
DNA METABOLISM



DNA occupies a unique and central place among 
biological macromolecules as the repository of genetic 
information. 

The nucleotide sequences of DNA encode the primary 
structures of all cellular RNAs and protein s and, through 
enzymes, indirectly affect the synthesis of all other 
cellular constituents. 

This passage of information from DNA to RNA and 
protein guides the size, shape, and functioning of every 
living thing.

DNA is a marvellous device for the stable storage of 
genetic information.



DNA metabolism comprises both the process by which 
copies of DNA molecules are faithfully made 
(replication) and the processes that affect the inherent 
structure of the information (repair and recombination).

The enzymes that synthesize DNA may copy DNA 
molecules that contain millions of bases. 

They do so with extraordinary fidelity and speed, even 
though the DNA substrate is highly compacted and 
bound with other proteins. 

Formation of phosphodiester bonds to link nucleotides in 
the backbone of a growing DNA strand is therefore only 
one part of an elaborate process that requires myriad 
proteins and enzymes.



1. DNA Replication



Long before the structure of DNA was known, scientists 
wondered at the ability of organisms to create faithful 
copies of themselves and, later, at the ability of cells to 
produce many identical copies of large and complex 
macromolecules.

The 1940s brought the revelation that DNA was the genetic 
molecule, but not until James Watson and Francis Crick 
deduced its structure did the way in which DNA could act 
as a template for the replication and transmission of genetic 
information become clear: one strand is the complement of 
the other. 

The strict base-pairing rules mean that each strand provides 
the template for a sister strand with a predictable and 
complementary sequence.



DNA replication follows a set of fundamental rules

1. DNA replication is semiconservative
Each DNA strand serves as a template for the synthesis of a 

new strand, producing two new DNA molecules, each with 
one new strand and one old strand. 

This is semiconservative replication.

Watson and Crick proposed the hypothesis of semi-
conservative replication soon after publication of their 1953 
paper on the structure of DNA.

Meselson and Stahl grew E. coli cells for many generations in 
a medium in which the sole nitrogen source (NH4Cl) 
contained 15N, the “heavy” isotope of nitrogen, instead of 
the normal, more abundant “light” isotope, 14N.



The E. coli cells grown in the 15N medium were transferred to 
a fresh medium containing only the 14N isotope, where they 
were allowed to grow until the cell population had just 
doubled. 

The DNA isolated from these first-generation cells indicating 
that the double-helical DNA molecules of the daughter cells 
were hybrids containing one new 14N strand and one parent 
15N strand.



The semiconservative replication hypothesis was further 
supported in the next step of the experiment. 

Cells were again allowed to double in number in the 14N 
medium. 

The isolated DNA product of this second cycle of replication 
exhibited two bands in the density gradient, one with a 
density equal to that of light DNA and the other with the 
density of the hybrid DNA observed after the first cell 
doubling.



The Meselson-Stahl experiment (a) Cells were grown for many 
generations in a medium 
containing only heavy nitrogen, 
15N, so that all the nitrogen in 
their DNA was 15N, as shown by 
a single band (blue) when 
centrifuged in a CsCl density 
gradient. 

(b) Once the cells had been 
transferred to a medium 
containing only light nitrogen, 
14N, cellular DNA isolated after 
one generation equilibrated at a 
higher position in the density 
gradient (purple band). 

(c) Continuation of replication for a 
second generation yielded two 
hybrid DNAs and two light DNAs
(red), confirming semiconser-
vative replication.



2. Replication begins at an origin and usually proceeds 
bidirectionally

Questions:

– Are the parent DNA strands completely unwound before 
each is replicated?

– Does replication begin at random places or at a unique 
point? 

– After initiation at any point in the DNA, does replication 
proceed in one direction or both?



John Cairns concluded that the loop resulted from the 
formation of two radioactive daughter strands, each 
complementary to a parent strand. 

One or both ends of the loop are dynamic points, termed 
replication forks, where parent DNA is being unwound and 
the separated strands quickly replicated.

Cairns’s results demonstrated that both DNA strands are 
replicated simultaneously, and a variation on his experiment
indicated that replication of bacterial chromosomes is 
bidirectional: both ends of the loop have active replication 
forks.



3. DNA synthesis proceeds in a 5’→3’ direction and is 
semidiscontinuous

A new strand of DNA is always synthesized in the 5’→3’
direction, with the free 3’ OH as the point at which the DNA 
is elongated.

Because the two DNA strands are antiparallel, the strand serving 
as the template is read from its 3’ end toward its 5’ end.

One strand is synthesized continuously and the other 
discontinuously.

The continuous strand, or leading strand, is the one in which 
5’→3’ synthesis proceeds in the same direction as replication 
fork movement.

The discontinuous strand, or lagging strand, is the one in which 
5’→3’ synthesis proceeds in the direction opposite to the 
direction of fork movement.



Defining DNA strands 
at the replication fork

A new DNA strand (red) is always synthesized in the 5’→3’ direction. 
The template is read in the opposite direction, 5’→3’. 
The leading strand is continuously synthesized in the direction taken by the 

replication fork. 
The other strand, the lagging strand, is synthesized discontinuously in short 

pieces (Okazaki fragments) in a direction opposite to that in which the 
replication fork moves. 

The Okazaki fragments are spliced together by DNA ligase. 
In bacteria, Okazaki fragments are ~1,000 to 2,000 nucleotides long. 
In eukaryotic cells, they are 150 to 200 nucleotides long.



DNA is degraded by nucleases
The enzymes that degrade DNA rather than synthesize it, are 

known as nucleases, or DNases.
Every cell contains several different nucleases, belonging to 

two broad classes: exonucleases and endonucleases.
Exonucleases degrade nucleic acids from one end of the 

molecule. 
Many operate in only the 5’→3’ or the 3’→5’ direction, 

removing nucleotides only from the 5’ or the 3’ end.
Endonucleases can begin to degrade at specific internal sites in 

a nucleic acid strand or molecule, reducing it to smaller and 
smaller fragments.

There are a few important classes of endonucleases that cleave 
only at specific nucleotide sequences (such as the restriction 
endonucleases that are so important in biotechnology.



DNA is synthesized by DNA polymerases
DNA polymerase is a single-polypeptide enzyme.
The fundamental reaction is a phosphoryl group transfer. 
The nucleophile is the 3’-hydroxyl group of the nucleotide at 

the 3’ end of the growing strand. 
Nucleophilic attack occurs at the phosphorus of the 

incoming deoxynucleoside 5’-triphosphate. 
Inorganic pyrophosphate is released in the reaction. 
The general reaction is

(dNMP)n + dNTP → (dNMP)n+1 + PPi

where dNMP and dNTP are deoxynucleoside 5’-mono-
phosphate and 5’-triphosphate.

DNA lengthened
DNA



Elongation of a DNA chain

DNA polymerase I activity requires a 
single unpaired strand to act as 
template and a primer strand to 
provide a free hydroxyl group at the 
3’ end, to which a new nucleotide 
unit is added. 

Each incoming nucleotide is selected 
in part by base pairing to the 
appropriate nucleotide in the 
template strand. 

The reaction product has a new free 3’
hydroxyl, allowing the addition of 
another nucleotide.



The reaction proceeds with only a minimal change in free 
energy, given that one phosphodiester bond is formed at 
the expense of a somewhat less stable phosphate 
anhydride.

The formation of products is facilitated in the cell by the 19 
kJ/mol generated in the subsequent hydrolysis of the 
pyrophosphate product by the enzyme pyrophosphatase.

All DNA polymerases require a template.
The polymerization reaction is guided by a template DNA 

strand according to the base-pairing rules predicted by 
Watson and Crick: where a guanine is present in the 
template, a cytosine deoxynucleotide is added to the new 
strand, and so on. 



This was the first example of the use of a template to guide a 
biosynthetic reaction.

The polymerases require a primer. 

A primer is a strand segment (complementary to the 
template) with a free 3’-hydroxyl group to which a 
nucleotide can be added; the free 3’ end of the primer is 
called the primer terminus.

All DNA polymerases can only add nucleotides to a 
preexisting strand. 

Most primers are oligonucleotides of RNA rather than 
DNA.



After adding a nucleotide to a growing DNA strand, a 
DNA polymerase either dissociates or moves along the 
template and adds another nucleotide. 

Dissociation and reassociation of the polymerase can limit 
the overall polymerization rate − the process is generally 
faster when a polymerase adds more nucleotides without 
dissociating from the template.



Replication is very accurate

Replication proceeds with an extraordinary degree of 
fidelity.

In E. coli, a mistake is made only once for every 109 to 
1010 nucleotides added. 

For the E. coli chromosome of ~4.6×106 bp, this means 
that an error occurs only once per 1,000 to 10,000 
replications. 

During polymerization, discrimination between correct and 
incorrect nucleotides relies not just on the hydrogen 
bonds that specify the correct pairing between 
complementary bases but also on the common geometry 
of the standard A=T and G≡C base pairs.



The active site of DNA polymerase I accommodates only 
base pairs with this geometry. 

An incorrect nucleotide may be able to hydrogen-bond 
with a base in the template, but it generally will not fit 
into the active site. 

Incorrect bases can be rejected before the phosphodiester
bond is formed.



Contribution of base-pair geometry to the fidelity 
of DNA replication

(a) The standard A=T and G≡C base pairs have very 
similar geometries, and an active site sized to fit 
one (blue shading) will generally accommodate 
the other.

(b) The geometry of incorrectly paired bases can 
exclude them from the active site, as occurs on 
DNA polymerase I.



E. coli has at least five DNA polymerases

More than 90% of the DNA polymerase activity can be 
accounted for by DNA polymerase I.

A search for other DNA polymerases led to the discovery 
of E. coli DNA polymerase II and DNA polymerase III 
in the early 1970s.

DNA polymerases IV and V, identified in 1999, are 
involved in an unusual form of DNA repair.



DNA replication requires many enzymes and protein factors

Replication in E. coli requires not just a single DNA 
polymerase but 20 or more different enzymes and proteins, 
each performing a specific task. 

The entire complex has been termed the DNA replicase
system.

Access to the DNA strands that are to act as templates 
requires separation of the two parent strands.

This is generally accomplished by helicases, enzymes that 
move along the DNA and separate the strands, using 
chemical energy from ATP.

Strand separation creates topological stress in the helical 
DNA structure, which is relieved by the action of 
topoisomerases.



The separated strands are stabilized by DNA-binding 
proteins. 

Before DNA polymerases can begin synthesizing DNA, 
primers must be present on the template − generally short 
segments of RNA synthesized by enzymes known as 
primases.

Ultimately, the RNA primers are removed and replaced by 
DNA; in E. coli, this is one of the many functions of DNA 
polymerase I. 

After an RNA primer is removed and the gap is filled in with 
DNA, a nick remains in the DNA backbone in the form of 
a broken phosphodiester bond.

These nicks are sealed by DNA ligases. 
All these processes require coordination and regulation.



Replication in eukaryotic cells is more complex
The DNA molecules in eukaryotic cells are considerably 

larger than those in bacteria and are organized into 
complex nucleoprotein structures.

The essential features of DNA replication are the same in 
eukaryotes and prokaryotes, and many of the protein 
complexes are functionally and structurally conserved.

Eukaryotes have several types of DNA polymerases. 

Some have been linked to particular functions, such as the 
replication of mitochondrial DNA.

The replication of nuclear chromosomes involves DNA 
polymerase , in association with DNA polymerase .



DNA polymerase  is typically a multisubunit enzyme with 
similar structure and properties in all eukaryotic cells. 

One subunit has a primase activity, and the largest subunit 
contains the polymerization activity.

DNA polymerase α is believed to function only in the 
synthesis of short primers (containing either RNA or 
DNA).

These primers are then extended by the multisubunit DNA 
polymerase .

DNA polymerase , replaces DNA polymerase  in some 
situations, such as in DNA repair. 

DNA polymerase may also function at the replication fork.



Summary for „DNA Replication” I.

• Replication of DNA occurs with very high fidelity and at 
a designated time in the cell cycle. Replication is 
semiconservative, each strand acting as template for a 
new daughter strand. 

It is carried out in three identifiable phases: initiation, 
elongation, and termination. The reaction starts at the 
origin and usually proceeds bidirectionally.



• DNA is synthesized in the 5’→3’ direction by DNA 
polymerases. At the replication fork, the leading strand 
is synthesized continuously in the same direction as 
replication fork movement; the lagging strand is 
synthesized discontinuously as Okazaki fragments, 
which are subsequently ligated.

• Most cells have several DNA polymerases. In E. coli, 
DNA polymerase III is the primary replication enzyme. 
DNA polymerase I is responsible for special functions 
during replication, recombination, and repair.

Summary for „DNA Replication” II.



2. DNA Repair



A cell generally has only one or two sets of genomic DNA. 

Damaged proteins and RNA molecules can be quickly 
replaced by using information encoded in the DNA, but 
DNA molecules themselves are irreplaceable.

Maintaining the integrity of the information in DNA is a 
cellular imperative, supported by an elaborate set of 
DNA repair systems. 

DNA can become damaged by a variety of processes, some 
spontaneous, others catalyzed by environmental agents.



Replication itself can very occasionally damage the 
information content in DNA when errors introduce 
mismatched base pairs.

The cellular response to this damage includes a wide range 
of enzymatic systems that catalyze some of the most 
interesting chemical transformations in DNA 
metabolism.



Mutations are linked to cancer

The most serious outcome is a change in the base sequence 
of the DNA, which, if replicated and transmitted to 
future cell generations, becomes permanent.

A permanent change in the nucleotide sequence of DNA is 
called a mutation. 

Mutations can involve the replacement of one base pair 
with another (substitution mutation) or the addition or 
deletion of one or more base pairs (insertion or deletion 
mutations).



If the mutation affects nonessential DNA or if it has a 
negligible effect on the function of a gene, it is known as 
a silent mutation. 

Rarely, a mutation confers some biological advantage. 

Most nonsilent mutations, however, are deleterious.

In mammals there is a strong correlation between he 
accumulation of mutations and cancer.

DNA is a relatively stable molecule, but in the absence of 
repair systems, the cumulative effect of many infrequent 
but damaging reactions would make life impossible.



All cells have multiple DNA repair systems

The number and diversity of repair systems reflect both the 
importance of DNA repair to cell survival and the 
diverse sources of DNA damage. 

Some common types of lesions, such as pyrimidine dimers, 
can be repaired by several distinct systems.

Many DNA repair processes also appear to be 
extraordinarily inefficient energetically.

DNA repair is possible largely because the DNA molecule 
consists of two complementary strands. 

DNA damage in one strand can be removed and accurately 
replaced by using the undamaged complementary strand 
as a template.



Mismatch repair:

The mismatches are nearly always corrected to reflect the 
information in the old (template) strand, so the repair 
system must somehow discriminate between the template 
and the newly synthesized strand. 

The cell accomplishes this by tagging the template DNA with 
methyl groups to distinguish it from newly synthesized 
strands. 

The mismatch repair system of E. coli includes at least 12 
protein components that function either in strand 
discrimination or in the repair process itself.



Methylation and mismatch repair

Methylation of DNA strands can serve 
to distinguish parent (template) 
strands from newly synthesized 
strands in E. coli DNA, a function 
that is critical to mismatch repair.

The methylation occurs at the N6 of 
adenines in (5’)GATC sequences. 

This sequence is a palindrome, 
present in opposite orientations on 
the two strands.



Base-excision repair:

Every cell has a class of enzymes called DNA glycosylases
that recognize particularly common DNA lesions (such as 
the products of cytosine and adenine deamination) and 
remove the affected base by cleaving the N-glycosyl bond. 

This cleavage creates an apurinic or apyrimidinic site in the 
DNA, commonly referred to as an AP site or abasic site. 

Each DNA glycosylase is generally specific for one type of 
lesion.



Nucleotide-excision repair:

DNA lesions that cause large distortions in the helical 
structure of DNA generally are repaired by the nucleotide-
excision system, a repair pathway critical to the survival of 
all free-living organisms.

In nucleotide-excision repair, a multisubunit enzyme 
hydrolyzes two phosphodiester bonds, one on either side of 
the distortion caused by the lesion.



Direct repair:
Several types of damage are repaired without removing a base 

or nucleotide. 

The best-characterized example is direct photoreactivation of 
cyclobutane pyrimidine dimers, a reaction promoted by 
DNA photolyases.

Additional examples in the repair of nucleotides with 
alkylation damage. 

The modified nucleotide O6-methylguanine forms in the 
presence of alkylating agents and is a common and highly 
mutagenic lesion.



Direct repair of O6-methylguanine is carried out by O6-
methylguanine-DNA methyltransferase, a protein that 
catalyzes transfer of the methyl group of O6-methylguanine 
to one of its own Cys residues.

This methyltransferase is not strictly an enzyme, because a 
single methyl transfer event permanently methylates the 
protein, making it inactive in this pathway.



The consumption of an entire protein molecule to correct a 
single damaged base is another vivid illustration of the 
priority given to maintaining the integrity of cellular DNA.

Direct mechanism is used to repair 1-methyladenine and 3-
methylcytosine.

The amino groups of A and C residues are sometimes 
methylated when the DNA is single-stranded, and the 
methylation directly affects proper base pairing. 

In E. coli, oxidative demethylation of these alkylated
nucleotides is mediated by the AlkB protein, a member of the 
-ketoglutarate-Fe2+-dependent dioxygenase superfamily.



Direct repair of alkylated bases by AlkB

The AlkB protein is an α-ketoglutarate-Fe2+-dependent dioxygenase. 

It catalyzes the oxidative demethylation of 1-methyladenine and 3-
methylcytosine residues.



Summary for „DNA Repair”
• Cells have many systems for DNA repair. Mismatch repair 

in E. coli is directed by transient nonmethylation of 
(5’)GATC sequences on the newly synthesized strand.

• Base-excision repair systems recognize and repair damage 
caused by environmental agents (such as radiation and 
alkylating agents) and spontaneous reactions of nucleotides.

• Nucleotide-excision repair systems recognize and remove a 
variety of bulky lesions and pyrimidine dimers.

• Some DNA damage is repaired by direct reversal of the 
reaction causing the damage: pyrimidine dimers are 
directly converted to monomeric pyrimidines by a 
photolyase, and the methyl group of O6-methylguanine is 
removed by a methyltransferase.



3. DNA Recombination



The rearrangement of genetic information within and 
among DNA molecules encompasses a variety of 
processes, collectively placed under the heading of 
genetic recombination.

Genetic recombination events fall into at least three general 
classes. 

Homologous genetic recombination (also called general 
recombination) involves genetic exchanges between any 
two DNA molecules (or segments of the same molecule) 
that share an extended region of nearly identical 
sequence.



In site-specific recombination, the exchanges occur only 
at a particular DNA sequence.

DNA transposition is distinct from both other classes in 
that it usually involves a short segment of DNA with the 
remarkable capacity to move from one location in a 
chromosome to another. 

These “jumping genes” were first observed in maize.



RNA METABOLISM



Expression of the information in a gene generally involves 
production of an RNA molecule transcribed from a DNA 
template. 

Strands of RNA and DNA may seem quite similar at first 
glance, differing only in that RNA has a hydroxyl group 
at the 2’ position of the aldopentose and uracil instead of 
thymine.

Most RNAs carry out their functions as single strands, 
strands that fold back on themselves and have the 
potential for much greater structural diversity than DNA.



RNA is the only macromolecule known to have a role both 
in the storage and transmission of information and in 
catalysis, which has led to much speculation about its 
possible role as an essential chemical intermediate in the 
development of life on this planet. 

The discovery of catalytic RNAs, or ribozymes, has 
changed the very definition of an enzyme, extending it 
beyond the domain of proteins.

In the modern cell, all nucleic acids, including RNAs, are 
complexed with proteins.

Some of these complexes are quite elaborate, and RNA can 
assume both structural and catalytic roles within 
complicated biochemical machines.



All RNA molecules are derived from information 
permanently stored in DNA. 

During transcription, an enzyme system converts the 
genetic information in a segment of double-stranded DNA 
into an RNA strand with a base sequence complementary 
to one of the DNA strands.

Three major kinds of RNA are produced. 
Messenger RNAs (mRNAs) encode the amino acid sequence of 

one or more polypeptides specified by a gene or set of genes. 
Transfer RNAs (tRNAs) read the information encoded in the 

mRNA and transfer the appropriate amino acid to a growing 
polypeptide chain during protein synthesis. 

Ribosomal RNAs (rRNAs) are constituents of ribosomes, the 
intricate cellular machines that synthesize proteins. 



Many additional specialized RNAs have regulatory or 
catalytic functions or are precursors to the three main 
classes of RNA.

During replication the entire chromosome is usually 
copied, but transcription is more selective. 

Only particular genes or groups of genes are transcribed at 
any one time, and some portions of the DNA genome are 
never transcribed.

Specific regulatory sequences mark the beginning and end 
of the DNA segments to be transcribed and designate 
which strand in duplex DNA is to be used as the 
template.



1. DNA-Dependent Synthesis of 
RNA



Transcription differs from replication in that it does not 

require a primer and, generally, involves only limited 

segments of a DNA molecule. 

Additionally, within transcribed segments only one DNA 

strand serves as a template.



RNA is synthesized by RNA polymerases

By 1960, four research groups had independently detected 
an enzyme in cellular extracts that could form an RNA 
polymer from ribonucleoside 5’-triphosphates.

DNA-dependent RNA polymerase requires, in addition 
to a DNA template, all four ribonucleoside 5’-
triphosphates (ATP, GTP, UTP, and CTP) as precursors 
of the nucleotide units of RNA, as well as Mg2+. 

The protein also binds one Zn2+.



RNA polymerase elongates an RNA strand by adding 
ribonucleotide units to the 3’-hydroxyl end, building 
RNA in the 5’→3’ direction. 

The 3’-hydroxyl group acts as a nucleophile, attacking the 
 phosphate of the incoming ribonucleoside triphosphate
and releasing pyrophosphate. 

The overall reaction is 
(NMP)n + NTP → (NMP)n+1 + PPi

RNA polymerase requires DNA for activity and is most 
active when bound to a double-stranded DNA.

RNA lengthened
RNA



Only one of the two DNA strands serves as a template.

The template DNA strand is copied in the 3’→5’ direction 
(antiparallel to the new RNA strand), just as in DNA 
replication. 

Each nucleotide in the newly formed RNA is selected by 
Watson-Crick base-pairing interactions; U residues are 
inserted in the RNA to pair with A residues in the DNA 
template, G residues are inserted to pair with C residues.

RNA polymerase does not require a primer to initiate 
synthesis. 

Initiation occurs when RNA polymerase binds at specific 
DNA sequences called promoters.



The 5’-triphosphate group of the first residue in a nascent 
(newly formed) RNA molecule is not cleaved to release 
PPi, but instead remains intact throughout the 
transcription process. 

During the elongation phase of transcription, the growing 
end of the new RNA strand base-pairs temporarily with 
the DNA template to form a short hybrid RNA-DNA 
double helix, estimated to be 8 bp long. 

The RNA in this hybrid duplex “peels off” shortly after its 
formation, and the DNA duplex re-forms.



About 17 bp are unwound at any 
given time. RNA polymerase and 
the bound transcription bubble 
move from left to right along the 
DNA as shown; facilitating RNA 
synthesis. 

The DNA is unwound ahead and 
rewound behind as RNA is 
transcribed. 

Red arrows show the direction in 
which the DNA must rotate to 
permit this process. 

Transcription by RNA polymerase in E. coli. 

For synthesis of an RNA strand complementary to one of two DNA strands 
in a double helix, the DNA is transiently unwound.



As the DNA is rewound, the RNA-
DNA hybrid is displaced and the 
RNA strand extruded. 

The RNA polymerase is in close 
contact with the DNA ahead of the 
transcription bubble, as well as 
with the separated DNA strands 
and the RNA within and 
immediately behind the bubble. 

A channel in the protein funnels new 
nucleoside triphosphates to the 
polymerase active site. 

The polymerase footprint encom-
passes about 35 bp of DNA during 
elongation.



To enable RNA polymerase to synthesize an RNA strand 
complementary to one of the DNA strands, the DNA 
duplex must unwind over a short distance, forming a 
transcription “bubble.”

During transcription, the E. coli RNA polymerase 
generally keeps about 17 bp unwound. 

The 8 bp RNA-DNA hybrid occurs in this unwound 
region. 

Elongation of a transcript by E. coli RNA polymerase 
proceeds at a rate of 50 to 90 nucleotides/s.

DNA is a helix, movement of a transcription bubble 
requires considerable strand rotation of the nucleic acid 
molecules. 



DNA strand rotation is restricted in most DNAs by DNA-
binding proteins and other structural barriers. 

As a result, a moving RNA polymerase generates waves of 
positive supercoils ahead of the transcription bubble and 
negative supercoils behind.

Changes in the supercoiling of DNA  
brought about by transcription.

Movement of an RNA polymerase 
along DNA tends to create positive 
supercoils (overwound DNA) ahead 
of the transcription bubble and 
negative supercoils (underwound
DNA) behind it. 

In a cell, topoisomerases rapidly 
eliminate the positive supercoils and 
regulate the level of negative 
supercoiling.



The two complementary DNA strands have different roles 
in transcription. 

The strand that serves as template for RNA synthesis is 
called the template strand.

The DNA strand complementary to the template, the 
nontemplate strand, or coding strand, is identical in 
base sequence to the RNA transcribed from the gene, 
with U in the RNA in place of T in the DNA.

The coding strand for a particular gene may be located in 
either strand of a given chromosome.



Template and nontemplate (coding) DNA strands

The two complementary strands of DNA are defined by their 
function in transcription. 

The RNA transcript is synthesized on the template strand and 
is identical in sequence (with U in place of T) to the 
nontemplate strand, or coding strand.



RNA polymerases lack a separate proofreading 3’→5’
exonuclease active site and the error rate for transcription 
is higher than that for chromosomal DNA replication −
approximately one error for every 104 to 105

ribonucleotides incorporated into RNA. 

Because many copies of an RNA are generally produced 
from a single gene and all RNAs are eventually degraded 
and replaced, a mistake in an RNA molecule is of less 
consequence to the cell than a mistake in the permanent 
information stored in DNA.



Summary for „DNA-Dependent Synthesis of RNA”
• Transcription is catalyzed by DNA-dependent RNA 

polymerases, which use ribonucleoside 5’-triphos-
phates to synthesize RNA complementary to the 
template strand of duplex DNA. Transcription occurs 
in several phases: binding of RNA polymerase to a 
DNA site called a promoter, initiation of transcript 
synthesis, elongation, and termination.

• Bacterial RNA polymerase requires a special subunit to 
recognize the promoter. As the first committed step in 
transcription, binding of RNA polymerase to the 
promoter and initiation of transcription are closely 
regulated. Transcription stops at sequences called 
terminators.



2. RNA Processing



Many of the RNA molecules in bacteria and virtually all 
RNA molecules in eukaryotes are processed to some 
degree after synthesis. 

The most interesting molecular events in RNA metabolism 
occur during this postsynthetic processing.

The discovery of catalytic RNAs, or ribozymes, has 
brought a revolution in thinking about RNA function and 
about the origin of life.

A newly synthesized RNA molecule is called a primary 
transcript. 

The most extensive processing of primary transcripts 
occurs in eukaryotic mRNAs and in tRNAs of both 
bacteria and eukaryotes.



The primary transcript for a eukaryotic mRNA typically 
contains sequences encompassing one gene.

Noncoding tracts that break up the coding region of the 
transcript are called introns, and the coding segments are 
called exons.

In a process called splicing, the introns are removed from the 
primary transcript and the exons are joined to form a 
continuous sequence that specifies a functional polypeptide.

The ultimate fate of any RNA is its complete and regulated 
degradation. 

The rate of turnover of RNAs plays a critical role in 
determining their steady-state levels and the rate at which 
cells can shut down expression of a gene whose product is no 
longer needed.



Formation of the primary transcript and its processing during 
maturation of mRNA in a eukaryotic cell

The 5’ cap (red) is added before synthesis of the primary transcript is 
complete.

A noncoding sequence following the last exon is shown in orange. 

Splicing can occur either before or after the cleavage and polyadenylation
steps.



Both introns and exons are transcribed from DNA into 
RNA

The occurrence of introns in eukaryotes varies. 

Many genes in the yeast Saccharomyces cerevisiae lack 
introns, although in some other yeast species introns are 
more common. 

Introns are also found in a few eubacterial and 
archaebacterial genes. 

Introns in DNA are transcribed along with the rest of the 
gene by RNA polymerases. 



The introns in the primary RNA transcript are then spliced, 
and the exons are joined to form a mature, functional 
RNA.

In eukaryotic mRNAs, most exons are less than 1,000 
nucleotides long, with many in the 100 to 200 nucleotide 
size range, encoding stretches of 30 to 60 amino acids 
within a longer polypeptide. 

Introns vary in size from 50 to 20,000 nucleotides. 

Genes of higher eukaryotes, including humans, typically 
have much more DNA devoted to introns than to exons.

Many genes have introns; some genes have dozens of 
them.



RNA catalyzes the splicing of introns

There are four classes of introns. 

The first two, the group I and group II introns, differ in the 
details of their splicing mechanisms but share one 
surprising characteristic: they are self-splicing – no 
protein enzymes are involved.

The splicing mechanisms in both groups involve two 
transesterification reaction steps.

Most introns are not self-splicing.

The third and largest class of introns includes those found 
in nuclear mRNA primary transcripts. 



These are called spliceosomal introns, because their 
removal occurs within and is catalyzed by a large protein 
complex called a spliceosome.

The fourth class of introns, found in certain tRNAs.

The splicing reaction requires ATP and an endonuclease.

The splicing endonuclease cleaves the phosphodiester
bonds at both ends of the intron, and the two exons are 
joined by a mechanism similar to the DNA ligase
reaction.



A gene can give rise to multiple products by differential 
RNA processing

Most eukaryotic mRNA transcripts produce only one 
mature mRNA and one corresponding polypeptide, but 
some can be processed in more than one way to produce 
different mRNAs and thus different polypeptides.



Two mechanisms for the 
alternative processing of 
complex transcripts in 

eukaryotes

Alternative cleavage and poly-
adenylation patterns. 

Two poly(A) sites, A1 and A2, are 
shown.



Two mechanisms for the 
alternative processing of 
complex transcripts in 

eukaryotes

Alternative splicing patterns. 

Two different 3’ splice sites are 
shown.

In both mechanisms, different 
mature mRNAs are produced 
from the same primary 
transcript.



Ribosomal RNAs and tRNAs also undergo processing

Ribosomal RNAs of both prokaryotic and eukaryotic cells 
are made from longer precursors called preribosomal
RNAs, or pre-rRNAs.

In bacteria, 16S, 23S, and 5S rRNAs arise from a single 
30S RNA precursor of about 6,500 nucleotides. 

RNA at both ends of the 30S precursor and segments 
between the rRNAs are removed during processing.



Processing of pre-
rRNA transcripts in 

bacteria

(1) Before cleavage, the 30S RNA precursor is methylated at specific bases. 

(2) Cleavage liberates precursors of rRNAs and tRNA(s). 

Cleavage at the points labeled 1, 2, and 3 is carried out by the enzymes RNase III, 
RNase P, and RNase E.

(3) The final 16S, 23S, and 5S rRNA products result from the action of a variety of 
specific nucleases.



In eukaryotes, a 45S pre-rRNA transcript is  processed in the 
nucleolus to form the 18S, 28S, and 5.8S rRNAs
characteristic of eukaryotic ribosomes.

Processing of pre-
rRNA transcripts in 

vertebrates

In step (1), the 45S precursor is methylated at more than 100 of its 14,000 
nucleotides, mostly on the 2’-OH groups of ribose units retained in the final 
products. 

(2) A series of enzymatic cleavages produces the 18S, 5.8S, and 28S rRNAs. 
The cleavage reactions require RNAs found in the nucleolus, called small 

nucleolar RNAs (snoRNAs), within protein complexes reminiscent of 
spliceosomes.



Most cells have 40 to 50 distinct tRNAs, and eukaryotic 
cells have multiple copies of many of the tRNA genes. 

Transfer RNAs are derived from longer RNA precursors 
by enzymatic removal of nucleotides from the 5’ and 3’
ends.

Transfer RNA precursors may undergo further 
posttranscriptional processing. 

The 3’-terminal trinucleotide CCA(3’) to which an amino 
acid will be attached during protein synthesis is absent 
from some bacterial and all eukaryotic tRNA precursors 
and is added during processing.



Processing of tRNAs in bacteria and eukaryotes

The yeast tRNATyr is used to illustrate the important steps. 

The nucleotide sequences shown in yellow are removed from the 
primary transcript. 

The ends are processed first, the 5’ end before the 3’ end.



CCA is then added to the 3’ end, a necessary step in processing 
eukaryotic tRNAs and those bacterial tRNAs that lack this sequence in 
the primary transcript.

While the ends are being processed, specific bases in the rest of the 
transcript are modified.

For the eukaryotic tRNA shown here, the final step is splicing of the 14-
nucleotide intron. 

Introns are found in some eukaryotic tRNAs but not in bacterial tRNAs.



This addition is carried out by tRNA nucleotidyl-
transferase, an unusual enzyme that binds the three 
ribonucleoside triphosphate precursors in separate active 
sites and catalyzes formation of the phosphodiester
bonds to produce the CCA(3’) sequence.

The final type of tRNA processing is the modification of 
some of the bases by methylation, deamination, or 
reduction.



Some modified bases of tRNAs, produced in 
posttranscriptional reactions



RNA enzymes are the catalysts of some events in RNA 
metabolism

One of the most exciting discoveries in modern 
biochemistry − the existence of RNA enzymes.

The best-characterized ribozymes are the self-splicing 
group I introns, RNase P, and the hammerhead ribozyme

Most of the activities of these ribozymes are based on two 
fundamental reactions: transesterification and phospho-
diester bond hydrolysis (cleavage). 

The substrate for ribozymes is often an RNA molecule, 
and it may even be part of the ribozyme itself.



Ribozymes vary greatly in size. 
A self-splicing group I intron may have more than 400 

nucleotides. 
The hammerhead ribozyme consists of two RNA strands 

with only 41 nucleotides in all.
As with protein enzymes, the three-dimensional structure 

of ribozymes is important for function. 
Ribozymes are inactivated by heating above their melting 

temperature or by addition of denaturing agents or 
complementary oligonucleotides, which disrupt normal 
base-pairing patterns.

Ribozymes can also be inactivated if essential nucleotides 
are changed.



Cellular mRNAs are degraded at different rates

A crucial factor governing a gene’s expression is the 
cellular concentration of its associated mRNA. 

The concentration of any molecule depends on two factors: 
its rate of synthesis and its rate of degradation. 

When synthesis and degradation of an mRNA are 
balanced, the concentration of the mRNA remains in a 
steady state.

A change in either rate will lead to net accumulation or 
depletion of the mRNA. 

Degradative pathways ensure that mRNAs do not build up 
in the cell and direct the synthesis of unnecessary 
proteins.



The rates of degradation vary greatly for mRNAs from 
different eukaryotic genes. 

For a gene product that is needed only briefly, the half-life 
of its mRNA may be only minutes or even seconds. 

Gene products needed constantly by the cell may have 
mRNAs that are stable over many cell generations. 

The average half-life of a vertebrate cell mRNA is about 3 
hours, with the pool of each type of mRNA turning over 
about ten times per cell generation.



Polynucleotide phosphorylase makes random RNA-like 
polymers

The bacterial enzyme polynucleotide phosphorylase, 
which in vitro catalyzes the reaction

(NMP)n + NDP (NMP)n+1 + Pi

Polynucleotide phosphorylase was the first nucleic acid-
synthesizing enzyme discovered.

The reaction catalyzed by polynucleotide phosphorylase it 
is not template-dependent. 

lengthened 
polynucleotide



The enzyme uses the 5’-diphosphates of ribonucleosides as 
substrates and cannot act on the homologous 5’-
triphosphates or on deoxyribonucleoside 5’-diphos-
phates.

Because the polynucleotide phosphorylase reaction does 
not use a template, the polymer it forms does not have a 
specific base sequence.

Polynucleotide phosphorylase can be used in the laboratory 
to prepare RNA polymers with many different base 
sequences and frequencies. 

Synthetic RNA polymers of this sort were critical for 
deducing the genetic code for the amino acids.



Summary for „RNA Processing”

• Eukaryotic mRNAs are modified by addition of a 7-
methylguanosine residue at the 5’ end and by cleavage and 
polyadenylation at the 3’ end to form a long poly(A) tail.

• Many primary mRNA transcripts contain introns (noncoding
regions), which are removed by splicing.

• Ribosomal RNAs and transfer RNAs are derived from longer 
precursor RNAs, trimmed by nucleases. Some bases are 
modified enzymatically during the maturation process.

• The self-splicing introns and the RNA component of RNase P 
(which cleaves the 5’ end of tRNA precursors) are two 
examples of ribozymes. These biological catalysts have the 
properties of true enzymes. They generally promote 
hydrolytic cleavage and transesterification, using RNA as 
substrate.



3. RNA-Dependent Synthesis
of RNA and DNA



Some enzymes use an RNA template for nucleic acid 
synthesis.

These enzymes play only a modest role in information 
pathways. 

RNA viruses are the source of most RNA-dependent 
polymerases characterized so far.

Extension of the central dogma to 
include RNA-dependent synthesis 
of RNA and DNA.



Reverse transcriptase produces DNA from viral RNA

Certain RNA viruses that infect animal cells carry within 
the viral particle an RNA-dependent DNA polymerase 
called reverse transcriptase. 

On infection, the single-stranded RNA viral genome and 
the enzyme enter the host cell. 

The reverse transcriptase first catalyzes the synthesis of a 
DNA strand complementary to the viral RNA, then 
degrades the RNA strand of the viral RNA-DNA hybrid 
and replaces it with DNA.

The resulting duplex DNA often becomes incorporated 
into the genome of the eukaryotic host cell. 



Retroviral infection of a 
mammalian cell and 

integration of the retrovirus 
into the host chromosome

Viral particles entering the host cell 
carry viral reverse transcriptase 
and a cellular tRNA (picked up 
from a former host cell) already 
base-paired to the viral RNA. 

The tRNA facilitates immediate 
conversion of viral RNA to 
double-stranded DNA by the 
action of reverse transcriptase.

Once converted to double-stranded 
DNA, the DNA enters the nucleus 
and is integrated into the host 
genome. 

The integration is catalyzed by a 
virally encoded integrase.



These integrated viral genes can be activated and 
transcribed, and the gene products − viral proteins and 
the viral RNA genome itself − packaged as new viruses. 

The RNA viruses that contain reverse transcriptases are 
known as retroviruses (retro is the Latin prefix for 
“backward”).

Reverse transcriptases have become important reagents in 
the study of DNA-RNA relationships and in DNA 
cloning techniques. 

They make possible the synthesis of DNA complementary 
to an mRNA template, and synthetic DNA prepared in 
this manner, called complementary DNA (cDNA), can 
be used to clone cellular genes.



Some retroviruses cause cancer and AIDS

Most retroviruses do not kill their host cells but remain 
integrated in the cellular DNA, replicating when the cell 
divides.

Some retroviruses, classified as RNA tumor viruses, 
contain an oncogene that can cause the cell to grow 
abnormally.

The human immunodeficiency virus (HIV), which causes 
acquired immune deficiency syndrome (AIDS), is a 
retrovirus.



Unlike many other retroviruses, HIV kills many of the 
cells it infects (principally T lymphocytes) rather than 
causing tumor formation. 

This gradually leads to suppression of the immune system 
in the host organism.

Many modern vaccines for viral infections consist of one 
or more coat proteins of the virus.

These proteins are not infectious on their own but stimulate 
the immune system to recognize and resist subsequent 
viral invasions.



Some viral RNAs are replicated by RNA-dependent 
RNA polymerase

Some E. coli bacteriophages, as well as some eukaryotic 
viruses have RNA genomes. 

The single-stranded RNA chromosomes of these viruses, 
which also function as mRNAs for the synthesis of viral 
proteins, are replicated in the host cell by an RNA-
dependent RNA polymerase (RNA replicase). 

All RNA viruses retroviruses − must encode a protein with 
RNA-dependent RNA polymerase activity because the 
host cells do not possess this enzyme.



RNA synthesis offers important clues to biochemical 
evolution

The unveiling of the structural and functional complexity 
of RNA led to propose that this macromolecule might 
serve as both information carrier and catalyst.

The discovery of catalytic RNAs took this proposal from 
conjecture to hypothesis and has led to widespread 
speculation that an “RNA world” might have been 
important in the transition from prebiotic chemistry to 
life.



The parent of all life on this planet, in the sense that it could 
reproduce itself across the generations from the origin of 
life to the present, might have been a self-replicating RNA 
or a polymer with equivalent chemical characteristics.

How might a self-replicating polymer come to be?

The probable origin of purine and pyrimidine bases is 
suggested by experiments designed to test hypotheses 
about prebiotic chemistry. 

Beginning with simple molecules thought to be present in the 
early atmosphere (CH4, NH3, H2O, H2), electrical 
discharges such as lightning generate, first, more reactive 
molecules such as HCN and aldehydes, then an array of 
amino acids and organic acids.



When molecules such as HCN become abundant, purine
and pyrimidine bases are synthesized in detectable 
amounts.

A concentrated solution of ammonium cyanide, refluxed 
for a few days, generates adenine in yields of up to 0.5%. 

Adenine may well have been the first and most abundant 
nucleotide constituent to appear on Earth. 

Most enzyme cofactors contain adenosine as part of their 
structure, although it plays no direct role in the cofactor 
function

The RNA world hypothesis requires a nucleotide polymer 
to reproduce itself.



Possible prebiotic synthesis of adenine from ammonium 
cyanide

Adenine is derived from five molecules of cyanide, denoted by 
shading.



To explore the RNA world hypothesis more deeply, we need to 
know whether RNA has the potential to catalyze the many 
different reactions needed in a primitive system of metabolic 
pathways.

Researchers have isolated ribozymes that catalyze ester and 
amide bond formation, metallation of (addition of metal ions 
to) porphyrins, and carbon–carbon bond formation.

Some natural RNA molecules catalyze the formation of peptide 
bonds, offering an idea of how the RNA world might have 
been transformed by the greater catalytic potential of 
proteins.

The synthesis of proteins would have been a major event in the 
evolution of the RNA world.



The information-carrying role of RNA may have passed to 
DNA because DNA is chemically more stable. 

RNA replicase and reverse transcriptase may be modern 
versions of enzymes that once played important roles in 
making the transition to the modern DNA-based system.

Although the RNA world remains a hypothesis, with many 
gaps yet to be explained, experimental evidence supports a 
growing list of its key elements. 

Further experimentation should increase our understanding. 

Important clues to the puzzle will be found in the workings 
of fundamental chemistry, in living cells, and perhaps on 
other planets.



Summary for „RNA-Dependent Synthesis of RNA and 
DNA”

• RNA-dependent DNA polymerases, also called reverse 
transcriptases, were first discovered in retroviruses, 
which must convert their RNA genomes into double-
stranded DNA as part of their life cycle. These 
enzymes transcribe the viral RNA into DNA, a process 
that can be used experimentally to form 
complementary DNA.

• The existence of catalytic RNAs and pathways for the 
interconversion of RNA and DNA has led to 
speculation that an important stage in evolution was the 
appearance of an RNA (or an equivalent polymer) that 
could catalyze its own replication.


