalls replication, while DNA polymerases 
IV and V are both required in trans-lesion, or 
bypass, synthesis, which allows replication 
past sites of DNA damage.  

Eukaryotic polymerases
In eukaryotes, there are over fifteen differ-
ent DNA polymerases. The primary replica-

tive polymerases in the nucleus are 
∂ and ε.  DNA polymerase α is 
also important for replication be-
cause it has primase and repair 

activities.  Replication is initiated in 
eukaryotic cells by DNA polymerase α, which 
binds to the initiation complex at the origin 
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and lays down an RNA primer, followed by 
about 25 nucleotides of DNA.  It is then re-
placed by another polymerase, in a step called 
the pol switch.  DNA polymerase ∂ or ε then 
continues synthesizing DNA, depending on 
the strand.  The role of polymerase ε appears 
to be synthesis of the leading strand due to its 
high processivity and accuracy, whereas po-
lymerase ∂ extends Okazaki fragments on 
the lagging strands.   Proteins analogous to 
the clamp loader and sliding clamp are also 
present.  The protein RFC plays the role of 
clamp loader, while another protein, PCNA 
acts like the sliding clamp. Several other 
DNA polymerases like β, γ and µ function in 
repairing gaps.  Yet others are involved in 
trans-lesion synthesis following DNA dam-
age and are associated with hypermutation.

Despite their diversity, DNA polymerases 
share some common structural features.  X-
ray crystallographic studies have shown that 
these enzymes have a structure that has 
been compared to a human right hand (Fig-
ures 7.25 & 7.26).  The «palm» of the hand 
forms a cleft in which the DNA lies.  The cleft 
is also the where the polymerase catalytic ac-
tivity resides.  This is where the incoming nu-
cleotide is added on to the growing chain. 
«The fingers» position the DNA in the active 
site, while the «thumb» holds the DNA as it 
exits the polymerase.  A separate domain 
contains the exonuclease (proofreading) ac-
tivity of the enzyme.  

The enzyme alternates between its polymeriz-
ing activity and its proofreading activity.  
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Figure 7.26 - Proofreading by DNA 
polymerase
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When a mismatched base pair is in the po-
lymerase catalytic site, the 3’end of the grow-
ing strand is moved from the polymerase site 
to the exonuclease active site (Figure 7.26).  
The mispair at the end is removed by the exo-
nuclease, followed by repositioning of the 3’ 
end in the polymerase active site to continue 
synthesis.

Termination of replication
In circular bacterial chromosomes, there are 
specific sequences known as terminator or 
Ter sites.  These are multiple short sequences 
that serve as termination sites, allowing the 
replication forks traveling clockwise and 
anticlockwise across the circular chromo-
some to meet at one of the sites.

 The binding of a protein, Tus, at a Ter site pre-
vents further movement of the replication 
fork and ends replication.  The parental and 
newly made circular DNA are, at this point 
topologically interlinked and must be sepa-
rated with the help of topoisomerase.

The end-replication problem
There is no fixed site for termination in linear 
eukaryotic chromosomes.  As the replica-
tion forks reach the ends of the chromo-
some, the leading strand can be synthe-
sized all the way to the end of the template 
strand.  On the lagging strand, the need for 
an RNA primer to start synthesis creates a 
challenge.  When the RNA  primer at the ex-
treme end of the lagging strand is removed, 
there is a small stretch of the template strand 
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that cannot be copied.  As a result, in each 
round of replication a short sequence at the 
ends of the chromosome will be lost.  Over 
time, with many cycles of replication, chro-
mosomes would become noticeably shorter.  
This shortening of chromosomes has been ob-
served in vitro, in cultured mammalian so-
matic cells. It is also seen in intact organisms, 
with increasing age.  

Telomeres
What effect does the loss of sequence from the 
ends of the chromosomes have on cells?  We 
know that the ends of chromosomes are char-
acterized by structures called telomeres (Fig-
ure 7.28).  Telomeres are made up of many 
copies of short repeated sequences (in hu-
mans, the repeat is TTAGGG) and special pro-
teins that specifically bind to these sequences.  

This structure of telomeres is useful 
in distinguishing the ends of chro-
mosomes from double-strand 
breaks in DNA, thus preventing the 
DNA repair mechanisms in cells 
from joining chromosomes end to 
end.  

The other advantage of the repeated 
sequences, which do not encode 
proteins, is that losing some of the 
repeats does not lead to loss of im-
portant coding information.  Thus, 
the repeats act as a sort of buffer 
zone, where the loss of sequence 
does not doom the cell.  However, 

the shortening of chromosomes cannot con-
tinue indefinitely.  After a certain number of 
replication cycles, cells are known to stop 
dividing and enter a state known as replica-
tive senescence.  This suggests that the short-
ening of the telomeres serves as a sort of 
clock, with the extent of shrinkage of the chro-
mosomes serving as a measure of aging.  
Eventually cells that enter senescence will die.

Problems with sequence loss
Even if our cells are able to function with 
shorter chromosomes during our lifetimes, 
this leaves us with another problem.  If our 
chromosomes grow shorter with age, then 
presumably our children, who inherit our 
chromosomes will be born with shorter chro-
mosomes than we started with.  They, in turn, 
would have their chromosomes shrink as they 
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Figure 7.28 - Chromosomes with telomeres 
marked in white
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Figure 7.29 - Replication of a linear chromosome results in loss of sequences 
at the very ends with each round of replication



grew older, and their children would have 
even shorter chromosomes.  Over the course 
of multiple generations, this would lead to the 
point where further chromosome shrinkage 
would result in cells that would enter senes-
cence very early in life and die soon after.   
This obviously does not happen.  Generation 
after generation of children are born with full-
length chromosomes, so there is a mechanism 
that must ensure that at least in the reproduc-
tive cells, chromosomes do not get shorter.    

To understand this mechanism, it is necessary 
to first examine the end of a newly made DNA 
molecule (Figure 7.29).  While the leading 
strand, which grows in the same direction as 
the movement of the replication fork, can 
copy its template all the way to the end, the 
lagging strand encounters a problem. 
RNA primers are, as we noted, 
needed to start each of the Oka-
zaki fragments of the lagging 
strand.  The primers must be re-
moved later, and the RNA nucleotides 
replaced with DNA nucleotides.  When the 
RNA primer across from the end of the pa-
rental strand is removed, the RNA nucleo-
tides cannot be replaced by DNA nucleo-
tides because the DNA polymerase has no 
primer to start from.  A short region of the 
template cannot, therefore be copied.  

Telomerase
How can this  problem be solved?  It can be 
seen from Figure 7.29 that the end of the 

original template strand has a short 3’ over-
hang resulting from the removal of the RNA 

primer across from it.  In order to fill in this 
region, another primer would be 

needed, situated past the end of 
the template strand.  But in or-
der to build such a primer, it 

would be necessary for the template 
overhang to be longer.  If it were possible to 
make the template strand longer, then an-
other primer could be placed across from its 
end and the end of the strand could be copied. 
Such an extension of the template strand is ex-
actly what happens in our reproductive cells.  
The parental template strand is extended by 
the enzyme telomerase, which adds telo-
mere repeats and lengthens the template.  
We will see shortly how it accomplishes that 
feat. 
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RNA template 
Telomerase is an unusual enzyme, in that 
it is made up of two components, an RNA 
and a reverse transcriptase.  A reverse 
transcriptase is an RNA-dependent DNA po-
lymerase, an enzyme that copies an RNA tem-
plate to make DNA.  The RNA component of 
the human telomerase, called hTERC, has a 
sequence that is complementary to the telo-
mere repeat, TAGGG.  As seen in Figure 
7.31, this RNA can base-pair with the last te-
lomere repeat on the parental DNA strand, 
while a portion of the RNA re-
mains unpaired.

Template for extension
The function of the unpaired re-
gion of the RNA is to serve as a 
template that can be used to ex-
tend the overhanging 3’ end of 
the original DNA molecule.  The 
protein component of te-
lomerase has reverse tran-
scriptase activity and can copy 
the RNA sequence into DNA.  
In human telomerase, the pro-
tein component is known as 
hTERT (telomerase reverse tran-
scriptase).  As seen in Figure 
7.31 and 7.32, the reverse transcriptase ex-
tends the original 3’ overhang using the RNA 
component as its template.  The telomerase 
can then dissociate, and repeat the process 

multiple times to add many repeats of the telo-
mere sequence.  

Once the overhang has been extended by the 
addition of at least several telomere repeats, 
there is now room for the synthesis of an RNA 
primer complementary to the newly ex-
tended overhang (pointing back towards the 
rest of the chromosome).  This primer can 
then be extended to complete synthesis of the 
lagging strand all the way to the  end of the 
original parental DNA strand.  Thus, the addi-

tion of telomere repeats on the parental 
DNA strands keeps the newly made DNA 
strands from becoming shorter with each cy-
cle of replication.  The fact that this happens 
in germ cells (reproductive cells) explains why 
each generation does not have shorter chro-
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Figure 7.31 - Telomerase extends the template strand 
using its own RNA as template

Wikipedia



Figure 7.32 - Growing telomeres with telomerase and DNA polymerase.  First, 
the 3’ end of the template is extended by telomerase, then DNA polymerase 
completes synthesis of the lagging strand

Wikipedia
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mosomes than the parental generation.

The proofreading function of DNA po-
lymerases 
monitors the 
accuracy of 
DNA replica-
tion while the 
enzyme te-
lomerase 
keeps chromo-
somes that 
will be passed 
on to off-
spring from 
shortening.   
Between 
them, these 
two activities 
ensure that 
the genetic in-
formation is copied accurately, and that suc-
ceeding generations receive a full complement 
of the genetic information

Disassembly and reassembly 
of nucleosomes 
The events of replication have 
an additional twist in eukaryo-
tes.  Recall that DNA is found in 
eukaryotic cells as chromatin, a com-
plex of the DNA with proteins.  At its least con-
densed, chromatin looks like a string of beads, 
consisting of the DNA wrapped around his-

tone cores to make nucleosomes.  The nu-
cleosome structure must be disrupted to make 
DNA available for replication and restored af-

ter replica-
tion is com-
pleted (Fig-
ure 7.33).  

Ahead of the 
replication 
fork, chroma-
tin structure is 
disassembled 
by ATP-
dependent 
chromatin re-
modeling com-
plexes, allow-
ing access to 
the DNA tem-
plate.  Once 

the new strands of DNA have been synthe-
sized, both the original nucleosomes and 
new nucleosomes must be reassembled be-
hind the replication fork.  Since replication 

gives rise to two DNA molecules where 
there was one, twice the amount of 

histones is needed to package 
the DNA.  Preparation for DNA 

replication, therefore, involves the 
synthesis of large amounts of histones 

to supply the need.  Interestingly, it appears 
that newly synthesized DNA is packaged into 
nucleosomes using the original histones 

Figure 7.33 - Disruption of nucleosomes during DNA 
replication

Wikipedia
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that were displaced to allow the replication 
fork to pass, as well as newly synthesized his-
tones.  

We also know that post-translational modifica-
tions like acetylation, methylation or 
phosphorylation of the histones can regu-
late the degree to which a given region of the 
genome is accessible for use.  One question 
that remains the subject of intense research is 
how these modifications are accurately passed 
on to the new nucleosomes.  
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I Wanna Hold Your Strands
To the tune of “I Wanna Hold Your Hand”

Metabolic Melodies Website HERE
  

Oh yeah, I’ll tell you something
It helps to understand

Pol III de-crees
To meet the cell’s demands

It has to hold the straaaaaands
It’s gotta hold the strands

 
The key, Pol III

Acts most processively
‘Cuz see, Pol III

Has beta clamping ha-a-a-a-ands
It uses beta’s ba-a-a-a-a-a-ands (note this is ‘bands,’ not ‘hands’)

To hold onto the strands
 

As it starts rep-li-CAT-ING a d---N-A (emphasis as noted)
The un-win-DING requires a lone

Helicase
Helicase

Helica-a-a-a-a-a-a-ase!
 

Pri-mase starts the primer
That Pol I can erase

Pol III takes the primer
And starts the DNAs

It starts the DNA-a-a-a-as
By using RNA

 
And when a fragment Okazaki - displays

There must be joining
That requires

A ligase
A ligase

A liga-a-a-a-ase
 

Thanks to all the factors
And all of their ligands

The cell has what matters
To replicate the strands
It replicates the strands
It replicates the strands

It replicates the stra-a-a-a-a-a-a-a-ands

Lyrics by Kevin Ahern
No Recording Yet For This Song
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Complementary Bases
To the tune of “California Dreamin’”
Metabolic Melodies Website HERE

  
Mendel took the lead (Mendel took the lead)

Working with his peas (working with his peas)
And then Miescher found the seed (Miescher found the seed)

Studying disease (studying disease)
By the nineteen forties (by the nineteen forties)
‘Twas clear it causes traits (clear it causes traits)

Complementary knowledge (complementary knowledge)
Led us to DNA

 
Chargaff’s bases had 

Only set ratios 
Well then Watson-Crick took that (Watson-Crick took that)

Info and proposed (info and proposed)
Bases each must have a partner (each must have a partner)

G and C, T and A (G, C, T and A)
Complementary bases (Complementary bases)

Make up our DNA
 

Now we know the truth (Now we know the truth)
Of the form called B (of the form called B)

Thanks to Franklin’s work (thanks to Franklin’s work)
And skullduggery (and skullduggery)

Though she hadn’t told them (though she hadn’t told them)
They got it anyway (got it anyway)

Complementary data (gave us our D-N)
Complementary data (gave us our D-N)

Complementary data
Gave us our DNA

Lyrics by Kevin Ahern
No Recording Yet For This Song
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