
INFORMATION PATHWAYS



What is the molecular nature of genetic material? 

How is genetic information transmitted from one 
generation to the next with high fidelity? 

How do the rare changes in genetic material that are the 
raw material of evolution arise? 

How is genetic information ultimately expressed in the 
amino acid sequences of the astonishing variety of 
protein molecules in a living cell?



The fundamental unit of information in living systems is 
the gene. 

A gene can be defined biochemically as a segment of DNA 
that encodes the information required to produce a 
functional biological product. 

The final product is usually a protein. A functional gene 
product might also be one of several classes of RNA 
molecules.



The double-helical structure, postulated by James Watson 
and Francis Crick in 1953, clearly suggested how DNA 
might be copied so that the information it contains can be 
transmitted from one generation to the next. 

Clarification of how the information in DNA is converted 
into functional proteins came with the discovery of both 
messenger RNA and transfer RNA and with the 
deciphering of the genetic code.



These gave rise to the central dogma of molecular biology, 
comprising the three major processes in the cellular 
utilization of genetic information. 

The first is replication, the copying of parental DNA to 
form daughter DNA molecules with identical nucleotide 
sequences. 

The second is transcription, the process by which parts of 
the genetic message encoded in DNA are copied 
precisely into RNA.

The third is translation, whereby the genetic message 
encoded in messenger RNA is translated on the 
ribosomes into a polypeptide with a particular sequence 
of amino acids.



The central dogma of molecular biology, showing the general 
pathways of information flow via replication, transcription, and
translation.

The term “dogma” is a misnomer. 

Introduced by Francis Crick at a time when little evidence supported 
these ideas, the dogma has become a well-established principle.



GENES AND CHROMOSOMES



Almost every cell of a multicellular organism contains the 
same complement of genetic material − its genome.

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.

The 16 chromosomes in the relatively small genome of the 
yeast Saccharomyces cerevisiae have molecular masses 
ranging from 1.5×108 to 1×109 daltons, corresponding to 
DNA molecules with 230,000 to 1,532,000 contiguous 
base pairs (bp). 

Human chromosomes range up to 279 million bp.



1. Chromosomal Elements



Genes are segments of DNA that code for polypeptide 
chains and RNAs

Classically, a gene was defined as a portion of a 
chromosome that determines or affects a single character 
or phenotype (visible property), molecular definition of 
a gene in 1940.

A gene is a segment of genetic material that determines or 
codes for one enzyme: the one gene-one enzyme 
hypothesis. 

Later this concept was broadened to one gene-one 
polypeptide, because many genes code for proteins that 
are not enzymes or for one polypeptide of a multisubunit
protein.



The modern biochemical definition: 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. 

Regulatory sequences provide signals that may denote the 
beginning or the end of genes, or influence the 
transcription of genes.

Each amino acid of a polypeptide chain is coded for by a 
sequence of three consecutive nucleotides in a single strand 
of DNA, with these “codons” arranged in a sequence that 
corresponds to the sequence of amino acids in the 
polypeptide that the gene encodes.



Colinearity of the coding nucleotide 
sequences of DNA and mRNA and 

the amino acid sequence of a 
polypeptide chain

The triplets of nucleotide units in DNA 
determine the amino acids in a protein 
through the intermediary mRNA. 

One of the DNA strands serves as a 
template for synthesis of mRNA, which 
has nucleotide triplets (codons) 
complementary to those of the DNA. 

In some bacterial and many eukaryotic 
genes, coding sequences are interrupted 
at intervals by regions of noncoding
sequences (called introns).



A polypeptide chain of 350 amino acid residues 
corresponds to 1,050 bp.

The Escherichia coli chromosome, one of the prokaryotic 
genomes that has been completely sequenced, is a 
circular DNA molecule with 4,639,221 bp. 

These base pairs encode about 4,300 genes for proteins and 
another 115 genes for stable RNA molecules.

The approximately 3.2 billion base pairs of the human 
genome include 30,000 to 35,000 genes on 24 different 
chromosomes.



DNA molecules are much longer than the cellular 
packages that contain them

Chromosomal DNAs are often many orders of magnitude 
longer than the cells or viruses in which they are found.

Viruses:
Viruses are not free-living organisms; rather, they are 

infectious parasites that use the resources of a host cell to 
carry out many of the processes they require to propagate. 

Many viral particles consist of no more than a genome 
(usually a single RNA or DNA molecule) surrounded by a 
protein coat.

Almost all animal viruses have RNA genomes. 

These genomes tend to be particularly small.



The genomes of mammalian retroviruses such as HIV are 
about 9,000 nucleotides long, and that of the bacteriophage
Q has 4,220 nucleotides. 

Both types of viruses have single-stranded RNA genomes.

The genomes of DNA viruses vary greatly in size.

Many viral DNAs are circular for at least part of their life 
cycle. 

During viral replication within a host cell, specific types of 
viral DNA called replicative forms may appear; for 
example, many linear DNAs become circular and all single-
stranded DNAs become double-stranded.

The DNA of bacteriophage T4, is about 290 times longer than 
the viral particle itself.



Bacteria:

A single E. coli cell contains almost 100 times as much DNA 
as a bacteriophage  particle. 

The chromosome of an E. coli cell is a single double-stranded 
circular DNA molecule. 

Its 4,639,221 bp have a contour length of about 1.7 mm, some 
850 times the length of the E. coli cell.

Many bacteria contain one or more small circular DNA 
molecules that are free in the cytosol. 

These extrachromosomal elements are called plasmids.

Most plasmids are only a few thousand base pairs long, but 
some contain more than 10,000 bp. 



They carry genetic information and undergo replication to 
yield daughter plasmids, which pass into the daughter cells 
at cell division.

Some plasmids carry genes that are useful to the host 
bacterium.

Some plasmid genes make a host bacterium resistant to 
antibacterial agents.

Eukaryotes:

A yeast cell, one of the simplest eukaryotes, has 2.6 times 
more DNA in its genome than an E. coli cell.



*The diploid chromosome number is given for all eukaryotes except yeast.

†Haploid chromosome number. Wild yeast strains generally have eight (octoploid) or more 
sets of these chromosomes.

DNA, Gene, and Chromosome Content in Some Genomes



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 genetic material of eukaryotic cells is apportioned into 
chromosomes, the diploid (2n) number depending on the 
species.

A human somatic cell, for example, has 46 chromosomes.

Each chromosome of a eukaryotic cell, contains a single, very 
large, duplex DNA molecule.

Each type of chromosome in eukaryotes carries a 
characteristic set of genes.



Eukaryotic chromosome

A:
A pair of linked and condensed sister chromatids

from a human chromosome. 

Eukaryotic chromosomes are in this state after 
replication and at metaphase during mitosis.

B:

A complete set of 
chromosomes from a 
leukocyte 

There are 46 chromo-
somes in every nor-
mal human somatic 
cell.



The DNA of one human genome placed end to end, would 
extend for about a meter. 

Most human cells are diploid and each cell contains a total of 
2 m of DNA.

An adult human body contains approximately 1014 cells and 
thus a total DNA length of 2×1011 km (the distance between 
the earth and the sun 1.5×108 km).

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 and is 
a circular duplex.



A dividing mitochondrion

Some mitochondrial proteins and RNAs are encoded by one of the 
copies of the mitochondrial DNA (none of which are visible here). 

The DNA (mtDNA) is replicated each time the mitochondrion 
divides, before cell division.



Each mitochondrion typically has two to ten copies of this 
mtDNA molecule.

The evolutionary origin of mitochondrial DNAs has been the 
subject of much speculation. 

A widely accepted view is that they are vestiges of the 
chromosomes of ancient bacteria that gained access to the 
cytoplasm of host cells and became the precursors of these 
organelles.

Mitochondrial DNA codes for the mitochondrial tRNAs and 
rRNAs and for a few mitochondrial proteins.

Mitochondria and chloroplasts divide when the cell divides. 
Their DNA is replicated before and during division, and the 

daughter DNA molecules pass into the daughter 
organelles.



Eukaryotic genes and chromosomes are very complex

Many bacterial species have only one chromosome per cell 
and each chromosome contains only one copy of each 
gene.

The genes in eukaryotic DNA is structurally and 
functionally much more complex.

Their nucleotide sequences contain one or more 
intervening segments of DNA that do not code for the 
amino acid sequence of the polypeptide product. 

These nontranslated inserts interrupt the otherwise colinear
relationship between the nucleotide sequence of the gene 
and the amino acid sequence of the polypeptide it 
encodes. 



Such nontranslated DNA segments in genes are called 
intervening sequences or introns, and the coding 
segments are called exons.

In higher eukaryotes, the typical gene has much more 
intron sequence than sequences devoted to exons.

In the gene coding for the single polypeptide chain of the 
avian egg protein ovalbumin, the introns are much longer 
than the exons; seven introns make up 85% of the gene’s 
DNA.

In most cases the function of introns is not clear. 

In total, only about 1.5% of human DNA is “coding” or 
exon DNA, carrying information for protein or RNA 
products.



Introns in two eukaryotic genes

The gene for ovalbumin has seven introns (A to G), splitting the coding 
sequences into eight exons (L, and 1 to 7). 

The gene for the β subunit of hemoglobin has two introns and three exons, 
including one intron that alone contains more than half the base pairs of 
the gene.



In the human genome much of the nongene DNA is in the 
form of repeated sequences of several kinds.

About half the human genome is made up of moderately 
repeated sequences.

Ranging from a few hundred to several thousand base pairs 
long, that can move from one location to another in the 
genome.

Transposable elements (transposons) are a kind of 
molecular parasite.

Some transposons in the human genome are active, moving 
at a low frequency, but most are inactive. 

These elements generally do not encode proteins or RNAs
that are used in human cells.



Types of sequences in the 
human genome

This pie chart divides the genome 
into transposons (transposable 
elements), genes, and miscella-
neous sequences. 

There are four main classes of 
transposons. 

Long interspersed elements (LINEs), 
6 to 8 kbp long (1 kbp = 1,000 bp), 
typically include a few genes 
encoding proteins that catalyze 
transposition. 

The genome has about 850,000 
LINEs. 

Short interspersed elements (SINEs) 
are about 100 to 300 bp long.



A final class of transposons (making 
up <1% and not shown here) consists 
of a variety of transposon remnants 
that differ greatly in length.

About 30% of the genome consists of 
sequences included in genes for 
proteins, but only a small fraction of 
this  DNA is in exons (coding 
sequences). 

Miscellaneous sequences include 
simple-sequence repeats (SSR) and 
large segmental duplications (SD).

The genome also contains 450,000 copies of retroviruslike transposons, 1.5 
to 11 kbp long. 

These are “trapped” in the genome and cannot move from one cell to 
another, they are evolutionarily related to the retroviruses, which include 
HIV.



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).

Generally less than 10 bp long, are sometimes repeated 
millions of times per cell. 

The simple-sequence DNA has also been called satellite 
DNA, so named because its unusual base composition  
often causes it to migrate as “satellite” bands.

When fragmented cellular DNA samples are centrifuged 
simple-sequence DNA does not encode proteins or 
RNAs.

The highly repetitive DNA 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. 

This attachment is essential for the equal and orderly 
distribution of chromosome sets to daughter cells.

The centromeres of Saccharomyces cerevisiae are about 
130 bp long and are very rich in A=T pairs. 

The centromeric sequences of higher eukaryotes are much 
longer and, generally contain simple-sequence DNA, 
which consists of thousands of tandem copies.



Important structural elements of a yeast chromosome



Telomeres (Greek telos, “end”) are sequences at the ends 
of eukaryotic chromosomes that help stabilize the 
chromosome.

Yeast telomeres end with about 100 bp of imprecisely 
repeated sequences of the form

(5’)(TxGy)n
(3’) (AxCy)n

where x and y are generally between 1 and 4. 



The number of telomere repeats, n, is in the range of 20 to 
100 for most single-celled eukaryotes and generally more 
than 1,500 in mammals.

Artificial chromosomes requires only three components: a 
centromere, telomeres at each end, and sequences that 
allow the initiation of DNA replication.

Human artificial chromosomes (HACs) are being 
developed for the treatment of genetic diseases by 
somatic gene therapy.



Summary for „Chromosomal Elements” I.

• Genes are segments of a chromosome that contain the 
information for a functional polypeptide or RNA 
molecule. In addition to genes, chromosomes contain a 
variety of regulatory sequences involved in replication, 
transcription, and other processes.

• Genomic DNA and RNA molecules are generally orders 
of magnitude longer than the viral particles or cells that 
contain them.

• Many genes in eukaryotic cells, and a few in bacteria, are 
interrupted by noncoding sequences called introns. The 
coding segments separated by introns are called exons.



• Less than one-third of human genomic DNA consists of 
genes. Much of the remainder consists of repeated 
sequences of various types. Nucleic acid parasites 
known as transposons account for about half of the 
human genome.

• Eukaryotic chromosomes have two important special-
function repetitive DNA sequences: centromeres, 
which are attachment points for the mitotic spindle, 
and telomeres, located at the ends of chromosomes.

Summary for „Chromosomal Elements” II.



2. DNA Supercoiling



Supercoiling means the coiling of a coil. 

A telephone cord is typically a coiled wire.

DNA is coiled in the form of a double helix, with both 
strands of the DNA coiling around an axis. 

The further coiling of that axis upon itself produces DNA 
supercoiling.

DNA supercoiling is generally a manifestation of structural 
strain. 

When there is no net bending of the DNA axisupon itself, 
the DNA is said to be in a relaxed state.



Supercoil

A typical phone cord is 
coiled like a DNA 
helix, and the coiled 
cord can itself coil in a 
supercoil.



Supercoiling of DNA

When the axis of the DNA 
double helix is coiled on 
itself, it forms a new helix 
(superhelix). 

The DNA superhelix is 
usually called a supercoil.



That DNA would bend on itself and become supercoiled.

Many circular DNA molecules remain highly supercoiled
even after they are extracted and purified, freed from 
protein and other cellular components.

This indicates that supercoiling is an intrinsic property of 
DNA tertiary structure. 

It occurs in all cellular DNAs and is highly regulated by 
each cell.



3. The Structure of 
Chromosomes



The term “chromosome” is used to refer to a nucleic acid 
molecule that is the repository of genetic information.

It also refers to the densely coloured bodies seen in the 
nuclei of dye-stained eukaryotic cells, as visualized using 
a light microscope.



Chromatin consists of DNA and proteins

The eukaryotic cell cycle produces remarkable changes in 
the structure of chromosomes. 

In nondividing eukaryotic cells (in G0) and those in 
interphase (G1, S, and G2), the chromosomal material, 
chromatin, is amorphous and appears to be randomly 
dispersed in certain parts of the nucleus. 

In the S phase of interphase the DNA in this amorphous 
state replicates, each chromosome producing two sister 
chromosomes (called sister chromatids) that remain 
associated with each other after replication is complete.

The chromosomes become much more condensed during 
prophase of mitosis.



Chromatin consists of fibres 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.

Also found in chromatin are many nonhistone proteins, 
some of which help maintain chromosome structure, 
others that regulate the expression of specific genes.



Nucleosomes

Regularly spaced nucle-
osomes consist of 
histone complexes 
bound to DNA. 

a: schematic illustration

b: electron micrograph



Histones are small, basic proteins

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. 

The H3 histones are nearly identical in amino acid 
sequence in all eukaryotes, as are the H4 histones, 
suggesting strict conservation of their functions.



Each type of histone has variant forms, because certain 
amino acid side chains are enzymatically modified by 
methylation, ADP-ribosylation, phosphorylation, glyco-
sylation, or acetylation. 

Such modifications affect the net electric charge, as well as 
the structural and functional properties of the chromatin, 
and they play a role in the regulation of transcription.



Nucleosomes are the fundamental organizational units 
of chromatin

The eukaryotic chromosome represents the compaction of 
a DNA molecule about 105 m long into a cell nucleus 
that is typically 5 to 10 m in diameter. 

This compaction involves several levels of highly 
organized folding. 

Subjection of chromosomes to treatments that partially 
unfold them reveals a structure in which the DNA is 
bound tightly to beads of protein, often regularly spaced.

The beads in this “beads-on-a-string” arrangement are 
complexes of histones and DNA. 



The bead plus the connecting DNA that leads to the next 
bead form the nucleosome, the fundamental unit of 
organization upon which the higher-order packing of 
chromatin is built.

The bead of each nucleosome contains eight histone
molecules: two copies each of H2A, H2B, H3, and H4.

The spacing of the nucleosome beads provides a repeating 
unit typically of about 200 bp, of which 146 bp are 
bound tightly around the eight-part histone core and the 
remainder serve as linker DNA between nucleosome
beads.



DNA wrapped around a nucleosome core
(a)

Space-filling representation of the nucleosome protein core, with 
different colours for the different histones.



DNA wrapped around a nucleosome core
(b) (c)

b) Top and (c) side views of the crystal structure of a nucleosome with 
146 bp of bound DNA. 

The protein is depicted as a gray surface contour, with the bound DNA in 
blue. 

The DNA binds in a left-handed solenoidal supercoil that circumnavigates 
the histone complex 1.8 times.



Nucleosomes are packed into successively higher order 
structures

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.

In chromosomes isolated by very gentle methods, 
nucleosome cores appear to be organized into a structure 
called the 30 nm fibre.

This packing requires one molecule of histone H1 per 
nucleosome core. 

The 30 nm fibre, a second level of chromatin organization, 
provides an approximately 11-fold compaction of  the 
DNA.



Evidence exists for additional layers of organization in 
eukaryotic chromosomes, each dramatically enhancing 
the degree of compaction.

Higher-order chromatin structure probably varies from 
chromosome to chromosome, from one region to the next 
in a single chromosome, and from moment to moment in 
the life of a cell.

The principle is clear: DNA compaction in eukaryotic 
chromosomes is likely to involve coils upon coils upon 
coils . . .



Compaction of DNA in a 
eukaryotic chromosome

Model for levels of organization 
that could provide DNA 
compaction in the chromosomes 
of eukaryotes. 

The levels take the form of coils 
upon coils.



Condensed chromosome structures are maintained
by SMC proteins

SMC proteins (structural maintenance of chromosomes).

Proteins in the SMC family are found in all types of 
organisms, from bacteria to humans. 

Eukaryotes have two major types, cohesins and condensins.

The cohesins play a substantial role in linking together sister 
chromatids immediately after replication and keeping them 
together as the chromosomes condense to metaphase.

The condensins are essential to the condensation of 
chromosomes as cells enter mitosis.



Summary for „ The Structure of Chromosomes”

• The fundamental unit of organization in the chromatin of 
eukaryotic cells is the nucleosome, which consists of 
histones and a 200 bp segment of DNA. A core protein 
particle containing eight histones is encircled by a 
segment of DNA in the form of a left-handed 
solenoidal supercoil.

• Nucleosomes are organized into 30 nm fibres, and the 
fibres are extensively folded to provide the 10,000-fold 
compaction required to fit a typical eukaryotic 
chromosome into a cell nucleus.


