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Nucleotides have a variety of roles in cellular metabolism.
they are the constituents of nucleic acids: deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA), the molecular repositories of
genetic information.
The amino acid sequence of every protein in a cell, and the
nucleotide sequence of every RNA, is specified by a nucleotide
sequence in the cell’s DNA.

DNA and RNA

A segment of a DNA molecule that contains the information
required for the synthesis of a functional biological product,
whether protein or RNA, is referred to as a gene.
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We know:
• DNA is the hereditary material
• DNA has a double helix structure
– Made of four bases; A,T,C,G
– Deoxyribose-Phosphate backbone

• RNA’s have a broader range of functions, and several
classes are found in cells.
• is not the hereditary material
• RNA has not always a double helix structure
- Made of four bases like DNA but, has U, instead of T
- Ribose phopshate back bone
3
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Ribosomal RNAs (rRNAs) are components of ribosomes, the
complexes that carry out the synthesis of proteins.
Messenger RNAs (mRNAs) are intermediaries, carrying genetic
information from one or a few genes to a ribosome, where the
corresponding proteins can be synthesized.
Transfer RNAs (tRNAs) are adapter molecules that faithfully
translate the information in mRNA into a specific sequence of
amino acids.
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Rosalind Franklin
1953
• Crystallized DNA and X-ray diffraction

Erwin Chargaff
1950
• Found that strands were always same distance
apart
• Also, that the amount of A always the same as
amount of T
• Amount of G always same as amount of C
Therefore: Purines must always bind
Pyrimidines
A binds to T; G binds to C

Watson and Crick
April 25th, 1953
• Seen Franklin’s picture:
– Assumed Sugar-Phosphate backbone

• Knew Chargaff’s rule:
– A&T, G&C must bind each other

• From picture it was clear that DNA was in a
helix
• With symmetrically organized bases in center

• Determined turning radius of beta-Helix
• Realized it must be two complementary
strands because of base pairing
• Determined it was a double Helix
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Watson and Crick

Summary of DNA
James Watson
American

• String of Nucleotides
• deoxyribose Sugar-Phosphate backbone
• 4 Bases:
– A, G are Pyrimidines
– T, C are Purines
–A=T
– G ==C

Francis Crick
English

• Two complementary strands (double helix)

 two parent bases: pyrimidine and purine.

What is DNA?

Both DNA and RNA contain two major purine bases, adenine
(A) and guanine (G), and two major pyrimidines.

• Deoxyribonucleic Acid:
– String of nucleotides

In both DNA and RNA contain both cytosine (C), but the
second major pyrimidine is not the same in both: it is thymine
(T) in DNA and uracil (U) in RNA.

• Nucleotides made up of three parts:
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• Nucleotides have three characteristic components: (1) a
nitrogenous (nitrogen-containing) base, (2) a pentose, and (3)
a phosphate. The molecule without the phosphate group is
called a nucleoside.
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The successive nucleotides of both DNA and RNA are covalently linked
through phosphate-group “bridges,” in which the 5’-phosphate group of
one nucleotide unit is joined to the 3’-hydroxyl group of the next
nucleotide, creating a phosphodiester linkage

The hydroxyl groups of the sugar residues form hydrogen bonds with
water.
The phosphate groups are completely ionized and negatively
charged at pH 7, and the negative charges are generally neutralized by
ionic interactions with positive charges on proteins, metal ions, and
polyamines.
The covalent backbone of DNA and RNA is subject to slow,
nonenzymatic hydrolysis of the phosphodiester bonds.
In the test tube, RNA is hydrolyzed rapidly under alkaline conditions,
but DNA is not; the 2’-hydroxyl groups in RNA (absent in DNA) are
directly involved in the process.
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By convention, the structure of a single strand of nucleic acid is
always written in the 5’3’ direction.
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Base Pairing

A short nucleic acid is referred to as an oligonucleotide.Nucleic
acid polymers containing 50 or fewer nucleotides are generally
called oligonucleotides. A longer nucleic acid is called a
polynucleotide.

1. A Purine must always be base paired to a
Pyrimidine

Free pyrimidines and purines are weakly basic compounds and
are thus called bases.

2. A = T – with two Hydrogen Bonds

Hydrogen bonds between bases permit a complementary
association of two (and occasionally three or four) strands of
nucleic acid.
In double chain DNA G and C, A and T; in double chain RNA G
and C and A and U pair with each other.

3. G = C – with three Hydrogen Bonds
Therefore:
Strands must be complementary
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Complementary Strands

Antiparallel Strands
• DNA strands match up
in opposite directions
• DNA always “read”
5’ to 3’ direction

Double Helix has two strands:
• Complementary – means when you read the
message on one strand, you automatically
know the message on other strand
• Not identical, because in reverse
• “Antiparallel” strands
• Exact same message on both strands

• In the end, both strands
have the exact same
message

The Watson-Crick structure is also referred to as Bform DNA, or B-DNA.
Two structural variants that have been well characterized in crystal
structures are the A and Z forms.

Z-form DNA is a more radical departure from the B structure; the most
obvious distinction is the lefthanded helical rotation. The DNA backbone
takes on a zigzag appearance.
Whether A-DNA occurs in cells is uncertain, but there is evidence for some
short stretches (tracts) of Z-DNA in both prokaryotes and eukaryotes.
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heat and extremes of pH cause denaturation, or melting, of doublehelical DNA.
Disruption of the hydrogen bonds between paired bases and of base
unwinding of the double helix to form two single strands, completely
separate from each other along the entire length or part of the
length (partial denaturation) of the molecule.
No covalent bonds in the DNA are broken

DENATURATION OF DNA

Renaturation of a DNA molecule is a rapid one-step process, as long
as a double-helical segment of a dozen or more residues still unites
the two strands.
When the temperature or pH is returned to the range in which most
organisms live, the unwound segments of the two strands
spontaneously rewind, or anneal, to yield the intact duplex.
29

 The close interaction between stacked bases in a nucleic acid has the
effect of decreasing its absorption of UV light relative to that of a
solution with the same concentration of free nucleotides, and the
absorption is decreased further when two complementary nucleic acids
strands are paired. This is called the hypochromic effect.

 Viral or bacterial DNA molecules in solution denature when they are
heated slowly .
 Each species of DNA has a characteristic denaturation temperature, or
melting point (tm): the higher its content of G-C base pairs, the higher the
melting point of the DNA.
 This is because G-C base pairs, with three hydrogen bonds, require more
heat energy to dissociate than A-T base pairs.
 Careful determination of the melting point of a DNA specimen, under fixed
conditions of pH and ionic strength, can yield an estimate of its base
composition.
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Duplexes of two RNA strands or of one RNA strand and one DNA
strand (RNA-DNA hybrids) can also be denatured.

 Purines and pyrimidines, along with the nucleotides of which they are a
part, undergo a number of spontaneous alterations in their covalent
structure.

The ability of two complementary DNA strands to pair with one
another can be used to detect similar DNA sequences in two
different species or within the genome of a single species.

 The rate of these reactions is generally very slow, but they are
physiologically significant because of the cell’s very low tolerance for
alterations in its genetic information.

If duplex DNAs isolated from human cells and from mouse cells
are completely denatured by heating, then mixed and kept at 65
°C for many hours, much of the DNA will anneal.
Some strands of the mouse DNA will associate with human DNA
strands to yield hybrid duplexes, in which segments of a mouse
DNA strand form base-paired regions with segments of a human
DNA strand.
This process called as hybridization.

 Alterations in DNA structure that produce permanent changes in the
genetic information encoded therein are called mutations.

 Several nucleotide bases undergo spontaneous loss of their exocyclic
amino groups (deamination).
 For example, under typical cellular conditions, deamination of cytosine
(in DNA) to uracil occurs in about one of every 107 cytidine residues in
24 hours.
 This corresponds to about 100 spontaneous events per day, on average,
in a mammalian cell.

Another important reaction in deoxyribonucleotides is the hydrolysis
of the N-β-glycosyl bond between the base and the pentose
(depurinization). This occurs at a higher rate for purines than for
pyrimidines.
Other reactions are promoted by radiation.

UV light induces the condensation of two ethylene groups to form a
cyclobutane ring.
In the cell, the same reaction between adjacent pyrimidine bases in
nucleic acids forms cyclobutane pyrimidine dimers.
This happens most frequently between adjacent thymidine residues
on the same DNA strand.

Ionizing radiation (x rays and gamma rays) can cause ring opening
and fragmentation of bases as well as breaks in the covalent
backbone of nucleic acids.
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 DNA also may be damaged by reactive chemicals introduced into the
environment as products of industrial activity.
 Two prominent classes of such agents are (1) deaminating agents,
particularly nitrous acid (HNO2) or compounds that can be metabolized to
nitrous acid or nitrites, and (2) alkylating agents.
 Possibly the most important source of mutagenic alterations in DNA is
oxidative damage. Excited-oxygen species such as hydrogen peroxide,
hydroxyl radicals, and superoxide radicals arise during irradiation or as a
byproduct of aerobic metabolism.
 Of these species, the hydroxyl radicals are responsible for most oxidative
DNA damage.
 Cells have an elaborate defense system to destroy reactive oxygen species,
including enzymes such as catalase and superoxide dismutase.
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DNA Replication
Makes logical sense how DNA replication
happens:
1. DNA has two strands with identical
information
2. Must open up
3. Exposing unpaired bases
4. Bases are matched perfectly (compliment)
5. Forming two double helixes from one

 The integrity of DNA as a polymer is better maintained than that of either
RNA or protein, because DNA is the only macromolecule that has the
benefit of biochemical repair systems

Three Theories:
1. Semi-conservative
– The one Watson and Crick just suggested
– Strands split
– New strand forms from reading other

2. Conservative
– Makes copy of double strand, from double strand
(without splitting)

3. Dispersive
– Double helix breaking and reforming at random
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Semi-conservative

 Organisms create faithful copies of themselves by replication. This is
semiconservative replication.

 The fundamental properties of the DNA replication process and the
mechanisms used by the enzymes that catalyze it have proved to be
essentially identical in all species.

Parental DNA strands

Each of the parental strands serves as a
template for a daughter strand

 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.
 The synthesis of a DNA molecule can be divided into three stages: initiation,
elongation, and termination, distinguished both by the reactions taking
place and by the enzymes required.

Daughter DNA strands

Enzymes
• Helicases – unwind the DNA
• Topoisomerase:Strand separation creates topological
stress in the helical DNA structure, which is relieved by
the action of topoisomerases.
• Primase – attracts complimentary bases to form a
“primer” sequence
• DNA Polymerase – add bases to the primer strand by
reading the code

For circular DNA molecules, the two replication forks meet at a
point on the side of the circle opposite to the origin. Strand
separation creates topological stress in the helical DNA structure,
which is relieved by the action of topoisomerases.
DNA synthesis proceeds in a 5’3’ direction and is
semidiscontinuous, which means one chain continously replicated
(leading strand)while the other chain (lagging strand) replicate
discontinously.

– Therefore, extends the new strand
– According to the original strand’s sequence

• Ligase – seals the sugar-phosphate backbone back
together

11

12/15/2017

Since a new strand of DNA is always synthesized in the 5’3’
direction, 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 is
the one in which 5’3’ synthesis proceeds in the direction
opposite to the direction of fork movement.
Therefore the new DNA strands in the lagging strand is
synthesized in short pieces, called Okazaki fragments.

DNA Replication
Notes:
1. Enzymes and their
functions
2. Direction of replication
- Always 5’ to 3’

DNA Replication
Notes con’t:

3. Difference
between leading
and lagging strands

 The elongation phase of replication includes two distinct but related
operations: leading strand synthesis and lagging strand synthesis.
 Parent DNA is first unwound by DNA helicases, and the resulting
topological stress is relieved by topoisomerases.

 Leading strand synthesis, the more straightforward of the two, begins with
the synthesis by primase of a short RNA primer at the replication origin.
Deoxyribonucleotides are added to this primer by DNA polymerase III.
Leading strand synthesis then proceeds continuously.
 Lagging strand synthesis, is accomplished in short Okazaki fragments and
replication done with the same way as the leading strand, however since
DNA polymerase III only synthesize DNA at 5’3’ direction some
conformational changes occurs in DNA chain.
 Once an Okazaki fragment has been completed, its RNA primer is removed
and replaced with DNA by DNA polymerase I, and the remaining nick is
sealed by DNA ligase.
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Circular E. Coli chromosome replicated in five stages;

Error Correction

1) Unwinding of parental double helix

DNA Polymerase – can also “proofread” the
newly formed strand:
1. Excise bases that are “mismatched”

2) Synthesis of a RNA primer.

2. Replace with the correct base

5) Ligation of newly synthesized DNA

3) DNA growth at 5’3’ direction.
4) Removal of primer.

DNA is synthesized by DNA polymerases.

3. Then move forward to next base

First discovered polymerase is DNA polymerase I of E. Coli.
E. Coli contains at least four other distinct DNA polymerases.

 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.
 DNA polymerase I require a primer. A primer is
a strand segment (complementary to the
template, generally RNA) with a free 3’-hydroxyl
group to which a nucleotide can be added.
 Replication is very accurate. In E. coli, a mistake
is made only once for every 1010 bp.

 DNA polymerase synthesize DNA at 5’3’
direction and has proofreading ability at 3’5’
direction.
 The 5’3’ exonuclease activity removes the
mispaired nucleotide, and then correct one
added.

A permanent change in the
nucleotide sequence of DNA is
called a mutation.
In mammals there is a strong correlation between the
accumulation of mutations and cancer.

A simple test developed by Bruce Ames measures the
potential of a given chemical compound to promote
certain easily detected mutations in a specialized
bacterial strain.
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 Mismatch
Repair
correction of the rare
mismatches left after
replication in E. coli
improves the overall
fidelity of replication
 Old (correct strand)
determined
by
methylation in E. Coli.
 Özel
proteinler
metillenmiş
GTAC
sekuansını
tanıyarak
eski zincirin yenisinden
ayırt
edilmesini
sağlarlar.

DNA Highly Condensed
• DNA is a very long molecule
• To fit into the nucleus it must be
condensed
• Double helix coils around Histones
• Forms “beads on a string”
• Beads = Nucleosomes
• Nucleosomes coil into Chromatin
• Chromatin is condensed into Chromosomes
Chromosomes are BOTH – DNA and Protein!

DNA Highly Condensed

Genes and Chromosomes
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Almost every cell of a multicellular organism contains the same
complement of genetic material—its genome.

Physical Organization of Genes:
The Nucleus, Chromosomes, and Chromatin

Chromosomes, the nucleic acid molecules that are the repository
of an organism’s genetic information, are the largest molecules in
a cell and may contain thousands of genes.

A mitotic chromosome:
•

An electron microscope image of a
human chromosome during the
metaphase stage of mitosis.

Human chromosomes range up to 279 million bp.

•

The constriction at the centromere and
the lengthwise division into sister
chromatids are clearly visible.

•

The hairy-looking surface is made of
loops of highly coiled chromatin.

•

The chromatin of eukaryotes consists of
DNA complexed with histones and
nonhistone proteins.

Cellular DNA contains genes and intergenic regions, both of which
may serve functions vital to the cell.
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 Eukaryotes; A yeast cell, one of the simplest eukaryotes, has 2.6 times
more DNA in its genome than an E. coli cell.

 Cells of Drosophila, the fruit fly used in classical genetic studies, contain
more than 35 times as much DNA as E. coli cells, and human cells have
almost 700 times as much.
 The cells of many plants and amphibians contain even more.
 The genetic material of eukaryotic cells is apportioned into
chromosomes, the diploid (2n) number depending on the species.

A gene is all the DNA that encodes the primary sequence of some
final gene product, which can be either a polypeptide or an RNA
with a structural or catalytic function.
DNA also contains other segments or sequences that have a
purely regulatory function

Eukaryotic cells also have organelles, mitochondria
and chloroplasts, that contain DNA.
Mitochondrial DNA (mtDNA) molecules are much
smaller than the nuclear chromosomes.
In animal cells, mtDNA contains fewer than 20,000 bp
(16,569 bp in human mtDNA) and is a circular duplex.

 A human somatic cell, for example, has 46 chromosomes.
 Each chromosome of a eukaryotic cell, contains a single, very large,
duplex DNA molecule.

60
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Eukaryotic cells also have organelles, mitochondria and
chloroplasts, that contain DNA.
Mitochondrial DNA (mtDNA) molecules are much smaller than
the nuclear chromosomes.

Many, if not most, eukaryotic genes contain one or more
intervening segments of DNA that do not code for the amino acid
sequence of the polypeptide product.
Such nontranslated DNA segments in genes are called intervening
sequences or introns, and the coding segments are called exons.

In animal cells, mtDNA contains fewer than 20,000 bp (16,569 bp
in human mtDNA) and is a circular duplex.
Plant cell mtDNA ranges in size from 200,000 to 2,500,000 bp.
Chloroplast DNA (cpDNA) also exists as circular duplexes and
ranges in size from 120,000 to 160,000 bp.
Many bacterial species have only one chromosome per cell and,
in nearly all cases, each chromosome contains only one copy of
each gene.

Much of the nongene DNA is in the form of repeated sequences
of several kinds.

Half the human genome is made up of moderately repeated
sequences that are derived from transposable elements—
segments of DNA, that can move from one location to another in
the genome.

In higher eukaryotes, the typical gene has much more intron
sequence than sequences devoted to exons.
In total, only about 1.5% of human DNA is “coding” or exon DNA,
carrying information for protein or RNA products.

Another 3% or so of the human genome consists of highly
repetitive sequences, also referred to as simple-sequence DNA or
simple sequence repeats (SSR).
Much of SSR is associated with two defining features of
eukaryotic chromosomes: centromeres and telomeres.

The centromere is a sequence of DNA that functions during cell
division as an attachment point for proteins that link the
chromosome to the mitotic spindle.
Telomeres are sequences at the ends of eukaryotic chromosomes
that help stabilize the chromosome.
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 The enzymes that increase or decrease the extent of DNA underwinding
are topoisomerases. These enzymes play an especially important role in
processes such as replication and DNA packaging.

 Chromatin consists of fibers containing protein and DNA in
approximately equal masses, along with a small amount of RNA.
 The DNA in the chromatin is very tightly associated with proteins called
histones, which package and order the DNA into structural units called
nucleosomes.

 Histones have molecular weights between 11,000 and 21,000 and are
very rich in the basic amino acids arginine and lysine (together these
make up about one-fourth of the amino acid residues).
 All eukaryotic cells have five major classes of histones, differing in
molecular weight and amino acid composition

Wrapping of DNA around a nucleosome core
compacts the DNA length about sevenfold.
The overall compaction in a chromosome,
however, is greater than 10,000-fold—ample
evidence for even higher orders of structural
organization.

A third major class of chromatin proteins, in
addition to the histones and topoisomerases,
is the SMC proteins (structural maintenance
of chromosomes) which helps to compact the
chromatin.
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 DNA
molecule’s
most
important property is its
nucleotide sequence.

 In both Sanger and MaxamGilbert
sequencing,
the
general principle is to reduce
the DNA to four sets of
labeled fragments.

DNA sequencing and DNA
synthesis

 The reaction producing each
set is base-specific, so the
lengths of the fragments
correspond to positions in the
DNA sequence where a
certain base occurs.

69

PCR
1977
• PCR – Polymerase Chain Reaction
• Kary Mullis
• Idea just came to him while he was thinking
about DNA Replication
• Won Noble Prize

71
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PCR
1. Separate the Double Helix
2. Bind primers (2) to sequence you want to
replicate
3. DNA Polymerase copies between two
primers
4. Rinse and Repeat
5. Copies DNA between two primers
exponentially

PCR
3. DNA Polymerase copies between two
primers
Add
DNA Pol.

4. Repeat Many Times

PCR
1. Separate the Double Helix
Heat

2. Bind primers (2) to sequence you want to
replicate
Add

PCR Needs
• You must know the sequence you are trying to
amplify
• Primers:
– One for each side, exact sequence correct

• Excess of four dNTPs:
– 4 nucleotides

• Heat insensitive DNA Polymerase:
– So that reagents can be heated and cooled
repeatedly
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PCR Uses

Nucleotides and Nucleic Acids II

• Forensics
– ID a body
– ID a criminal
– Free the innocent

• Genetic Tests
– Testing for specific polymorphism/mutation

• Paternity Tests
• Research

 Purines and pyrimidines, along with the nucleotides of which they are a
part, undergo a number of spontaneous alterations in their covalent
structure.
 The rate of these reactions is generally very slow, but they are
physiologically significant because of the cell’s very low tolerance for
alterations in its genetic information.
 Alterations in DNA structure that produce permanent changes in the
genetic information encoded therein are called mutations.
 Several nucleotide bases undergo spontaneous loss of their exocyclic
amino groups (deamination).

 For example, under typical cellular conditions, deamination of cytosine
(in DNA) to uracil occurs in about one of every 107 cytidine residues in
24 hours.
 This corresponds to about 100 spontaneous events per day, on average,
in a mammalian cell.
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Another important reaction in deoxyribonucleotides is the hydrolysis
of the N-β-glycosyl bond between the base and the pentose
(depurinization). This occurs at a higher rate for purines than for
pyrimidines.
Other reactions are promoted by radiation.
UV light induces the condensation of two ethylene groups to form a
cyclobutane ring.
In the cell, the same reaction between adjacent pyrimidine bases in
nucleic acids forms cyclobutane pyrimidine dimers.

This happens most frequently between adjacent thymidine residues
on the same DNA strand.
Ionizing radiation (x rays and gamma rays) can cause ring opening
and fragmentation of bases as well as breaks in the covalent
backbone of nucleic acids.

 DNA also may be damaged by reactive chemicals introduced into the
environment as products of industrial activity.

 Two prominent classes of such agents are (1) deaminating agents,
particularly nitrous acid (HNO2) or compounds that can be metabolized to
nitrous acid or nitrites, and (2) alkylating agents.
 Possibly the most important source of mutagenic alterations in DNA is
oxidative damage. Excited-oxygen species such as hydrogen peroxide,
hydroxyl radicals, and superoxide radicals arise during irradiation or as a
byproduct of aerobic metabolism.
 Of these species, the hydroxyl radicals are responsible for most oxidative
DNA damage.
 Cells have an elaborate defense system to destroy reactive oxygen species,
including enzymes such as catalase and superoxide dismutase.
 The integrity of DNA as a polymer is better maintained than that of either
RNA or protein, because DNA is the only macromolecule that has the
benefit of biochemical repair systems
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 DNA
molecule’s
most
important property is its
nucleotide sequence.

 The chemical methods for synthesizing nucleic acids were also developed.

 In both Sanger and MaxamGilbert
sequencing,
the
general principle is to reduce
the DNA to four sets of
labeled fragments.
 The reaction producing each
set is base-specific, so the
lengths of the fragments
correspond to positions in the
DNA sequence where a
certain base occurs.

In addition to their roles as the subunits of nucleic acids,
nucleotides have a variety of other functions in every cell: as
energy carriers, components of enzyme cofactors, and chemical
messengers.
Nucleoside mono-, di-, and triphosphates provides the chemical
energy to drive a wide variety of cellular reactions.

A variety of enzyme cofactors serving a wide range of chemical
functions include adenosine as part of their structure.
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Cells respond to their environment by taking cues from hormones
or other external chemical signals.
The interaction of these extracellular chemical signals (“first
messengers”) with receptors on the cell surface often leads to the
production of second messengers inside the cell, which in turn
leads to adaptive changes in the cell interior.

Often, the second messenger is a nucleotide. One of the most
common is adenosine 3’,5’-cyclic monophosphate (cyclic AMP, or
cAMP), formed from ATP.
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