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GENES ARE DNA
1.1.1 Introduction

Key Terms

The genome is the compl ete set of sequences in the genetic material of an organism.
It includes the sequence of each chromosome plus any DNA in organelles.

Nucleic acids are molecul es that encode genetic information. They consist of a series
of nitrogenous bases connected to ribose molecules that are linked by
phosphodiester bonds. DNA is deoxyribonucleic acid, and RNA isribonucleic
acid.

A gene (cistron) isthe segment of DNA specifying production of a polypeptide
chain; it includes regions preceding and following the coding region (leader and
trailer) as well as intervening sequences (introns) between individual coding
segments (exons).

An alleleisone of several alternative forms of a gene occupying a given locus on a
chromosome.

A locus isthe position on a chromosome at which the gene for a particular trait
resides; alocus may be occupied by any one of the aleles for the gene.

L inkage describes the tendency of genes to be inherited together as aresult of their
location on the same chromosome; measured by percent recombination between
loci.

The hereditary nature of every living organism is defined by its genome, which
consists of a long sequence of nucleic acid that provides the information need to
construct the organism. We use the term "information” because the genome does not
itself perform any active role in building the organism; rather it is the sequence of the
individual subunits (bases) of the nucleic acid that determines hereditary features. By
a complex series of interactions, this sequence is used to produce al the proteins of
the organism in the appropriate time and place. The proteins either form part of the
structure of the organism, or have the capacity to build the structures or to perform
the metabolic reactions necessary for life.

The genome contains the complete set of hereditary information for any organism.
Physically the genome may be divided into a number of different nucleic acid
molecules. Functionally it may be divided into genes. Each gene is a sequence within
the nucleic acid that represents a single protein. Each of the discrete nucleic acid
molecules comprising the genome may contain a large number of genes. Genomes
for living organisms may contain as few as <500 genes (for a mycoplasma, a type of
bacterium) to as many as >40,000 for Man.

In this Chapter, we analyze the properties of the gene in terms of its basic molecular
construction. Figure 1.1 summarizes the stages in the transition from the historical
concept of the gene to the modern definition of the genome.
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Major events in the genetics century

1850 4 1865 Genes are particulate factors
;l/ 1871 Discovery of nucleic acids
l 1903 Chromosomes are hereditary units
/i 1910 Genes lie on chromosomes
) — 1913 Chromosomes are linear arrays of genes
'/ — 1827 Mutations are physical changes in genes
— 1931 Recombination occurs by crossing over
I/ — 1944 DNA is the genetic material
1345 A gene codes for protein
1650 H,_1951 First protein sequence
t 1953 DNA is a double helix
[ 1958 DNA replicates semiconsarvatively
1261 Genetic code is triplet
t 1977 Eukaryotic genes are interrupted
12000 §,_“—1977 DNA can be sequenced
— 1895 Bactenial genomes sequenced

*— 2001 Human genome sequenced ’
wetuahon) waw 8GO com

Figure 1.1 A brief history of genetics.

The basic behavior of the gene was defined by Mendel more than a century ago.
Summarized in his two laws, the gene was recognized as a "particulate factor" that
passes unchanged from parent to progeny. A gene may exist in aternative forms.
These forms are called alleles.

In diploid organisms, which have two sets of chromosomes, one copy of each
chromosome is inherited from each parent. This is the same behavior that is
displayed by genes. One of the two copies of each gene is the paternal alele
(inherited from the father), the other is the maternal allele (inherited from the
mother). The equivalence led to the discovery that chromosomes in fact carry the
genes.

Each chromosome consists of a linear array of genes. Each gene resides at a
particular location on the chromosome. This is more formally called a genetic locus.
We can then define the alleles of this gene as the different forms that are found at this
locus.

The key to understanding the organization of genes into chromosomes was the
discovery of genetic linkage. This describes the observation that alleles on the same
chromosome tend to remain together in the progeny instead of assorting
independently as  predicted by Mendel's laws (see  Molecular
Biology Supplement 32.3 Linkage and mapping). Once the unit of recombination
(reassortment) was introduced as the measure of linkage, the construction of genetic
maps became possible.
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On the genetic maps of higher organisms established during the first half of this
century, the genes are arranged like beads on a string. They occur in a fixed order,
and genetic recombination involves transfer of corresponding portions of the string
between homologous chromosomes. The gene is to al intents and purposes a
mysterious object (the bead), whose relationship to its surroundings (the string) is
unclear.

The resolution of the recombination map of a higher eukaryote is restricted by the
small number of progeny that can be obtained from each mating. Recombination
occurs so infrequently between nearby points that it is rarely observed between
different mutations in the same gene. By moving to a microbia system in which a
very large number of progeny can be obtained from each genetic cross, it became
possible to demonstrate that recombination occurs within genes. It follows the same
rules that were previously deduced for recombination between genes.

Mutations within a gene can be arranged into a linear order, showing that the gene
itself has the same linear construction as the array of genes on a chromosome. So the
genetic map is linear within as well as between loci: it consists of an unbroken
sequence within which the genes reside. This conclusion leads naturally into the
modern view that the genetic material of a chromosome consists of an uninterrupted
length of DNA representing many genes.

A genome consists of the entire set of chromosomes for any particular organism. It
therefore comprises a series of DNA molecules (one for each chromosome), each of
which contains many genes. The ultimate definition of a genome is to determine the
sequence of the DNA of each chromosome.

The first definition of the gene as a functional unit followed from the discovery that
individual genes are responsible for the production of specific proteins. The
difference in chemica nature between the DNA of the gene and its protein product
led to the concept that a gene codes for a protein. Thisin turn led to the discovery of
the complex apparatus that allows the DNA sequence of gene to generate the amino
acid sequence of aprotein.

Understanding the process by which a gene is expressed allows us to make a more
rigorous definition of its nature. Figure 1.2 shows the basic theme of this book. A
gene is a sequence of DNA that produces another nucleic acid, RNA. The DNA has
two strands of nucleic acid, and the RNA has only one strand. The sequence of the
RNA is determined by the sequence of the DNA (in fact, it is identical to one of the
DNA strands). In many, but not in al cases, the RNA is in turn used to direct
production of a protein. Thus a gene is a sequence of DNA that codes for an RNA; in
protein-coding genes, the RNA in turn codes for a protein.
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Figure 1.2 A gene codes for an RNA, which may code for
protein.

From the demonstration that a gene consists of DNA, and that a chromosome
consists of along stretch of DNA representing many genes, we move to the overal
organization of the genome in terms of its DNA sequence. In Molecular
Biology 1.2 The interrupted gene we take up in more detail the organization of the
gene and its representation in proteins. In Molecular Biology 1.3 The content of the
genome we consider the total number of genes, and in Molecular
Biology 1.4 Clusters and repeats we discuss other components of the genome and the
maintenance of its organization (for review see 1; 2; 5).

Last updated on July 18, 2002
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GENES ARE DNA
1.1.2 DNA is the genetic material of bacteria

Key Terms

Transformation of bacteriais the acquisition of new genetic material by
incorporation of added DNA.

Avirulent mutants of a bacterium or virus have lost the capacity to infect a host
productively, that is, to make more bacterium or virus.

The transforming principle is DNA that is taken up by abacterium and whose
expression then changes the properties of the recipient cell.

Deoxyribonucleic acid (DNA) isanucleic acid molecule consisting of long chains
of polymerized (deoxyribo)nucleotides. In double-stranded DNA the two strands
are held together by hydrogen bonds between complementary nucleotide base
pairs.

Key Concepts

e Bacterial transformation provided the first proof that DNA is the genetic material.
Genetic properties can be transferred from one bacterial strain to another by
extracting DNA from the first strain and adding it to the second strain.

The idea that genetic material is nucleic acid had its roots in the discovery of
transformation in 1928. The bacterium Pneumococcus kills mice by causing
pneumonia. The virulence of the bacterium is determined by its capsular
polysaccharide. This is a component of the surface that allows the bacterium to
escape destruction by the host. Several types (I, I, 11l) of Pneumococcus have
different capsular polysaccharides. They have a smooth (S) appearance.

Each of the smooth Pneumococcal types can give rise to variants that fail to produce
the capsular polysaccharide. These bacteria have a rough (R) surface (consisting of
the material that was beneath the capsular polysaccharide). They are avirulent. They
do not kill the mice, because the absence of the polysaccharide allows the animal to
destroy the bacteria.

When smooth bacteria are killed by heat treatment, they lose their ability to harm the
animal. But inactive heat-killed S bacteria and the ineffectual variant R bacteria
together have a quite different effect from either bacterium by itself. Figure 1.3
shows that when they are jointly injected into an animal, the mouse dies as the result
of a Pneumococcal infection. Virulent S bacteria can be recovered from the mouse
postmortem.

DNA is the genetic material of bacteria
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Figure 1.3 Neither heat-killed S-type nor live R-type bacteria
can kill mice, but simultaneous injection of both can kill mice
just as effectively asthe live S-type.

In this experiment, the dead S bacteria were of type I11. The live R bacteria had been
derived from type Il. The virulent bacteria recovered from the mixed infection had
the smooth coat of type IlIl. So some property of the dead type Il S bacteria can
transform the live R bacteria so that they make the type 111 capsular polysaccharide,
and as aresult become virulent (371).

Figure 1.4 shows the identification of the component of the dead bacteria
responsible for transformation. This was called the transforming principle. It was
purified by developing a cell-free system, in which extracts of the dead S bacteria
could be added to the live R bacteria before injection into the animal. Purification of
the transforming principle in 1944 showed that it is deoxyribonucleic acid (DNA)
(372).

The transforming principle is DNA
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Figure 1.4 The DNA of S-type bacteria can transform R-type
bacteriainto the same S-type.
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GENES ARE DNA
1.1.3 DNA is the genetic material of viruses

Key Concepts

e Phage infection proved that DNA isthe genetic material of viruses. When the DNA
and protein components of bacteriophages are labeled with different radioactive
isotopes, only the DNA istransmitted to the progeny phages produced by infecting
bacteria.

Having shown that DNA is the genetic material of bacteria, the next step was to
demonstrate that DNA provides the genetic material in a quite different system.
Phage T2 is avirus that infects the bacterium E. coli. When phage particles are added
to bacteria, they adsorb to the outside surface, some material enters the bacterium,
and then ~20 minutes later each bacterium bursts open (lyses) to release a large
number of progeny phage.

Figure 1.5 illustrates the results of an experiment in 1952 in which bacteria were
infected with T2 phages that had been radioactively labeled either in their DNA
component (with *P) or in their protein component (with *S). The infected bacteria
were agitated in a blender, and two fractions were separated by centrifugation. One
contained the empty phage coats that were released from the surface of the bacteria.
The other fraction consisted of the infected bacteria themselves.

DNA is the genetic material of viruses
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Figure 1.5 The genetic material of phage T2 is DNA.

Most of the *P label was present in the infected bacteria. The progeny phage
particles produced by the infection contained ~30% of the original *P label. The
progeny received very little — less than 1% — of the protein contained in the or|g| nal
phage population. The phage coats consist of protein and therefore carried the *S
radioactive label. This experiment therefore showed directly that only the DNA of
the parent phages enters the bacteria and then becomes part of the progeny phages,
exactly the pattern of inheritance expected of genetic material (373).

A phage (virus) reproduces by commandeering the machinery of an infected host cell
to manufacture more copies of itself. The phage possesses genetic material whose
behavior is analogous to that of cellular genomes: its traits are faithfully reproduced,
and they are subject to the same rules that govern inheritance. The case of T2
reinforces the general conclusion that the genetic material is DNA, whether part of
the genome of acell or virus.

DNA is the genetic material of viruses
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GENES ARE DNA
1.1.4 DNA is the genetic material of animal cells

Key Terms
Transfection of eukaryotic cellsisthe acquisition of new genetic markers by
incorporation of added DNA.

Key Concepts

o DNA can be used to introduce new genetic features into animal cells or whole
animals.

e In some viruses, the genetic material is RNA.

When DNA is added to populations of single eukaryotic cells growing in culture, the
nucleic acid enters the cells, and in some of them results in the production of new
proteins. When a purified DNA is used, its incorporation leads to the production of a
particular protein (2486). Figure 1.6 depicts one of the standard systems.

Transfection introduces new DNA into cells

Cells that lack TK gene cannot produce
thiymidine kinase and die in absence of thymidine

. Daad cell
4laddTk'ona @ Deadcels
o ‘ @ Livecelis

Colony of TK* cEHs‘- /
atfect www, ENGIO

Some cells take up TK gene;
descendants of transfected cell pile up into a colony

Figure 1.6 Eukaryotic cells can acquire a new phenotype as
the result of transfection by added DNA.

Although for historical reasons these experiments are described as transfection

DNA is the genetic material of animal cells
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when performed with eukaryotic cells, they are a direct counterpart to bacterial
transformation. The DNA that is introduced into the recipient cell becomes part of its
genetic material, and is inherited in the same way as any other part. Its expression
confers a new trait upon the cells (synthesis of thymidine kinase in the example of
the figure). At first, these experiments were successful only with individual cells
adapted to grow in a culture medium. Since then, however, DNA has been
introduced into mouse eggs by microinjection; and it may become a stable part of the
genetic material of the mouse (see Molecular Biology 4.18.18 Genes can be injected
into animal eggs).

Such experiments show directly not only that DNA is the genetic materia in
eukaryotes, but also that it can be transferred between different species and yet
remain functional.

The genetic material of al known organisms and many viruses is DNA. However,
some viruses use an alternative type of nucleic acid, ribonucleic acid (RNA), as the
genetic material. The general principle of the nature of the genetic material, then, is
that it is always nucleic acid; in fact, it is DNA except in the RNA viruses.

DNA is the genetic material of animal cells
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GENES ARE DNA

1.1.5 Polynucleotide chains have nitrogenous bases
linked to a sugar-phosphate backbone

Key Concepts

e A nucleoside consists of a purine or pyrimidine base linked to position 1 of a
pentose sugar.

e Positions on the ribose ring are described with aprime (”) to distinguish them.

e The difference between DNA and RNA isin the group at the 2’ position of the
sugar. DNA has a deoxyribose sugar (2 —H); RNA has aribose sugar (2" —OH).

¢ A nucleotide consists of a nucleoside linked to a phosphate group on either the 5’
or 3’ position of the (deoxy)ribose.

e Successive (deoxy)ribose residues of a polynucleotide chain are joined by a
phosphate group between the 37 position of one sugar and the 5’ position of the
next sugar.

e One end of the chain (conventionally the left) hasafree 5’ end and the other end
hasafree 3 end.

e DNA contains the four bases adenine, guanine, cytosine, and thymine; RNA has
uracil instead of thymine.

The basic building block of nucleic acids is the nucleotide. This has three
components:

e anitrogenous base;
e asugar;

¢ and a phosphate.

The nitrogenous base is a purine or pyrimidine ring. The base is linked to position 1
on a pentose sugar by a glycosidic bond from N L of pyrimidinesor N o of purines. To
avoid ambiguity between the numbering systems of the heterocyclic rings and the
sugar, positions on the pentose are given aprime (”).

Nucleic acids are named for the type of sugar; DNA has 2 * —deoxyribose, whereas
RNA has ribose. The difference is that the sugar in RNA has an OH group at the 2’
position of the pentose ring. The sugar can be linked by its 5’ or 3 * position to a
phosphate group.

A nucleic acid consists of a long chain of nucleotides. Figure 1.7 shows that the
backbone of the polynucleotide chain consists of an alternating series of pentose

Polynucleotide chains have nitrogenous bases linked to a sugar-phosphate backbone
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(sugar) and phosphate residues. This is constructed by linking the 5 position of one
pentose ring to the 3’ position of the next pentose ring via a phosphate group. So the
sugar-phosphate backbone is said to consist of 5’ —3 * phosphodiester linkages. The
nitrogenous bases "stick out" from the backbone.

A polynucleotide has a repeating structure

MNuclectide subunit

Pyrimidine base

Sugar-phosphate Purine base

backbone

5'-3' phospho
-diester bonds

a vimulient ww 8TQIT0

Figure 1.7 A polynuclectide chain consists of aseriesof 5 -3
’ sugar-phosphate links that form a backbone from which the
bases protrude.

Each nucleic acid contains 4 types of base. The same two purines, adenine and
guanine, are present in both DNA and RNA. The two pyrimidines in DNA are
cytosine and thymine; in RNA uracil is found instead of thymine. The only
difference between uracil and thymine is the presence of a methyl substituent at
position C_. The bases are usually referred to by their initial letters. DNA contains A,
GCT, while RNA contains A, G, C, U.

The terminal nucleotide at one end of the chain has a free 5’ group; the terminal
nucleotide at the other end has a free 3’ group. It is conventional to write nucleic
acid sequencesinthe 5’ — 3’ direction — that is, from the 5’ terminus at the left to
the 3’ terminus at the right.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.1.5
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GENES ARE DNA
1.1.6 DNA is a double helix

Key Terms

Base pairing describes the specific (complementary) interactions of adenine with
thymine or of guanine with cytosine in a DNA double helix (thymine s replaced
by uracil in double helical RNA).

Complementary base pairs are defined by the pairing reactions in double helical
nucleic acids (A with T in DNA or with U in RNA, and C with G).

Antiparallel strands of the double helix are organized in opposite orientation, so that
the 5’ end of one strand is aligned with the 3’ end of the other strand.

The minor groove of DNA is 12A across.
Themajor groove of DNA is 22A across.
A helix is said to be right-handed if the turns runs clockwise along the helical axis.

B-form DNA is aright-handed double helix with 10 base pairs per complete turn
(360°) of the helix. Thisisthe form found under physiological conditions whose
structure was proposed by Crick and Watson.

A stretch of overwound DNA has more base pairs per turn than the usual average
(10 bp = 1 turn). This means that the two strands of DNA are more tightly wound
around each other, creating tension.

A stretch of underwound DNA has fewer base pairs per turn than the usual average
(10 bp = 1 turn). This means that the two strands of DNA are less tightly wound
around each other; ultimately this can lead to strand separation.

Key Concepts

e The B-form of DNA isadouble helix consisting of two polynucleotide chains that
run antiparallel.

e The nitrogenous bases of each chain are flat purine or pyrimidine rings that face
inwards and pair with one another by hydrogen bonding to form A-T or G-C pairs
only.

e The diameter of the double helix is 20 A, and there is a complete turn every 34 A,
with 10 base pairs per turn.

e The double helix forms amajor (wide) groove and a minor (narrow) groove.

The observation that the bases are present in different amounts in the DNAs of
different species led to the concept that the sequence of bases is the form in which
genetic information is carried. By the 1950s, the concept of genetic information was
common: the twin problems it posed were working out the structure of the nucleic
acid, and explaining how a sequence of basesin DNA could represent the sequence
of amino acidsin a protein.

DNA is a double helix
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Three notions converged in the construction of the double helix model for DNA by
Watson and Crick in 1953:

o X-ray diffraction data showed that DNA has the form of aregular helix, making
acomplete turn every 34 A (3.4 nm), with a diameter of ~20 A (2 nm). Since the
distance between adjacent nucleotides is 3.4 A, there must be 10 nucleotides per
turn.

e The density of DNA suggests that the helix must contain two polynucleotide
chains. The constant diameter of the helix can be explained if the bases in each
chain face inward and are restricted so that a purine is aways opposite a
pyrimidine, avoiding partnerships of purine-purine (too wide) or
pyrimidine-pyrimidine (too narrow).

o |rrespective of the absolute amounts of each base, the proportion of G is dways
the same as the proportion of C in DNA, and the proportion of A is always the
same as that of T. So the composition of any DNA can be described by the
proportion of its bases that is G + C. This ranges from 26% to 74% for different
Species.

Watson and Crick proposed that the two polynucleotide chains in the double helix
associate by hydrogen bonding between the nitrogenous bases. G can hydrogen bond
specifically only with C, while A can bond specifically only with T. These reactions
are described as base pairing, and the paired bases (G with C, or A with T) are said
to be complementary.

The model proposed that the two polynucleotide chains to run in opposite directions
(antiparallél), asillustrated in Figure 1.8. Looking along the helix, one strand runs
inthe5’” — 37 direction, whileits partner runs 3’ — 57 (374; 376; 375).

DNA is a double helix
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Figure 1.8 The double helix maintains a constant width
because purines aways face pyrimidines in the complementary
A-T and G-C base pairs. The sequence in the figure is T-A,
C-G,A-T, G-C.

The sugar-phosphate backbone is on the outside and carries negative charges on the
phosphate groups. When DNA is in solution in vitro, the charges are neutralized by
the binding of metal ions, typically by Na'. In the cell, positively charged proteins
provide some of the neutralizing force. These proteins play an important role in
determining the organization of DNA in the cell.

The bases lie on the inside. They are flat structures, lying in pairs perpendicular to
the axis of the helix. Consider the double helix in terms of a spira staircase: the base
pairs form the treads, as illustrated schematically in Figure 1.9. Proceeding aong the
helix, bases are stacked above one another, in asense like a pile of plates.

DNA is a double helix | SECTION1.1.6 3
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Flat base pairs connect the DNA strands
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Figure 1.9 Fla base pairs lie perpendicular to the
sugar-phosphate backbone.

Each base pair is rotated ~36° around the axis of the helix relative to the next base
pair. So ~10 base pairs make a complete turn of 360°. The twisting of the two strands
around one another forms a double helix with a minor groove (~12 A across) and a
major groove (~22 A across), as can be seen from the scale model of Figure 1.10.
The double helix is right-handed; the turns run clockwise looking aong the helical
axis. These features represent the accepted model for what is known as the B-form
of DNA.

DNA is a double helix | SECTION1.1.6 4
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Figure 1.10 The two strands of DNA form a double
helix.

It is important to redlize that the B-form represents an average, not a precisely
specified structure. DNA structure can change locally. If it has more base pairs per
turn it is said to be overwound; if it has fewer base pairs per turn it is underwound.
Local winding can be affected by the overall conformation of the DNA double helix
in space or by the binding of proteinsto specific sites.

Last updated on February 9, 2004
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GENES ARE DNA
1.1.7 DNA replication is semiconservative

Key Terms
A parental strand or duplex of DNA refersto the DNA that will be replicated.

The antisense strand (Template strand) of DNA is complementary to the sense
strand, and is the one that acts as the template for synthesis of mRNA.

A daughter strand or duplex of DNA refers to the newly synthesized DNA.

Semiconser vative replication is accomplished by separation of the strands of a
parental duplex, each then acting as atemplate for synthesis of a complementary
strand.

Key Concepts

e The Meselson-Stahl experiment used density labeling to prove that the single
polynucleotide strand is the unit of DNA that is conserved during replication.

e Each strand of aDNA duplex acts as atemplate to synthesize a daughter strand.

e The sequences of the daughter strands are determined by complementary base
pairing with the separated parental strands.

It is crucia that the genetic material is reproduced accurately. Because the two
polynucleotide strands are joined only by hydrogen bonds, they are able to separate
without requiring breakage of covalent bonds. The specificity of base pairing
suggests that each of the separated parental strands could act as a template strand
for the synthesis of a complementary daughter strand. Figure 1.11 shows the
principle that a new daughter strand is assembled on each parental strand. The
sequence of the daughter strand is dictated by the parental strand; an A in the parental
strand causes a T to be placed in the daughter strand, a parental G directs
incorporation of adaughter C, and so on.

DNA replication is semiconservative | SECTION 1.1.7 1
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Base pairing accounts for specificity of replication
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Figure 1.11 Base pairing provides the mechanism for
replicating DNA.

The top part of the figure shows a parental (unreplicated) duplex that consists of the
original two parental strands. The lower part shows the two daughter duplexes that
are being produced by complementary base pairing. Each of the daughter duplexesis
identical in sequence with the original parent, and contains one parental strand and
one newly synthesized strand. The structure of DNA carries the information needed
to perpetuate its sequence.

The consequences of this mode of replication are illustrated in Figure 1.12. The
parental duplex is replicated to form two daughter duplexes, each of which consists
of one parental strand and one (newly synthesized) daughter strand. The unit
conserved from one generation to the next is one of the two individual strands
comprising the parental duplex. This behavior is called semiconservative
replication.

DNA replication is semiconservative
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Figure 1.12 Replication of DNA is semiconservative.

The figure illustrates a prediction of this model. If the parental DNA carries a
"heavy" density label because the organism has been grown in medium containing a
suitable isotope (such as *N), its strands can be distinguished from those that are
synthesized when the organism is transferred to a medium containing normal "light"
i sotopes.

The parental DNA consists of a duplex of two heavy strands (red). After one
generation of growth in light medium, the duplex DNA is "hybrid" in density — it
consists of one heavy parental strand (red) and one light daughter strand (blue). After
a second generation, the two strands of each hybrid duplex have separated; each
gains a light partner, so that now half of the duplex DNA remains hybrid while half
isentirely light (both strands are blue).

The individual strands of these duplexes are entirely heavy or entirely light. This
pattern was confirmed experimentally in the Meselson-Stahl experiment of 1958,
which followed the semiconservative replication of DNA through three generations
of growth of E. coli. When DNA was extracted from bacteria and its density
measured by centrifugation, the DNA formed bands corresponding to its
density — heavy for parental, hybrid for the first generation, and half hybrid and half
light in the second generation (377; for review see 2524).
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GENES ARE DNA
1.1.8 DNA strands separate at the replication fork

Key Terms

A replication fork (Growing point) isthe point at which strands of parental duplex
DNA are separated so that replication can proceed. A complex of proteins
including DNA polymerase is found at the fork.

A DNA polymerase is an enzyme that synthesizes a daughter strand(s) of DNA
(under direction from a DNA template). Any particular enzyme may be involved
in repair or replication (or both).

RNA polymer ases are enzymes that synthesize RNA using a DNA template
(formally described as DNA-dependent RNA polymerases).

A deoxyribonuclease (DNAase) is an enzyme that attacks bonds in DNA. It may cut
only one strand or both strands.

Ribonucleases (RNAase) are enzymes that cleave RNA. They may be specific for
single-stranded or for double-stranded RNA, and may be either endonucleases or
exonucl eases.

Exonucleases cleave nucleotides one at atime from the end of a polynucleotide
chain; they may be specific for either the 5 or 3" end of DNA or RNA.

Endonucleases cleave bonds within a nucleic acid chain; they may be specific for
RNA or for single-stranded or double-stranded DNA.

Key Concepts

e Replication of DNA is undertaken by a complex of enzymes that separate the
parental strands and synthesize the daughter strands.

e Thereplication fork is the point at which the parenta strands are separated.

e The enzymes that synthesize DNA are called DNA polymerases; the enzymes that
synthesize RNA are RNA polymerases.

o Nucleases are enzymes that degrade nucleic acids; they include DNAases and
RNAases, and can be divided into endonucleases and exonucl eases.

Replication requires the two strands of the parental duplex to separate. However, the
disruption of structure is only transient and is reversed as the daughter duplex is
formed. Only a small stretch of the duplex DNA is separated into single strands at
any moment.

The helical structure of a molecule of DNA engaged in replication is illustrated in
Figure 1.10. The nonreplicated region consists of the parental duplex, opening into
the replicated region where the two daughter duplexes have formed. The double
helical structure is disrupted at the junction between the two regions, which is called
the replication fork. Replication involves movement of the replication fork along
the parental DNA, so there is a continuous unwinding of the parental strands and

DNA strands separate at the replication fork [ SECTION 1.1.8 1
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rewinding into daughter duplexes.
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Figure 1.10 The replication fork is the region of DNA in
which there is a transition from the unwound parental duplex to
the newly replicated daughter duplexes.

The synthesis of nucleic acids is catalyzed by specific enzymes, which recognize the
template and undertake the task of catalyzing the addition of subunits to the
polynucleotide chain that is being synthesized. The enzymes are named according to
the type of chain that is synthesized: DNA polymer ases synthesize DNA, and RNA
polymer ases synthesize RNA.

Degradation of nucleic acids also requires specific enzymes. deoxyribonucleases
(DNAases) degrade DNA, and ribonucleases (RNAases) degrade RNA. The
nucleases fall into the general classes of exonucleases and endonucleases:

e Endonucleases cut individual bonds within RNA or DNA molecules, generating
discrete fragments. Some DNAases cleave both strands of a duplex DNA at the
target site, while others cleave only one of the two strands. Endonucleases are
involved in cutting reactions, as shown in Figure 1.11.

e Exonucleases remove residues one at a time from the end of the molecule,
generating mononucleotides. They aways function on a single nucleic acid
strand, and each exonuclease proceeds in a specific direction, that is, starting at
either a5’ or a a 3’ end and proceeding toward the other end. They are
involved in trimming reactions, as shown in Figure 1.12.

Endonucleases attack internal bonds

Bond broken

/K/Kf%f\!}fi.
imlExt ﬂ-'-'.'.'.'Erl;.]I[U = i
Figure 1.11 An endonuclease cleaves a bond within a nucleic

acid. This example shows an enzyme that attacks one strand of
aDNA duplex.
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Figure 1.12 An exonuclease removes bases one at a time by
cleaving the last bond in a polynucleotide chain.

Last updated on March 15, 2004

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.1.8

DNA strands separate at the replication fork [ SECTION 1.1.8 3

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

erg; o o ‘ Molecular Biology

com

GENES ARE DNA
1.1.9 Nucleic acids hybridize by base pairing

Key Terms

Denaturation of protein describes its conversion from the physiological
conformation to some other (inactive) conformation.

Renaturation describes the reassociation of denatured complementary single strands
of aDNA double helix.

Annealing of DNA describes the renaturation of a duplex structure from single
strands that were obtained by denaturing duplex DNA.

Hybridization describes the pairing of complementary RNA and DNA strands to
give an RNA-DNA hybrid.

Key Concepts

e Heating causes the two strands of a DNA duplex to separate.

e The Tm isthe midpoint of the temperature range for denaturation.

e Complementary single strands can renature when the temperature is reduced.

e Denaturation and renaturation/hybridization can occur with DNA-DNA,
DNA-RNA, or RNA-RNA combinations, and can be intermolecular or
intramol ecular.

e The ahility of two single-stranded nucleic acid preparations to hybridize isa
measure of their complementarity.

A crucial property of the double helix is the ability to separate the two strands
without disrupting covalent bonds. This makes it possible for the strands to separate
and reform under physiological conditions at the (very rapid) rates needed to sustain
genetic functions. The specificity of the process is determined by complementary
base pairing.

The concept of base pairing is central to all processes involving nucleic acids.
Disruption of the base pairsis a crucial aspect of the function of a double-stranded
molecule, while the ability to form base pairs is essential for the activity of a
single-stranded nucleic acid.Figure 1.16 shows that base pairing enables
complementary single-stranded nucleic acids to form a duplex structure.

Nucleic acids hybridize by base pairing | SECTION 1.1.9 1
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Figure 1.16 Base pairing occurs in duplex DNA and aso in
intra- and inter-molecular interactions in single-stranded RNA
(or DNA).

e An intramolecular duplex region can form by base pairing between two
complementary sequences that are part of a single-stranded molecule.

e A single-stranded molecule may base pair with an independent, complementary
single-stranded molecule to form an intermolecular duplex.

Formation of duplex regions from single-stranded nucleic acids is most important for
RNA, but single-stranded DNA aso exists (in the form of vira genomes). Base
pairing between independent complementary single strands is not restricted to
DNA-DNA or RNA-RNA, but can also occur between a DNA molecule and an RNA
molecule.

The lack of covalent links between complementary strands makes it possible to
manipulate DNA in vitro. The noncovalent forces that stabilize the double helix are
disrupted by heating or by exposure to low salt concentration. The two strands of a
double helix separate entirely when all the hydrogen bonds between them are broken.

The process of strand separation is called denaturation or (more colloquially)
melting. ("Denaturation” is also used to describe loss of authentic protein structure; it
is a general term implying that the natural conformation of a macromolecule has
been converted to some other form.)

Denaturation of DNA occurs over a narrow temperature range and results in striking
changes in many of its physical properties. The midpoint of the temperature range
over which the strands of DNA separate is called the melting temperature (T ). It
depends on the proportion of G-C base pairs. Because each G-C base pair has three
hydrogen bonds, it is more stable than an A-T base pair, which has only two
hydrogen bonds. The more G-C base pairs are contained in a DNA, the greater the
energy that is needed to separate the two strands. In solution under physiological
conditions, a DNA that is 40% G-C — a vaue typica of mammalian
genomes — denatures with a T  of about 87°C. So duplex DNA is stable at the
temperature prevailing in the cell.

Nucleic acids hybridize by base pairing
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The denaturation of DNA is reversible under appropriate conditions. The ability of
the two separated complementary strands to reform into a double helix is caled
renaturation. Renaturation depends on specific base paring between the
complementary strands. Figure 1.17 shows that the reaction takes place in two
stages. First, single strands of DNA in the solution encounter one another by chance;
if their sequences are complementary, the two strands base pair to generate a short
double-helical region. Then the region of base pairing extends along the molecule by
a zipper-like effect to form a lengthy duplex molecule. Renaturation of the double
helix restores the original properties that were lost when the DNA was denatured.

DMNA can be denatured and renatured
W Double-stranded DNA
1 Denaturation

=\ _——- Single-stranded DNA
"‘-"‘h.._,.-—-l-—-—-'

A
Renaturation

Ww Renatured DNA
b vitualiext www 8rQHO som

Figure 1.17 Denatured single strands of DNA can renature to
give the duplex form.

Renaturation describes the reaction between two complementary sequences that were
separated by denaturation. However, the technique can be extended to allow any two
complementary nucleic acid sequences to react with each other to form a duplex
structure. This is sometimes called annealing, but the reaction is more generaly
described as hybridization whenever nucleic acids of different sources are involved,
as in the case when one preparation consists of DNA and the other consists of RNA.
The ability of two nucleic acid preparations to hybridize constitutes a precise test for
their complementarity since only complementary sequences can form a duplex
structure.

The principle of the hybridization reaction is to expose two single-stranded nucleic
acid preparations to each other and then to measure the amount of double-stranded
material that forms. Figure 1.18 illustrates a procedure in which a DNA preparation
is denatured and the single strands are adsorbed to a filter. Then a second denatured
DNA (or RNA) preparation is added. The filter is treated so that the second
preparation can adsorb to it only if it is able to base pair with the DNA that was
originally adsorbed. Usually the second preparation is radioactively labeled, so that
the reaction can be measured as the amount of radioactive label retained by the filter.

Nucleic acids hybridize by base pairing
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Figure 1.18 Filter hybridization establishes whether a solution
of denatured DNA (or RNA) contains seguences
complementary to the strands immobilized on the filter.

The extent of hybridization between two single-stranded nucleic acids is determined
by their complementarity. Two sequences need not be perfectly complementary to
hybridize. If they are closely related but not identical, an imperfect duplex is formed
in which base pairing is interrupted at positions where the two single strands do not
correspond.
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GENES ARE DNA
1.1.10 Mutations change the sequence of DNA

Key Terms

Spontaneous mutations occur in the absence of any added reagent to increase the
mutation rate, as the result of errorsin replication (or other eventsinvolved in the
reproduction of DNA) or by environmental damage.

The background level of mutation describes the rate at which sequence changes
accumulate in the genome of an organism. It reflects the balance between the
occurrence of spontaneous mutations and their removal by repair systems, and is
characteristic for any species.

M utagens increase the rate of mutation by inducing changesin DNA sequence,
directly or indirectly.

Induced mutations result from the action of a mutagen. The mutagen may act
directly on the basesin DNA or it may act indirectly to trigger a pathway that
leads to a change in DNA sequence.

Key Concepts
e All mutations consist of changes in the sequence of DNA.

e Mutations may occur spontaneously or may be induced by mutagens.

Mutations provide decisive evidence that DNA is the genetic material. When a
change in the sequence of DNA causes an ateration in the sequence of a protein, we
may conclude that the DNA codes for that protein. Furthermore, a change in the
phenotype of the organism may allow us to identify the function of the protein. The
existence of many mutations in a gene may alow many variant forms of a protein to
be compared, and a detailed analysis can be used to identify regions of the protein
responsible for individual enzymatic or other functions.

All organisms suffer a certain number of mutations as the result of normal cellular
operations or random interactions with the environment. These are caled
spontaneous mutations; the rate at which they occur is characteristic for any
particular organism and is sometimes called the background level. Mutations are
rare events, and of course those that damage a gene are selected against during
evolution. It is therefore difficult to obtain large numbers of spontaneous mutants to
study from natural populations.

The occurrence of mutations can be increased by trestment with certain compounds.
These are called mutagens, and the changes they cause are referred to as induced
mutations. Most mutagens act directly by virtue of an ability either to modify a
particular base of DNA or to become incorporated into the nucleic acid. The
effectiveness of a mutagen is judged by how much it increases the rate of mutation
above background. By using mutagens, it becomes possible to induce many changes
in any gene (for review see 3).

Mutations change the sequence of DNA
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Spontaneous mutations that inactivate gene functlon occur in bacteriophages and
bacteria at arelatively constant rate of 3-4 x 10~ per genome per generation (2221).

Given the large variation in genome sizes between bacteriophages and bacteria, this
corresponds to wide differences in the mutation rate per base pair. This suggests that
the overall rate of mutation has been subject to selective forces that have balanced
the deleterious effects of most mutations against the advantageous effects of some
mutations. This conclusion is strengthened by the observation that an archaea
microbe that lives under harsh conditions of high temperature and acidity (which are
expected to damage DNA) does not show an elevated mutation rate, but in fact has
an overall mutation rate just below the average range (2203).

Figure 1.19 shows that in bacteria, the mutation rate corresponds to ~107° events per
locus per generation or to an average rate of change per base pair of 10°-107° per
generation. The rate at individual base pairs varies very widely, over a 10,000 fold
range. We have no accurate measurement of the rate of mutation in eukaryotes,
although usudly it is thought to be somewhat similar to that of bacteria on a
per-locus per-generation basis (2487).

Mutation rates increase with target size
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Figure 1.19 A base pair is mutated at a rate of 10° - 10 per
generation, a gene of 1000 bp is mutated at ~10°® per
generation, and a bacterial genome is mutated at 3 x 10° 3 per
generation.
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GENES ARE DNA

1.1.11 Mutations may affect single base pairs or
longer sequences

Key Terms
A point mutation is a change in the sequence of DNA involving a single base pair.

A transition isamutation in which one pyrimidine is replaced by the other and/or in
which one purine is replaced by the other.

A transversion isamutation in which a purine is replaced by a pyrimidine or vice
versa

Base mispairing is a coupling between two bases that does not conform to the
Watson-Crick rule, e.g., adenine with cytosine, thymine with guanine.

Aninsertion isthe addition of a stretch of base pairsin DNA. Duplications are a
special class of insertions.

A transposon (transposable element) is a DNA sequence ableto insert itself (or a
copy of itself) at anew location in the genome, without having any sequence
relationship with the target locus.

A deletion isthe removal of a sequence of DNA, the regions on either side being
joined together except in the case of aterminal deletion at the end of a
chromosome.

Key Concepts
e A point mutation changes a single base pair.

o Point mutations can be caused by the chemical conversion of one base into another
or by mistakes that occur during replication.

e A transition replaces a G-C base pair with an A-T base pair or vice-versa.
e A transversion replaces a purine with a pyrimidine, such as changing A-T to T-A.

e Insertions are the most common type of mutation, and result from the movement of
transposabl e elements.

Any base pair of DNA can be mutated. A point mutation changes only a single base
pair, and can be caused by either of two types of event (for review see 3238):

o Chemical modification of DNA directly changes one base into a different base.

e A malfunction during the replication of DNA causes the wrong base to be
inserted into a polynucleotide chain during DNA synthesis.

Point mutations can be divided into two types, depending on the nature of the change
when one base is substituted for another:

Mutations may affect single base pairs or longer sequences | SECTION 1.1.11 1
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e The most common class is the transition, comprising the substitution of one
pyrimidine by the other, or of one purine by the other. This replaces a G-C pair
with an A-T pair or vice versa.

e The less common class is the transversion, in which a purine is replaced by a
pyrimidine or vice versa, so that an A-T pair becomesaT-A or C-G pair.

The effects of nitrous acid provide a classic example of a transition caused by the
chemical conversion of one base into another. Figure 1.20 shows that nitrous acid
performs an oxidative deamination that converts cytosine into uracil. In the
replication cycle following the transition, the U pairswith an A, instead of with the G
with which the original C would have paired. So the C-G pair is replaced by a T-A
pair when the A pairs with the T in the next replication cycle. (Nitrous acid aso
deaminates adenine, causing the reverse transition from A-T to G-C.)

Nitrous acid deaminates cytosine to uracil

N CYTUaNE
Mitrous
acid
] LURACIL 0
Replication

\\)\Ww

Figure 1.20 Mutations can be induced by chemical
modification of abase.

Transitions are also caused by base mispairing, when unusual partners pair in
defiance of the usual restriction to Watson-Crick pairs. Base mispairing usually
occurs as an aberration resulting from the incorporation into DNA of an abnormal
base that has ambiguous pairing properties. Figure 1.21 shows the example of
bromouracil (BrdU), an analog of thymine that contains a bromine atom in place of
the methyl group of thymine. BrdU is incorporated into DNA in place of thymine.
But it has ambiguous pairing properties, because the presence of the bromine atom
allows a shift to occur in which the base changes structure from a keto (=O) form to
an enol (—OH) form. The enol form can base pair with guanine, which leads to
substitution of the original A-T pair by a G-C pair.

Mutations may affect single base pairs or longer sequences

SECTION 1.1.11 2

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

EEE )
erg;to B ‘ Molecular Biology

com

BrdU causes A-T to be replaced by G-C

BrdU pairs with A l }Ugar

at replication

i CH
Onpr G-t
Bradl-A pair Ligar
Keto-anol shift allows BrdU to pair with G
Bi Br
H “el Keto-enol shift e oOH
NG N
Suga Sugar O

BrdU pairs with G
at replhication

Figure 1.21 Mutations can be induced by the incorporation of
base analogs into DNA.

The mistaken pairing can occur either during the original incorporation of the base or
in a subsequent replication cycle. The transition is induced with a certain probability
in each replication cycle, so the incorporation of BrdU has continuing effects on the
sequence of DNA.

Point mutations were thought for a long time to be the principal means of change in
individual genes. However, we now know that insertions of stretches of additional
material are quite frequent. The source of the inserted material lies with
transposable elements, sequences of DNA with the ability to move from one site to
another (see Molecular Biology 4.16 Transposons and Molecular
Biology 4.17 Retroviruses and retroposons.) An insertion usually abolishes the
activity of a gene. Where such insertions have occurred, deletions of part or al of the
inserted material, and sometimes of the adjacent regions, may subsequently occur.

A significant difference between point mutations and the insertions/deletions is that
the frequency of point mutation can be increased by mutagens, whereas the
occurrence of changes caused by transposable elements is not affected. However,
insertions and deletions can also occur by other mechanisms — for example,
involving mistakes made during replication or recombination — although probably

Mutations may affect single base pairs or longer sequences
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these are less common. And a class of mutagens called the acridines introduce (very
small) insertions and deletions.
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GENES ARE DNA
1.1.12 The effects of mutations can be reversed

Key Terms

Revertants are derived by reversion of amutant cell or organism to the wild-type
phenotype.

Forwar d mutations inactivate a wild-type gene.

A back mutation reverses the effect of a mutation that had inactivated a gene; thus it
restores wild type.

A truereversion isamutation that restores the original sequence of the DNA.

Second-site rever sion occurs when a second mutation suppresses the effect of afirst
mutation.

Suppression occurs when a second event eliminates the effects of a mutation
without reversing the original changein DNA.

A suppressor isasecond mutation that compensates for or aters the effects of a
primary mutation.

Key Concepts

o Forward mutations inactivate a gene, and back mutations (or revertants) reverse
their effects.

e Insertions can revert by deletion of the inserted material, but deletions cannot
revert.

e Suppression occurs when a mutation in a second gene bypasses the effect of
mutation in the first gene.

Figure 1.22 shows that the isolation of revertants is an important characteristic that
distinguishes point mutations and insertions from deletions:

The effects of mutations can be reversed | SECTION 1.1.12 1
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Some mutations can revert

ATCGGACTTACCGGTTA
TAGCCTGAATGGCCAAT

Point l,

mutation
ATCGGACTCACCGGTTA
TAGCCTGAGTGGCCAAT

Reversion ‘

ATCGGACT TACCGGTTA
TAGCCTGAATGGCCAAT

ATCGGACTTACCGGTTA
TAGCCTGAATGGCCAAT

Insertion

ATCGGACTT XXXXXACCGGETTA
TAGCCTGAAYYYYY TGGCCAAT

Reversion l

by delation
ATCGGACTTACCGGTTA
TAGCCTGAATGGCCAAT

ATCGGACTTACCGGTTA
TAGCCTGAATGGCCAAT

ATCGGACGGTTA
TAGCCTGCCAAT

No reversion possible

’ -_:|£ini'-_1

Figure 1.22 Point mutations and insertions can revert, but
deletions cannot revert.

e A point mutation can revert by restoring the original sequence or by gaining a
compensatory mutation elsewhere in the gene.

¢ Aninsertion of additional material can revert by deletion of the inserted material.

o A deletion of part of a gene cannot revert.

Mutations that inactivate a gene are caled forward mutations. Their effects are
reversed by back mutations, which are of two types.

An exact reversal of the original mutation is called truereversion. So if an A-T pair
has been replaced by a G-C pair, another mutation to restore the A-T pair will exactly
regenerate the wild-type sequence.

Alternatively, another mutation may occur elsewhere in the gene, and its effects
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compensate for the first mutation. Thisis called second-site reversion. For example,
one amino acid change in a protein may abolish gene function, but a second
alteration may compensate for the first and restore protein activity.

A forward mutation results from any change that inactivates a gene, whereas a back
mutation must restore function to a protein damaged by a particular forward
mutation. So the demands for back mutation are much more specific than those for
forward mutation. The rate of back mutation is correspondingly lower than that of
forward mutation, typically by afactor of ~10.

Mutations can also occur in other genes to circumvent the effects of mutation in the
origina gene. This effect is caled suppression. A locus in which a mutation
suppresses the effect of a mutation in another locusis called a suppressor.
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GENES ARE DNA
1.1.13 Mutations are concentrated at hotspots

Key Terms

A hotspot is asitein the genome at which the frequency of mutation (or
recombination) is very much increased, usually by at least an order of magnitude
relative to neighboring sites.

Key Concepts

e The frequency of mutation at any particular base pair is determined by statistical
fluctuation, except for hotspots, where the frequency isincreased by at least an
order of magnitude.

So far we have dealt with mutations in terms of individual changes in the sequence of
DNA that influence the activity of the genetic unit in which they occur. When we
consider mutations in terms of the inactivation of the gene, most genes within a
species show more or less similar rates of mutation relative to their size. This
suggests that the gene can be regarded as a target for mutation, and that damage to
any part of it can abolish its function. As a result, susceptibility to mutation is
roughly proportional to the size of the gene. But consider the sites of mutation within
the sequence of DNA; are all base pairs in a gene equally susceptible or are some
more likely to be mutated than others?

What happens when we isolate alarge number of independent mutations in the same
gene? Many mutants are obtained. Each is the result of an individua mutational
event. Then the site of each mutation is determined. Most mutations will lie at
different sites, but some will lie at the same position. Two independently isolated
mutations at the same site may congtitute exactly the same change in DNA (in which
case the same mutational event has happened on more than one occasion), or they
may constitute different changes (three different point mutations are possible at each
base pair).

The histogram of Figure 1.23 shows the frequency with which mutations are found
at each base pair in the lacl gene of E. coli. The statistical probability that more than
one mutation occurs at a particular site is given by random-hit kinetics (as seen in the
Poisson distribution). So some sites will gain one, two, or three mutations, while
others will not gain any. But some sites gain far more than the number of mutations
expected from a random distribution; they may have 10x or even 100x more
mutations than predicted by random hits. These sites are called hotspots.
Spontaneous mutations may occur at hotspots; and different mutagens may have
different hotspots.

Mutations are concentrated at hotspots
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A hotspot has >10x increase in mutations

MNumber of mutations

- Distance along gene
Crvirtunlteny

50 100 150 200 250

300bp

Figure 1.23 Spontaneous mutations occur throughout the lacl

wewergito

gene of E. coli, but are concentrated at a hotspot.
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GENES ARE DNA
1.1.14 Many hotspots result from modified bases

Key Terms

Modified bases are all those except the usual four from which DNA (T, C, A, G) or
RNA (U, C, A, G) are synthesized; they result from postsynthetic changesin the
nucleic acid.

A mismatch describes asitein DNA where the pair of bases does not conform to the
usual G-C or A-T pairs. It may be caused by incorporation of the wrong base
during replication or by mutation of a base.

Key Concepts

e A common cause of hotspots is the modified base 5-methylcytosine, which is
spontaneously deaminated to thymine.

A major cause of spontaneous mutation results from the presence of an unusual base
in the DNA. In addition to the four bases that are inserted into DNA when it is
synthesized, modified bases are sometimes found. The name reflects their origin;
they are produced by chemically modifying one of the four bases aready present in
DNA. The most common modified base is 5-methylcytosine, generated by a
methylase enzyme that adds a methyl group to certain cytosine residues at specific
sitesin the DNA.

Sites containing 5-methylcytosine provide hotspots for spontaneous point mutation
in E. coli. In each case, the mutation takes the form of a G-C to A-T transition. The
hotspots are not found in strains of E. coli that cannot methylate cytosine.

The reason for the existence of the hotspots is that cytosine bases suffer spontaneous
deamination at an appreciable frequency. In this reaction, the amino group is
replaced by a keto group. Recall that deamination of cytosine generates uracil (see
Figure 1.20). Figure 1.24 compares this reaction with the deamination of
5-methylcytosine where deamination generates thymine. The effect in DNA is to
generate the base pairs G-U and G-T, respectively, where there is a mismatch
between the partners.

Many hotspots result from modified bases
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Spontanecus deamination changes a base

Cytosine H S-methyl- CH, H

1 cytosine I L
A A Y H
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Figure 1.24 Deamination of cytosine produces uracil, whereas
deamination of 5-methyl-cytosine produces thymine.

All organisms have repair systems that correct mismatched base pairs by removing
and replacing one of the bases. The operation of these systems determines whether
mismatched pairs such as G-U and G-T result in mutations.

Figure 1.25 shows that the consequences of deamination are different for
5-methylcytosine and cytosine. Deaminating the (rare) 5-methylcytosine causes a
mutation, whereas deamination of the more common cytosine does not have this
effect (382). This happens because the repair systems are much more effective in
recognizing G-U than G-T.

Many hotspots result from modified bases | SECTION 1.1.14 2
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

EEE )
erg;to B ‘ Molecular Biology

com

Uracil removal prevents mutations
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Figure 1.25 The deamination of 5-methylcytosine produces
thymine (by C-G to T-A transitions), while the deamination of
cytosine produces uracil (which usualy is removed and then
replaced by cytosine).

E. coli contains an enzyme, uracil-DNA-glycosidase, that removes uracil residues
from DNA (see Molecular Biology 4.15.22 Base flipping is used by methylases and
glycosylases). This action leaves an unpaired G residue, and a "repair system” then
inserts a C base to partner it. The net result of these reactions is to restore the origina
sequence of the DNA. This system protects DNA against the consequences of
spontaneous deamination of cytosine (although it is not active enough to prevent the
effects of the increased level of deamination caused by nitrous acid; see Figure
1.20).

But the deamination of 5-methylcytosine leaves thymine. This creates a mismatched
base pair, G-T. If the mismatch is not corrected before the next replication cycle, a
mutation results. At the next replication, the bases in the mispaired G-T partnership
separate, and then they pair with new partners to produce one wild-type G-C pair and
one mutant A-T pair.

Deamination of 5-methylcytosine is the most common cause of production of G-T
mismatched pairs in DNA. Repair systems that act on G-T mismatches have a bias
toward replacing the T with a C (rather than the aternative of replacing the G with
an A), which helps to reduce the rate of mutation (see Molecular
Biology 4.15.24 Controlling the direction of mismatch repair ). However, these

Many hotspots result from modified bases

SECTION 1.1.14 3

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

systems are not as effective as the removal of U from G-U mismatches. As a resullt,
deamination of 5-methylcytosine leads to mutation much more often than does
deamination of cytosine.

5-methylcytosine also creates hotspots in eukaryotic DNA. It is common at CpG
dinucleotides that are concentrated in regions called CpG islands (see Molecular
Biology 5.21.19 CpG islands are regulatory targets). Although 5-methylcytosine
accounts for ~1% of the bases in human DNA, sites containing the modified base
account for ~30% of all point mutations. This makes the state of 5-methylcytosine a
particularly important determinant of mutation in animal cells.

The importance of repair systems in reducing the rate of mutation is emphasized by
the effects of eliminating the mouse enzyme MBD4, a glycosylase that can remove T
(or U) from mismatches with G. The result is to increase the mutation rate at CpG
sites by a factor of 3x (2845). (The reason the effect is not greater is that MBD4 is
only one of several systems that act on G-T mismatches, we can imagine that
elimination of al the systems would increase the mutation rate much more.)

The operation of these systems casts an interesting light on the use of T in DNA
compared with U in RNA. Perhaps it relates to the need of DNA for stability of
sequence; the use of T means that any deaminations of C are immediately
recognized, because they generate a base (U) not usualy present in the DNA. This
greatly increases the efficiency with which repair systems can function (compared
with the situation when they have to recognize G-T mismatches, which can be
produced also by situations where removing the T would not be the appropriate
response). Also, the phosphodiester bond of the backbone is more labile when the
baseisU.

Last updated on 8-15-2002
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GENES ARE DNA
1.1.15 A gene codes for a single polypeptide

Key Terms
A homomultimer is aprotein composed of identical subunits.

A heteromultimer isaprotein that is composed of nonidentical subunits (coded by
different genes).

Key Concepts

e The one gene : one enzyme hypothesis summarizes the basis of modern genetics:
that ageneisastretch of DNA coding for a single polypeptide chain.

e Most mutations damage gene function.

The first systematic attempt to associate genes with enzymes showed that each stage
in a metabolic pathway is catalyzed by a single enzyme and can be blocked by
mutation in a different gene. This led to the one gene : one enzyme hypothesis. Each
metabolic step is catalyzed by a particular enzyme, whose production is the
responsibility of a single gene. A mutation in the gene alters the activity of the
protein for which it is responsible.

A modification in the hypothesis is needed to accommodate proteins that consist of
more than one subunit. If the subunits are al the same, the protein is a
homomultimer, represented by a single gene. If the subunits are different, the
protein is a heteromultimer. Stated as a more general rule applicable to any
heteromultimeric protein, the one gene : one enzyme hypothesis becomes more
precisely expressed as one gene : one polypeptide chain.

Identifying which protein represents a particular gene can be a protracted task. The
mutation responsible for creating Mendel's wrinkled-pea mutant was identified only
in 1990 as an alteration that inactivates the gene for a starch branching enzyme!

It is important to remember that a gene does not directly generate a protein. As
shown previously in Figure 1.2, a gene codes for an RNA, which may in turn code
for a protein. Most genes code for proteins, but some genes code for RNASs that do
not give rise to proteins. These RNAs may be structural components of the apparatus
responsible for synthesizing proteins or may have roles in regulating gene
expression. The basic principle is that the gene is a sequence of DNA that specifies
the sequence of an independent product. The process of gene expresson may
terminate in a product that is either RNA or protein.

A mutation is arandom event with regard to the structure of the gene, so the greatest
probability is that it will damage or even abolish gene function. Most mutations that
affect gene function are recessive: they represent an absence of function, because the
mutant gene has been prevented from producing its usual protein.Figure 1.26
illustrates the relationship between recessive and wild-type alleles. When a

A gene codes for a single polypeptide
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heterozygote contains one wild-type alele and one mutant allele, the wild-type allele
is ableto direct production of the enzyme. The wild-type alele is therefore dominant.
(This assumes that an adequate amount of protein is made by the single wild-type
alele. When this is not true, the smaller amount made by one allele as compared to
two alleles results in the intermediate phenotype of a partially dominant alele in a
heterozygote.)

Recessive alleles do not produce active protein

Wild-type/mutant ~ Mutant

I ols heterozygote homozygote
Both alleles One (dominant) MNeither allele
produce allele produces produces protein

active protein  active pratein
ool o s e sle dle e s”

mufant
Eowildiypa | mutant mutant
&% o oo o
Wild Wild Mutant
phenotype phenotype phenotype
dirtualtast waod ETGILD cori

Figure 1.26 Genes code for proteins, dominance is explained
by the properties of mutant proteins. A recessive alele does not
contribute to the phenotype because it produces no protein (or
protein that is nonfunctional).
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GENES ARE DNA

1.1.16 Mutations in the same gene cannot
complement

Key Terms

A complementation test determines whether two mutations are alleles of the same
gene. It is accomplished by crossing two different recessive mutations that have
the same phenotype and determining whether the wild-type phenotype can be
produced. If so, the mutations are said to complement each other and are probably
not mutations in the same gene.

Two mutants are said to complement each other when a diploid that is heterozygous
for each mutation produces the wild type phenotype.

A complementation group is a series of mutations unable to complement when
tested in pairwise combinationsin trans; defines a genetic unit (the cistron).

A cistron isthe genetic unit defined by the complementation test; it is equivalent to
the gene.

A gene (cistron) isthe segment of DNA specifying production of a polypeptide
chain; it includes regions preceding and following the coding region (leader and
trailer) as well as intervening sequences (introns) between individual coding
segments (exons).

Key Concepts

e A mutation in a gene affects only the protein coded by the mutant copy of the gene,
and does not affect the protein coded by any other alele.

e Failure of two mutations to complement (produce wild-phenotype) when they are
present in trans configuration in a heterozygote means that they are part of the
same gene.

How do we determine whether two mutations that cause a similar phenotype lie in
the same gene? If they map close together, they may be aleles. However, they could
also represent mutations in two different genes whose proteins are involved in the
same function. The complementation test is used to determine whether two
mutations lie in the same gene or in different genes. The test consists of making a
heterozygote for the two mutations (by mating parents homozygous for each
mutation).

If the mutations lie in the same gene, the parental genotypes can be represented as:
Tl T

1 oand 2
my s

The first parent provides an m mutant allele and the second parent provides an m,
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alele, so that the heterozygote has the constitution:

No wild-type geneis present, so the heterozygote has mutant phenotype.

If the mutations lie in different genes, the parental genotypes can be represented as:

+
N T g™
M, + +my

Each chromosome has a wild-type copy of one gene (represented by the plus sign)
and amutant copy of the other. Then the heterozygote has the constitution:

m1+
+mg

in which the two parents between them have provided a wild-type copy of each gene.
The heterozygote has wild phenotype; the two genes are said to complement.

The complementation test is shown in more detail in Figure 1.27. The basic test
consists of the comparison shown in the top part of the figure. If two mutationsliein
the same gene, we see a difference in the phenotypes of the trans configuration and
the cis configuration. The trans configuration is mutant, because each allele has a
(different) mutation. But the cis configuration is wild-type, because one allele has
two mutations but the other allele has no mutations. The lower part of the figure
shows that if the two mutations lie in different genes, we aways see a wild
phenotype. There is always one wild-type and one mutant allele of each gene, and
the configuration is irrelevant. The basic test and some exceptions to it are discussed
in Molecular Biology Supplement 32.9 Complementation.

Mutations in the same gene cannot complement
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The cis/trans test assigns mutations to genes

MUTATIONS IN SAME GENE
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Figure 1.27 The cistron is defined by the complementation test. Genes
are represented by bars; red stars identify sites of mutation.

Failure to complement means that two mutations are part of the same genetic unit.
Mutations that do not complement one another are said to comprise part of the same
complementation group. Another term that is used to describe the unit defined by
the complementation test is the cistron. Thisis the same as the gene. Basically these
three terms all describe a stretch of DNA that functions as a unit to give rise to an
RNA or protein product. The properties of the gene with regards to complementation
are explained by the fact that this product is a single molecule that behaves as a
functiona unit.

Last updated on 7-18-2002
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GENES ARE DNA

1.1.17 Mutations may cause loss-of-function or
gain-of-function

Key Terms

A null mutation completely eliminates the function of a gene.

L eaky mutations leave some residual function, for instance when the mutant protein
is partially active (in the case of a missense mutation), or when read-through
produces a small amount of wild-type protein (in the case of a nonsense
mutation).

A loss-of-function mutation eliminates or reduces the activity of agene. It is often,
but not always, recessive.

A gain-of-function mutation usually refers to a mutation that causes an increase in
the normal gene activity. It sometimes represents acquisition of certain abnormal
properties. It is often, but not always, dominant.

Silent mutations do not change the sequence of a protein because they produce
synonymous codons.

Neutral substitutionsin a protein cause changes in amino acids that do not affect
activity.

Key Concepts
e Recessive mutations are due to loss-of-function by the protein product.
e Dominant mutations result from a gain-of-function.

e Testing whether agene is essential requires a null mutation (one that completely
eliminates its function).

e Silent mutations have no effect, either because the base change does not change the
sequence or amount of protein, or because the change in protein sequence has no
effect.

o Leaky mutations do affect the function of the gene product, but are not revealed in
the phenotype because sufficient activity remains.

The various possible effects of mutation in a gene are summarized in Figure 1.28.
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Mutations vary from silent to null function

Wild-type gene codes for protein

i

>

Sitent mutation Point mutation
does not affect protein may damage function
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[

Mull mutation Point mutation
makes no protein may creale new function

— 1

-4

Figure 1.28 Mutations that do not affect protein sequence or
function are silent. Mutations that abolish all protein activity are
null. Point mutations that cause loss-of-function are recessive;
those that cause gain-of-function are dominant.

When a gene has been identified, insight into its function in principle can be gained
by generating a mutant organism that entirely lacks the gene. A mutation that
completely eliminates gene function, usually because the gene has been deleted, is
called anull mutation. If ageneis essential, anull mutation islethal.

To determine what effect a gene has upon the phenotype, it is essential to
characterize a null mutant. When a mutation fails to affect the phenotype, it is always
possible that this is because it is a leaky mutation — enough active product is made
to fulfill its function, even though the activity is quantitatively reduced or
qualitatively different from the wild type. But if a null mutant fails to affect a
phenotype, we may safely conclude that the gene function is not necessary.

Null mutations, or other mutations that impede gene function (but do not necessarily
abolish it entirely) are called loss-of-function mutations. A loss-of-function mutation
is recessive (as in the example of Figure 1.26). Sometimes a mutation has the
opposite effect and causes a protein to acquire a new function; such a change is
called again-of-function mutation. A gain-of-function mutation is dominant.

Not all mutations in DNA lead to a detectable change in the phenotype. Mutations
without apparent effect are called silent mutations. They fall into two types. Some
involve base changes in DNA that do not cause any change in the amino acid present
in the corresponding protein. Others change the amino acid, but the replacement in

Mutations may cause loss-of-function or gain-of-function
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the protein does not affect its activity; these are called neutral substitutions.
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GENES ARE DNA

1.1.18 A locus may have many different mutant
alleles

Key Terms

A locusis said to have multiple alleles when more than two allelic forms have been
found. Each allele may cause a different phenotype.

Key Concepts

e The existence of multiple alleles allows heterozygotes to occur representing any
pairwise combination of aleles.

If a recessive mutation is produced by every change in a gene that prevents the
production of an active protein, there should be a large number of such mutations in
any one gene. Many amino acid replacements may change the structure of the protein
sufficiently to impede its function.

Different variants of the same gene are called multiple alleles, and their existence
makes it possible to create a heterozygote between mutant aleles. The relationship
between these multiple alleles takes various forms.

In the simplest case, a wild-type gene codes for a protein product that is functional.
Mutant allele(s) code for proteins that are nonfunctional.

But there are often cases in which a series of mutant aleles have different
phenotypes. For example, wild-type function of the white locus of D. melanogaster is
required for development of the normal red color of the eye. The locus is named for
the effect of extreme (null) mutations, which cause the fly to have a white eye in
mutant homozygotes.

To describe wild-type and mutant aleles, wild genotype is indicated by a plus
superscript after the name of the locus (w" is the wild-type allele for [red] eye color
in D. melanogaster). Sometimes + is used by itself to describe the wild-type alele,
and only the mutant alleles are indicated by the name of the locus.

An enti rely defective form of the gene (or absence of phenotype) may be indicated
by a minus superscript. To distinguish among a variety of mutant alleles with
different effects, other superscripts may be introduced, such asw or w2

The w" alele is dominant over any other allele in heterozygotes. There are many
different mutant alleles. Figure 1.29 shows a (small) sample. Although some alleles
have no eye color, many aleles produce some color. Each of these mutant alleles
must therefore represent a different mutation of the gene, which does not eliminate
its function entirely, but leaves a residual activity that produces a characteristic
phenotype. These alleles are named for the color of the eye in a homozygote. (Most

A locus may have many different mutant alleles
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w aleles affect the quantity of pigment in the eye, and the examplesin the Figure are
arranged in [roughly] declining amount of color, but others, such as w®, affect the

pattern in which it is deposited.)

Each allele has a differant phenotype

Allele

s
whl
weh
whbf
wh
wa
we
I...,.I
W
wipP
wi

Phenotype of homozygote
red eye (wild type)
blood
cherry
buff
honey
apricol
Bosin
vory
zeste (lemon-yellow)
mottled, color varies

white (no color)
virtualiant waw SIGIHO con

Figure 1.29 The w locus has an extensive series of alleles,
whose phenotypes extend from wild-type (red) color to
complete lack of pigment.

When multiple aleles exist, an animal may be a heterozygote that carries two
different mutant alleles. The phenotype of such a heterozygote depends on the nature
of the residual activity of each alele. The relationship between two mutant alelesis
in principle no different from that between wild-type and mutant alleles: one allele
may be dominant, there may be partial dominance, or there may be codominance.
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GENES ARE DNA

1.1.19 A locus may have more than one wild-type
allele

Key Terms

Polymor phism (more fully genetic polymorphism) refers to the simultaneous
occurrence in the population of genomes showing variations at a given position.
The original definition applied to aleles producing different phenotypes. Now it
is also used to describe changesin DNA affecting the restriction pattern or even
the sequence. For practical purposes, to be considered as an example of a
polymorphism, an allele should be found at afrequency > 1% in the population.

Key Concepts

e A locus may have a polymorphic distribution of alleles, with no individual alele
that can be considered to be the sole wild-type.

There is not necessarily a unique wild-type alele at any particular locus. Control of
the human blood group system provides an example. Lack of function is represented
by the null type, O group. But the functional alleles A and B provide activities that
are codominant with one ancther and dominant over O group. The basis for this

relationship isillustrated in Figure 1.30.

A locus may have more than one wild-type allele
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Galactosyltransferase makes A and B antigens

GalNAcol

iEEEmEaE n} A-antigen afi1-R
2
| |
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| |
3 A transferase 1
=
B
A gene
Galii-R : \
2 Deletion 4 amino agid changes
Fuced O Brsigen « » » «» Bgene
: B transferase ‘
a Galord
el |
b |
e ssEsEmm }-— B antigen H‘H-R
Fucet
Phenotype Genotype Activity
o oo None
A AQC or AR M-Ac-gal transferase
B BO or BB Gal transferase

AB AB GalN-Ac-Gal-transferasze

worer 21D

Figure 1.30 The ABO blood group locus codes for a
gaactosyltransferase whose specificity determines the blood

group.

The O (or H) antigen is generated in all individuals, and consists of a particular
carbohydrate group that is added to proteins. The ABO locus codes for a
galactosyltransferase enzyme that adds a further sugar group to the O antigen. The
specificity of this enzyme determines the blood group. The A allele produces an
enzyme that uses the cofactor UDP-N-acetylgalactose, creating the A antigen. The B
allele produces an enzyme that uses the cofactor UDP-galactose, creating the B
antigen. The A and B versions of the transferase protein differ in 4 amino acids that
presumably affect its recognition of the type of cofactor. The O alele has a mutation
(asmall deletion) that eliminates activity, so no modification of the O antigen occurs.

This explains why A and B alleles are dominant in the AO and BO heterozygotes. the
corresponding transferase activity creates the A or B antigen. The A and B alleles are
codominant in AB heterozygotes, because both transferase activities are expressed.
The OO homozygote is a null that has neither activity, and therefore lacks both
antigens.

Neither A nor B can be regarded as uniquely wild type, since they represent
aternative activities rather than loss or gain of function. A situation such as this, in
which there are multiple functional alleles in a population, is described as a
polymorphism (see Molecular Biology 1.3.3 Individual genomes show extensive

A locus may have more than one wild-type allele
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variation).
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GENES ARE DNA

1.1.20 Recombination occurs by physical exchange
of DNA

Key Terms

Crossing-over describes the reciprocal exchange of material between chromosomes
that occurs during prophase | of meiosis and is responsible for genetic
recombination.

A bivalent is the structure containing all four chromatids (two representing each
homologue) at the start of meiosis.

Chromatids are the copies of achromosome produced by replication. The nameis
usually used to describe the copiesin the period before they separate at the
subsequent cell division.

A chiasma (pl. chiasmata) is a site at which two homol ogous chromosomes appear
to have exchanged materia during meiosis.

Breakage and reunion describes the mode of genetic recombination, in which two
DNA duplex molecules are broken at corresponding points and then rejoined
crosswise (involving formation of alength of heteroduplex DNA around the site
of joining).

Heteroduplex DNA (Hybrid DNA) is generated by base pairing between
complementary single strands derived from the different parental duplex
molecules; it occurs during genetic recombination.

Key Concepts

e Recombination isthe result of crossing-over that occurs at chiasmata and involves
two of the four chromatids.

e Recombination occurs by a breakage and reunion that proceeds via an intermediate
of hybrid DNA.

Genetic recombination describes the generation of new combinations of alleles that
occurs at each generation in diploid organisms. The two copies of each chromosome
may have different aleles at some loci. By exchanging corresponding parts between
the chromosomes, recombinant chromosomes can be generated that are different
from the parental chromosomes.

Recombination results from a physical exchange of chromosomal material. This is
visible in the form of the crossing-over that occurs during meiosis (the specialized
division that produces haploid germ cells). Meiosis starts with a cell that has
duplicated its chromosomes, so that it has four copies of each chromosome. Early in
meiosis, al four copies are closely associated (synapsed) in a structure called a
bivalent. Each individual chromosomal unit is called a chromatid at this stage.
Pairwise exchanges of material occur between the chromatids.

Recombination occurs by physical exchange of DNA
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The visible result of a crossing-over event is caled a chiasma, and is illustrated
diagrammatically in Figure 1.31. A chiasma represents a site at which two of the
chromatids in a bivalent have been broken at corresponding points. The broken ends
have been regjoined crosswise, generating new chromatids. Each new chromatid
consists of material derived from one chromatid on one side of the junction point,
with material from the other chromatid on the opposite side. The two recombinant
chromatids have reciproca structures. The event is described as a breakage and
reunion. Its nature explains why a single recombination event can produce only 50%
recombinants: each individual recombination event involves only two of the four
associated chromatids.

Crossing-over occurs at the 4-strand stage

Bivalent S ———
contains 4 A= B
chromatids, 2 from each 8 ——
parent e ——
Chiasma A— B
is caused by AI o
crossing-over between a B
2 of the chromalids e
Two chromosomes remain ‘
parental (AB and ab)- A g
Recombinant chromosomes A b
contain material from each 8
]

parent, and have new genetic _‘:
combinations (Ab and a8l

..... s2rgito

Figure 1.31 Chiasma formation is responsible for generating
recombinants.

The complementarity of the two strands of DNA is essential for the recombination
process. Each of the chromatids shown in Figure 1.31 consists of a very long duplex
of DNA. For them to be broken and reconnected without any loss of materia
requires a mechanism to recognize exactly corresponding positions. This is provided
by complementary base pairing.

Recombination involves a process in which the single strands in the region of the
crossover exchange their partners. Figure 1.32 shows that this creates a stretch of
hybrid DNA in which the single strand of one duplex is paired with its complement
from the other duplex. The mechanism of course involves other stages (strands must
be broken and resealed), and we discuss this in more detail in Molecular
Biology 4.15 Recombination and repair, but the crucia feature that makes precise
recombination possible is the complementarity of DNA strands. The figure shows
only some stages of the reaction, but we see that a stretch of hybrid DNA forms in
the recombination intermediate when a single strand crosses over from one duplex to
the other. Each recombinant consists of one parental duplex DNA at the left,
connected by a stretch of hybrid DNA to the other parental duplex at the right. Each
duplex DNA corresponds to one of the chromatids involved in recombination in
Figure 1.31.

Recombination occurs by physical exchange of DNA
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Recombinants have hybrid DNA
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Figure 1.32 Recombination involves pairing between
complementary strands of the two parental duplex DNAs.

The formation of hybrid DNA requires the sequences of the two recombining
duplexes to be close enough to alow pairing between the complementary strands. If
there are no differences between the two parental genomes in this region, formation
of hybrid DNA will be perfect. But the reaction can be tolerated even when there are
small differences. In this case, the hybrid DNA has points of mismatch, at which a
base in one strand faces a base in the other strand that is not complementary to it.
The correction of such mismatches is another feature of genetic recombination (see
Molecular Biology 4.15 Recombination and repair).
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GENES ARE DNA
1.1.21 The genetic code is triplet

Key Terms

The genetic code is the correspondence between tripletsin DNA (or RNA) and
amino acidsin protein.

A codon isatriplet of nucleotides that represents an amino acid or atermination
signal.

Frameshift mutations arise by deletions or insertions that are not a multiple of 3
base pairs and change the frame in which triplets are translated into protein. The
term isinappropriate outside of coding sequences.

Acridines are mutagens that act on DNA to cause the insertion or deletion of asingle
base pair. They were useful in defining the triplet nature of the genetic code.

A suppressor isasecond mutation that compensates for or alters the effects of a
primary mutation.

A frameshift suppressor is an insertion or deletion of a base that restores the original
reading frame in a gene that has had a base deletion or insertion.

Key Concepts
e The genetic codeisread in triplet nucleotides called codons.
e Thetriplets are nonoverlapping and are read from afixed starting point.

e Mutations that insert or delete individual bases cause a shift in the triplet sets after
the site of mutation.

e Combinations of mutations that together insert or delete 3 bases (or multiples of
three) insert or delete amino acids but do not change the reading of the triplets
beyond the last site of mutation.

Each gene represents a particular protein chain. The concept that each protein
consists of a particular series of amino acids dates from Sanger's characterization of
insulin in the 1950s. The discovery that a gene consists of DNA faces us with the
issue of how a sequence of nuclectidesin DNA represents a sequence of amino acids
in protein.

A crucia feature of the genera structure of DNA is that it is independent of the
particular sequence of its component nucleotides. The sequence of nucleotides in
DNA is important not because of its structure per se, but because it codes for the
sequence of amino acids that constitutes the corresponding polypeptide. The
relationship between a sequence of DNA and the sequence of the corresponding
protein is called the genetic code.

The structure and/or enzymatic activity of each protein follows from its primary
sequence of amino acids. By determining the sequence of amino acids in each

The genetic code is triplet
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protein, the gene is able to carry al the information needed to specify an active
polypeptide chain. In this way, a single type of structure — the gene — is able to
represent itself in innumerable polypeptide forms.

Together the various protein products of a cell undertake the catalytic and structural
activities that are responsible for establishing its phenotype. Of course, in addition to
sequences that code for proteins, DNA also contains certain sequences whose
function is to be recognized by regulator molecules, usually proteins. Here the
function of the DNA is determined by its sequence directly, not via any intermediary
code. Both types of region, genes expressed as proteins and sequences recognized as
such, constitute genetic information.

The genetic code is deciphered by a complex apparatus that interprets the nucleic
acid sequence. This apparatus is essential if the information carried in DNA is to
have meaning. In any given region, only one of the two strands of DNA codes for
protein, so we write the genetic code as a sequence of bases (rather than base pairs).

The genetic code is read in groups of three nucleotides, each group representing one
amino acid. Each trinucleotide sequence is called a codon. A gene includes a series
of codons that is read sequentially from a starting point at one end to a termination
point at the other end. Written in the conventional 5" — 3 direction, the nucleotide
sequence of the DNA strand that codes for protein corresponds to the amino acid
sequence of the protein written in the direction from N-terminusto C-terminus.

The genetic code is read in nonoverlapping triplets from a fixed starting point:

* Nonoverlapping implies that each codon consists of three nucleotides and that
successive codons are represented by successive trinucleotides.

e The use of afixed starting point means that assembly of a protein must start at
one end and work to the other, so that different parts of the coding sequence
cannot be read independently.

The nature of the code predicts that two types of mutations will have different
effects. If aparticular sequenceis read sequentially, such as:

UUU AAA GGG CCC (codons)
aal aa2 aa3 aad (amino acids)

then a point mutation will affect only one amino acid. For example, the substitution
of an A by some other base (X) causes aa2 to be replaced by aab:

UUU AAX GGG CCC
aal adb aa3 a4

because only the second codon has been changed.

The genetic code is triplet
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But a mutation that inserts or deletes a single base will change the triplet sets for the
entire subsequent sequence. A change of this sort is called aframeshift. Aninsertion
might take the form:

UUU AAX AGG GCCC
aal aab aab aal

Because the new sequence of triplets is completely different from the old one, the
entire amino acid sequence of the protein is altered beyond the site of mutation. So
the function of the protein islikely to be lost completely.

Frameshift mutations are induced by the acridines, compounds that bind to DNA
and distort the structure of the double helix, causing additional bases to be
incorporated or omitted during replication. Each mutagenic event sponsored by an
acridine results in the addition or removal of asingle base pair (for review see 4).

If an acridine mutant is produced by, say, addition of a nucleotide, it should revert to
wild type by deletion of the nucleotide. But reversion can also be caused by deletion
of a different base, at a site close to the first. Combinations of such mutations
provided revealing evidence about the nature of the genetic code.

Figure 1.33 illustrates the properties of frameshift mutations. An insertion or a
deletion changes the entire protein sequence following the site of mutation. But the
combination of an insertion and a deletion causes the code to be read incorrectly only
between the two sites of mutation; correct reading resumes after the second site.

The genetic code is triplet
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The genetic code is triplet

Wild type
GCUGCUGCUGCUGCUGCUGCUGCUY

Ala Ala Ala Ala Ala Ala Ala Ala

Insertion E‘

GCUGCUAGCUGCUGCUGCUGCUGCU

Ala’ Ala® Ser Cys Cys Cys Cys Cys

Deletion G
GCUGCUGCUGCUGCU CUGCUGCUG

Ala” Ala Ala Ala Ala Lleu lLeu Leu

{Double mutant A G
GCUGCUAGCU GCUGCUCUGCU GCUG

Ala "Ala Ser Cys Cys Ser Ala Ala

Triple mutant ﬂ* ﬂ" ""'
GCuGCAUGCU GCAUGCA UGCuGCuU

Ala’ Ala Cys Cys Met His Ala

Wild-type sequence Mulanl sequence
iuibE v Efg”l}

Figure 1.33 Frameshift mutations show that the genetic code
isread in triplets from afixed starting point.

Genetic analysis of acridine mutations in the rll region of the phage T6 in 1961
showed that all the mutations could be classified into one of two sets, described as
(+) and (-). Either type of mutation by itself causes a frameshift, the (+) type by
virtue of a base addition, the (-) type by virtue of a base deletion. Double mutant
combinations of the types (+ +) and (—) continue to show mutant behavior. But
combinations of the types (+ —) or (— +) suppress one another, giving rise to a
description in which one mutation is described as a supressor of the other. (In the
context of this work, "suppressor” is used in an unusual sense, because the second
mutation isin the same gene as the first.)

These results show that the genetic code must be read as a sequence that is fixed by
the starting point, so additions or deletions compensate for each other, whereas
double additions or double deletions remain mutant. But this does not revea how
many nucleotides make up each codon.

When triple mutants are constructed, only (+ + +) and (— ) combinations show the
wild phenotype, while other combinations remain mutant. If we take three additions
or three deletions to correspond respectively to the addition or omission overall of a
single amino acid, this implies that the code is read in triplets. An incorrect amino
acid sequence is found between the two outside sites of mutation, and the sequence
on either side remains wild type, asindicated in Figure 1.33 (378; 379).

Last updated on January 27, 2004
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GENES ARE DNA

1.1.22 Every sequence has three possible reading
frames

Key Terms

A reading frame is one of the three possible ways of reading a nucleotide sequence.
Each reading frame divides the sequence into a series of successive triplets. There
are three possible reading frames in any sequence, depending on the starting
point. If the first frame starts at position 1, the second frame starts at position 2,
and the third frame starts at position 3.

An open reading frame (ORF) is a sequence of DNA consisting of triplets that can
be trandated into amino acids starting with an initiation codon and ending with a
termination codon.

Theinitiation codon isaspecial codon (usually AUG) used to start synthesis of a
protein.

A stop codon (Termination codon) is one of three triplets (UAG, UAA, UGA) that
causes protein synthesis to terminate. They are also known historically as
nonsense codons. The UAA codon is called ochre, and the UAA codonis called
amber, after the names of the nonsense mutations by which they were originally
identified.

A blocked reading frame cannot be trandated into protein because of the occurrence
of termination codons.

Key Concepts

o Usually only onereading frameis translated and the other two are blocked by
frequent termination signals.

If the genetic code is read in nonoverlapping triplets, there are three possible ways of
tranglating any nucleotide sequence into protein, depending on the starting point.
These called reading frames. For the sequence

ACGACGACGACGACGACG
the three possible reading frames are
ACGACGACGACGACGACGACG
CGA CGA CGA CGA CGA CGA CGA
GAC GACGACGACGACGACGAC

A reading frame that consists exclusively of triplets representing amino acids is
called an open reading frame or ORF. A sequence that is translated into protein has

Every sequence has three possible reading frames | SECTION 1.1.22 1
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a reading frame that starts with a specia initiation codon (AUG) and that extends
through a series of triplets representing amino acids until it ends at one of three types
of termination codon (see Molecular Biology 2.5 Messenger RNA).

A reading frame that cannot be read into protein because termination codons occur
frequently is said to be blocked. If a sequence is blocked in all three reading frames,
it cannot have the function of coding for protein.

When the sequence of a DNA region of unknown function is obtained, each possible
reading frame is analyzed to determine whether it is open or blocked. Usually no
more than one of the three possible frames of reading is open in any single stretch of
DNA. Figure 1.34 shows an example of a sequence that can be read in only one
reading frame, because the dternative reading frames are blocked by frequent
termination codons. A long open reading frame is unlikely to exist by chance; if it
were not trandated into protein, there would have been no selective pressure to
prevent the accumulation of termination codons. So the identification of a lengthy
open reading frame is taken to be prima facie evidence that the sequence is translated
into protein in that frame. An open reading frame (ORF) for which no protein
product has been identified is sometimes called an unidentified reading frame (URF).

A DNA sequence usually contains one open reading frame

Initiation Only one cpen reading frame Termination
1 1
| I
mnc,{_a AAAUAGAGRGA. | . tHcGoiAsAsUrAR TS AAGoAERE. |

Second reading frame is blocked Third readlng frarne ls hl{:cker.l
altera QI1FI

Figure 1.34 An open reading frame starts with AUG and continues in
triplets to a termination codon. Blocked reading frames may be interrupted
frequently by termination codons.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0O.1.1.22

Every sequence has three possible reading frames

SECTION 1.1.22 2

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

erg; o o ‘ Molecular Biology

com

GENES ARE DNA

1.1.23 Prokaryotic genes are colinear with their
proteins

Key Terms

A colinear relationship describes the 1:1 representation of a sequence of triplet
nucleotides in a sequence of amino acids.

Key Concepts

e A prokaryotic gene consists of a continuous length of 3N nucleotides that codes for
N amino acids.

e The gene, MRNA, and protein are all colinear.

By comparing the nucleotide sequence of a gene with the amino acid sequence of a
protein, we can determine directly whether the gene and the protein are colinear:
whether the sequence of nucleotides in the gene corresponds exactly with the
sequence of amino acids in the protein. In bacteria and their viruses, there is an exact
equivalence. Each gene contains a continuous stretch of DNA whose length is
directly related to the number of amino acids in the protein that it represents. A gene
of 3N bp is required to code for a protein of N amino acids, according to the genetic
code.

The equivalence of the bacteria gene and its product means that a physical map of
DNA will exactly match an amino acid map of the protein. How well do these maps
fit with the recombination map?

The colinearity of gene and protein was originally investigated in the tryptophan
synthetase gene of E. coli (see Great Experiments 1.2 Gene-protein colinearity).
Genetic distance was measured by the percent recombination between mutations;
protein distance was measured by the number of amino acids separating sites of
replacement. Figure 1.35 compares the two maps. The order of seven sites of
mutation is the same as the order of the corresponding sites of amino acid
replacement. And the recombination distances are relatively similar to the actual
distances in the protein. The recombination map expands the distances between some
mutations, but otherwise there islittle distortion of the recombination map relative to
the physical map (380; 1225).

Prokaryotic genes are colinear with their proteins
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Gene and protein are colinear
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Figure 1.35 The recombination map of the tryptophan
synthetase gene corresponds with the amino acid sequence of
the protein.

The recombination map makes two further general points about the organization of
the gene. Different mutations may cause a wild-type amino acid to be replaced with
different substituents. If two such mutations cannot recombine, they must involve
different point mutations at the same position in DNA. If the mutations can be
separated on the genetic map, but affect the same amino acid on the upper map (the
connecting lines converge in the figure), they must involve point mutations at
different positions that affect the same amino acid. This happens because the unit of
genetic recombination (actually 1 bp) is smaller than the unit coding for the amino
acid (actualy 3 bp).
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GENES ARE DNA

1.1.24 Several processes are required to express the
protein product of a gene

Key Terms

Messenger RNA (mRNA) is the intermediate that represents one strand of a gene
coding for protein. Its coding region is related to the protein sequence by the
triplet genetic code.

Transcription describes synthesis of RNA on a DNA template.
Trandation is synthesis of protein on the mMRNA template.
A coding region is a part of the gene that represents a protein sequence.

The leader of aproteinisashort N-terminal sequence responsible for initiating
passage into or through a membrane.

A trailer (3’ UTR) isanontrandated sequence at the 3’ end of an mRNA following
the termination codon.

Pre-mRNA is used to describe the nuclear transcript that is processed by
modification and splicing to give an mRNA.

Processing of RNA describes changes that occur after its transcription, including
modification of the5” and 3’ ends, internal methylation, splicing, or cleavage.

RNA splicing is the process of excising the sequencesin RNA that correspond to
introns, so that the sequences corresponding to exons are connected into a
continuous MRNA.

Key Concepts

e A prokaryotic gene is expressed by transcription into mRNA and then by
trandation of the mRNA into protein.

e |n eukaryotes, a gene may contain internal regions that are not represented in
protein.

e Internal regions are removed from the RNA transcript by RNA splicing to give an
MRNA that is colinear with the protein product.

e Each mRNA consists of anontrandlated 5 * leader, a coding region, and a
nontranslated 3’ trailer.

In comparing gene and protein, we are restricted to dealing with the sequence of
DNA dtretching between the points corresponding to the ends of the protein.
However, a gene is not directly trandated into protein, but is expressed via the
production of a messenger RNA (abbreviated to mRNA), a nucleic acid
intermediate actually used to synthesize a protein (as we see in detail in Molecular
Biology 2.5 Messenger RNA).

Several processes are required to express the protein product of a gene | SECTION 1.1.24 1
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Messenger RNA is synthesized by the same process of complementary base pairing
used to replicate DNA, with the important difference that it corresponds to only one
strand of the DNA double helix. Figure 1.36 shows that the sequence of messenger
RNA is complementary with the sequence of one strand of DNA and is identical
(apart from the replacement of T with U) with the other strand of DNA. The
convention for writing DNA sequences is that the top strand runs5” — 37, with the
sequence that is the same as RNA.

RNA is complementary to one strand of DNA

DNA consists of two base-paired strands

fop strand
5 ATGCCGTTAGACCGTTAGCGGACCTGAC
¥ TACGGCAATCTGGCAATCGCCTGGACTG

botlom strand
‘ RNA synthesis

5 AUGCCGUUAGACCGUUAGCGGACCUGAC 3

RNA has same sequence as DNA lop strand,
is complementary to DNA bottom strand S

Figure 1.36 RNA is synthesized by using one strand of DNA
as atemplate for complementary base pairing.

The process by which a gene gives rise to a protein is caled gene expression. In
bacteria, it consists of two stages. The first stage is transcription, when an mRNA
copy of one strand of the DNA is produced. The second stage is trandation of the
mMRNA into protein. This is the process by which the sequence of an mRNA is read
in triplets to give the series of amino acids that make the corresponding protein.

A messenger RNA includes a sequence of nucleotides that corresponds with the
sequence of amino acids in the protein. This part of the nucleic acid is called the
coding region. But the messenger RNA includes additional sequences on either end;
these sequences do not directly represent protein. The 5 “ nontrandated region is
called the leader, and the 3’ nontranslated region is called the trailer.

The gene includes the entire sequence represented in messenger RNA. Sometimes
mutations impeding gene function are found in the additional, noncoding regions,
confirming the view that these comprise a legitimate part of the genetic unit.

Figure 1.37 illustrates this situation, in which the gene is considered to comprise a
continuous stretch of DNA, needed to produce a particular protein. It includes the
sequence coding for that protein, but also includes sequences on either side of the
coding region.

Several processes are required to express the protein product of a gene
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Figure 1.37 The gene may be longer than the sequence coding
for protein.

A bacterium consists of only a single compartment, so transcription and translation
occur in the same place, asillustrated in Figure 1.38.

Bacterial transcription and translation occur simultaneously

Transcription

DNA

Translation

.,
J/IN I\
>

Ribosome transiates mEBNA

——
-

witinitest wnw EMgI0.com

Figure 1.38 Transcription and translation take place in the same
compartment in bacteria.

In eukaryotes transcription occurs in the nucleus, but the RNA product must be
transported to the cytoplasm in order to be translated. For the simplest eukaryotic
genes (just like in bacteria) the transcript RNA is in fact the mRNA. But for more
complex genes, the immediate transcript of the gene is a pre-mRNA that requires
processing to generate the mature mRNA. The basic stages of gene expression in a
eukaryote are outlined in Figure 1.39. This results in a spatial separation between
transcription (in the nucleus) and tranglation (in the cytoplasm).

Several processes are required to express the protein product of a gene | SECTION 1.1.24 3
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Eukaryotic RNA is processed and exported
NUCLEUS

DNA  Exon 1 Intron Exon 2

Transcription ‘
Fre-mRNA

Splicing l
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i Transport
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Figure 1.39 Gene expression is a multistage
process.

The most important stage in processing is RNA splicing. Many genes in eukaryotes
(and a majority in higher eukaryotes) contain internal regions that do not code for
protein. The process of splicing removes these regions from the premRNA to
generate an RNA that has a continuous open reading frame (see Figure 2.1). Other
processing events that occur at this stage involve the modification of the5” and 3’
ends of the preemRNA (see Figure 5.16).

Trandation is accomplished by a complex apparatus that includes both protein and
RNA components. The actual "machine" that undertakes the process is the ribosome,
a large complex that includes some large RNAs (ribosomal RNAs, abbreviated to
rRNAs) and many small proteins. The process of recognizing which amino acid
corresponds to a particular nucleotide triplet requires an intermediate transfer RNA
(abbreviated to tRNA); there is at least one tRNA species for every amino acid. Many
ancillary proteins are involved. We describe trandation in  Molecular
Biology 2.5 Messenger RNA, but note for now that the ribosomes are the large
structures in Figure 1.38 that move along the mRNA.

The important point to note at this stage is that the process of gene expression
involves RNA not only as the essential substrate, but also in providing components
of the apparatus. The rRNA and tRNA components are coded by genes and are
generated by the process of transcription (just like mMRNA, except that there is no
subsequent stage of translation).

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.1.24
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GENES ARE DNA

1.1.25 Proteins are trans-acting but sites on DNA are
cis-acting

Key Terms
cis configuration describes two sites on the same molecule of DNA.

trans configuration of two sites refers to their presence on two different molecules of
DNA (chromosomes).

A cis-acting site affects the activity only of sequences on its own molecule of DNA
(or RNA); this property usually impliesthat the site does not code for protein.

Key Concepts

e All gene products (RNA or proteins) are trans-acting. They can act on any copy of
ageneinthecdl.

e Cis-acting mutations identify sequences of DNA that are targets for recognition by
trans-acting products. They are not expressed as RNA or protein and affect only
the contiguous stretch of DNA.

A crucial step in the definition of the gene was the realization that all its parts must
be present on one contiguous stretch of DNA. In genetic terminology, sites that are
located on the same DNA are said to be in cis. Sites that are located on two different
molecules of DNA are described as being in trans. So two mutations may be in cis
(on the same DNA) or in trans (on different DNAS). The complementation test uses
this concept to determine whether two mutations are in the same gene (see Figure
1.27 in Molecular Biology 1.1.16 Mutations in the same gene cannot complement).
We may now extend the concept of the difference between cis and trans effects from
defining the coding region of a gene to describing the interaction between regulatory
elements and a gene.

Suppose that the ability of agene to be expressed is controlled by a protein that binds
to the DNA close to the coding region. In the example depicted in Figure 1.40,
messenger RNA can be synthesized only when the protein is bound to the DNA.
Now suppose that a mutation occurs in the DNA sequence to which this protein
binds, so that the protein can no longer recognize the DNA. As aresult, the DNA can
no longer be expressed.

Proteins are trans-acting but sites on DNA are cis-acting

SECTION1.1.25 1
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Proteins bind to cis-acting control sites
Protein binds
at control site

X can% site  Coding region DNA

Two types of RNAis
DNA sequences synthesized

virtuaRost www BTGIt0 com \I"L/-h‘-';_/\:irn/RNA

Figure 1.40 Control sites in DNA provide binding sites for
proteins, coding regions are expressed via the synthesis of
RNA.

S0 a gene can be inactivated either by a mutation in a control site or by a mutation
in a coding region. The mutations cannot be distinguished genetically, because both
have the property of acting only on the DNA sequence of the single alele in which
they occur. They have identical properties in the complementation test, and a
mutation in a control region is therefore defined as comprising part of the genein the

same way as a mutation in the coding region.

Figure 1.41 shows that a deficiency in the control site affects only the coding region
to which it is connected; it does not affect the ability of the other allele to be
expressed. A mutation that acts solely by affecting the properties of the contiguous

sequence of DNA iscalled cis-acting.

Proteins are trans-acting but sites on DNA are cis-acting | SECTION 1.1.25 2
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Mutations in control sites are cis-acting

Both alleles synthesize RNA in wild type
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Figure 1.41 A cis-acting site controls the adjacent DNA but

does not influence the other allele.

We may contrast the behavior of the cis-acting mutation shown in Figure 1.41 with
the result of a mutation in the gene coding for the regulator protein. Figure 1.42
shows that the absence of regulator protein would prevent both aleles from being

expressed. A mutation of this sort is said to be trans-acting.

Proteins are trans-acting but sites on DNA are cis-acting | SECTION 1.1.25 3
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Figure 1.42 A trans-acting mutation in a protein affects both
aleles of agenethat it controls.

Reversing the argument, if a mutation is trans-acting, we know that its effects must
be exerted through some diffusible product (typically a protein) that acts on multiple
targets within a cell. But if a mutation is cis-acting, it must function via affecting
directly the properties of the contiguous DNA, which means that it is not expressed
in the form of RNA or protein.

Last updated on January 15, 2004
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GENES ARE DNA

1.1.26 Genetic information can be provided by DNA
or RNA

Key Terms

The central dogma describes the basic nature of genetic information: sequences of
nucleic acid can be perpetuated and interconverted by replication, transcription,
and reverse transcription, but trangation from nucleic acid to protein is
unidirectional, because nucleic acid sequences cannot be retrieved from protein
sequences.

A retrovirusisan RNA virus with the ability to convert its sequence into DNA by
reverse transcription.

Reversetranscription is synthesis of DNA on atemplate of RNA. Itis
accomplished by the enzyme reverse transcriptase.

Key Concepts
e Cellular genes are DNA, but viruses and viroids may have genes of RNA.

e DNA is converted into RNA by transcription, and RNA may be converted into
DNA by reverse transcription.

e Thetrandation of RNA into protein is unidirectional.

The central dogma defines the paradigm of molecular biology. Genes are
perpetuated as sequences of nucleic acid, but function by being expressed in the form
of proteins. Replication is responsible for the inheritance of genetic information.
Transcription and trangation are responsible for its conversion from one form to
another.

Figure 1.43 illustrates the roles of replication, transcription, and tranglation, viewed
from the perspective of the central dogma:

Genetic information can be provided by DNA or RNA | SECTION 1.1.26 1
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The central dogma describes information flow
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Figure 1.43 The centra dogma states that information in
nucleic acid can be perpetuated or transferred, but the transfer
of information into protein isirreversible.

¢ The perpetuation of nucleic acid may involve either DNA or RNA as the genetic
material. Cells use only DNA. Some viruses use RNA, and replication of vira
RNA occursin the infected cell.

e The expression of cellular genetic information usually is unidirectional.
Transcription of DNA generates RNA molecules that can be used further only to
generate protein sequences; generally they cannot be retrieved for use as genetic
information. Tranglation of RNA into protein isawaysirreversible.

These mechanisms are equally effective for the cellular genetic information of
prokaryotes or eukaryotes, and for the information carried by viruses. The genomes
of al living organisms consist of duplex DNA. Viruses have genomes that consist of
DNA or RNA; and there are examples of each type that are double-stranded (ds) or
single-stranded (ss). Details of the mechanism used to replicate the nucleic acid vary
among the viral systems, but the principle of replication via synthesis of
complementary strands remains the same, asillustrated in Figure 1.44.

Genetic information can be provided by DNA or RNA
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Figure 1.44 Double-stranded and single-stranded nucleic
acids both replicate by synthesis of complementary strands
governed by the rules of base pairing.

Cellular genomes reproduce DNA by the mechanism of semi-conservative
replication. Double-stranded virus genomes, whether DNA or RNA, also replicate by
using the individual strands of the duplex as templates to synthesize partner strands.

Viruses with single-stranded genomes use the single strand as template to synthesize
a complementary strand; and this complementary strand in turn is used to synthesize
its complement, which is, of course, identical with the origina starting strand.
Replication may involve the formation of stable double-stranded intermediates or use
double-stranded nucleic acid only as atransient stage.

The restriction to unidirectional transfer from DNA to RNA is not absolute. It is
overcome by the retroviruses, whose genomes consist of single-stranded RNA
molecules. During the infective cycle, the RNA is converted by the process of
reverse transcription into a single-stranded DNA, which in turn is converted into a
double-stranded DNA. This duplex DNA becomes part of the genome of the cell, and
isinherited like any other gene. So reverse transcription allows a sequence of RNA to
be retrieved and used as genetic information.

The existence of RNA replication and reverse transcription establishes the general
principle that information in the form of either type of nucleic acid sequence can be
converted into the other type. In the usual course of events, however, the cell relies
on the processes of DNA replication, transcription, and tranglation. But on rare
occasions (possibly mediated by an RNA virus), information from a cellular RNA is
converted into DNA and inserted into the genome. Although reverse transcription
plays no role in the regular operations of the cell, it becomes a mechanism of
potential importance when we consider the evolution of the genome.

The same principles are followed to perpetuate genetic information from the massive
genomes of plants or amphibians to the tiny genomes of mycoplasma and the yet
smaller genetic information of DNA or RNA viruses. Figure 1.45 summarizes some

Genetic information can be provided by DNA or RNA

SECTION 1.1.26 3

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

ergi

com

| N 0§ | .
to* ‘ Molecular Biology

examples that illustrate the range of genome types and sizes.

Genome Gene Number
Organisms

Plants =50,000
Mammals 30,000
Worms 14,000
Flies 12,000
Funagi 6,000
Bacteria 2-4,000
Mycoplasma 500
dsDMA Viruses
Vacecinia =300
Papova (Sv40) -6
Phage T4 =200
ssDNA Viruses
Parvoviris 5
Phage X174 11
dsREMNA Viruses
Reovirnus 22
ssRMNA Viruses
Coronavirus 7
Influenza 12
TMV 4
Phage MS2 4
STNV 1
Viroids

ESTV RNA 0

Genomes have nucleic acids

Base Pairs
<10
~3x10°
~108
1.6 x 10°
1.3x 107
=10!
«:10'3

187,000
5,226
165,000

5,000
o387

23.000

20,000
13,500
6,400
3,569
1,300

359

tualien wew BIGHOD

Figure 1.45 The amount of nucleic acid in the genome varies
over an enormous range.

Throughout the range of organisms, with genomes varying in total content over a
100,000 fold range, a common principle prevails. The DNA codes for all the proteins
that the cell(s) of the organism must synthesize; and the proteinsin turn (directly or
indirectly) provide the functions needed for survival. A similar principle describes
the function of the genetic information of viruses, whether DNA or RNA. The
nucleic acid codes for the protein(s) needed to package the genome and also for any
functions additional to those provided by the host cell that are needed to reproduce
the virus during its infective cycle. (The smallest virus, the satellite tobacco necrosis
virus [STNV], cannot replicate independently, but requires the simultaneous
presence of a"helper" virus [tobacco necrosis virus, TNV], which isitself anormally

infectious virus.)

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.1.26
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GENES ARE DNA
1.1.27 Some hereditary agents are extremely small

Key Terms
A viroid isasmall infectious nucleic acid that does not have a protein coat.

Virion isthe physical virus particle (irrespective of its ability to infect cells and
reproduce).

A subviral pathogen is an infectious agent that is smaller than avirus, such asa
virusoid.

Scrapieis ainfective agent made of protein.

A prion is a proteinaceous infectious agent, which behaves as an inheritable trait,
although it contains no nucleic acid. Examples are PrP™, the agent of scrapiein
sheep and bovine spongiform encephal opathy, and Psi, which confers an inherited
state in yeast.

PrP isthe protein that is the active component of the prion that causes scrapie and
related diseases. The form involved in the diseaseis called PrP™

Key Concepts

e Some very small hereditary agents do not code for protein but consist of RNA or of
protein that has hereditary properties.

Viroids are infectious agents that cause diseases in higher plants (for review see
2525). They are very small circular molecules of RNA. Unlike viruses, where the
infectious agent consists of a virion, a genome encapsulated in a protein coat, the
viroid RNA is itself the infectious agent. The viroid consists solely of the RNA,
which is extensively but imperfectly base paired, forming a characteristic rod like the
example shown in Figure 1.46. Mutations that interfere with the structure of the rod
reduce infectivity.

Viroid genomes are RNA
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Figure 1.46 PSTV RNA is a circular molecule that forms an extensive double-stranded structure,

interrupted by many interior loops. The severe and mild forms differ at three sites.

A viroid RNA consists of a single molecular species that is replicated autonomously

Some hereditary agents are extremely small

SECTION 1.1.27 1

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

in infected cells. Its sequence is faithfully perpetuated in its descendants. Viroids fall
into several groups. A given viroid is identified with a group by its similarity of
sequence with other members of the group. For example, four viroids related to
PSTV (potato spindle tuber viroid) have 70-83% similarity of sequence with it.
Different isolates of a particular viroid strain vary from one another, and the change
may affect the phenotype of infected cells. For example, the mild and severe strains
of PSTV differ by three nucleotide substitutions.

Viroids resemble viruses in having heritable nucleic acid genomes. They fulfill the
criteria for genetic information. Y et viroids differ from viruses in both structure and
function. They are sometimes called subviral pathogens. Viroid RNA does not
appear to be translated into protein. So it cannot itself code for the functions needed
for its survival. This situation poses two gquestions. How does viroid RNA replicate?
And how does it affect the phenotype of the infected plant cell?

Replication must be carried out by enzymes of the host cell, subverted from their
normal function. The heritability of the viroid sequence indicates that viroid RNA
provides the templ ate.

Viroids are presumably pathogenic because they interfere with normal cellular
processes. They might do this in a relatively random way, for example, by
sequestering an essential enzyme for their own replication or by interfering with the
production of necessary cellular RNAs. Alternatively, they might behave as
abnormal regulatory molecules, with particular effects upon the expression of
individual genes (for review see 12).

An even more unusua agent is scrapie, the cause of a degenerative neurological
disease of sheep and goats. The disease is related to the human diseases of kuru and
Creutzfeldt-Jakob syndrome, which affect brain function.

The infectious agent of scrapie does not contain nucleic acid. This extraordinary
agent is called a prion (proteinaceous infectious agent) (for review see 2523). Itisa
28 kD hydrophobic glycoprotein, PrP. PrP is coded by a cellular gene (conserved
among the mammals) that is expressed in normal brain. The protein exists in two
forms. The product found in normal brain is caled PrP". It is entirely degraded by
proteases. The protein found in infected brains is called PrP*. It is extremely
resistant to degradation by proteases. PrP* is converted to PrP* by a modification or
conformational change that confers protease-resistance, and which has yet to be fully
defined (383).

As the infectious agent of scrapie, PrP* must in some way modify the synthesis of its
normal cellular counterpart so that it becomes infectious instead of harmless (see
Molecular Biology 5.23.24 Prions cause diseases in mammals). Mice that lack a PrP
gene cannot be infected to develop scrapie, which demonstrates that PrP is essentia
for development of the disease (386).

Some hereditary agents are extremely small

SECTION 1.1.27 2

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT. EEE )
ergjto o ‘ Molecular Biology

com

Reviews

12. Diener, T. O. (1986). Viroid processing: a model involving the central conserved region and
hairpin. Proc. Natl. Acad. Sci. USA 83, 58-62.

2523. Prusiner, S. B. (1998). Prions. Proc. Natl. Acad. Sci. USA 95, 13363-13383.

2525. Diener, T. O. (1999). Viroids and the nature of viroid diseases. Arch. Virol. Suppl. 15, 203-220.

References

383. McKinley, M. P., Bolton, D. C., and Prusiner, S. B. (1983). A protease-resistant proteinisa
structural component of the scrapie prion. Cell 35, 57-62.

386. Bueler, H. et a. (1993). Mice devoid of PrP areresistant to scrapie. Cell 73, 1339-1347.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.1.27

Some hereditary agents are extremely small

SECTION 1.1.27 3

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

GENES ARE DNA
1.1.28 Summary

Two classic experiments proved that DNA is the genetic material. DNA isolated
from one strain of Pneumococcus bacteria can confer properties of that strain upon
another strain. And DNA is the only component that is inherited by progeny phages
from the parental phages. DNA can be used to transfect new properties into
eukaryotic cells.

DNA isadouble helix consisting of antiparallel strands in which the nucleotide units
are linked by 5’ =3 ’ phosphodiester bonds. The backbone provides the exterior;
purine and pyrimidine bases are stacked in the interior in pairs in which A is
complementary to T while G is complementary to C. The strands separate and use
complementary base pairing to assemble daughter strands in semiconservative
replication. Complementary base pairing is also used to transcribe an RNA
representing one strand of a DNA duplex.

A stretch of DNA may code for protein. The genetic code describes the relationship
between the sequence of DNA and the sequence of the protein. Only one of the two
strands of DNA codes for protein. A codon consists of three nucleotides that
represent a single amino acid. A coding sequence of DNA consists of a series of
codons, read from a fixed starting point. Usually only one of the three possible
reading frames can be trandated into protein.

A chromosome consists of an uninterrupted length of duplex DNA that contains
many genes. Each gene (or cistron) istranscribed into an RNA product, which in turn
is trandated into a polypeptide sequence if the gene codes for protein. An RNA or
protein product of a gene is said to be trans-acting. A gene is defined as a unit on a
single stretch of DNA by the complementation test. A site on DNA that regulates the
activity of an adjacent geneis said to be cis-acting.

A gene may have multiple alleles. Recessive dleles are caused by aloss-of-function.
A null alele has total loss-of-function. Dominant alleles are caused by
gain-of-function.

A mutation consists of a change in the sequence of A-T and G-C base pairsin DNA.
A mutation in a coding sequence may change the sequence of amino acids in the
corresponding protein. A frameshift mutation alters the subsequent reading frame by
inserting or deleting a base; this causes an entirely new series of amino acids to be
coded after the site of mutation. A point mutation changes only the amino acid
represented by the codon in which the mutation occurs. Point mutations may be
reverted by back mutation of the original mutation. Insertions may revert by loss of
the inserted material, but deletions cannot revert. Mutations may aso be suppressed
indirectly when a mutation in a different gene counters the original defect.

The natura incidence of mutations is increased by mutagens. Mutations may be
concentrated at hotspots. A type of hotspot responsible for some point mutations is
caused by deamination of the modified base 5-methylcytosine.

Summary
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Forward mutations occur at a rate of ~107° per locus per generation; back mutations
arerarer. Not all mutations have an effect on the phenotype.

Although all genetic information in cellsis carried by DNA, viruses have genomes of
double-stranded or single-stranded DNA or RNA. Viroids are subviral pathogens that
consist solely of small circular molecules of RNA, with no protective packaging. The
RNA does not code for protein and its mode of perpetuation and of pathogenesis is
unknown. Scrapie consists of a proteinaceous infectious agent.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.1.28
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THE INTERRUPTED GENE
1.2.1 Introduction

Key Terms

An exon is any segment of an interrupted gene that is represented in the mature RNA
product.

Anintron (Intervening sequence) is a segment of DNA that is transcribed, but
removed from within the transcript by splicing together the sequences (exons) on
either side of it.

A transcript isthe RNA product produced by copying one strand of DNA. It may
require processing to generate a mature RNA.

RNA splicing is the process of excising the sequencesin RNA that correspond to
introns, so that the sequences corresponding to exons are connected into a
continuous MRNA.

A structural gene codesfor any RNA or protein product other than a regulator.

Key Concepts

e Eukaryotic genomes contain interrupted genes in which exons (represented in the
final RNA product) aternate with introns (removed from theinitial transcript).

e The exon sequences occur in the same order in the gene and in the RNA, but an
interrupted gene is longer than its final RNA product because of the presence of the
introns.

Until eukaryotic genes were characterized by molecular mapping, we assumed that
they would have the same organization as prokaryotic genes. We expected the gene
to consist of a length of DNA that is colinear with the protein. But a comparison
between the structure of DNA and the corresponding mRNA shows a discrepancy in
many cases. The mRNA aways includes a nucleotide sequence that corresponds
exactly with the protein product according to the rules of the genetic code. But the
gene includes additional sequences that lie within the coding region, interrupting the
sequence that represents the protein. (For a description of the discovery see Great
Experiments 4.1 The discovery of RNA splicing and Great Experiments 4.2 The
discovery of split genes and RNA splicing.)

The sequences of DNA comprising an interrupted gene are divided into the two
categories depicted in Figure 2.1:

Introduction
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Introns are removed to make mRNA from an interrupted gene

Exon1 Intron 1 Exon 2 Intran 2 Exon 3

DNA - ARV

‘ RMNA synthesis
DFE-I'I"IRHI_'_\._ — ——
aplicing removes introns
mRNA S— —
‘ Protein synthesis
o
Protein &*’5? *‘-‘aﬂ' 9&

Length of precursor RNA (not mRNA) defines region of gene

. Individual coding regions are separated in gena
30 coir

Figure 2.1 Interrupted genes are expressed via a precursor RNA. Introns
are removed when the exons are spliced together. The mRNA has only the
sequences of the exons.

e The exons are the sequences represented in the mature RNA. By definition, a
gene starts and ends with exons, corresponding to the 57 and 3’ ends of the
RNA.

e The introns are the intervening sequences that are removed when the primary
transcript is processed to give the mature RNA.

The expression of interrupted genes requires an additional step that does not occur
for uninterrupted genes. The DNA gives rise to an RNA copy (a transcript) that
exactly represents the genome sequence. But this RNA is only a precursor; it cannot
be used for producing protein. First the introns must be removed from the RNA to
give a messenger RNA that consists only of the series of exons. This process is
caled RNA splicing. It involves a precise deletion of an intron from the primary
transcript; the ends of the RNA on either side are joined to form a covalently intact
molecul e (see Molecular Biology 5.24 RNA splicing and processing).

The structural gene comprises the region in the genome between points
corresponding to the 57 and 3 ” terminal bases of mature mMRNA. We know that
transcription starts at the 5 ” end of the mRNA, but usualy it extends beyond the 3’
end, which is generated by cleavage of the RNA (see Molecular Biology 5.24.19 The
3 7 ends of mRNAs are generated by cleavage and polyadenylation). The gene is
considered to include the regulatory regions on both sides of the gene that are
required for initiating and (sometimes) terminating gene expression.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.2.1
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THE INTERRUPTED GENE

1.2.2 An interrupted gene consists of exons and
introns

Key Concepts

e Introns are removed by the process of RNA splicing, which occursonly in cison
an individual RNA molecule.

e Only mutations in exons can affect protein sequence, but mutationsin introns can
affect processing of the RNA and therefore prevent production of protein.

How does the existence of introns change our view of the gene? Following splicing,
the exons are always joined together in the same order in which they liein DNA. So
the colinearity of gene and protein is maintained between the individual exons and
the corresponding parts of the protein chain. Figure 2.2 shows that the order of
mutations in the gene remains the same as the order of amino acid replacements in
the protein. But the distances in the gene do not correspond at all with the distances
in the protein. Genetic distances, as seen on a recombination map, have no
relationship to the distances between the corresponding points in the protein. The
length of the gene is defined by the length of the initial (precursor) RNA instead of
by the length of the messenger RNA.

The order of exons does not change betwean DNA and RNA

Geanomic DNA
Exon1 Intron1 Exon 2 Intron 2 Exon 3
, B : c
I | =
f— v = B-C

Exon1 Exon?2 Exon 3
mANA _ tualteat s BIGITO.ca
A-B E-C

Figure 2.2 Exons remain in the same order in mRNA as in DNA, but distances
aong the gene do not correspond to distances along the mMRNA or protein products.
The distance from A-B in the gene is smaller than the distance from B-C; but the
distance from A-B in the mRNA (and protein) is greater than the distance from B-C.

All the exons are represented on the same molecule of RNA, and their splicing
together occurs only as an intramolecular reaction. There is usualy no joining of
exons carried by different RNA molecules, so the mechanism excludes any splicing
together of sequences representing different alleles. Mutations located in different
exons of a gene cannot complement one another; thus they continue to be defined as
members of the same complementation group.

Mutations that directly affect the sequence of a protein must lie in exons. What are

An interrupted gene consists of exons and introns
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the effects of mutations in the introns? Since the introns are not part of the messenger
RNA, mutations in them cannot directly affect protein structure. However, they can
prevent the production of the messenger RNA — for example, by inhibiting the
splicing together of exons. A mutation of this sort acts only on the allele that carries
it. So it fails to complement any other mutation in that alele, and constitutes part of
the same complementation group as the exons.

Mutations that affect splicing are usually deleterious. The mgjority are single base
substitutions at the junctions between introns and exons. They may cause an exon to
be left out of the product, cause an intron to be included, or make splicing occur at an
aberrant site. The most common result isto introduce a termination codon that results
in truncation of the protein sequence. About 15% of the point mutations that cause
human diseases are caused by disruption of splicing (for review see 3645).

Eukaryatic genes are not necessarily interrupted. Some correspond directly with the
protein product in the same manner as prokaryotic genes. In yeast, most genes are
uninterrupted. In higher eukaryotes, most genes are interrupted; and the introns are
usually much longer than exons, creating genes that are very much larger than their
coding regions (for review see 8).

Last updated on 3-10-2003

An interrupted gene consists of exons and introns
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THE INTERRUPTED GENE

1.2.3 Restriction endonucleases are a key tool in
mapping DNA

Key Terms

Restriction endonucleases recognize specific short sequences of DNA and cleave
the duplex (sometimes at target site, sometimes el sawhere, depending on type).

A restriction map isalinear array of siteson DNA cleaved by various restriction
enzymes.

A kilobase (kb) is a measure of length and may be used to refer to DNA (1000 base
pairs) or to RNA (1000 bases).

A megabase (Mb) is 1 million base pairs of DNA.

Key Concepts
¢ Restriction endonucleases can be used to cleave DNA into defined fragments.

e A map can be generated by using the overlaps between the fragments generated by
different restriction enzymes.

The characterization of eukaryotic genes was made possible by the development of
techniques for physically mapping DNA. The techniques can be extended to
(single-stranded) RNA by making a (double-stranded) DNA copy of the RNA. A
physical map of any DNA molecule can be obtained by breaking it at defined points
whose distance apart can be accurately determined. Specific breaks are made
possible by the ability of restriction endonucleases to recognize rather short
sequences of double-stranded DNA astargets for cleavage.

Each restriction enzyme has a particular target in duplex DNA, usually a specific
sequence of 4-6 base pairs. The enzyme cuts the DNA at every point at which its
target sequence occurs. Different restriction enzymes have different target sequences,
and alarge range of these activities (obtained from awide variety of bacteria) now is
available.

A restriction map represents a linear sequence of the sites at which particular
restriction enzymes find their targets. Distance along such maps is measured directly
in base pairs (abbreviated bp) for short distances; longer distances are given in kb,
corresponding to kilobase (10°) pairsin DNA or to kilobasesin RNA. At the level of
the chromosome, a map is described in megabase pairs (1 Mb = 10° bp).

When a DNA molecule is cut with a suitable restriction enzyme, it is cleaved into
distinct fragments. These fragments can be separated on the basis of their size by gel
electrophoresis, as shown in Figure 2.3. The cleaved DNA is placed on top of a gel
made of agarose or polyacrylamide. When an electric current is passed through the
gel, each fragment moves down at a rate that is inversely related to the log of its
molecular weight. This movement produces a series of bands. Each band corresponds

Restriction endonucleases are a key tool in mapping DNA
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to afragment of particular size, decreasing down the gel.

Electrophoresis separates fragments by size

Cleave with
‘ resfriction

endonuclease

Electrophorese
and compare with
control DNA

— 2500
2100 = 2000
1400 = = 1500
1000 — — 1000
500 == = 500
Fragment sizes Conlrol consists
compared of fragments

with cantrol of known size
i ww BT -

Figure 2.3 Fragments generated by cleaving DNA
with a restriction endonuclease can be separated
according to their sizes.

By analyzing the restriction fragments of DNA, we can generate a map of the
original molecule in the form shown in Figure 2.4. The method is explained in detail
in Molecular Biology Supplement 32.11 Restriction mapping. The map shows the
positions at which particular restriction enzymes cut DNA; the distances between the
sites of cutting are measured in base pairs. So the DNA is divided into a series of
regions of defined lengths that lie between sites recognized by the restriction
enzymes. An important feature is that a restriction map can be obtained for any
sequence of DNA, irrespective of whether mutations have been identified in it, or,
indeed, whether we have any knowledge of its function (392) (for review see 6; 10).
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Figure 2.4 A restriction map is a linear sequence of
sites separated by defined distances on DNA. The
map identifies the sites cleaved by enzymes A and B,
as defined by the individual fragments produced by
the single and double digests.
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THE INTERRUPTED GENE

1.2.4 Organization of interrupted genes may be
conserved

Key Concepts

e Introns can be detected by the presence of additional regions when genes are
compared with their RNA products by restriction mapping or electron microscopy,
but the ultimate definition is based on comparison of sequences.

e The positions of introns are usually conserved when homologous genes are
compared between different organisms, but the lengths of the corresponding
introns may vary greatly.

e Introns usually do not code for proteins.

When a gene is uninterrupted, the restriction map of its DNA corresponds exactly
with the map of its mMRNA.

When a gene possesses an intron, the map at each end of the gene corresponds with
the map at each end of the message sequence. But within the gene, the maps diverge,
because additional regions are found in the gene, but are not represented in the
message. Each such region corresponds to an intron. The example of Figure 2.5
compares the restriction maps of a 3-globin gene and mRNA. There are two introns.
Each intron contains a series of restriction sites that are absent from the cDNA. But
the pattern of restriction sites in the exons is the same in both the cDNA and the gene
(387; 388; 389; 390; 391).

Restriction sites in introns are missing from the cDNA

Genomic DNA ¥ Sites cleaved by restriction enzymes
Exon1 Intron1 Exon 2 Intron 2 Exon 3

R N

cDNA D RN
cDMNA map corresponds to viriumiient wts BTGIL0 cor
exonl +exond + exond of genomic map

Figure 2.5 Comparison of the restriction maps of cDNA and genomic DNA for
mouse  -globin shows that the gene has two introns that are not present in the
cDNA. The exons can be aligned exactly between cDNA and gene.

Ultimately a comparison of the nucleotide sequences of the genomic and mRNA
sequences precisely defines the introns. Asindicated in Figure 2.6, an intron usually
has no open reading frame. An intact reading frame is created in the mRNA sequence
by the removal of the introns.

Organization of interrupted genes may be conserved | SECTION 1.2.4 1
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Intron sequences are removed from mRNA

Bon <  ¢>on

Blocked Blocked Blocked

Gene sequence I
TCOTTATTGRGRCGTETOAT G-rm AGTERTAATIGL T TCAAG TCATRRTA TGECCTAGRART CGTEE TSI

4

mRNA sequence  TCETIRTTGIGECGTARRT CCTGETGTINN
Ser LeuLel Ser Aryg Asn Ser Trp Cys Phe

Figure 2.6 An intron is a sequence present in the gene but absent from the mRNA (here shown in
terms of the cDNA sequence). The reading frame is indicated by the alternating open and shaded
blocks; note that al three possible reading frames are blocked by termination codonsin the intron.

The structures of eukaryotic genes show extensive variation. Some genes are
uninterrupted, so that the genomic sequence is colinear with that of the mRNA. Most
higher eukaryotic genes are interrupted, but the introns vary enormously in both
number and size.

All classes of genes may be interrupted: nuclear genes coding for proteins, nucleolar
genes coding for rRNA, and genes coding for tRNA. Interruptions also are found in
mitochondrial genes in lower eukaryotes, and in chloroplast genes. Interrupted genes
do not appear to be excluded from any class of eukaryotes, and have been found in
bacteria and bacteriophages, athough they are extremely rare in prokaryotic
genomes.

Some interrupted genes possess only one or a few introns. The globin genes provide
an extensively studied example (see Molecular Biology 1.2.11 The members of a
gene family have a common organization). The two general types of globin gene, o
and B, share a common type of structure. The consistency of the organization of
mammalian globin genes is evident from the structure of the "generic" globin gene
summarized in Figure 2.7.

Globin genes vary in intron lengths but have the same structure

Intran length 116-130 573-0904
Exon 1intron 11 Exon 2 Intron 2 Exon 3
Exon length 142-145 222 216-255
Contains 5 UTR Amino acids Coding 105-end
+ coding 1-30  31-104 dirinitast v X0 con + 3 UTR

Figure 2.7 All functional globin genes have an interrupted structure with three exons. The lengths
indicated in the figure apply to the mammalian [ -globin genes.

Interruptions occur at homologous positions (relative to the coding sequence) in al
known active globin genes, including those of mammals, birds, and frogs. The first
intron is aways fairly short, and the second usually is longer, but the actual lengths

Organization of interrupted genes may be conserved | SECTION 1.2.4 2
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

can vary. Most of the variation in overall lengths between different globin genes
results from the variation in the second intron. In the mouse, the second intron in the
o-globin gene is only 150 bp long, so the overall length of the gene is 850 bp,
compared with the major 3-globin gene where the intron length of 585 bp gives the
gene atotal length of 1382 bp. The variation in length of the genes is much greater
than the range of lengths of the mMRNASs ( a-globin mRNA = 585 bases, 3-globin
MRNA = 620 bases).

The example of DHFR, a somewhat larger gene, is shown in Figure 2.8. The
mammalian DHFR (dihydrofolate reductase) gene is organized into 6 exons that
correspond to the 2000 base mRNA. But they extend over a much greater length of
DNA because the introns are very long. In three mammals the exons remain
essentially the same, and the relative positions of the introns are unaltered, but the
lengths of individual introns vary extensively, resulting in a variation in the length of
the gene from 25-31 kb.

DHFR genes have a constant structure

‘T Froon

I
L l ﬁ

| |
-||'Il

| M l

12 3 4 .5 6 Exans

kb 5 10 15 20 25 30

wve BIOTO coar

Figure 2.8 Mammalian genes for DHFR have the same
relative organization of rather short exons and very long
introns, but vary extensively in the lengths of corresponding
introns.

The globin and DHFR genes present examples of a general phenomenon: genes that
are related by evolution have related organizations, with conservation of the
positions of (at least some) of the introns. Variations in the lengths of the genes are
primarily determined by the lengths of the introns.

Organization of interrupted genes may be conserved
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THE INTERRUPTED GENE

1.2.5 Exon sequences are conserved but introns
vary

Key Concepts

e Comparisons of related genesin different species show that the sequences of the
corresponding exons are usually conserved but the sequences of the introns are
much less well related.

e Introns evolve much more rapidly than exons because of the lack of selective
pressure to produce a protein with a useful sequence.

Is astructural gene unique in its genome? The answer can be ambiguous. The entire
length of the gene is unique as such, but its exons often are related to those of other
genes. As a general rule, when two genes are related, the relationship between their
exons is closer than the relationship between the introns. In an extreme case, the
exons of two genes may code for the same protein sequence, but the introns may be
different. This implies that the two genes originated by a duplication of some
common ancestral gene. Then differences accumulated between the copies, but they
were restricted in the exons by the need to code for protein functions.

Aswe see later when we consider the evolution of the gene, exons can be considered
as basic building blocks that are assembled in various combinations. A gene may
have some exons that are related to exons of another gene, but the other exons may
be unrelated. Usually the introns are not related at all in such cases. Such genes may
arise by duplication and translocation of individual exons.

The relationship between two genes can be plotted in the form of the dot matrix
comparison of Figure 2.9. A dot is placed to indicate each position at which the
same sequence is found in each gene. The dots form aline at an angle of 45° if two
sequences are identical. The line is broken by regions that lack similarity, and it is
displaced laterally or vertically by deletions or insertions in one sequence relative to
the other.

Exon sequences are conserved but introns vary
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Related genes diverge in the introns
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Figure 2.9 The sequences of the mouse oo ™ and o ™" globin
genes are closely related in coding regions, but differ in the
flanking regions and large intron. Data kindly provided by
Philip Leder.

When the two B-globin genes of the mouse are compared, such a line extends
through the three exons and through the small intron. The line peters out in the
flanking regions and in the large intron. This is a typical pattern, in which coding
sequences are well related, the relationship can extend beyond the boundaries of the
exons, but it islost in longer introns and the regions on either side of the gene.

The overall degree of divergence between two exons is related to the differences
between the proteins. It is caused mostly by base substitutions. In the trandated
regions, the exons are under the constraint of needing to code for amino acid
sequences, so they are limited in their potential to change sequence. Many of the
changes do not affect codon meanings, because they change one codon into another
that represents the same amino acid. Changes occur more freely in nontransated
regions (corresponding to the 5 leader and 3’ trailer of the MRNA).

In corresponding introns, the pattern of divergence involves both changes in size
(due to deletions and insertions) and base substitutions. Introns evolve much more
rapidly than exons. When a gene is compared in different species, sometimes the
exons are homologous, while the introns have diverged so much that corresponding
sequences cannot be recogni zed.

Mutations occur at the same rate in both exons and introns, but are removed more
effectively from the exons by adverse selection. However, in the absence of the
constraints imposed by a coding function, an intron is able quite freely to accumulate
point substitutions and other changes. These changes imply that the intron does not

have a sequence-specific function. Whether its presence is at al necessary for gene
function is not clear.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.2.5
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THE INTERRUPTED GENE

1.2.6 Genes can be isolated by the conservation of
exons

Key Terms

A zo0 blot describes the use of Southern blotting to test the ability of a DNA probe
from one species to hybridize with the DNA from the genomes of a variety of
other species.

Exon trapping inserts a genomic fragment into a vector whose function depends on
the provision of splicing junctions by the fragment.

Key Concepts

e Conservation of exons can be used as the basis for identifying coding regions by
identifying fragments whose sequences are present in multiple organisms.

Some major approaches to identifying genes are based on the contrast between the
conservation of exons and the variation of introns. In a region containing a gene
whose function has been conserved among a range of species, the sequence
representing the protein should have two distinctive properties:

e it must have an open reading frame;

e and it islikely to have arelated sequence in other species.
These features can be used to isolate genes.

Suppose we know by genetic data that a particular genetic trait is located in a given
chromosomal region. If we lack knowledge about the nature of the gene product,
how are we to identify the genein aregion that may be (for example) >1 Mb?

A heroic approach that has proved successful with some genes of medical
importance is to screen relatively short fragments from the region for the two
properties expected of a conserved gene. First we seek to identify fragments that
cross-hybridize with the genomes of other species. Then we examine these fragments
for open reading frames.

The first criterion is applied by performing a zoo blot. We use short fragments from
the region as (radioactive) probes to test for related DNA from avariety of species by
Southern blotting. If we find hybridizing fragments in severa species related to that
of the probe — the probe is usually human — the probe becomes a candidate for an
exon of the gene.

The candidates are sequenced, and if they contain open reading frames, are used to
isolate surrounding genomic regions. If these appear to be part of an exon, we may

Genes can be isolated by the conservation of exons
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then use them to identify the entire gene, to isolate the corresponding cDNA or
mMRNA, and ultimately to identify the protein.

This approach is especially important when the target gene is spread out because it
has many large introns. This proved to be the case with Duchenne muscular
dystrophy (DMD), a degenerative disorder of muscle, which is X-linked and affects
1 in 3500 of human male births. The steps in identifying the gene are summarized in
Figure 2.10.

Genes can be identified by deletions

Chromosomal translocalions
identify band Xp21 as source of DMD

Cloned DNA from human X
identifies deletions in this region

Restriction map constructed
by chromosomal walk from probe

=70 kb +70 kib

a
| EEENI NN N

DMNAs from patients with DMD
have deletions in region of walk

DMA to right is deleted

OR
DMA to left is deleted

CR

. .
irfunttest www, BIQITOcom Internal deletion

Figure 2.10 The gene involved in Duchenne muscular
dystrophy was tracked down by chromosome mapping and
walking to aregion in which deletions can be identified with the
occurrence of the disease.

Linkage analysis localized the DMD locus to chromosomal band Xp21. Patients with
the disease often have chromosomal rearrangements involving this band. By
comparing the ability of X-linked DNA probes to hybridize with DNA from patients
and with normal DNA, cloned fragments were obtained that correspond to the region
that was rearranged or deleted in patients DNA.

Once some DNA in the general vicinity of the target gene has been obtained, it is
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possible to "wak" along the chromosome until the gene is reached (see Molecular
Biology Supplement 32.12 Genome mapping). A chromosomal walk was used to
construct arestriction map of the region on either side of the probe, covering aregion
of >100 kb. Analysis of the DNA from a series of patients identified large deletions
in this region, extending in either direction. The most telling deletion is one
contained entirely within the region, since this delineates a segment that must be
important in gene function and indicates that the gene, or at least part of it, liesin this
region (3032; 3033).

Having now come into the region of the gene, we need to identify its exons and
introns. A zoo blot identified fragments that cross-hybridize with the mouse X
chromosome and with other mammalian DNAs. As summarized in Figure 2.11,
these were scrutinized for open reading frames and the sequences typical of
exon-intron junctions. Fragments that met these criteria were used as probes to
identify homologous sequencesin acDNA library prepared from muscle mRNA.

Genes can be isolated by the conservation of exons
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The DMD gene codes for a muscle protein
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Figure 2.11 The Duchenne muscular dystrophy gene was
characterized by zoo blotting, cDNA hybridization, genomic

hybridization, and identification of the protein.

The cDNA corresponding to the gene identifies an unusualy large mRNA, ~14 kb.
Hybridization back to the genome shows that the mRNA is represented in >60 exons,
which are spread over ~2000 kb of DNA. This makes DMD the longest gene
identified; in fact, it is 10x longer than any other known gene (3034; 3035).

The gene codes for a protein of ~500 kD, called dystrophin, which is a component of
muscle, present in rather low amounts. All patients with the disease have deletions at
thislocus, and lack (or have defective) dystrophin.
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Muscle also has the distinction of having the largest known protein, titin, with almost
27,000 amino acids. Its gene has the largest number of exons (178) and the longest
single exon in the human genome (17,000 bp).

Another technique that allows genomic fragments to be scanned rapidly for the
presence of exons is called exon trapping (3030). Figure 2.12 shows that it starts
with a vector that contains a strong promoter, and has a single intron between two
exons. When this vector is transfected into cells, its transcription generates large
amounts of an RNA containing the sequences of the two exons. A restriction cloning
site lies within the intron, and is used to insert genomic fragments from a region of
interest. If a fragment does not contain an exon, there is no change in the splicing
pattern, and the RNA contains only the same sequences as the parental vector. But if
the genomic fragment contains an exon flanked by two partia intron sequences, the
splicing sites on either side of this exon are recognized, and the sequence of the exon
is inserted into the RNA between the two exons of the vector. This can be detected
readily by reverse transcribing the cytoplasmic RNA into cDNA, and using PCR to
amplify the sequences between the two exons of the vector. So the appearance in the
amplified population of sequences from the genomic fragment indicates that an exon
has been trapped. Because introns are usually large and exons are small in animal
cells, there is a high probability that a random piece of genomic DNA will contain
the required structure of an exon surrounded by partial introns. In fact, exon trapping
may mimic the events that have occurred naturally during evolution of genes (see
Molecular Biology 1.2.9 How did interrupted genes evolve?).

Genes can be isolated by the conservation of exons
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A special vector is used for exon trapping

The vector contains two exons that are spliced together in the transcript
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Figure 2.12 A special splicing vector is used for exon trapping. If an exon is
present in the genomic fragment, its sequence will be recovered in the cytoplasmic
RNA, but if the genomic fragment consists solely of sequences from within intron,
splicing does not occur, and the mRNA is not exported to the cytoplasm.
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THE INTERRUPTED GENE
1.2.7 Genes show a wide distribution of sizes

Key Concepts
e Most genes are uninterrupted in yeasts, but are interrupted in higher eukaryotes.
e Exons are usually short, typically coding for <100 amino acids.

e Introns are short in lower eukaryotes, but range up to several 10s of kb in length in
higher eukaryotes.

e The overall length of agene is determined largely by itsintrons.

Figure 2.13 shows the overall organization of genesin yeasts, insects, and mammals.
In S cerevisiae, the great mgjority of genes (>96%) are not interrupted, and those
that have exons usually remain reasonably compact. There are virtually no S
cerevisiae genes with more than 4 exons.

Interrupted genes predominate in higher eukaryotes
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Figure 2.13 Most genes are uninterrupted in yeast, but most genes are interrupted in flies
and mammals. (Uninterrupted genes have only 1 exon, and are totaled in the leftmost
column.)
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In insects and mammals, the situation is reversed. Only a few genes have
uninterrupted coding sequences (6% in mammals). Insect genes tend to have a fairly
small number of exons, typicaly fewer than 10. Mammalian genes are split into
more pieces, and some have severa 10s of exons. ~50% of mammalian genes have
>10 introns.

Examining the consequences of this type of organization for the overall size of the
gene, we see in Figure 2.14 that there is a striking difference between yeast and the
higher eukaryotes. The average yeast gene is 1.4 kb long, and very few are longer
than 5 kb. The predominance of interrupted genes in high eukaryotes, however,
means that the gene can be much larger than the unit that codes for protein.
Relatively few genes in flies or mammals are shorter than 2 kb, and many have
lengths between 5 kb and 100 kb. The average human geneis 27 kb long (see Figure
3.22).

Genes have a wide range of sizes
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Figure 2.14 Yeast genes are small, but genes in flies and
mammals have a dispersed distribution extending to very large
Sizes.

The switch from largely uninterrupted to largely interrupted genes occurs in the
lower eukaryotes. In fungi (excepting the yeasts), the majority of genes are
interrupted, but they have arelatively small number of exons (<6) and are fairly short
(<5 kb). The switch to long genes occurs within the higher eukaryotes, and genes
become significantly larger in the insects. With this increase in the length of the
gene, the relationship between genome complexity and organism complexity is lost
(see Figure 3.5).

As genome size increases, the tendency is for introns to become rather large, while
exons remain quite small.

Genes show a wide distribution of sizes
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Figure 2.15 shows that the exons coding for stretches of protein tend to be fairly
small. In higher eukaryotes, the average exon codes for ~50 amino acids, and the
general distribution fits well with the idea that genes have evolved by the slow
addition of units that code for small, individual domains of proteins (see Molecular
Biology 1.2.9 How did interrupted genes evolve?). There is no very significant
difference in the sizes of exons in different types of higher eukaryotes, although the
distribution is more compact in vertebrates where there are few exons longer than
200 bp. In yeast, there are some longer exons that represent uninterrupted genes
where the coding sequence is intact. There is a tendency for exons coding for
untranslated 5" and 3’ regions to be longer than those that code for proteins.

Exons are typically 100-200 bp
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/\Human
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Figure 2.15 Exons coding for proteins are usualy short.

Figure 2.16 shows that introns vary widely in size. In worms and flies, the average
intron is not much longer than the exons. There are no very long introns in worms,
but flies contain a significant proportion. In vertebrates, the size distribution is much
wider, extending from approximately the same length as the exons (<200 bp) to
lengths measured in 10s of kbs, and extending up to 50-60 kb in extreme cases.

Genes show a wide distribution of sizes | SECTION 1.2.7 3
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

ergjto v ‘ Molecular Biology

com

Introns have wide length variation
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Figure 2.16 Introns range from very short to very long.

Very long genes are the result of very long introns, not the result of coding for longer
products. There is no correlation between gene size and mRNA size in higher
eukaryotes; nor is there a good correlation between gene size and the number of
exons. The size of a gene therefore depends primarily on the lengths of itsindividual
introns. In mammals, insects, and birds, the "average" gene is approximately 5x the
length of its MRNA.

Last updated on 2-16-2001
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THE INTERRUPTED GENE

1.2.8 Some DNA sequences code for more than one
protein

Key Concepts

e The use of adternative initiation or termination codons allows two proteins to be
generated where one is equivalent to a fragment of the other.

e Nonhomol ogous protein sequences can be produced from the same sequence of
DNA when itisread in different reading frames by two (overlapping) genes.

e Homologous proteins that differ by the presence or absence of certain regions can
be generated by differentia (alternative) splicing, when certain exons are included
or excluded. This may take the form of including or excluding individual exons or
of choosing between alternative exons.

Most genes consist of a sequence of DNA that is devoted solely to the purpose of
coding for one protein (athough the gene may include noncoding regions at either
end and introns within the coding region). However, there are some cases in which a
single sequence of DNA codes for more than one protein.

Overlapping genes occur in the relatively simple situation in which one gene is part
of the other. Thefirst half (or second half) of a geneis used independently to specify
a protein that represents the first (or second) half of the protein specified by the full
gene. Thisrelationship isillustrated in Figure 2.17. The end result is much the same
as though a partial cleavage took place in the protein product to generate part-length
aswell as full-length forms.

Some DNA sequences code for more than one protein
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Alternative starts (or stops) generate related proteins
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Figure 2.17 Two proteins can be generated from a single gene by starting (or
terminating) expression at different points.

Two genes overlap in a more subtle manner when the same sequence of DNA is
shared between two nonhomologous proteins. This situation arises when the same
sequence of DNA is trandated in more than one reading frame. In cellular genes, a
DNA sequence usually is read in only one of the three potential reading frames, but
in some viral and mitochondrial genes, there is an overlap between two adjacent
genes that are read in different reading frames. This situation is illustrated in Figure
2.18. The distance of overlap is usualy relatively short, so that most of the sequence
representing the protein retains a unique coding function.

Overlapping triplets may be used in different reading frames
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Figure 2.18 Two genes may share the same sequence by reading the DNA in
different frames.

In some genes, alternative patterns of gene expression create switches in the pathway
for connecting the exons. A single gene may generate a variety of mRNA products
that differ in their content of exons. The difference may be that certain exons are
optional — they may be included or spliced out. Or there may be exons that are
treated as mutually exclusive — one or the other is included, but not both. The
aternative forms produce proteins in which one part is common while the other part

Some DNA sequences code for more than one protein
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is different.

In some cases, the alternative means of expression do not affect the sequence of the
protein; for example, changes that affect the 5 * nontranslated leader or the 3’
nontranslated trailer may have regulatory consequences, but the same protein is
made. In other cases, one exon is substituted for another, as indicated in Figure 2.19.

Alternative splicing can substitute exons

W .
t One mRNA has the o exon
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Figure 2.19 Alternative splicing generates the o and B variants
of troponin T.

In this example, the proteins produced by the two mRNAS contain sequences that
overlap extensively, but that are different within the alternatively spliced region. The
3’ half of the troponin T gene of rat muscle contains 5 exons, but only 4 are used to
construct an individual mRNA. Three exons, WXZ, are the same in both expression
patterns. However, in one pattern the o exon is spliced between X and Z; in the other
pattern, the B exon is used. The oo and 3 forms of troponin T therefore differ in the
sequence of the amino acids present between sequences W and Z, depending on
which of the alternative exons, o or B, is used. Either one of the oo and B exons can
be used to form an individual MRNA, but both cannot be used in the same mRNA.

Figure 2.20 illustrates an example in which alternative splicing leads to the inclusion
of an exon in some MRNAs, while it is left out of others. A single type of transcript
is made from the gene, but it can be spliced in either of two ways. In the first
pathway, two introns are spliced out, and the three exons are joined together. In the
second pathway, the second exon is hot recognized. As aresult, a single large intron
is spliced out. This intron consists of intron 1 + exon 2 + intron 2. In effect, exon 2
has been treated in this pathway as part of the single intron. The pathways produce
two proteins that are the same at their ends, but one of which has an additional
sequence in the middle. So the region of DNA codes for more than one protein.
(Other types of combinations that are produced by aternative splicing are discussed
in Molecular Biology 5.24.12 Alternative splicing involves differential use of splice
junctions).

Some DNA sequences code for more than one protein
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Different combinations of exons are used in alternative splicing
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Figure 2.20 Alternative splicing uses the same preemRNA to generate mRNAS
that have different combinations of exons.

Sometimes two pathways operate simultaneously, a certain proportion of the RNA
being spliced in each way; sometimes the pathways are aternatives that are
expressed under different conditions, one in one cell type and one in another cell

type.

So dternative (or differential) splicing can generate proteins with overlapping
sequences from a single stretch of DNA. It is curious that the higher eukaryotic
genome is extremely spacious in having large genes that are often quite dispersed,
but a the same time it may make multiple products from an individua locus.
Alternative splicing expands the number of proteins relative to the number of genes
by ~15% in flies and worms, but has much bigger effects in man, where ~60% of
genes may have alternative modes of expression (see Molecular Biology 1.3.11 The
human genome has fewer genes than expected). About 80% of the aternative
splicing events result in a change in the protein sequence.

Last updated on 3-10-2003
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THE INTERRUPTED GENE
1.2.9 How did interrupted genes evolve?

Key Concepts

e The mgjor evolutionary question is whether genes originated as sequences
interrupted by exons or whether they were originally uninterrupted.

e Most protein-coding genes probably originated in an interrupted form, but
interrupted genes that code for RNA may have originally been uninterrupted.

e A special class of intronsis mobile and can insert itself into genes.

The highly interrupted structure of eukaryotic genes suggests a picture of the
eukaryotic genome as a sea of introns (mostly but not exclusively unique in
sequence), in which idands of exons (sometimes very short) are strung out in
individual archipelagoes that constitute genes.

What was the original form of genes that today are interrupted?

e The "introns early" model supposes that introns have always been an integral
part of the gene. Genes originated as interrupted structures, and those without
introns have lost them in the course of evolution.

e The "introns late" model supposes that the ancestral protein-coding units
consisted of uninterrupted sequences of DNA. Introns were subsequently
inserted into them.

A test of the models is to ask whether the difference between eukaryotic and
prokaryotic genes can be accounted for by the acquisition of intronsin the eukaryotes
or by the loss of introns from the prokaryotes.

The introns early model suggests that the mosaic structure of genes is a remnant of
an ancient approach to the reconstruction of genes to make novel proteins. Suppose
that an early cell had a number of separate protein-coding sequences. One aspect of
its evolution is likely to have been the reorganization and juxtaposition of different
polypeptide units to build up new proteins.

If the protein-coding unit must be a continuous series of codons, every such
reconstruction would require a precise recombination of DNA to place the two
protein-coding units in register, end to end in the same reading frame. Furthermore,
if this combination is not successful, the cell has been damaged, because it has lost
the original protein-coding units.

But if an approximate recombination of DNA could place the two protein-coding
units within the same transcription unit, splicing patterns could be tried out at the
level of RNA to combine the two proteins into a single polypeptide chain. And if

How did interrupted genes evolve?
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these combinations are not successful, the original protein-coding units remain
available for further trials. Such an approach essentially alows the cell to try out
controlled deletions in RNA without suffering the damaging instability that could
occur from applying this procedure to DNA. This argument is supported by the fact
that we can find related exons in different genes, as though the gene had been
assembled by mixing and matching exons (see Molecular Biology 1.2.10 Some exons
can be equated with protein functions).

Figure 2.21 illustrates the outcome when a random sequence that includes an exon is
translocated to a new position in the genome. Exons are very small relative to
introns, so it is likely that the exon will find itself within an intron. Because only the
sequences at the exon-intron junctions are required for splicing, the exon is likely to
be flanked by functional 3 and 5 ” splice junctions, respectively. Because splicing
junctions are recognized in pairs, the 5 ” splicing junction of the original intron is
likely to interact with the 3’ splicing junction introduced by the new exon, instead of
with its original partner. Similarly, the 5 * splicing junction of the new exon will
interact with the 3 ” splicing junction of the original intron. The result is to insert the
new exon into the RNA product between the original two exons. So long as the new
exon is in the same coding frame as the original exons, a new protein sequence will
be produced. This type of event could have been responsible for generating new
combinations of exons during evolution. Note that the principle of this type of event
is mimicked by the technique of exon trapping that is used to screen for functional
exons (see Figure 2.12).

Random translocations may praduce functional genes

Introns are much longer than exons
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Figure 2.21 An exon surrounded by flanking sequences that is translocated into an
intron may be spliced into the RNA product.
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Alternative forms of genes for rRNA and tRNA are sometimes found, with and
without introns. In the case of the tRNASs, where all the molecules conform to the
same general structure, it seems unlikely that evolution brought together the two
regions of the gene. After al, the different regions are involved in the base pairing
that gives significance to the structure. So here it must be that the introns were
inserted into continuous genes.

Organelle genomes provide some striking connections between the prokaryotic and
eukaryotic worlds. Because of many general similarities between mitochondria or
chloroplasts and bacteria, it seems likely that the organelles originated by an
endosymbiosis in which an early bacterial prototype was inserted into eukaryotic
cytoplasm. Y et in contrast with the resemblances with bacteria—for example, as seen
in protein or RNA synthesis — some organelle genes possess introns, and therefore
resemble eukaryotic nuclear genes.

Introns are found in several chloroplast genes, including some that have homologies
with genes of E. coli. This suggests that the endosymbiotic event occurred before
introns were lost from the prokaryotic line. If a suitable gene can be found, it may
therefore be possible to trace gene lineage back to the period when endosymbiosis
occurred.

The mitochondrial genome presents a particularly striking case. The genes of yeast
and mammalian mitochondria code for virtually identical mitochondrial proteins, in
spite of a considerable difference in gene organization. Vertebrate mitochondrial
genomes are very small, with an extremely compact organization of continuous
genes, whereas yeast mitochondrial genomes are larger and have some complex
interrupted genes. Which is the ancestral form? The yeast mitochondrial introns (and
certain other introns) can have the property of mobility — they are self-contained
sequences that can splice out of the RNA and insert DNA copies elsewhere — which
suggests that they may have arisen by insertions into the genome (see Molecular
Biology 5.26.5 Some group | introns code for endonucleases that sponsor mobility
and Molecular Biology 5.26.6 Some group Il introns code for reverse
transcriptases).
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THE INTERRUPTED GENE

1.2.10 Some exons can be equated with protein
functions

Key Concepts

e Facts suggesting that exons were the building blocks of evolution and the first
genes were interrupted are:

¢ Gene structure is conserved between genesin very distant species.

e Many exons can be equated with coding for protein sequences that have
particular functions.

o Related exons are found in different genes.

If current proteins evolved by combining ancestral proteins that were originally
separate, the accretion of units is likely to have occurred sequentially over some
period of time, with one exon added at a time (for review see 9). Can the different
functions from which these genes were pieced together be seen in their present
structures? In other words, can we equate particular functions of current proteins

with individual exons ?

In some cases, there is a clear relationship between the structures of the gene and
protein. The example par excellence is provided by the immunoglobulin proteins,
which are coded by genes in which every exon corresponds exactly with a known
functiona domain of the protein. Figure 2.22 compares the structure of an

immunoglobulin with its gene.
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Immunoglobulin exons code for protein domains
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Figure 2.22 Immunoglobulin light chains and heavy chains are coded by genes whose structures (in
their expressed forms) correspond with the distinct domains in the protein. Each protein domain
corresponds to an exon; introns are numbered 1-5.

An immunoglobulin is a tetramer of two light chains and two heavy chains, which
aggregate to generate a protein with severa distinct domains. Light chains and heavy
chains differ in structure, and there are severa types of heavy chain. Each type of
chain is expressed from a gene that has a series of exons corresponding with the
structural domains of the protein.

In many instances, some of the exons of a gene can be identified with particular
functions. In secretory proteins, the first exon, coding for the N-terminal region of
the polypeptide, often specifies the signa sequence involved in membrane secretion.
Anexampleisinsulin,

The view that exons are the functional building blocks of genesis supported by cases
in which two genes may have some exons that are related to one another, while other
exons are found only in one of the genes. Figure 2.23 summarizes the relationship
between the receptor for human LDL (plasma low density lipoprotein) and other
proteins. In the center of the LDL receptor gene is a series of exons related to the
exons of the gene for the precursor for EGF (epiderma growth factor). In the
N-terminal part of the protein, a series of exons codes for a sequence related to the
blood protein complement factor C9. So the LDL receptor gene was created by
assembling modules for its various functions. These modules are aso used in
different combinationsin other proteins.

Some exons can be equated with protein functions
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Exons in two proteins can be related
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Figure 2.23 The LDL receptor gene consists of 18 exons,
some of which are related to EGF precursor and some to the C9
blood complement gene. Triangles mark the positions of
introns. Only some of the introns in the region related to EGF
precursor are identical in position to those in the EGF gene.

Exons tend to be fairly small (see Figure 2.12), around the size of the smallest
polypeptide that can assume a stable folded structure, ~20-40 residues. Perhaps
proteins were originally assembled from rather small modules. Each module need not
necessarily correspond to a current function; several modules could have combined
to generate a function. The number of exons in a gene tends to increase with the
length of its protein, which is consistent with the view that proteins acquire multiple
functions by successively adding appropriate modules.

This idea might explain another feature of protein structure: it seems that the sites
represented at exon-intron boundaries often are located at the surface of a protein. As
modules are added to a protein, the connections, at least of the most recently added
modules, could tend to lie at the surface.
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Reviews

9.  Blake, C. C. (1985). Exons and the evolution of proteins. Int. Rev. Cytol. 93, 149-185.
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THE INTERRUPTED GENE

1.2.11 The members of a gene family have a
common organization

Key Terms

A superfamily isaset of genes all related by presumed descent from a common
ancestor, but now showing considerable variation.

Key Concepts

e A common feature in a set of genesis assumed to identify a property that preceded
their separation in evolution.

o All globin genes have a common form of organization with 3 exons and 2 introns,
suggesting that they are descended from a single ancestral gene.

A fascinating case of evolutionary conservation is presented by the a- and B-globins
and two other proteins related to them. Myoglobin is a monomeric oxygen-binding
protein of animals, whose amino acid sequence suggests a common (though ancient)
origin with the globin subunits. Leghemoglobins are oxygen-binding proteins present
in the legume class of plants; like myoglobin, they are monomeric. They too share a
common origin with the other heme-binding proteins. Together, the globins,
myoglobin, and leghemoglobin constitute the globin superfamily, a set of gene
families al descended from some (distant) common ancestor.

Both o- and B-globin genes have three exons (see Figure 2.7). The two introns are
located at constant positions relative to the coding sequence. The central exon
represents the heme-binding domain of the globin chain.

Myoglobin is represented by a single gene in the human genome, whose structure is
essentially the same as that of the globin genes. The three-exon structure therefore
predates the evolution of separate myoglobin and globin functions.

L eghemoglobin genes contain three introns, the first and last of which occur at points
in the coding sequence that are homologous to the locations of the two intronsin the
globin genes. This remarkable similarity suggests an exceedingly ancient origin for
the heme-binding proteins in the form of a split gene, asillustrated in Figure 2.24.

The members of a gene family have a common organization
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Leghemoaglobin has an extra intron

Heme-binding doamain

Globin

e I L]

Extra intron Leghemoglobin

et wew BTG cony, OMEIN IS divided

Figure 2.24 The exon structure of globin genes corresponds
with protein function, but leghemoglobin has an extra intron in
the central domain.

The central intron of leghemoglobin separates two exons that together code for the
sequence corresponding to the single central exon in globin. Could the central exon
of the globin gene have been derived by afusion of two central exonsin the ancestral
gene? Or is the single central exon the ancestral form; in this case, an intron must
have been inserted into it at the start of plant evolution?

Cases in which homologous genes differ in structure may provide information about
their evolution. An example is insulin. Mammals and birds have only one gene for
insulin, except for the rodents, which have two genes. Figure 2.25 illustrates the
structures of these genes.

One rat insulin gene has lost an exon
Common insulin gene (chicken & rat)

Leader Coding Coding
exon Intron exon Intron exan

Leader

exon Intron Coding exon

Second insulin gens in rat

== Delete intron

wa BTG

Figure 2.25 The rat insulin gene with one intron evolved by
losing an intron from an ancestor with two interruptions.

The principle we use in comparing the organization of related genes in different
species is that a common feature identifies a structure that predated the evolutionary
separation of the two species. In chicken, the single insulin gene has two introns; one
of the two rat genes has the same structure. The common structure implies that the
ancestral insulin gene had two introns. However, the second rat gene has only one

The members of a gene family have a common organization
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intron. It must have evolved by a gene duplication in rodents that was followed by
the precise removal of one intron from one of the copies.

The organization of some genes shows extensive discrepancies between species. In
these cases, there must have been extensive removal or insertion of introns during
evolution.

A well characterized case is represented by the actin genes. The typical actin gene
has a nontranslated leader of <100 bases, a coding region of ~1200 bases, and a
trailer of ~200 bases. Most actin genes are interrupted; the positions of the introns
can be aigned with regard to the coding sequence (except for a single intron
sometimes found in the leader).

Figure 2.26 shows that amost every actin gene is different in its pattern of
interruptions. Taking all the genes together, introns occur at 12 different sites.
However, no individual gene has more than 6 introns, some genes have only one
intron, and one is uninterrupted altogether. How did this situation arise? If we
suppose that the primordial actin gene was interrupted, and all current actin genes are
related to it by loss of introns, different introns have been lost in each evolutionary
branch. Probably some introns have been lost entirely, so the primordia gene could
well have had 20 or more. The alternative is to suppose that a process of intron
insertion continued independently in the different lines of evolution. The
relationships between the intron locations found in different species may be used
ultimately to construct atree for the evolution of the gene.

Many changes in introns have occurred in actin gene evolution

T TYYYTY 7 T YT v L b yTvYvw w

5. pombe
5. cerevisiag ]
Acanthamoeba [}
Thermomyces EE Em [ ]
C. elegans [ ] [
0. melanogaster E? ]

Ad ]
A2 m
Sea urchin C ]

J
Chick muscle m
Rat muscie m
Rat cytoplasmic m
Human smooth muscle
Human cardiac muscle
Soybean [

o BTG

Figure 2.26 Actin genes vary widely in their organization. The sites of introns are indicated in purple.

The relationship between exons and protein domains is somewhat erratic. In some
cases there is a clear 1:1 relationship; in others no pattern is to be discerned. One
possibility is that removal of introns has fused the adjacent exons. This means that
the intron must have been precisely removed, without changing the integrity of the
coding region. An aternative is that some introns arose by insertion into a coherent
domain. Together with the variations that we see in exon placement in cases such as
the actin genes, this argues that intron positions can be adjusted in the course of

The members of a gene family have a common organization
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evolution.

The equation of at least some exons with protein domains, and the appearance of
related exons in different proteins, leaves no doubt that the duplication and
juxtaposition of exons has played an important role in evolution. It is possible that
the number of ancestral exons, from which al proteins have been derived by
duplication, variation, and recombination, could be relatively small (a few thousands
or tens of thousands). By taking exons as the building blocks of evolution, this view
implicitly accepts the introns early model for the origin of genes coding for proteins.
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THE INTERRUPTED GENE
1.2.12 Is all genetic information contained in DNA?

Key Terms

Positional infor mation describes the localization of macromolecules at particular
placesin an embryo. The localization may itself be aform of information that is
inherited.

Key Concepts

e The definition of the gene has reversed from "one gene : one protein” to "one
protein : one gene".

e Positional information is also important in devel opment.

The concept of the gene has evolved significantly in the past few years. The question
of what'sin aname is especially appropriate for the gene. We can no longer say that
a gene is a sequence of DNA that continuously and uniquely codes for a particular
protein. In situations in which a stretch of DNA is responsible for production of one
particular protein, current usage regards the entire sequence of DNA, from the first
point represented in the messenger RNA to the last point corresponding to its end, as
comprising the "gene," exons, introns, and all.

When the sequences representing proteins overlap or have alternative forms of
expression, we may reverse the usual description of the gene. Instead of saying "one
gene-one polypeptide,” we may describe the relationship as "one polypeptide-one
gene" So we regard the sequence actualy responsible for production of the
polypeptide (including introns as well as exons) as congtituting the gene, while
recognizing that from the perspective of another protein, part of this same sequence
also belongs to its gene. This allows the use of descriptions such as "overlapping” or
"alternative" genes.

We can now see how far we have come from the origina one gene : one enzyme
hypothesis. Up to that time, the driving question was the nature of the gene. Once it
was discovered that genes represent proteins, the paradigm became fixed in the form
of the concept that every genetic unit functions through the synthesis of a particular
protein.

This view remains the central paradigm of molecular biology: a sequence of DNA
functions either by directly coding for a particular protein or by being necessary for
the use of an adjacent segment that actually codes for the protein. How far does this
paradigm take us beyond explaining the basic relationship between genes and
proteins?

The development of multicellular organisms rests on the use of different genes to
generate the different cell phenotypes of each tissue. The expression of genes is
determined by a regulatory network that takes the form of a cascade. Expression of

Is all genetic information contained in DNA?

SECTION1.212 1

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

the first set of genes at the start of embryonic development leads to expression of the
genes involved in the next stage of development, which in turn leads to a further
stage, and so on until al the tissues of the adult are functioning. The molecular
nature of this regulatory network is largely unknown, but we assume that it consists
of genes that code for products (probably protein, perhaps sometimes RNA) that act
on other genes.

While such a series of interactions is aimost certainly the means by which the
developmental program is executed, we can ask whether it is entirely sufficient. One
specific question concerns the nature and role of positional information. We know
that all parts of a fertilized egg are not equal; one of the features responsible for
development of different tissue parts from different regions of the egg is location of
information (presumably specific macromolecules) within the cell.

We do not know how these particular regions are formed. But we may speculate that
the existence of positional information in the egg leads to the differential expression
of genes in the cells subsequently formed in these regions, which leads to the
development of the adult organism, which leads to the development of an egg with
the appropriate positional information#

This possibility prompts us to ask whether some information needed for development
of the organism is contained in a form that we cannot directly attribute to a sequence
of DNA (athough the expression of particular sequences may be needed to
perpetuate the positional information). Put in a more general way, we might ask:
when we read out the entire sequence of DNA comprising the genome of some
organism and interpret it in terms of proteins and regulatory regions, could we in
principle construct an organism (or even asingle living cell) by controlled expression
of the proper genes?

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.2.12
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THE INTERRUPTED GENE
1.2.13 Summary

All types of eukaryotic genomes contain interrupted genes. The proportion of
interrupted genes is low in yeasts and increases in the lower eukaryotes; few genes
are uninterrupted in higher eukaryotes.

Introns are found in all classes of eukaryotic genes. The structure of the interrupted
geneisthe samein al tissues, exons are joined together in RNA in the same order as
their organization in DNA, and the introns usually have no coding function. Introns
are removed from RNA by splicing. Some genes are expressed by alternative
splicing patterns, in which a particular sequence is removed as an intron in some
situations, but retained as an exon in others.

Positions of introns are often conserved when the organization of homologous genes
is compared between species. Intron sequences vary, and may even be unrelated,
although exon sequences remain well related. The conservation of exons can be used
toisolate related genesin different species.

The size of a gene is determined primarily by the lengths of its introns. Introns
become larger early in the higher eukaryotes, when gene sizes therefore increase
significantly. The range of gene sizes in mammals is generally from 1-100 kb, but it
is possible to have even larger genes; the longest known case is dystrophin at 2000
kb.

Some genes share only some of their exons with other genes, suggesting that they
have been assembled by addition of exons representing individual modules of the
protein. Such modules may have been incorporated into a variety of different
proteins. The idea that genes have been assembled by accretion of exons implies that
introns were present in genes of primitive organisms. Some of the relationships
between homologous genes can be explained by loss of introns from the primordial
genes, with different introns being lost in different lines of descent.
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THE CONTENT OF THE GENOME
1.3.1 Introduction

Key Terms

The genome is the compl ete set of sequences in the genetic material of an organism.
It includes the sequence of each chromosome plus any DNA in organelles.

Thetranscriptomeisthe complete set of RNASs present in a cell, tissue, or organism.
Its complexity is due mostly to mRNAS, but it aso includes noncoding RNAS.

The proteome is the complete set of proteins that is expressed by the entire genome.
Because some genes code for multiple proteins, the size of the proteome is greater
than the number of genes. Sometimes the term is used to describe complement of
proteins expressed by acell at any onetime.

The key question about the genome is how many genes it contains. We can think
about the total number of genes at four levels, corresponding to successive stages in
gene expression:

e The genome is the complete set of genes of an organism. Ultimately it is defined
by the complete DNA sequence, although as a practical matter it may not be
possible to identify every gene unequivocally solely on the basis of sequence.

e The transcriptome is the complete set of genes expressed under particular
conditions. It is defined in terms of the set of RNA molecules that is present, and
can refer to asingle cell type or to any more complex assembly of cells up to the
complete organism. Because some genes generate multiple mRNAs, the
transcriptome is likely to be larger than the number of genes defined directly in
the genome. The transcriptome includes noncoding RNAs aswell as mRNAs.

e The proteome is the complete set of proteins. It should correspond to the
MRNASs in the transcriptome, athough there can be differences of detail
reflecting changes in the relative abundance or stabilities of mRNAs and
proteins. It can be used to refer to the set of proteins coded by the whole genome
or produced in any particular cell or tissue.

¢ Proteins may function independently or as part of multiprotein assemblies. If we
could identify all protein-protein interactions, we could define the total number
of independent assemblies of proteins.

The number of genes in the genome can be identified directly by defining open
reading frames. Large scale mapping of this nature is complicated by the fact that
interrupted genes may consist of many separated open reading frames. Since we do
not necessarily have information about the functions of the protein products, or
indeed proof that they are expressed at all, this approach is restricted to defining the
potential of the genome. However, a strong presumption exists that any conserved
open reading frame s likely to be expressed.

Introduction
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Another approach is to define the number of genes directly in terms of the
transcriptome (by directly identifying all the mRNAS) or proteome (by directly
identifying all the proteins). This gives an assurance that we are dealing with bona
fide genes that are expressed under known circumstances. It allows us to ask how
many genes are expressed in a particular tissue or cell type, what variation exists in
the relative levels of expression, and how many of the genes expressed in one
particular cell are unique to that cell or are also expressed elsewhere.

Concerning the types of genes, we may ask whether a particular gene is essential:
what happens to a null mutant? If a null mutation is lethal, or the organism has a
visible defect, we may conclude that the gene is essential or at least conveys a
selective advantage. But some genes can be deleted without apparent effect on the
phenotype. Are these genes really dispensable, or does a selective disadvantage result
from the absence of the gene, perhaps in other circumstances, or over longer periods
of time?

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.3.1
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THE CONTENT OF THE GENOME

1.3.2 Genomes can be mapped by linkage,
restriction cleavage, or DNA sequence

Defining the contents of a genome essentially means making a map. We can think
about mapping genes and genomes at several levels of resolution:

e A genetic (or linkage) map identifies the distance between mutations in terms of
recombination frequencies. It is limited by its reliance on the occurrence of
mutations that affect the phenotype. Because recombination frequencies can be
distorted relative to the physical distance between sites, it does not accurately
represent physical distances along the genetic material.

o A linkage map can also be constructed by measuring recombination between
sites in genomic DNA. These sites have sequence variations that generate
differences in the susceptibility to cleavage by certain (restriction) enzymes.
Because such variations are common, such a map can be prepared for any
organism irrespective of the occurrence of mutants. It has the same disadvantage
as any linkage map that the relative distances are based on recombination.

o A restriction map is constructed by cleaving DNA into fragments with restriction
enzymes and measuring the distances between the sites of cleavage. This
represents distances in terms of the length of DNA, so it provides a physical map
of the genetic material. A restriction map does not intrinsically identify sites of
genetic interest. For it to be related to the genetic map, mutations have to be
characterized in terms of their effects upon the restriction sites. Large changesin
the genome can be recognized because they affect the sizes or numbers of
restriction fragments. Point mutations are more difficult to detect.

e The ultimate map is to determine the sequence of the DNA. From the sequence,
we can identify genes and the distances between them. By anayzing the
protein-coding potential of a sequence of the DNA, we can deduce whether it
represents a protein. The basic assumption here is that natural selection prevents
the accumulation of damaging mutations in sequences that code for proteins.
Reversing the argument, we may assume that an intact coding sequence is likely
to be used to generate a protein.

By comparing the sequence of a wild-type DNA with that of a mutant allele, we can
determine the nature of a mutation and its exact site of occurrence. This defines the
relationship between the genetic map (based entirely on sites of mutation) and the
physical map (based on or even comprising the sequence of DNA).

Similar techniques are used to identify and sequence genes and to map the genome,
athough there is of course a difference of scale. In each case, the principle is to
obtain a series of overlapping fragments of DNA, which can be connected into a
continuous map. The crucial feature is that each segment is related to the next
segment on the map by characterizing the overlap between them, so that we can be
sure no segments are missing. This principle is applied both at the level of ordering

Genomes can be mapped by linkage, restriction cleavage, or DNA sequence
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large fragments into a map, and in connecting the sequences that make up the
fragments.
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THE CONTENT OF THE GENOME
1.3.3 Individual genomes show extensive variation

Key Terms

Polymor phism (more fully genetic polymorphism) refers to the simultaneous
occurrence in the population of genomes showing variations at a given position.
The original definition applied to alleles producing different phenotypes. Now it
is aso used to describe changesin DNA affecting the restriction pattern or even
the sequence. For practical purposes, to be considered as an example of a
polymorphism, an alele should be found at afrequency > 1% in the population.

Single nucleotide polymor phism (SNP) describes a polymorphism (variation in
sequence between individuals) caused by a changein asingle nuclectide. Thisis
responsible for most of the genetic variation between individuals.

Restriction fragment length polymor phism (RFL P) refersto inherited differences
in sites for restriction enzymes (for example, caused by base changesin the target
site) that result in differences in the lengths of the fragments produced by
cleavage with the relevant restriction enzyme. RFLPs are used for genetic
mapping to link the genome directly to a conventional genetic marker.

Key Concepts

o Polymorphism may be detected at the phenotypic level when a sequence affects
gene function, at the restriction fragment level when it affects a restriction enzyme
target site, and at the sequence level by direct analysis of DNA.

e The aleles of agene show extensive polymorphism at the sequence level, but
many sequence changes do not affect function.

The origina Mendelian view of the genome classified aleles as either wild-type or
mutant. Subsequently we recognized the existence of multiple alleles, each with a
different effect on the phenotype. In some cases it may not even be appropriate to
define any one allele as "wild-type".

The coexistence of multiple alleles at a locus is called genetic polymor phism. Any
site a which multiple alleles exist as stable components of the population is by
definition polymorphic. An allele is usually defined as polymorphic if it is present at
afreguency of >1% in the population.

What is the basis for the polymorphism among the mutant alleles? They possess
different mutations that alter the protein function, thus producing changes in
phenotype. If we compare the restriction maps or the DNA sequences of these
aleles, they too will be polymorphic in the sense that each map or sequence will be
different from the others.

Although not evident from the phenotype, the wild type may itself be polymorphic.
Multiple versions of the wild-type alele may be distinguished by differences in
sequence that do not affect their function, and which therefore do not produce

Individual genomes show extensive variation
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phenotypic variants. A population may have extensive polymorphism at the level of
genotype. Many different sequence variants may exist at a given locus; some of them
are evident because they affect the phenotype, but others are hidden because they
have no visible effect.

So there may be a continuum of changes at a locus, including those that change DNA
sequence but do not change protein sequence, those that change protein sequence
without changing function, those that create proteins with different activities, and
those that create mutant proteins that are nonfunctional .

A change in a single nuclectide when alleles are compared is called a single
nucleotide polymorphism (SNP). One occurs every ~1330 bases in the human
genome. Defined by their SNPs, every human being is unique. SNPs can be detected
by various means, ranging from direct comparisons of sequence to mass
spectroscopy or biochemical methods that produce differences based on sequence
variationsin a defined region (for examples of SNP maps see 1187; 1188).

One aim of genetic mapping is to obtain a catalog of common variants. The observed
frequency of SNPs per genome predicts that, over the human population as a whole
(taking the sum of all human genomes of all living individuals), there should be >10
million SNPs that occur at a frequency of >1%. Already >1 million have been
identified.

Some polymorphisms in the genome can be detected by comparing the restriction
maps of different individuals. The criterion is a change in the pattern of fragments
produced by cleavage with arestriction enzyme. Figure 3.1 shows that when a target
site is present in the genome of one individual and absent from another, the extra
cleavage in the first genome will generate two fragments corresponding to the single
fragment in the second genome.

Some point mutations change the restriction map

DMA has 3 target sites Mutation eliminates
In region 1 target site
. v b b '
‘Ctea\rage generates Cleavage generates ‘
2 internal fragments 1 internal fragment
fragment A fragment B fragment C

Electrophoresis

A
B Fragment C = A + B combined

v BTOID

Figure 3.1 A point mutation that affects a restriction site is detected by a
difference in restriction fragments.

Because the restriction map is independent of gene function, a polymorphism at this
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level can be detected irrespective of whether the sequence change affects the
phenotype. Probably very few of the restriction site polymorphisms in a genome
actually affect the phenotype. Most involve sequence changes that have no effect on
the production of proteins (for example, because they lie between genes).

A difference in restriction maps between two individuals is caled a restriction
fragment length polymor phism (RFLP). Basically a RFLP is a SNP that is located
in the target site for a restriction enzyme. It can be used as a genetic marker in
exactly the same way as any other marker. Instead of examining some feature of the
phenotype, we directly assess the genotype, as reveded by the restriction map.
Figure 3.2 shows a pedigree of a restriction polymorphism followed through three
generations. It displays Mendelian segregation at the level of DNA marker
fragments.

Restriction sites show Mendelian inheritance
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Figure 3.2 Restriction site polymorphisms are inherited according to Mendelian
rules. Four alleles for a restriction marker are found in al possible pairwise
combinations, and segregate independently at each generation. Photograph kindly
provided by Ray White.
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THE CONTENT OF THE GENOME

1.3.4 RFLPs and SNPs can be used for genetic
mapping

Key Terms

The haplotype is the particular combination of allelesin adefined region of some
chromosome, in effect the genotype in miniature. Originally used to described
combinations of MHC alleles, it now may be used to describe particular
combinations of RFLPs, SNPs, or other markers.

DNA finger printing analyzes the differences between individuals of the fragments
generated by using restriction enzymes to cleave regions that contain short
repeated sequences. Because these are unique to every individual, the presence of
aparticular subset in any two individuals can be used to define their common
inheritance (e.g. a parent-child relationship).

Key Concepts

e RFLPs and SNPs can be the basis for linkage maps and are useful for establishing
parent-progeny relationships.

Recombination frequency can be measured between arestriction marker and avisible
phenotypic marker as illustrated in Figure 3.3. So a genetic map can include both
genotypic and phenotypic markers.

RFLPs and SNPs can be used for genetic mapping
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RFLPs are genetic markers
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Figure 3.3 A restriction polymorphism can be used as a
genetic marker to measure recombination distance from a
phenotypic marker (such as eye color). The figure simplifies the
situation by showing only the DNA bands corresponding to the
allele of one genome in adiploid.

Because restriction markers are not restricted to those genome changes that affect the
phenotype, they provide the basis for an extremely powerful technique for
identifying genetic loci at the molecular level. A typical problem concerns a mutation
with known effects on the phenotype, where the relevant genetic locus can be placed
on agenetic map, but for which we have no knowledge about the corresponding gene
or protein. Many damaging or fatal human diseases fall into this category. For
example cystic fibrosis shows Menddian inheritance, but the molecular nature of the
mutant function was unknown until it could be identified as a result of characterizing
the gene.

If restriction polymorphisms occur at random in the genome, some should occur near
any particular target gene. We can identify such restriction markers by virtue of their
tight linkage to the mutant phenotype. If we compare the restriction map of DNA
from patients suffering from a disease with the DNA of normal people, we may find
that a particular restriction site is always present (or always absent) from the patients.

A hypothetical example is shown in Figure 3.4. This situation corresponds to finding
100% linkage between the restriction marker and the phenotype. It would imply that
the restriction marker lies so close to the mutant gene that it is never separated from
it by recombination.

RFLPs and SNPs can be used for genetic mapping
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RFLPs can be associated with disease genes
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Figure 3.4 If arestriction marker is associated with a phenotypic characteristic, the
restriction site must be located near the gene responsible for the phenotype. The
mutation changing the band that is common in normal people into the band that is
common in patientsis very closely linked to the disease gene.

The identification of such a marker has two important consequences.

¢ |t may offer a diagnostic procedure for detecting the disease. Some of the human
diseases that are genetically well characterized but ill defined in molecular terms
cannot be easily diagnosed. If a restriction marker is reliably linked to the
phenotype, then its presence can be used to diagnose the disease.

o It may lead to isolation of the gene. The restriction marker must lie relatively
near the gene on the genetic map if the two loci rarely or never recombine.
Although "relatively near" in genetic terms can be a substantial distance in terms
of base pairs of DNA, nonetheless it provides a starting point from which we can
proceed along the DNA to the geneitself.

The frequent occurrence of SNPs in the human genome makes them useful for
genetic mapping. From the 1.4 x 10° SNPs that have already been identified, there is
on average an SNP every 1-2 kb. This should allow rapid localization of new disease
genes by locating them between the nearest SNPs (1442).

On the same principle, RFLP mapping has been in use for some time. Once an RFLP
has been assigned to a linkage group, it can be placed on the genetic map. RFLP
mapping in man and mouse has led to the construction of linkage maps for both
genomes. Any unknown site can be tested for linkage to these sites and by this means
rapidly placed on to the map (393; 394; 395). Because there are fewer RFLPs than
SNPs, the resolution of the RFLP map isin principle more limited.

RFLPs and SNPs can be used for genetic mapping | SECTION 1.3.4 3
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

The frequency of polymorphism means that every individual has a unique
constellation of SNPs or RFLPs. The particular combination of sites found in a
specific region is caled a haplotype, a genotype in miniature. Haplotype was
originally introduced as a concept to describe the genetic constitution of the major
histocompatibility locus, a region specifying proteins of importance in the immune
system (see Molecular Biology 5.25 Immune diversity). The concept now has been
extended to describe the particular combination of aleles or restriction sites (or any
other genetic marker) present in some defined area of the genome.

The existence of RFLPs provides the basis for a technique to establish unequivocal
parent-progeny relationships. In cases where parentage is in doubt, a comparison of
the RFLP map in a suitable chromosome region between potential parents and child
allows absolute assignment of the relationship. The use of DNA restriction analysis
to identify individuals has been called DNA fingerprinting. Analysis of especially
variable "minisatellite" sequences is used mapping in the human genome (for review
see 11; 13) (see Molecular Biology 1.4.14 Minisatellites are useful for genetic

mapping).

Last updated on 2-16-2001
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THE CONTENT OF THE GENOME
1.3.5 Why are genomes so large?

Key Terms

The C-valueisthe total amount of DNA in the genome (per haploid set of
chromosomes).

The C-value paradox describes the lack of relationship between the DNA content
(C-value) of an organism and its coding potential.

Key Concepts
e Thereisno good correlation between genome size and genetic complexity.

e Thereisan increase in the minimum genome size required to make organisms of
increasing complexity.

e There are wide variations in the genome sizes of organisms within many phyla.

The total amount of DNA in the (haploid) genome is a characteristic of each living
species known as its C-value. There is enormous variation in the range of C-values,

from <10° bp for amycoplasma to >10™ bp for some plants and amphibians.

Figure 3.5 summarizes the range of C-values found in different evolutionary phyla.
There is an increase in the minimum genome size found in each group as the
complexity increases. But as absolute amounts of DNA increase in the higher

eukaryotes, we see some wide variations in the genome sizes within some phyla.

Why are genomes so large?
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Is DNA content related to morphological complexity?
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Figure 3.5 DNA content of the haploid genome is related to
the morphological complexity of lower eukaryotes, but varies
extensively among the higher eukaryotes. The range of DNA
values within aphylum isindicated by the shaded area.

Plotting the minimum amount of DNA required for a member of each group suggests
in Figure 3.6 that an increase in genome size is required to make more complex
prokaryotes and lower eukaryotes.
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Genome size

10

10%

10
10
: I

itisatiext W BT con

=l

Bacteria
Yaast
Molds
Worms
Insects
Birds
Amphibians
Mammals

(=1
Mycoplasma .

Figure 3.6 The minimum genome size found in each phylum
increases from prokaryotes to mammals.

Mycoplasma are the smallest prokaryotes, and have genomes only ~3x the size of a
large bacteriophage. Bacteria start at ~2 x 10° bp. Unicellular eukaryotes (whose
life-styles may resemble the prokaryotic) get by with genomes that are also small,
although larger than those of the bacteria. Being eukaryotic per se does not imply a
vast increase in genome size; a yeast may have a genome size of ~1.3 x 10 bp, only
about twice the size of the largest bacterial genomes.

A further twofold increase in genome size is adequate to support the slime mold D.
discoideum, ableto live in either unicellular or multicellular modes. Another increase
in complexity is necessary to produce the first fully multicellular organisms; the
nematode worm C. elegans has a DNA content of 8 x 10 bp.

We can also see the steady increase in genome size with complexity in the listing in
Figure 3.7 of some of the most commonly analyzed organisms. It is necessary to
increase the genome size in order to make insects, birds or amphibians, and
mammals. However, after this point there is no good relationship between genome
size and morphological complexity of the organism.

Why are genomes so large?
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Phylum Species Genome (bp)
Algae Pyrenomas salina 6.6x10°
Mycaplasma M. pneumoniae 1.0x 10'3_
Bacterium E. coli 42x10°
Yeast 5. cerevisiae 1.3x107
Slime mold D. discoideumn 5.4 x107
Nematode C. elegans 8.0x107
Insect D. melanogasier 14% 1{:!{3
Bird G . domesticus 1.2 x 107
Amphibian X. laevis 31x10°
Mammal H. sapiens 33x10°

aita

Figure 3.7 The genome sizes of some common experimental
animals.

We know that genes are much larger than the sequences needed to code for proteins,
because exons (coding regions) may comprise only a small part of the total length of
a gene). This explains why there is much more DNA than is needed to provide
reading frames for all the proteins of the organism. Large parts of an interrupted gene
may not be concerned with coding for protein. And there may also be significant
lengths of DNA between genes. So it is not possible to deduce from the overal size
of the genome anything about the number of genes.

The C-value paradox refers to the lack of correlation between genome size and
genetic complexity (3040; 3039). There are some extremely curious variations in
relative genome size. The toad Xenopus and man have genomes of essentially the
same size. But we assume that man is more complex in terms of genetic
development! And in some phyla there are extremely large variations in DNA
content between organisms that do not vary much in complexity (see Figure 3.5).
(This is especially marked in insects, amphibians, and plants, but does not occur in
birds, reptiles, and mammals, which all show little variation within the group, with
an ~2x range of genome sizes.) A cricket has a genome 11x the size of afruit fly. In
amphibians, the smallest genomes are <10° bp, while the largest are ~10" bp. There
is unlikely to be a large difference in the number of genes needed to specify these
amphibians. We do not understand why natural selection allows this variation and
whether it has evolutionary consequences.

Why are genomes so large?
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THE CONTENT OF THE GENOME

1.3.6 Eukaryotic genomes contain both
nonrepetitive and repetitive DNA sequences

Key Terms

Nonr epetitive DNA shows reassociation kinetics expected of unique sequences.

Repetitive DNA behavesin a reassociation reaction as though many (related or
identical) sequences are present in acomponent, allowing any pair of
complementary sequences to reassociate.

A transposon (transposable element) isa DNA sequence able to insert itself (or a
copy of itself) at anew location in the genome, without having any sequence
relationship with the target locus.

Selfish DNA describes sequences that do not contribute to the genotype of the
organism but have self-perpetuation within the genome as their sole function.

Key Concepts

e Thekinetics of DNA reassociation after a genome has been denatured distinguish
sequences by their frequency of repetition in the genome.

e Genes are generally coded by sequences in nonrepetitive DNA.

e Larger genomes within a phylum do not contain more genes, but have large
amounts of repetitive DNA.

e A large part of repetitive DNA may be made up of transposons.

The general nature of the eukaryotic genome can be assessed by the kinetics of
reassociation of denatured DNA. This technique was used extensively before large
scale DNA sequencing became possible (for review see Molecular
Biology Supplement 32.1 DNA reassociation kinetics).

Reassociation kinetics identify two general types of genomic sequences (15; 16):

o Nonrepetitive DNA consists of sequences that are unique: there is only one
copy in a haploid genome.

o Repetitive DNA describes sequences that are present in more than one copy in
each genome.

Repetitive DNA is often divided into two general types:

e Moderately repetitive DNA consists of relatively short sequences that are
repeated typically 10-1000x in the genome. The sequences are dispersed

Eukaryotic genomes contain both nonrepetitive and repetitive DNA sequences | SECTION 1.3.6 1
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throughout the genome, and are responsible for the high degree of secondary
structure formation in pre-mRNA, when (inverted) repeats in the introns pair to
form duplex regions.

¢ Highly repetitive DNA consists of very short sequences (typically <100 bp) that
are present many thousands of times in the genome, often organized as long
tandem repeats (see Molecular Biology 1.4.11 Satellite DNAs often lie in
heterochromatin). Neither class represents protein.

The proportion of the genome occupied by nonrepetitive DNA varies widely. Figure
3.8 summarizes the genome organization of some representative organisms.
Prokaryotes contain only nonrepetitive DNA. For lower eukaryotes, most of the
DNA is nonrepetitive; <20% fals into one or more moderately repetitive
components. In animal cells, up to half of the DNA often is occupied by moderately
and highly repetitive components. In plants and amphibians, the moderately and
highly repetitive components may account for up to 80% of the genome, so that the
nonrepetitive DNA is reduced to a minority component.

Nonrepetitive DNA is only part of the genome

Genome size victungent wanwr BTGITO com
0
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65%

58%
iﬂ? P
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Figure 3.8 The proportions of different sequence components
vary in eukaryotlc genomes. The absolute content of
nonrepetitive DNA increases with genome size, but reaches a
plateau at ~2 x 10° bp.

A significant part of the moderately repetitive DNA consists of transposons, short
sequences of DNA (~1 kb) that have the ability to move to new locations in the
genome and/or to make additional copies of themselves (see Molecular
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Biology 4.16 Transposons and Molecular Biology 4.17 Retroviruses and
retroposons). In some higher eukaryotic genomes they may even occupy more than
half of the genome (see Molecular Biology 1.3.11 The human genome has fewer
genes than expected).

Transposons are sometimes viewed as fitting the concept of selfish DNA, defined as
sequences that propagate themselves within a genome, without contributing to the
development of the organism. Transposons may SpONsor genome rearrangements,
and these could confer selective advantages, but it is fair to say that we do not really
understand why selective forces do not act against transposons becoming such a
large proportion of the genome. Another term that is sometimes used to describe the
apparent excess of DNA is junk DNA, meaning genomic sequences without any
apparent function. Of course, it is likely that there is a balance in the genome
between the generation of new sequences and the eimination of unwanted
sequences, and some proportion of DNA that apparently lacks function may be in the
process of being eliminated.

The length of the nonrepetitive DNA component tends to increase with overall
genome size, as we proceed up to a total genome size ~3 x 10° (characteristic of
mammals). Further increase in genome size, however, generally reflects an increase
in the amount and proportion of the repetitive components, so that it is rare for an
organism to have a nonrepetitive DNA component >2 x 10°. The nonrepetitive DNA
content of genomes therefore accords better with our sense of the relative complexity
of the organism. E. coli has 4.2 x 10° bp, C. elegans increases an order of magnitude
to 6.6 x 10’ bp, D. melanogaster increases further to ~10° bp, and mammals increase
another order of magnitude to ~2 x 10° bp.

What type of DNA corresponds to protein-coding genes? Reassociation Kinetics
typically show that mRNA is derived from nonrepetitive DNA. The amount of
nonrepetitive DNA is therefore a better indication that the total DNA of the coding
potential. (However, more detailed analysis based on genomic sequences shows that
many exons have related sequences in other exons [see Molecular
Biology 1.2.5 Exon sequences are conserved but introns vary]. Such exons evolve by
a duplication to give copies that initially are identical, but which then diverge in
sequence during evolution.)

Last updated on 2-29-2000
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THE CONTENT OF THE GENOME

1.3.7 Bacterial gene numbers range over an order of
magnitude

Key Concepts

o Genome sequences show that there are 500-1200 genesin parasitic bacteria,
1500-7500 genesin free-living bacteria, and 1500-2700 genes in archaea.

Large-scale efforts have now led to the sequencing of many genomes. A range is
summarized in Figure 3.9. They extend from the 0.6 x 10° bp of a mycoplasma to
the 3.3 x 10° bp of the human genome, and include several important experimental
animals, including yeasts, the fruit fly, and a nematode worm. (Web sites with
summaries of genome sequences are listed at the end of this section).

Sequenced genomes vary from 470-30,000 genes

Species Genome Genes  Lethal
(Mb) foci

Mycoplasma 0.58 470 =300
genitalium

Rickelisia 1.1 B34
prowazekif

MHaemophilus 1.83 1,743
influenzae

Methanococcus 1.66 1,738
jannaschi

B subtilis 4.2 4,100

E coli 4.6 4,288 1,800
5. ceravisiae 135 6,034 1,090
S. pombe 12.5 4,929

A. thalhana 119 25,498

0. saliva (rice) 466 -30.000

D. melanogaster 165 13,601 3,100
C. elegans 97 18424

H. saplens 3,300 =30.000

Figure 3.9 Genome sizes and gene numbers are known from
complete sequences for several organisms. Lethal loci are
estimated from genetic data.

Figure 3.10 summarizes the minimum number of genes found in each class of
organism; of course, many species may have more than the minimum number
required for their type.
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Minimum gene numbers range from 500 to 30,000
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Figure 3.10 The minimum gene number required for any type
of organism increases with its complexity. Photograph of
mycoplasma kindly provided by A. Albay, K. Frantz, and K.
Bott. Photograph of bacterium kindly provided by Jonathan
King.

The sequences of the genomes of bacteria and archaea show that virtually al of the
DNA (typically 85-90%) codes for RNA or protein. Figure 3.11 shows that the range
of genome sizes is about an order of magnitude, and that the genome size is
proportional to the number of genes. The typical geneis about 1000 bp in length.
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Bacterial genome size relates to gene number
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Figure 3.11 The number of genes in bacterial and archaeal
genomes s proportional to genome size.

All of the bacteria with genome sizes below 1.5 Mb are obligate intracellular
parasites — they live within a eukaryotic host that provides them with small
molecules. Their genomes identify the minimum number of functions required to
construct a cell. All classes of genes are reduced in number compared with bacteria
with larger genomes, but the most significant reduction isin loci coding for enzymes
concerned with metabolic functions (which are largely provided by the host cell) and
with regulation of gene expression. Mycoplasma genitalium has the smallest genome,
~470 genes.

The archaea have biological properties that are intermediate between the prokaryotes
and eukaryotes, but their genome sizes and gene numbers fall in the same range as
bacteria. Their genome sizes vary from 1.5 - 3 Mb, corresponding to 1500 - 2700
genes. M. jannaschii is a methane-producing species that lives under high pressure
and temperature. Itstotal gene number is similar to that of H. influenzae, but fewer of
its genes can be identified on the basis of comparison with genes known in other
organisms. Its apparatus for gene expression resembles eukaryotes more than
prokaryotes, but its apparatus for cell division better resembles prokaryotes.

The archaea and the smallest free-living bacteria identify the minimum number of
genes required to make a cell able to function independently in the environment. The
smallest archaeal genome has ~1500 genes. The free-living bacterium with the
smallest known genome is the thermophile Aquifex aeolicus, with 1.5 Mb and 1512
genes (2373). A "typica" gram-negative bacterium, H. influenzae, has 1,743 genes
each of ~900 bp. So we can conclude that ~1500 genes are required to make a
free-living organism.

Bacterial genome sizes extend over almost an order of magnitude to <8 Mb. The
larger genomes have more genes. The bacteria with the largest genomes, S. meliloti
and M. loti, are nitrogen-fixing bacteria that live on plant roots. Their genome sizes
(=7 Mb) and total gene numbers (>6000) are similar to those of yeasts (2031).

Bacterial gene numbers range over an order of magnitude

SECTION 137 3

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

The size of the genome of E. coli is in the middle of the range. The common
laboratory strain has 4,288 genes, with an average length ~950 bp, and an average
separation between genes of 118 bp (406). But there can be quite significant
differences between strains. The known extremes of E. coli are from the smallest
strain that has 4.6 Mb with 4249 genes to the largest strain that has 5.5 Mb bp with
5361 genes

We till do not know the functions of al the genes. In most of these genomes, ~60%
of the genes can be identified on the basis of homology with known genes in other
species. These genes fal approximately equally into classes whose products are
concerned with metabolism, cell structure or transport of components, and gene
expression and its regulation. In virtually every genome, >25% of the genes cannot
be ascribed any function. Many of these genes can be found in related organisms,
which implies that they have a conserved function.

There has been some emphasis on sequencing the genomes of pathogenic bacteria,
given their medical importance. An important insight into the nature of pathogenicity
has been provided by the demonstration that "pathogenicity islands' are a
characteristic feature of their genomes (for review see 2491). These are large regions,
~10-200 kb, that are present in the genome of a pathogenic species, but absent from
the genomes of nonpathogenic variants of the same or related species. Their G-C
content often differs from that of the rest of the genome, and it is likely that they
migrate between bacteria by a process of horizontal transfer. For example, the
bacterium that causes anthrax (B. anthracis) has two large plasmids
(extrachromosomal DNA), one of which has a pathogenicity island that includes the
gene coding for the anthrax toxin.

Useful Websites

Direct access to genome sequences
http: //mmw.ncbi.nlm.nih.gov/Genomes/index.html
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THE CONTENT OF THE GENOME

1.3.8 Total gene number is known for several
eukaryotes

Key Concepts

e There are 6000 genesin yeast, 18,500 in worm, 13,600 in fly, 25,000 in the small
plant Arabidopsis, and probably 30,000 in mouse and <40,000 in Man.

As soon as we ook at eukaryotic genomes, the relationship between genome size and
gene number is lost. The genomes of unicellular eukaryotes fall in the same size
range as the largest bacterial genomes. Higher eukaryotes have more genes, but the
number does not correlate with genome size, as can be seen from Figure 3.12.

Eukaryotic gene number varies widely

Genes
40,000 Rice »
Man =
30 UEIU Mousa s
& Arabidopsis

20,000

e C. efegans

= [, melanogasier
10,000
5.2 cerevisiog
S, pombe
100 200 300 400 500 3000

vinaltext www €rgit0.com Genome size (Mb)

Figure 3.12 The number of genes in a eukaryote varies from
6000 to 40,000 but does not correlate with the genome size or
the complexity of the organism.

The most extensive data for lower eukaryotes are available from the sequences of the
genomes of the yeasts S. cerevisiae and S pombe. Figure 3.13 summarizes the most
important features. The yeast genomes of 13.5 Mb and 12.5 Mb have ~6000 and
~5000 genes, respectively. The average open reading frame is ~1.4 kb, so that ~70%
of the genome is occupied by coding regions. The major difference between them is
that only 5% of S. cerevisiae genes have introns, compared to 43% in S. pombe. The
density of genes is high; organization is generally similar, athough the spaces
between genes are a bit shorter in S. cerevisiae. About half of the genes identified by
sequence were either known previously or related to known genes. The remainder are
new, which gives some indication of the number of new types of genes that may be
discovered (402, 403, 404, 2372).
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Yeast genomes are compact

5% of 5. cerevisiae genes have 1 intron on average

[fa00p ]200pp

Gena Intargenic space Introns

1260p | 500bp | | I
43% of 5. pombe genes have inlrons
viruaSent www BMQIL0 com Average interrupted gene has 2 introns

Figure 3.13 The S cerevisiae genome of 13.5 Mb has 6000 genes, amost al
uninterrupted. The S pombe genome of 12.5 Mb has 5000 genes, amost half having
introns. Gene sizes and spacing are fairly similar.

The identification of long reading frames on the basis of sequence is quite accurate.
However, ORFs coding for <100 amino acids cannot be identified solely by
sequence because of the high occurrence of false positives. Analysis of gene
expression suggests that ~300 of 600 such ORFs in S. cerevisiae are likely to be
genuine genes.

A powerful way to validate gene structure is to compare sequences in closely related
species # if a gene is active, it is likely to be conserved. Comparisons between the
sequences of four closely related yeast species suggest that 503 of the genes
originaly identified in S cerevisiae do not have counterparts in the other species,
and therefore should be deleted from the catalog. This reduces the total gene number
for S cerevisiae to 5726 (3997).

The genome of C. elegans DNA varies between regions rich in genes and regions in
which genes are more sparsely organized. The total sequence contains ~18,500
genes. Only ~42% of the genes have putative counterparts outside the Nematoda
(405, 407).

Although the fly genome is larger than the worm genome, there are fewer genes
(13,600) in D. melanogaster (949). The number of different transcripts is dlightly
larger (14,100) as the result of alternative splicing. We do not understand why the fly
—a much more complex organism—has only 70% of the number of genes in the
worm. This emphasizes forcefully the lack of an exact relationship between gene
number and complexity of the organism.

The plant Arabidopsis thaliana has a genome size intermediate between the worm
and the fly, but has a larger gene number (25,000) than either (1403). This again
shows the lack of a clear relationship, and also emphasizes the specia quality of
plants, which may have more genes (due to ancestral duplications) than animal cells.
A magjority of the Arabidopsis genome is found in duplicated segments, suggesting
that there was an ancient doubling of the genome (to give atetraploid). Only 35% of
Arabidopsis genes are present as single copies.

The genome of rice (Oryza sativa) is ~4 larger than Arabidopsis, but the number of
genesis only ~50% larger, probably ~40,000 (2429, 2430). Repetitive DNA occupies
42-45% of the genome. More than 80% of the genes found in Arabidopsis are
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represented in rice. Of these common genes, ~8000 are found in Arabidopsis and rice
but not in any of the bacterial or animal genomes that have been sequenced. These
are probably the set of genes that code for plant-specific functions, such as
photosynthesis.

From the fly genome, we can form an impression of how many genes are devoted to
each type of function. Figure 3.14 breaks down the functions into different
categories. Among the genes that are identified, we find 2500 enzymes, ~750
transcription factors, ~700 transporters and ion channels, and ~700 proteins involved
with signal transduction. But just over the half genes code for products of unknown
function. ~20% of the proteins reside in membranes.

Functions are known for only haif the fly genes

! DNA manipulation

B Transcription
Transiation
Protein structure

B Cell cycle/death

B Cytoskeleton

B Enzymes

O Signal transduction

W Cell adhesion

B Transporters
fchannels

0 wew Ergito O Unknown

Figure 3.14 ~20% of Drosophila genes code for proteins
concerned with maintaining or expressing genes, ~20% for
enzymes, <10% for proteins concerned with the cell cycle or
signal transduction. Half of the genes of Drosophila code for
products of unknown function.

Protein size increases from prokaryotes and archaea to eukaryotes. The archaea M.
jannaschi and bacterium E. coli have average protein lengths of 287 and 317 amino
acids, respectively; whereas S. cerevisiae and C. elegans have average lengths of 484
and 442 amino acids, respectively. Large proteins (500 amino acids) are rare in
bacteria, but comprise a significant component (~1/3) in eukaryotes. The increase in
length is due to the addition of extra domains, with each domain typically
constituting 100-300 amino acids. But the increase in protein size is responsible for
only avery small part of the increase in genome size.

Another insight into gene number is obtained by counting the number of expressed
genes. If we rely upon the estimates of the number of different mMRNA species that
can be counted in a cell, we would conclude that the average vertebrate cell
expresses ~10,000-20,000 genes. The existence of significant overlaps between the
messenger populations in different cell types would suggest that the total expressed
gene number for the organism should be within a few fold of this. The estimate for
the total human genome number of 30,000-40,000 (see Molecular Biology 1.3.11 The
human genome has fewer genes than expected) would imply that a significant
proportion of the total gene number is actually expressed in any given cell.

Total gene number is known for several eukaryotes
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Eukaryatic genes are transcribed individually, each gene producing a monocistronic
messenger. There is only one general exception to this rule; in the genome of C.
eegans, ~15% of the genes are organized into polycistronic units (which is
associated with the use of trans-splicing to allow expression of the downstream
genes in these units; see Molecular Biology 5.24.13 trans-splicing reactions use
small RNAS).

Last updated on 7-21-2003
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THE CONTENT OF THE GENOME
1.3.9 How many different types of genes are there?

Key Terms

The proteome is the complete set of proteins that is expressed by the entire genome.
Because some genes code for multiple proteins, the size of the proteome is greater
than the number of genes. Sometimes the term is used to describe complement of
proteins expressed by acell at any onetime.

Orthologs are corresponding proteins in two species as defined by sequence
homologies.

Only some genes are unique; others belong to families where the other members are
related (but not usualy identical).The proportion of unique genes declines with
genome size, and the proportion of genes in families increases. The minimum number
of gene families required to code a bacterium is >1000, a yeast is >4000, and a
higher eukaryote 11,000-14,000.

Because some genes are present in more than one copy or are related to one another,
the number of different types of genesis less than the total number of genes. We can
divide the total number of genes into sets that have related members, as defined by
comparing their exons. (A family of related genes arises by duplication of an
ancestral gene followed by accumulation of changes in sequence between the copies.
Most often the members of a family are related but not identical.) The number of
types of genesis calculated by adding the number of unique genes (where thereis no
other related gene at al) to the numbers of families that have 2 or more members.

Figure 3.15 compares the total number of genes with the number of distinct families
in each of six genomes (950, 1403, 1439). In bacteria, most genes are unique, so the
number of distinct families is close to the total gene number. The situation is
different even in the lower eukaryote S. cerevisiae, where there is a significant
proportion of repeated genes. The most striking effect is that the number of genes
increases quite sharply in the higher eukaryotes, but the number of gene families
does not change much.

How many different types of genes are there?
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The number of gene families plateaus with genome size
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Figure 3.15 Because many genes are duplicated. the number
of different gene families is much less than the total number of
genes. The histogram compares the total number of genes with
the number of distinct gene families.

Figure 3.16 shows that the proportion of unique genes drops sharply with genome
size. When genes are present in families, the number of membersin afamily is small
in bacteria and lower eukaryotes, but is large in higher eukaryotes. Much of the extra
genome size of Arabidopsisis accounted for by families with >4 members (1403).

Family size increases with genome size

Unique Familigs Families
genas  with 2-4  with >4
members members
H, influenzae 89%  10% 1%

S cerevisiae  T2%  19% 8%

D. melanogaster 72%  14% 14%

C. elegans 55% 20% 26%

A, thaliana 5% 24% 41% .
irtusliest ww B7QI0 com

Figure 3.16 The proportion of genes that are present in
multiple copies increases with genome size in higher
eukaryotes.

If every geneis expressed, the total number of genes will account the total number of
proteins required to make the organism (the proteome). However, two effects mean
that the proteome is different from the total gene number. Because genes are
duplicated, some of them code for the same protein (although it may be expressed in
adifferent time or place) and others may code for related proteins that again play the
same role in different times or places. And because some genes can produce more
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than one protein by means of alternative splicing, the proteome can be larger than the
number of genes.

What is the core proteome—the basic nhumber of the different types of proteinsin the
organism? A minimum estimate is given by the number of gene families, ranging
from 1400 in the bacterium, >4000 in the yeast, and arange of 11,000-14,000 for the
fly and worm.

What is the distribution of the proteome among types of proteins? The 6000 proteins
of the yeast proteome include 5000 soluble proteins and 1000 transmembrane
proteins. About half of the proteins are cytoplasmic, a quarter are in the nucleolus,
and the remainder are split between the mitochondrion and the ER/Golgi system
(2496).

How many genes are common to all organisms (or to groups such as bacteria or
higher eukaryotes) and how many are specific for the individual type of organism?
Figure 3.17 summarizes the comparison between yeast, worm, and fly (950). Genes
that code for corresponding proteins in different organisms are called orthologs.
Operationally, we usually reckon that two genes in different organisms can be
considered to provide corresponding functions if their sequences are similar over
>80% of the length. By this criterion, ~20% of the fly genes have orthologs in both
yeast and the worm. These genes are probably required by all eukaryotes. The
proportion increases to 30% when fly and worm are compared, probably representing
the addition of gene functions that are common to multicellular eukaryotes. This till
leaves a major proportion of genes as coding for proteins that are required
specifically by either flies or worms, respectively.

Most fly genes are specific to the genus

Common Additional in] Specific
to all multicellular | to genus
80 eukaryoles | eukaryoles

I
e

&0

40 ’

20
—

Figure 3.17 The fly genome can be divided into genes that are
(probably) present in all eukaryotes, additional genes that are
(probably) present in all multicellular eukaryotes, and genes
that are more specific to subgroups of species that include flies.
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The proteome can be deduced from the number and structures of genes, and can also
be directly measured by analyzing the total protein content of a cell or organism. By
such approaches, some proteins have been identified that were not suspected on the
basis of genome analysis, and that have therefore led to the identification of new
genes. Severa methods are used for large scale analysis of proteins. Mass
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spectrometry can be used for separating and identifying proteins in a mixture
obtained directly from cells or tissues (for review see 3755). Hybrid proteins bearing
tags can be obtained by expression of cDNAs made by linking the sequences of open
reading frames to appropriate expression vectors that incorporate the sequences for
affinity tags. Thisallows array analysisto be used to analyze the products (for review
see 3756). These methods also can be effective in comparing the proteins of two
tissues, for example, a tissue from a normal individual and one from a patient with
disease, to pinpoint the differences (for review see 3758).

Once we know the total number of proteins, we can ask how they interact. By
definition, proteins in structura multiprotein  assemblies must form stable
interactions with one another. Proteins in signaling pathways interact with one
another transiently. In both cases, such interactions can be detected in test systems
where essentially a readout system magnifies the effect of the interaction. One
popular such system is the two hybrid assay discussed in Independent domains bind
DNA and activate transcription. Such assays cannot detect all interactions: for
example, if one enzyme in a metabolic pathway releases a soluble metabolite that
then interacts with the next enzyme, the proteins may not interact directly.

As apractical matter, assays of pairwise interactions can give us an indication of the
minimum number of independent structures or pathways. An analysis of the ability
of al 6000 (predicted) yeast proteins to interact in pairwise combinations shows that
~1000 proteins can bind to at least one other protein (951). Direct analyses of
complex formation have identified 1440 different proteins in 232 multiprotein
complexes (2260, 2261). This is the beginning of an analysis that will lead to
definition of the number of functional assemblies or pathways (for review see 3757).

In addition to functional genes, there are also copies of genes that have become
nonfunctional (identified as such by interruptions in their protein-coding sequences).
These are called pseudogenes (see Molecular Biology 1.4.6 Pseudogenes are dead
ends of evolution). The number of pseudogenes can be large. In the mouse and
human genomes, the number of pseudogenes is ~10% of the number of (potentially)
active genes (see Molecular Biology 1.3.10 The conservation of genome organization
helps to identify genes).

Besides needing to know the density of genes to estimate the total gene number, we
must also ask: is it important in itself? Are there structural constraints that make it
necessary for genes to have a certain spacing, and does this contribute to the large
size of eukaryotic genomes?

Last updated on 7-16-2003
Useful Websites

Y east protein interactions
http: //curatools.curagen.conm/extpc/com.curagen.portal .serviet. Yeast
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THE CONTENT OF THE GENOME

1.3.10 The conservation of genome organization
helps to identify genes

Key Terms

Synteny describes a rel ationship between chromosomal regions of different species
where homol ogous genes occur in the same order.

Key Concepts

e Algorithms for identifying genes are not perfect and many corrections must be
made to theinitial data set.

e Pseudogenes must be distinguished from active genes.

e Syntenic relationships are extensive between mouse and human genomes, and most
active genes are in a syntenic region.

Once we have assembled the sequence of a genome, we still have to identify the
genes within it. Coding sequences represent a very small fraction. Exons can be
identified as uninterrupted open reading frames flanked by appropriate sequences.
What criteria need to be satisfied to identify an active gene from a series of exons?

Figure 3.18 shows that an active gene should consist of a series of exons where the
first exon immediately follows a promoter, the internal exons are flanked by
appropriate splicing junctions, the last exon is followed by 3’ processing signals, and
a single open reading frame starting with an initiation codon and ending with a
termination codon can be deduced by joining the exons together. Internal exons can
be identified as open reading frames flanked by splicing junctions. In the simplest
cases, the first and last exons contain the start and end of the coding region,
respectively, (as well as the 5' and 3' untranslated regions), but in more complex
cases thefirst or last exons may have only untranslated regions, and may therefore be
more difficult to identify.

The conservation of genome organization helps to identify genes | SECTION1.3.10 1
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

EEE )
erg;to u ‘ Molecular Biology

com

Exons are identified by flanking sequences and ORFs
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Figure 3.18 Exons of protein-coding genes are identified as coding sequences flanked by appropriate
signals (with untranslated regions at both ends). The series of exons must generate an open reading frame
with appropriate initiation and termination codons.

The agorithms that are used to connect exons are not completely effective when the
genome is very large and the exons may be separated by very large distances. For
example, the initial analysis of the human genome mapped 170,000 exons into
32,000 genes. Thisis unlikely to be correct, because it gives an average of 5.3 exons
per gene, whereas the average of individual genes that have been fully characterized
is 10.2. Either we have missed many exons, or they should be connected differently
into a smaller number of genesin the whole genome sequence.

Even when the organization of a gene is correctly identified, there is the problem of
distinguishing active genes from pseudogenes. Many pseudogenes can be recognized
by obvious defects in the form of multiple mutations that create an inactive coding
sequence. However, pseudogenes that have arisen more recently, and which have not
accumulated so many mutations, may be more difficult to recognize. In an extreme
example, the mouse has only one active Gapdh gene (coding for glyceraldehyde
phosphate dehydrogenase), but has ~400 pseudogenes. However, >100 of these
pseudogenes initially appeared to be active in the mouse genome sequence.
Individual examination was necessary to exclude them from the list of active genes.

Confidence that a gene is active can be increased by comparing regions of the
genomes of different species. There has been extensive overall reorganization of
sequences between the mouse and human genomes, as seen in the simple fact that
there are 23 chromosomes in the human haploid genome and 20 chromosomes in the
mouse haploid genome. However, at the local level, the order of genes is generally
the same: when pairs of human and mouse homologues are compared, the genes
located on either side aso tend to be homologues. This relationship is called

synteny.

Figure 3.19 shows the relationship between mouse chromosome 1 and the human
chromosomal set (3203). We can recognize 21 segments in this mouse chromosome
that have syntenic counterparts in human chromosomes. The extent of reshuffling
that has occurred between the genomes is shown by the fact that the segments are
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spread among 6 different human chromosome. The same types of relationships are
found in all mouse chromosomes, except for the X chromosome, which is syntenic
only with the human X chromosome. This is explained by the fact that the X is a
specia case, subject to dosage compensation to adjust for the difference between
males (one copy) and femaes (two copies) (see Molecular Biology 5.23.17 X
chromosomes undergo global changes). This may apply selective pressure against
the translocation of genes to and from the X chromosome.

Syntenic blocks vary in length

Mouse chromosome 1

Wi
2 14 2 6 8

Corresponding human chromasome
. artusbiext waw EIGQIKO

Figure 3.19 Mouse chromosome 1 has 21 segments of 1 - 25
Mb that are syntenic with regions corresponding to parts of 6
human chromosomes.

Comparison of the mouse and human genome sequences shows that >90% of each
genome lies in syntenic blocks that range widely in size (from 300 kb to 65 Mb).
There is atotal of 342 syntenic segments, with an average length of 7 Mb (0.3% of
the genome) (3203). 99% of mouse genes have a homologue in the human genome;
and for 96% that homologue isin a syntenic region.

Comparing the genomes provides interesting information about the evolution of
species. The number of gene families in the mouse and human genomes is the same,
and amagjor difference between the species is the differential expansion of particular
families in one of the genomes. This is especially noticeable in genes that affect
phenotypic features that are unique to the species. Of 25 families where the size has
been expanded in mouse, 14 contain genes specifically involved in rodent
reproduction, and 5 contain genes specific to the immune system.

A validation of the importance of syntenic blocks comes from pairwise comparisons
of the genes within them. Looking for likely pseudogenes on the basis of sequence
comparisons, a gene that is not in a syntenic location (that is, its context is different
in the two species) is twice as likely to be a pseudogene. Put another way,
translocation away from the original locus tends to be associated with the creation of
pseudogenes. The lack of a related gene in a syntenic position is therefore grounds
for suspecting that an apparent gene may really be a pseudogene. Overall, >10% of
the genes that are initialy identified by analysis of the genome are likely to turn out
to be pseudogenes.

As a genera rule, comparisons between genomes add significantly to the
effectiveness of gene prediction. When sequence features indicating active genes are
conserved, for example, between Man and mouse, there is an increased probability
that they identify active homologues.

Identifying genes coding for RNA is more difficult, because we cannot use the
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criterion of the open reading frame. It is true here also that comparative genome
analysisincreased the rigor of the analysis. For example, analysis of either the human
or mouse genome alone identifies ~500 genes coding for tRNA in each case, but
comparison of features suggests that <350 of these genes are in fact active in each
genome.

Last updated on 12-20-2002

Useful Websites

M ouse Genome Sequencing Consortium (Sanger Centre, Washington University, Whitehead Institute.)
Public assembled genome sequence from the C57BL/6J strain, and primary gene annotation
http: //immw.ensembl.org/Mus_muscul us/resour ces.html
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THE CONTENT OF THE GENOME

1.3.11 The human genome has fewer genes than
expected

Key Concepts
e Only 1% of the human genome consists of coding regions.

e The exons comprise ~5% of each gene, so genes (exons plus introns) comprise
~25% of the genome.

e The human genome has 30,000-40,000 genes.
e ~60% of human genes are alternatively spliced.

o Up to 80% of the aternative splices change protein sequence, so the proteome has
~50,000-60,000 members.

The human genome was the first vertebrate genome to be sequenced (1439, 1440).
This massive task has revealed a wealth of information about the genetic makeup of
our species, and about the evolution of the genome in general. (Methods used for
genome sequencing are reviewed in Molecular Biology Supplement 32.12 Genome
mapping.) Our understanding is deepened further by the ability to compare the
human genome sequence with the more recently sequenced mouse genome (3203).

Mammal and rodent genomes generaly fall into a narrow size range, ~ 3 x 10° bp
(see Molecular Biology 1.3.5 Why are genomes so large?). The mouse genome is
~14% smaller than the human genome, probably because it has had a higher rate of
deletion. The genomes contain similar gene families and genes, with most genes
having an ortholog in the other genome, but with differences in the number of
members of afamily, especialy in those cases where the functions are specific to the
species (see Molecular Biology 1.3.10 The conservation of genome organization
helps to identify genes). The estimate of 30,000 genes for the mouse genome is at the
lower end of the range of estimates for the human genome. Figure 3.20 plots the
distribution of the mouse genes. The 30,000 protein-coding genes are accompanied
by ~4000 pseudogenes. There are ~800 genes representing RNASs that do not code
for proteins, these are generally small (aside from the rRNAS). Almost half of these
genes code for tRNAS, for which a large number of pseudogenes also have been
identified.

The human genome has fewer genes than expected
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The mouse genome has genes and pseudogenes
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Figure 3.20 The mouse genome has ~30,000 protein-coding
genes, which have ~4000 pseudogenes. There are ~800
RNA-coding genes. The data for RNA-coding genes are
replotted on the right, at an expanded scale to show that there
are ~350 tRNA genes and 150 pseudogenes, and ~450 other
noncoding RNA genes, including shRNAs and miRNAS.

The human (haploid) genome contains 22 autosomes plus the X or Y. The
chromosomes range in size from 45-279 Mb of DNA, making atotal genome content
of 3,286 Mb (~3.3 x 10° bp). On the basis of chromosome structure, the overall
genome can be divided into regions of euchromatin (potentially containing active
genes) and heterochromatin (see Molecular Biology 5.19.7 Chromatin is divided into
euchromatin and heterochromatl n). The euchromatin comprises the majority of the
genome, ~2.9 x 10° bp. The identified genome sequence represents ~90% of the
euchromatin. In addition to providing information on the genetic content of the
genome, the sequence also identifies features that may be of structural importance
(see Molecular Biology 5.19.8 Chromosomes have banding patterns).

Figure 3.21 shows that a tiny proportion (~1%) of the human genome is accounted
for by the exons that actually code for proteins. The introns that constitute the
remaining sequences in the genes bring the total of DNA concerned with producing
proteins to ~25%. As shown in Figure 3.22, the average human gene is 27 kb long,
with 9 exons that include a total coding sequence of 1,340 bp. The average coding
sequence is therefore only 5% of the length of the gene.

The human genome has fewer genes than expected
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Figure 3.21 Genes occupy 25% of the human genome, but
protein-coding sequences are only atiny part of thisfraction.

Only 4% of the length of the average human gene codes for protein
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Figure 3.22 The average human gene is 27 kb long and has 9 exons, usually comprising two longer
exons at each end and 7 internal exons. The UTRs in the terminal exons are the untrandated (honcoding)
regions at each end of the gene. (This is based on the average. Because some genes are extremely long,
the median length is 14 kb with 7 exons.)

Based on comparisons with other species and with known protein-coding genes,
there are ~24,000 clearly identifiable genes. Sequence analysis identifies ~12,000
more potential genes. Two independent analyses have produced estimates of ~30,000
and ~40,000 genes, respectively (1439, 1440). One measure of the accuracy of the
analyses is whether they identify the same genes. The surprising answer is that the
overlap between the two sets of genesis only ~50%, as summarized in Figure 3.23
(1959). An earlier analysis of the human gene set based on RNA transcripts had
identified ~11,000 genes, amost al of which are present in both the large human
gene sets, and which account for the major part of the overlap between them. So
there is no question about the authenticity of half of each human gene set, but we
have yet to establish the relationship between the other half of each set. The
discrepancies illustrate the pitfalls of large scale sequence analysis! As the sequence
is analyzed further (and as other genomes are sequenced with which it can be
compared), the number of valid genes seems to decline, and is now generally thought
to be ~30,000.

The human genome has fewer genes than expected
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Two sets of human genes have ~50% overlap

overlap

total 15, 852 total
38,114 29,69
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Figure 3.23 The two sets of genes identified in the human
genome overlap only partially, as shown in the two large upper
circles. However, they include amost al previously known
genes, as shown by the overlap with the smaller, lower circle
(see 1959).

By any measure, the total human gene number is much less than we had expected
—most previous estimates had been ~100,000. It shows a relatively small increase
over flies and worms (13,600 and 18,500, respectively), not to mention the plant
Arabidopsis (25,000) (see Figure 3.9). However, we should not be particularly
surprised by the notion that it does not take a great number of additional genes to
make a more complex organism. The difference in DNA sequences between man and
chimpanzee is extremely small (there is >99% similarity), so it is clear that the
functions and interactions between a similar set of genes can produce very different
results. The functions of specific groups of genes may be especially important,
because detailed comparisons of orthologous genes in man and chimpanzee suggest
that there has been accelerated evolution of certain classes of genes, including some
involved in early development, olfaction, hearing —all functions that are relatively
specific for the species (4514).

The number of genes is less than the number of potential proteins because of
alternative splicing. The extent of alternative splicing is greater in Man than in fly or
worms; it may affect as many as 60% of the genes, so the increase in size of the
human proteome relative to the other eukaryotes may be larger than the increase in
the number of genes. A sample of genes from two chromosomes suggests that the
proportion of the alternative splices that actually result in changes in the protein
sequence may be as high as 80%. This could increase the size of the proteome to
50,000-60,000 members.

In terms of the diversity of the number of gene families, however, the discrepancy
between Man and the other eukaryotes may not be so great. Many of the human
genes belong to families. An analysis of ~25,000 genes identified 3500 unique genes
and 10,300 gene pairs. As can be seen from Figure 3.15, this extrapolates to a
number of gene families only slightly larger than worm or fly.

Last updated on December 23, 2003

The human genome has fewer genes than expected

SECTION 1.3.11 4

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT. EEE )
ergjto o ‘ Molecular Biology

com

References
1439. Venter, J. C. et a. (2001). The sequence of the human genome. Science 291, 1304-1350.

1440. International Human Genome Sequencing Consortium. (2001). Initial sequencing and analysis of
the human genome. Nature 409, 860-921.

1959. Hogenesch, J. B., Ching, K. A., Batalov, S., Su, A. |, Walker, J. R,, Zhou, Y ., Kay, S. A,
Schultz, P. G., and Cooke, M. P. (2001). A comparison of the Celera and Ensembl predicted gene
setsrevealslittle overlap in novel genes. Cell 106, 413-415.

3203. Waterston et a. (2002). Initial sequencing and compar ative analysis of the mouse
genome. Nature 420, 520-562.

4514. Clark, A. G. et al. (2003). Inferring nonneutral evolution from human-chimp-mouse orthologous
genetrios. Science 302, 1960-1963.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.3.11

The human genome has fewer genes than expected

SECTION1.3.11 5

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

EEE )
erg;to B ‘ Molecular Biology

com

THE CONTENT OF THE GENOME

1.3.12 How are genes and other sequences
distributed in the genome?

Key Concepts

o Repeated sequences (present in more than one copy) account for >50% of the
human genome.

e The great bulk of repeated sequences consist of copies of nonfunctional
transposons.

e There are many duplications of large chromosome regions.

Are genes uniformly distributed in the genome? Some chromosomes are relatively
poor in genes, and have >25% of their sequences as "deserts' — regions longer than
500 kb where there are no genes. Even the most gene-rich chromosomes have >10%
of their sequences as deserts. So overall ~20% of the human genome consists of
deserts that have no genes.

Repetitive sequences account for >50% of the human genome, as seen in Figure
3.24. The repetitive sequences fall into five classes:

Most of the human genome is repetitive DNA

Transposons = 45%

Lar, .
= dum"haﬁnm -
Simple repeats = 3%5% Exons=-4%:

Olfiet Introns = 24%

intergenic DNA

et woarw @TQIL0 con

Figure 3.24 The largest component of the human genome
consists of transposons. Other repetitive sequences include
large duplications and simple repeats.

e Transposons (either active or inactive) account for the vast mgjority (45% of the
genome). All transposons are found in multiple copies.

o Processed pseudogenes (~3000 in all, account for ~0.1% of total DNA). (These
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are sequences that arise by insertion of a copy of an mRNA sequence into the
genome; see Molecular Biology 1.4.6 Pseudogenes are dead ends of evolution).

e Simple sequence repeats (highly repetitive DNA such as (CA) account for
~3%).

e Segmental duplications (blocks of 10-300 kb that have been duplicated into a
new region) account for ~5%. Only a minority of these duplications are found on
the same chromosome; in the other cases, the duplicates are on different
chromosomes.

e Tandem repeats form blocks of one type of sequence (especiadly found at
centromeres and tel omeres).

The sequence of the human genome emphasizes the importance of transposons.
(Transposons have the capacity to replicate themselves and insert into new locations.
They may function exclusively as DNA eements [see Molecular
Biology 4.16 Transposons| or may have an active form that is RNA [see Molecular
Biology 4.17 Retroviruses and retroposons|. Their distribution in the human genome
is summarized in Figure 17.18.) Most of the transposons in the human genome are
nonfunctional; very few are currently active. However, the high proportion of the
genome occupied by these elements indicates that they have played an active role in
shaping the genome. One interesting feature is that some present genes originated as
transposons, and evolved into their present condition after losing the ability to
transpose. Almost 50 genes appear to have originated like this.

Segmental duplication at its simplest involves the tandem duplication of some region
within a chromosome (typically because of an aberrant recombination event at
meiosis, see Molecular Biology 1.4.7 Unequal crossing-over rearranges gene
clusters). In many cases, however, the duplicated regions are on different
chromosomes, implying that either there was originally a tandem duplication
followed by atranslocation of one copy to anew site, or that the duplication arose by
some different mechanism altogether. The extreme case of a segmental duplication is
when a whole genome is duplicated, in which case the diploid genome initially
becomes tetraploid. As the duplicated copies develop differences from one another,
the genome may gradually become effectively a diploid again, although homologies
between the diverged copies leave evidence of the event. Thisis especially common
in plant genomes. The present state of analysis of the human genome identifies many
individual duplicated regions, but does not indicate whether there was a whole
genome duplication in the vertebrate lineage.

Last updated on 2-16-2001
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THE CONTENT OF THE GENOME

1.3.13 The Y chromosome has several male-specific
genes

Key Concepts
e The Y chromosome has ~60 genes that are expressed specifically in testis.

e The male-specific genes are present in multiple copiesin repeated chromosomal
segments.

e Gene conversion between multiple copies allows the active genes to be maintained
during evolution.

The sequence of the human genome has significantly extended our understanding of
the role of the sex chromosomes. It is generally thought that the X and Y
chromosomes have descended from a common (very ancient) autosome. Their
development has involved a process in which the X chromosome has retained most
of the original genes, whereasthe Y chromosome has lost most of them.

The X chromosome behaves like the autosomes insofar as females have two copies
and recombination can take place between them. The density of genes on the X
chromosome is comparable to the density of genes on other chromosomes.

The Y chromosome is much smaller than the X chromosome and has many fewer
genes. Its unique role results from the fact that only males have the Y chromosome,
and there is only one copy, so Y-linked loci are effectively haploid, instead of diploid
like all other human genes.

For many years, the' Y chromosome was thought to carry almost no genes except for
one (or more) sex-determining genes that determine maleness. The vast mgjority of
the Y chromosome (>95% of its sequence) does not undergo crossing-over with the
X chromosome, which led to the view that it could not contain active genes, because
there would be no means to prevent the accumulation of deleterious mutations. This
region is flanked by short pseudoautosomal regions that exchange frequently with the
X chromosome during male meiosis. It was originaly called the nonrecombining
region, but now has been renamed as the male-specific region.

Detailed sequencing of the Y chromosome shows that the male-specific region
contains three types of regions, asillustrated in Figur e 3.25 (4088):

The Y chromosome has several male-specific genes
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The ¥ chromosome has ~70 active genes
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Figure 3.25 The'Y chromosome consists of X-transposed regions, X-degenerate regions, and amplicons.
The X-transposed X-degenerate regions have 2 and 14 single-copy genes, respectively. The amplicons
have eight large palindromes (P1-P8), which contain 9 gene families. Each family contains at least two
copies.

e The X-transposed sequences consist of a total of 3.4 Mb comprising some large
blocks resulting from a transposition from band g21 in the X chromosome about
3-4 million years ago. This is specific to the human lineage. These sequences do
not recombine with the X chromosome and have become largely inactive. They
now contain only two active genes.

o The X-degenerate segments of the Y are sequences that have a common origin
with the X chromosome (going back to the common autosome from which both
X and Y have descended) and contain genes or pseudogenes related to X-linked
genes. There are 14 active genes and 13 pseudogenes. The active genes havein a
sense so far defied the trend for genes to be eliminated from chromosomal
regions that cannot recombine at meiosis.

e The ampliconic segments have a total length of 10.2 Mb and are internally
repeated on the Y chromosome. There are 8 large palindromic blocks. They
include 9 protein-coding gene families, with copy numbers per family ranging
from 2-35. The name “amplicon” reflects the fact that the sequences have been
internally amplified onthe Y chromosome.

Totaling the genes in these three regions, the Y chromosome contains many more
genes than had been expected. There are 156 transcription units, of which half
represent protein-coding genes, and half represent pseudogenes.

The presence of the active genesis explained by the fact that the existence of closely
related genes copies in the ampliconic segments allows gene conversion between
multiple copies of a gene to be used to regenerate active copies. The most common
needs for multiple copies of a gene are quantitative (to provide more protein product)
or qualitative (to code for proteins with dightly different properties or that are

The Y chromosome has several male-specific genes
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expressed in different times or places), but in this case the essential function is
evolutionary. In effect, the existence of multiple copies allows recombination within
the Y chromosome itself to substitute for the evolutionary diversity that is usually by
provided by recombination between allelic chromosomes.

Most of the protein-coding genes in the ampliconic segments are expressed
specifically in testis, and are likely to be involved in male development. If there are
~60 such genes out of atotal human gene set of ~30,000, then the genetic difference
between man and woman is ~0.2%.

The Y chromosome has several male-specific genes | SECTION 1.3.13 3
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THE CONTENT OF THE GENOME

1.3.14 More complex species evolve by adding new
gene functions

Key Concepts

e Comparisons of different genomes show a steady increase in gene number as
additional genes are added to make eukaryotes, make multicellular organisms,
make animas, and make vertebrates.

e Most of the genes that are unique to vertebrates are concerned with the immune or
nervous systems.

Comparison of the human genome sequence with sequences found in other speciesis
revealing about the process of evolution. Figure 3.26 analyzes human genes
according to the breadth of their distribution in Nature. Starting with the most
generally distributed (top right corner of the figure), 21% of genes are common to
eukaryotes and prokaryotes. These tend to code for proteins that are essential for al
living forms — typically basic metabolism, replication, transcription, and translation.
Moving clockwise, another 32% of genes are added in eukaryotes in general — for
example, they may be found in yeast. These tend to code for proteins involved in
functions that are general to eukaryotic cells but not to bacteria — for example, they
may be concerned with specifying organelles or cytoskeletal components. Another
24% of genes are needed to specify animals. These include genes necessary for
multicellularity and for development of different tissue types. And 22% of genes are
unigue to vertebrates. These mostly code for proteins of the immune and nervous
systems; they code for very few enzymes, consistent with the idea that enzymes have
ancient origins, and that metabolic pathways originated early in evolution. We see,
therefore, that the progression from bacteria to vertebrates requires addition of
groups of genes representing the necessary new functions at each stage.

Genes for new functions are added during evolution

Increasing Functions
complexity necessary for life
Nervous Cell
Vertebrates comparnments
5y5te'm only
Immune a0
system
Vertebrates Anllmh
& animasl ::&mm Multu::ellulamyr
only only

24%

Development

Figure 3.26 Human genes can be classified according to how
widely their homologues are distributed in other species.
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One way to define commonly needed proteinsis to identify the proteins present in al
proteomes. Comparing the human proteome in more detail with the proteomes of
other organisms, 46% of the yeast proteome, 43% of the worm proteome, and 61% of
the fly proteome is represented in the human proteome. A key group of ~1300
proteins is present in al four proteomes. The common proteins are basic
housekeeping proteins required for essential functions, falling into the types
summarized in Figure 3.27. The main functions are concerned with transcription and
trandlation (35%), metabolism (22%), transport (12%), DNA replication and
modification (10%), protein folding and degradation (8%), and cellular processes
(6%0).

1300 commeon functions are essential

Replication

Transport .
Metabaolism

Figure 3.27 Common eukaryotic proteins are concerned with
essential cellular functions.

One of the striking features of the human proteome is that it has many new proteins
compared with other eukaryotes, but it has relatively few new protein domains. Most
protein domains appear to be common to the animal kingdom. However, there are
many new protein architectures, defined as new combinations of domains. Figure
3.28 shows that the greatest increase occurs in transmembrane and extracellular
proteins. In yeast, the vast mgjority of architectures are concerned with intracellular
proteins. About twice as many intracellular architectures are found in fly (or worm),
but there is a very striking increase in transmembrane and extracellular proteins, as
might be expected from the addition of functions required for the interactions
between the cells of a multicellular organism. The increase in intracellular
architectures required to make a vertebrate (Man) is relatively small, but there is
again alarge increase in transmembrane and extracellular architectures.

More complex species evolve by adding new gene functions
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Complexity requires extracellular functions
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Figure 3.28 Increasing complexity in eukaryotes is
accompanied by accumulation of new proteins for
transmembrane and extracellular functions
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THE CONTENT OF THE GENOME
1.3.15 How many genes are essential?

Key Terms

Redundancy describes the concept that two or more genes may fulfill the same
function, so that no single one of them is essential.

Synthetic lethality occurs when two mutations that by themselves are viable, cause
lethality when combined.

Synthetic genetic array analysis (SGA) is an automated technique in budding yeast
whereby amutant is crossed to an array of approximately 5000 del etion mutants
to determine if the mutants interact to cause a synthetic lethal phenotype.

Key Concepts

o Not all genes are essential. In yeast and fly, deletions of <50% of the genes have
detectable effects.

e When two or more genes are redundant, a mutation in any one of them may not
have detectable effects.

e We do not fully understand the survival in the genome of genes that are apparently
dispensable.

Natural selection is the force that ensures that useful genes are retained in the
genome. Mutations occur at random, and their most common effect in an open
reading frame will be to damage the protein product. An organism with a damaging
mutation will be at a disadvantage in evolution, and ultimately the mutation will be
eliminated by the competitive failure of organisms carrying it. The frequency of a
disadvantageous allele in the population is balanced between the generation of new
mutations and the elimination of old mutations. Reversing this argument, whenever
we see an intact open reading frame in the genome, we assume that its product plays
a useful role in the organism. Natural selection must have prevented mutations from
accumulating in the gene. The ultimate fate of a gene that ceases to be useful is to
accumulate mutations until it is no longer recognizable.

The maintenance of a gene implies that it confers a selective advantage on the
organism. But in the course of evolution, even a small relative advantage may be the
subject of natural selection, and a phenotypic defect may not necessarily be
immediately detectable as the result of a mutation. However, we should like to know
how many genes are actually essential. This means that their absence is lethal to the
organism. In the case of diploid organisms, it means of course that the homozygous
null mutation is lethal.

We might assume that the proportion of essential genes will decline with increase in
genome size, given that larger genomes may have multiple, related copies of
particular gene functions. So far this expectation has not been borne out by the data
(see Figure 3.9).

How many genes are essential?
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One approach to the issue of gene number is to determine the number of essentia
genes by mutational analysis. If we saturate some specified region of the
chromosome with mutations that are lethal, the mutations should map into a number
of complementation groups that corresponds to the number of lethal loci in that
region. By extrapolating to the genome as a whole, we may calculate the total
essential gene number .

In the organism with the smallest known genome (Mycoplasma genitalium), random
insertions have detectable effects only in about two thirds of the genes (929).
Similarly, fewer than half of the genes of E. coli appear to be essential. The
proportion is even lower in the yeast S. cerevisiae. When insertions were introduced
at random into the genome in one early analysis, only 12% were lethal, and another
14% impeded growth. The majority (70%) of the insertions had no effect (401). A
more systematic survey based on completely deleting each of 5,916 genes (>96% of
the identified genes) shows that only 18.7% are essential for growth on a rich
medium (that is, when nutrients are fully provided) (2866). Figure 3.29 shows that
these include genes in al categories. The only notable concentration of defectsisin
genes coding for products involved in protein synthesis, where ~50% are essential.
Of course, this approach underestimates the number of genes that are essential for the
yeast to live in the wild, when it is not so well provided with nutrients.

=20% of yeast genes are essential
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Figure 3.29 Essential yeast genes are found in all classes. Green bars
show total proportion of each class of genes, red bars shows those that are
essential.

Figure 3.30 summarizes the results of a systematic analysis of the effects of loss of
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gene function in the worm C. elegans (3323). The sequences of individual genes
were predicted from the genome sequence, and by targeting an inhibitory RNA
against these sequences (see Molecular Biology 3.11.22 RNA interference is related
to gene silencing), a large set of worms were made in which one (predicted) gene
was prevented from functioning in each worm. Detectable effects on the phenotype
were only observed for 10% of these knockouts, suggesting that most genes do not
play essential roles.

Most worm genes are not essential

no detectable effects

7.0%
ponviable
1.6% 1.6%
post-embryonic growth defecls
phenatypes rtuaent wwe BTGILD com

Figure 3.30 A systematic analysis of loss of function for 86%
of worm genes shows that only 10% have detectable effects on
the phenotype.

There is a greater proportion of essential genes (21%) among those worm genes that
have counterparts in other eukaryotes, suggesting that widely conserved genes tend
to play more basic functions. There is also an increased proportion of essential genes
among those that are present in only one copy per haploid genome, compared with
those where there are multiple copies of related or identical genes. This suggests that
many of the multiple genes might be relatively recent duplications that can substitute
for one another's functions,

Extensive analyses of essential gene number in a higher eukaryote have been madein
Drosophila through attempts to correlate visible aspects of chromosome structure
with the number of functional genetic units. The notion that this might be possible
arose originaly from the presence of bands in the polytene chromosomes of D.
melanogaster. (These chromosomes are found at certain developmental stages and
represent an unusualy extended physical form, in which a series of bands [more
formally called chromomeres] are evident; see Molecular Biology 5.19.10 Polytene
chromosomes form bands.) From the early concept that the bands might represent a
linear order of genes, we have come to the attempt to correlate the organization of
genes with the organization of bands. There are ~5000 bands in the D. melanogaster
haploid set; they vary in size over an order of magnitude, but on average there is ~20
kb of DNA per band.

The basic approach is to saturate a chromosomal region with mutations. Usually the
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mutations are simply collected as |ethals, without analyzing the cause of the lethality.
Any mutation that is lethal is taken to identify a locus that is essential for the
organism. Sometimes mutations cause visible deleterious effects short of lethality, in
which case we also count them as identifying an essential locus. When the mutations
are placed into complementation groups, the number can be compared with the
number of bands in the region, or individual complementation groups may even be
assigned to individual bands. The purpose of these experiments has been to
determine whether there is a consistent relationship between bands and genes; for
example, does every band contain a single gene?

Totaling the analyses that have been carried out over the past 30 years, the number of
lethal complementation groups is ~70% of the number of bands. It is an open
guestion whether there is any functional significance to this relationship. But
irrespective of the cause, the equivalence gives us a reasonable estimate for the |ethal
gene number of ~3600. By any measure, the number of lethal loci in Drosophila is
significantly less than the total number of genes.

If the proportion of essential human genes is similar to other eukaryotes, we would
predict a range of 4000-8000 genes in which mutations would be lethal or produce
evidently damaging effects. At the present, 1300 genes have been identified in which
mutations cause evident defects. Thisis a substantial proportion of the expected total,
especially in view of the fact that many lethal genes may act so early that we never
see their effects. This sort of bias may also explain the results in Figure 3.31, which
show that the majority of known genetic defects are due to point mutations (where
thereis more likely to be at least some residual function of the gene).

Most human mutations causing defects are small

Missense/nonsense 58%
Splicing 10%
Regulatory =1%
Small deletions 16%
Small insertions 6%
Large deletions 5%

Large rearrangements 2%
virdualtast www BMQIEO com

Figure 3.31 Most known genetic defects in human genes are
due to point mutations. The majority directly affect the protein
sequence. The remainder are due to insertion, deletions, or
rearrangements of varying sizes.

How do we explain the survival of genes whose deletion appears to have no effect?
The most likely explanation is that the organism has alternative ways of fulfilling the
same function. The simplest possibility is that there is redundancy, and that some
genes are present in multiple copies. This is certainly true in some cases, in which
multiple (related) genes must be knocked out in order to produce an effect. In a
dightly more complex scenario, an organism might have two separate pathways
capable of providing some activity. Inactivation of either pathway by itself would not
be damaging, but the simultaneous occurrence of mutations in genes from both
pathways would be deleterious.

How many genes are essential?
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Such situations can be tested by combining mutations. In principle, deletions in two
genes, neither of which is lethal by itself, are introduced into the same strain. If the
double mutant dies, the strain is called a synthetic lethal. This technique has been
used to great effect with yeast, where the isolation of double mutants can be
automated. The procedure is called synthetic genetic array analysis (SGA). Figure
3.32 summarizes the results of an analysis in which an SGA screen was made for
each of 132 viable deletions, by testing whether it could survive in combination with
any one of 4,700 viable deletions. Every one of the test genes had at |east one partner
with which the combination was lethal, and most of the test genes had many such
partners; the median is ~25 partners, and the greatest number is shown by one test
gene that had 146 lethal partners(4831). A small proportion (~10%) of the interacting
mutant pairs code for proteins that interact physicaly.

Nonlethal mutations may be lethal in combinations
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Figure 3.32 Every one of 132 mutant test genes has some combinations
that are lethal when it is combined with each of 4700 nonlethal mutations.
The chart shows how many lethal interacting genes there are for each test
gene.

This result goes some way toward explaining the apparent lack of effect of so many
deletions. Natural selection will act against these deletions when they find
themselves in lethal pairwise combinations. To some degree, the organism has
protected itself against the damaging effects of mutations by building in redundancy.
However, it pays a price in the form of accumulating the "genetic load" of mutations
that are not deleterious in themselves, but that may cause serious problems when
combined with other such mutations in future generations. The theory of natura
selection would suggest that the loss of the individual genes in such circumstances
produces a sufficient disadvantage to maintain the active gene during the course of
evolution.
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THE CONTENT OF THE GENOME
1.3.16 Genes are expressed at widely differing levels

Key Terms
The abundance of an mRNA is the average number of molecules per cell.

Abundant mRNAs consist of asmall number of individual species, each present in a
large number of copies per cell.

Scarce mMRNA (Complex mRNA) consists of alarge number of individual mMRNA
species, each present in very few copies per cell. This accounts for most of the
sequence complexity in RNA.

Key Concepts
e In any given cell, most genes are expressed at alow level.

e Only asmall number of genes, whose products are specialized for the cell type, are
highly expressed.

The proportion of DNA represented in an mRNA population can be determined by
the amount of the DNA that can hybridize with the RNA. Such a saturation analysis
typically identifies ~1% of the DNA as providing a template for mRNA. From this
we can calculate the number of genes so long as we know the average length of an
mMRNA. For alower eukaryote such as yeast, the total number of expressed genesis
~4000. For somatic tissues of higher eukaryotes, the number usualy is
10,000-15,000. The value is similar for plants and for vertebrates. (The only
consistent exception to this type of value is presented by mammalian brain, where
much larger numbers of genes appear to be expressed, although the exact
guantitation is not certain.)

Kinetic analysis of the reassociation of an RNA population can be used to determine
its sequence complexity (see Molecular Biology Supplement 32.1 DNA reassociation
kinetics). This type of analysis typically identifies three components in a eukaryotic
cell. Just as with a DNA reassociation curve, a single component hybridizes over
about two decades of Rot (RNA concentration x time) values, and a reaction
extending over a greater range must be resolved by computer curve-fitting into
individual components. Again this represents what is really a continuous spectrum of
sequences.

An example of an excess MRNA x cDNA reaction that generates three components
isgivenin Figure 3.33:

Genes are expressed at widely differing levels
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Figure 3.33 Hybridization between excess mRNA
and cDNA identifies several components in chick
oviduct cells, each characterized by the Rot, of
reaction.

e The first component has the same characteristics as a control reaction of
ovalbumin mRNA with its DNA copy. This suggests that the first component is
in fact just ovalbumin mMRNA (which indeed occupies about half of the
messenger mass in oviduct tissue).

e The next component provides 15% of the reaction, with atotal complexity of 15
kb. This correspondsto 7-8 mRNA species of average length 2000 bases.

e The last component provides 35% of the reaction, which corresponds to a
complexity of 26 Mb. This corresponds to ~13,000 mMRNA species of average
length 2000 bases.

From this analysis, we can see that about half of the mass of mRNA in the cell
represents asingle mRNA, ~15% of the massis provided by a mere 7-8 mRNAS, and
~35% of the mass is divided into the large number of 13,000 mRNA species. It is
therefore obvious that the mRNASs comprising each component must be present in
very different amounts,

The average number of molecules of each mRNA per cell iscalled its abundance. It
can be calculated quite simply if the total mass of RNA in the cell is known. In the
example shown in Figure 3.33, the total mMRNA can be accounted for as 100,000
copies of the first component (ovalbumin mRNA), 4000 copies of each of the 7-8
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mMRNASs in the second component, but only ~5 copies of each of the 13,000 mMRNAs
that constitute the last component.

We can divide the mRNA population into two general classes, according to their
abundance:

e The oviduct is an extreme case, with so much of the mRNA represented in only
one species, but most cells do contain a small number of RNAS present in many
copies each. This abundant mRNA component typically consists of <100
different mMRNASs present in 1000-10,000 copies per cell. It often corresponds to
amajor part of the mass, approaching 50% of the total mMRNA.

o About half of the mass of the mMRNA consists of alarge number of sequences, of
the order of 10,000, each represented by only a small number of copies in the
MRNA — say, <10. Thisis the scarce mRNA or complex mRNA class. It isthis
class that drives a saturation reaction (396).
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THE CONTENT OF THE GENOME
1.3.17 How many genes are expressed?

Key Terms

Thetranscriptome isthe complete set of RNASs present in a cell, tissue, or organism.
Its complexity is due mostly to mRNAS, but it also includes noncoding RNAS.

Housek eeping genes (Constitutive gene) are those (theoretically) expressed in al
cells because they provide basic functions needed for sustenance of all cell types.

L uxury genes are those coding for specialized functions synthesized (usually) in
large amounts in particular cell types.

Key Concepts

e MRNASs expressed at low levels overlap extensively when different cell types are
compared.

e The abundantly expressed mRNAs are usually specific for the cell type.

e ~10,000 expressed genes may be common to most cell types of a higher eukaryote.

Many somatic tissues of higher eukaryotes have an expressed gene number in the
range of 10,000-20,000. How much overlap is there between the genes expressed in
different tissues? For example, the expressed gene number of chick liver is
~11,000-17,000, compared with the value for oviduct of ~13,000-15,000. How many
of these two sets of genes are identical? How many are specific for each tissue?
These questions are usually addressed by analyzing the transcriptome — the set of
sequences represented in RNA.

We see immediately that there are likely to be substantial differences among the
genes expressed in the abundant class. Ovalbumin, for example, is synthesized only
in the oviduct, not at al in the liver. This means that 50% of the mass of mMRNA in
the oviduct is specific to that tissue.

But the abundant mRNASs represent only a small proportion of the number of
expressed genes. In terms of the total number of genes of the organism, and of the
number of changes in transcription that must be made between different cell types,
we need to know the extent of overlap between the genes represented in the scarce
MRNA classes of different cell phenotypes.

Comparisons between different tissues show that, for example, ~75% of the
sequences expressed in liver and oviduct are the same. In other words, ~12,000 genes
are expressed in both liver and oviduct, ~5000 additional genes are expressed only in
liver, and ~3000 additional genes are expressed only in oviduct.

The scarce mMRNAS overlap extensively. Between mouse liver and kidney, ~90% of
the scarce mRNAs are identical, leaving a difference between the tissues of only
1000-2000 in terms of the number of expressed genes. The general result obtained in

How many genes are expressed?
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several comparisons of this sort is that only ~10% of the mRNA sequences of a cell
are unique to it. The mgjority of sequences are common to many, perhaps even all,
cell types.

This suggests that the common set of expressed gene functions, numbering perhaps
~10,000 in a mammal, comprise functions that are needed in al cell types.
Sometimes this type of function is referred to as a housekeeping gene or
constitutive gene. It contrasts with the activities represented by specialized functions
(such as ovalbumin or globin) needed only for particular cell phenotypes. These are
sometimes called luxury genes.

Last updated on 12-13-2001
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THE CONTENT OF THE GENOME

1.3.18 Expressed gene number can be measured en
masse

Key Concepts

¢ "Chip" technology allows a snapshot to be taken of the expression of the entire
genomein ayeast cell.

o ~75% (~4500 genes) of the yeast genome is expressed under normal growth
conditions.

e Chip technology allows detailed comparisons of related animal cellsto determine
(for example) the differencesin expression between anormal cell and a cancer cell.

Recent technology allows more systematic and accurate estimates of the number of
expressed genes. One approach (SAGE, serial analysis of gene expression) allows a
unique sequence tag to be used to identify each mRNA. The technology then allows
the abundance of each tag to be measured. This approach identifies 4,665 expressed
genes in S. cerevisiae growing under normal conditions, with abundances varying
from 0.3 to >200 transcripts/cell. This means that ~75% of the total gene number
(~6000) is expressed under these conditions (397). Figure 3.34 summarizes the
number of different mMRNASsthat isfound at each different abundance levels.

Yeast mRNAs vary widely in abundance

MNumber
of mENAS
2000
1000
18%
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Figure 3.34 The abundancies of yeast mMRNAs vary from <1
per cell (meaning that not every cell has a copy of the mRNA)
to >100 per cell (coding for the more abundant proteins).

The most powerful new technology uses chips that contain high-density
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oligonucleotide arrays (HDAS). Their construction is made possibly by knowledge of
the sequence of the entire genome. In the case of S cerevisiae, each of 6181 ORFsis
represented on the HDA by 20 25-mer oligonucleotides that perfectly match the
sequence of the message and 20 mismatch oligonuclectides that differ at one base
position. The expression level of any gene is calculated by subtracting the average
signal of a mismatch from its perfect match partner. The entire yeast genome can be
represented on 4 chips. This technology is sensitive enough to detect transcripts of
5460 genes (~90% of the genome), and shows that many genes are expressed at low
levels, with abundances of 0.1-2 transcripts/cell. An abundance of <1 transcript/cell
means that not all cells have a copy of the transcript at any given moment.

The technology alows not only measurement of levels of gene expression, but also
detection of differences in expression in mutant cells compared with wild-type, cells
growing under different growth conditions, and so on (1201; for review see 1200).
The results of comparing two states are expressed in the form of a grid, in which
each square represents a particular gene, and the relative change in expression is
indicated by color. The upper part of Figure 3.35 shows the effect of a mutation in
RNA polymerase I1, the enzyme that produces mRNA, which as might be expected
causes the expression of most genes to be heavily reduced. By contrast, the lower
part shows that a mutation in an ancillary component of the transcription apparatus
(SRB10) has much more restricted effects, causing increases in expression of some
genes (398).

Individual mRNAs can be measured
RPB1 Fold change SRB10
-d -2 +2 4 -4 -2 +2 +d

LEstenh

Figure 3.35 HDA analysis allows change in expression of
each gene to be measured. Each square represents one gene (top
left is first gene on chromosome |, bottom right is last gene on
chromosome XV1). Change in expression relative to wild type
is indicated by red (reduction), white (no change) or blue
(increase). Photograph kindly provided by Rick Y oung.

The extension of this technology to animal cells will allow the general descriptions
based on RNA hybridization analysis to be replaced by exact descriptions of the
genes that are expressed, and the abundances of their products, in any given cell type
(399).

Last updated on January 16, 2004
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THE CONTENT OF THE GENOME
1.3.19 Organelles have DNA

Key Terms

Mater nal inheritance describes the preferential survival in the progeny of genetic
markers provided by one parent.

Extranuclear genes reside outside the nucleus in organelles such as mitochondria
and chloroplasts.

Cytoplasmic inheritanceis a property of geneslocated in mitochondria or
chloroplasts.

Key Concepts

e Mitochondria and chloroplasts have genomes that show nonMendelian inheritance.
Typicaly they are maternally inherited.

e Organelle genomes may undergo somatic segregation in plants.

e Comparisons of mitochondrial DNA suggest that humans are descended from a
single female who lived 200,000 years ago in Africa.

The first evidence for the presence of genes outside the nucleus was provided by
nonMendelian inheritance in plants (observed in the early years of this century, just
after the rediscovery of Mendelian inheritance). NonMendelian inheritance is
sometimes associated with the phenomenon of somatic segregation. They have a
similar cause:

o NonMendelian inheritance is defined by the failure of the progeny of a mating to
display Mendelian segregation for parental characters. It reflects lack of
association between the segregating character and the meiotic spindle.

e Somatic segregation describes a phenomenon in which parental characters
segregate in somatic cells, and therefore display heterogeneity in the organism.
This is a notable feature of plant development. It reflects lack of association
between the segregating character and the mitotic spindle.

NonMendelian inheritance and somatic segregation are therefore taken to indicate
the presence of genes that reside outside the nucleus and do not utilize segregation
on the meiotic and mitotic spindles to distribute replicas to gametes or to daughter
cells, respectively.Figure 3.36 shows that this happens when the mitochondria
inherited from the male and female parents have different alleles, and by chance a
daughter cell receives an unbalanced distribution of mitochondria that represents
only one parent (see Molecular Biology 4.13.24 How do mitochondria replicate and

segregate?).

Organelles have DNA
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Figure 3.36 When paternal and maternal mitochondrial alleles
differ, a cell has two sets of mitochondrial DNAs. Mitosis
usually generates daughter cells with both sets. Somatic
variation may result if unequal segregation generates daughter
cellswith only one set.

The extreme form of nonMendelian inheritance is uniparental inheritance, when the
genotype of only one parent is inherited and that of the other parent is permanently
lost. In less extreme examples, the progeny of one parental genotype exceed those of
the other genotype. Usually it is the mother whose genotype is preferentially (or
solely) inherited. This effect is sometimes described as maternal inheritance. The
important point is that the genotype contributed by the parent of one particular sex
predominates, as seen in abnormal segregation ratios when a cross is made between
mutant and wild type. This contrasts with the behavior of Mendelian genetics when
reciprocal crosses show the contributions of both parents to be equally inherited.

The bias in parental genotypes is established at or soon after the formation of a
zygote. There are various possible causes. The contribution of materna or paternal
information to the organelles of the zygote may be unequal; in the most extreme
case, only one parent contributes. In other cases, the contributions are equal, but the
information provided by one parent does not survive. Combinations of both effects
are possible. Whatever the cause, the unegqual representation of the information from
the two parents contrasts with nuclear genetic information, which derives equaly
from each parent.

Organelles have DNA
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NonMendelian inheritance results from the presence in mitochondria and
chloroplasts of DNA genomes that are inherited independently of nuclear genes. In
effect, the organelle genome comprises a length of DNA that has been physically
sequestered in a defined part of the cell, and is subject to its own form of expression
and regulation. An organelle genome can code for some or al of the RNAS, but
codes for only some of the proteins needed to perpetuate the organelle. The other
proteins are coded in the nucleus, expressed via the cytoplasmic protein synthetic
apparatus, and imported into the organelle.

Genes not residing within the nucleus are generally described as extranuclear genes;
they are transcribed and trandated in the same organelle compartment
(mitochondrion or chloroplast) in which they reside. By contrast, nuclear genes are
expressed by means of cytoplasmic protein synthesis. (The term cytoplasmic
inheritance is sometimes used to describe the behavior of genes in organelles.
However, we shall not use this description, since it is important to be able to
distinguish between events in the general cytosol and those in specific organelles.)

Higher animals show materna inheritance, which can be explained if the
mitochondria are contributed entirely by the ovum and not at all by the sperm.
Figure 3.37 shows that the sperm contributes only a copy of the nuclear DNA. So
the mitochondrial genes are derived exclusively from the mother; and in males they
are discarded each generation.

Organelles have DNA
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Figure 3.37 DNA from the sperm enters the oocyte to form
the male pronucleus in the fertilized egg, but al the
mitochondria are provided by the oocyte.

Conditions in the organelle are different from those in the nucleus, and organelle
DNA therefore evolves at its own distinct rate. If inheritance is uniparental, there can
be no recombination between parental genomes; and usually recombination does not
occur in those cases where organelle genomes are inherited from both parents. Since
organelle DNA has a different replication system from that of the nucleus, the error
rate during replication may be different. Mitochondrial DNA accumulates mutations
more rapidly than nuclear DNA in mammals, but in plants the accumulation in the
mitochondrion is slower than in the nucleus (the chloroplast is intermediate).

One consequence of maternal inheritance is that the sequence of mitochondrial DNA
is more sensitive than nuclear DNA to reductions in the size of the breeding
population. Comparisons of mitochondrial DNA sequences in a range of human
populations alow an evolutionary tree to be constructed. The divergence among
human mitochondrial DNAs spans 0.57%. A tree can be constructed in which the
mitochondrial variants diverged from a common (African) ancestor. The rate at
which mammalian mitochondrial DNA accumulates mutations is 2-4% per million
years, >10x faster than the rate for globin. Such a rate would generate the observed
divergence over an evolutionary period of 140,000-280,000 years. This implies that
the human race is descended from a single female, who lived in Africa ~200,000
years ago (414).

Organelles have DNA
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THE CONTENT OF THE GENOME

1.3.20 Organelle genomes are circular DNAs that
code for organelle proteins

Key Terms

Mitochondrial DNA (mtDNA) is an independent DNA genome, usually circular,
that islocated in the mitochondrion.

Chloroplast DNA (ctDNA) is an independent genome (usually circular) found in a
plant chloroplast.

Key Concepts
e Organelle genomes are usually (but not always) circular molecules of DNA.

o Organelle genomes code for some but not all of the proteins found in the organelle.

Most organelle genomes take the form of a single circular molecule of DNA of
unique sequence (denoted mtDNA in the mitochondrion and ctDNA in the
chloroplast). There are a few exceptions where mitochondrial DNA is a linear
molecule, generally in lower eukaryotes.

Usually there are severa copies of the genome in the individual organelle. Since
there are multiple organelles per cell, there are many organelle genomes per cell.
Although the organelle genome itself is unique, it constitutes a repetitive sequence
relative to any nonrepetitive nuclear sequence.

Chloroplast genomes are relatively large, usually ~140 kb in higher plants, and <200
kb in lower eukaryotes. This is comparable to the size of a large bacteriophage, for
example, T4 at ~165 kb. There are multiple copies of the genome per organelle,
typically 20-40 in a higher plant, and multiple copies of the organelle per cdll,
typically 20-40.

Mitochondrial genomes vary in total size by more than an order of magnitude.
Animal cells have small mitochondrial genomes, ~16.5 kb in mammals. There are
several hundred mitochondria per cell. Each mitochondrion has multiple copies of
the DNA. The total amount of mitochondrial DNA relative to nuclear DNA is small,
<1%.

In yeast, the mitochondrial genome is much larger. In S cerevisiae, the exact size
varies among different strains, but is ~80 kb. There are ~22 mitochondria per cdll,
which corresponds to ~4 genomes per organelle. In growing cells, the proportion of
mitochondrial DNA can be as high as 18%.

Plants show an extremely wide range of variation in mitochondrial DNA size, with a
minimum of ~100 kb. The size of the genome makes it difficult to isolate intact, but
restriction mapping in several plants suggests that the mitochondrial genome is

Organelle genomes are circular DNAs that code for organelle proteins
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usually a single sequence, organized as a circle. Within this circle, there are short
homologous sequences. Recombination between these elements generates smaller,
subgenomic circular molecules that coexist with the complete, "master" genome,
explaining the apparent complexity of plant mitochondrial DNAs.

With mitochondrial genomes sequenced from many organisms, we can now see
some general patterns in the representation of functions in mitochondrial DNA (for
review see981). Figure 3.38 summarizes the distribution of genes in mitochondria
genomes. The total number of protein-coding genes is rather small, but does not
correlate with the size of the genome. Mammalian mitochondria use their 16 kb
genomes to code for 13 proteins, whereas yeast mitochondria use their 60-80 kb
genomes to code for as few as 8 proteins. Plants, with much larger mitochondrial
genomes, code for more proteins. Introns are found in most mitochondrial genomes,
although not in the very small mammalian genomes.

Mitochondria code for RNAs and proteins

Species Size Protein- RMNA-

(kb) coding coding

genas genes

Fungi 18-100 8-14 10-28

Protists 6-100 3-62 2-29

Plants 186-366 27-34 21-30
Animals 16-17 L SNSRI o S

Figure 3.38 Mitochondrial genomes have genes coding for
(mostly complex I-1V) proteins, rRNAS, and tRNAS.

The two mgjor rRNASs are always coded by the mitochondrial genome. The humber
of tRNAs coded by the mitochondrial genome varies from none to the full
complement (25-26 in mitochondria). This accounts for the variation in Figure 3.38.

The major part of the protein-coding activity is devoted to the components of the
multisubunit assemblies of respiration complexes I-1VV. Many ribosomal proteins are
coded in protist and plant mitochondrial genomes, but there are few or none in fungi
and animal genomes. There are genes coding for proteins involved in import in many
protist mitochondrial genomes.

Last updated on 5-15-2000
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THE CONTENT OF THE GENOME
1.3.21 Mitochondrial DNA organization is variable

Key Concepts

e Animal cell mitochondrial DNA is extremely compact and typically codes for 13
proteins, 2 rRNAS, and 22 tRNAs.

e Yeast mitochondrial DNA is 5% longer than animal cell mtDNA because of the
presence of long introns.

Animal mitochondrial DNA is extremely compact. There are extensive differencesin
the detailed gene organization found in different animal phyla, but the genera
principle is maintained of a small genome coding for a restricted number of
functions. In mammalian mitochondrial genomes, the organization is extremely
compact. There are no introns, some genes actually overlap, and amost every single
base pair can be assigned to a gene. With the exception of the D loop, a region
concerned with the initiation of DNA replication, no more than 87 of the 16,569 bp
of the human mitochondrial genome can be regarded as lying in intercistronic
regions.

The complete nucleotide sequences of mitochondrial genomes in animal cells show
extensive homology in organization (1398). The map of the human mitochondrial
genome is summarized in Figure 3.39. There are 13 protein-coding regions. All of
the proteins are components of the apparatus concerned with respiration. These
include cytochrome b, 3 subunits of cytochrome oxidase, one of the subunits of
ATPase, and 7 subunits (or associated proteins) of NADH dehydrogenase (411; for
review see 18; 19; 21).

Mitochondrial DNA organization is variable
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Figure 3.39 Human mitochondrial DNA has 22 tRNA genes,
2 rRNA genes, and 13 protein-coding regions. 14 of the 15
protein-coding or rRNA-coding regions are transcribed in the
same direction. 14 of the tRNA genes are expressed in the
clockwise direction and 8 are read counter clockwise.

The five-fold discrepancy in size between the S cerevisiae (84 kb) and mammalian
(16 kb) mitochondrial genomes aone alerts us to the fact that there must be a great
difference in their genetic organization in spite of their common function. The
number of endogenously synthesized products concerned with mitochondria
enzymatic functions appears to be similar. Does the additional genetic material in
yeast mitochondria represent other proteins, perhaps concerned with regulation, or is
it unexpressed?

The map shown in Figure 3.40 accounts for the major RNA and protein products of
the yeast mitochondrion. The most notable feature is the dispersion of loci on the
map.
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Yeast mt DNA has the same genes as man
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Figure 3.40 The mitochondrial genome of S cerevisiae
contains both interrupted and uninterrupted protein-coding
genes, rRNA genes, and tRNA genes (positions not indicated).
Arrows indicate direction of transcription.

The two most prominent loci are the interrupted genes box (coding for cytochrome b)
and oxi3 (coding for subunit 1 of cytochrome oxidase). Together these two genes are
amost as long as the entire mitochondrial genome in mammals! Many of the long
introns in these genes have open reading frames in register with the preceding exon
(see Molecular Biology 5.26.5 Some group | introns code for endonucleases that
sponsor mobility). This adds several proteins, all synthesized in low amounts, to the
complement of the yeast mitochondrion.

The remaining genes are uninterrupted. They correspond to the other two subunits of
cytochrome oxidase coded by the mitochondrion, to the subunit(s) of the ATPase,
and (in the case of varl) to a mitochondrial ribosomal protein. The total number of
yeast mitochondrial genesis unlikely to exceed ~25.
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THE CONTENT OF THE GENOME
1.3.22 Mitochondria evolved by endosymbiosis

How did a situation evolve in which an organelle contains genetic information for
some of its functions, while others are coded in the nucleus? Figure 3.41 shows the
endosymbiosis model for mitochondrial evolution, in which primitive cells captured
bacteria that provided the functions that evolved into mitochondria and chloroplasts.
At this point, the proto-organelle must have contained all of the genes needed to
specify its functions.

Endosymbiosis results from cell capture

Bacterium Primitive cell

Bacterium evolves into
mitochondrion. losing genes that
are necessary for independent life

Genes are transferred
from mitochondrion
to nucleus

Figure 3.41 Mitochondria originated by a endosymbiotic
event when a bacterium was captured by a eukaryaotic cell.

Sequence homologies suggest that mitochondria and chloroplasts evolved separately,
from lineages that are common with eubacteria, with mitochondria sharing an origin
with o-purple bacteria, and chloroplasts sharing an origin with cyanobacteria. The
closest known relative of mitochondria among the bacteria is Rickettsia (the
causative agent of typhus), which is an obligate intracellular parasite that is probably
descended from free-living bacteria. This reinforces the idea that mitochondria

Mitochondria evolved by endosymbiosis
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originated in an endosymbiotic event involving an ancestor that is also common to
Rickettsia (for review see 981).

Two changes must have occurred as the bacterium became integrated into the
recipient cell and evolved into the mitochondrion (or chloroplast). The organelles
have far fewer genes than an independent bacterium, and have lost many of the gene
functions that are necessary for independent life (such as metabolic pathways). And
since the mgjority of genes coding for organelle functions are in fact now located in
the nucleus, these genes must have been transferred there from the organelle.

Transfer of DNA between organelle and nucleus has occurred over evolutionary time
periods, and still continues. The rate of transfer can be measured directly by
introducing into an organelle a gene that can function only in the nucleus, for
example, because it contains a nuclear intron, or because the protein must function in
the cytosol. In terms of providing the material for evolution, the transfer rates from
organelle to nucleus are roughly equivalent to the rate of single gene mutation. DNA
introduced into mitochondria is transferred to the nucleus at a rate of 2 x 10° per
generation. Experiments to measure transfer in the reverse direction, from nucleus to
mitochondrion, suggest that it is much lower, <107° (3691). When a nuclear-specific
antibiotic resistance gene is introduced into chloroplasts, its transfer to the nucleus
and successful expression can be followed by screening seedlings for resistance to
the antibiotic. This shows that transfer occurs at arate of 1 in 16,000 seedlings, or 6
x 107 (3690).

Transfer of a gene from an organelle to the nucleus requires physical movement of
the DNA, of course, but successful expression aso requires changes in the coding
sequence. Organelle proteins that are coded by nuclear genes have special sequences
that allow them to be imported into the organelle after they have been synthesized in
the cytoplasm (see Molecular Biology 2.8.17 Post-trandational membrane insertion
depends on leader sequences). These sequences are not required by proteins that are
synthesized within the organelle. Perhaps the process of effective gene transfer
occurred at a period when compartments were less rigidly defined, so that it was
easier both for the DNA to be relocated, and for the proteins to be incorporated into
the organelle irrespective of the site of synthesis.

Phylogenetic maps show that gene transfers have occurred independently in many
different lineages. It appears that transfers of mitochondrial genes to the nucleus
occurred only early in animal cell evolution, but it is possible that the processis till
continuing in plant cells (1399). The number of transfers can be large; there are >800
nuclear genes in Arabidopsis whose sequences are related to genes in the
chloroplasts of other plants (1403). These genes are candidates for evolution from
genes that originated in the chloroplast

Last updated on 3-12-2003
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THE CONTENT OF THE GENOME

1.3.23 The chloroplast genome codes for many
proteins and RNAs

Key Concepts

e Chloroplast genomes vary in size, but are large enough to code for 50-100 proteins
aswell astherRNAs and tRNAs.

What genes are carried by chloroplasts? Chloroplast DNAS vary in length from
120-190 kb. The sequenced chloroplast genomes (>10 in total) have 87-183 genes
(413; for review see 20; 3055). Figure 3.42 summarizes the functions coded by the
chloroplast genome in land plants. There is more variation in the chloroplast
genomes of algae.

Chloroplasts have >100 genes

Genes

RMNA-coding

165 rRNA

235 rRNA,

455 rENA

55 rENA

IRNA

Gene Expression
r-proteins

RMA polymerase
Others

Chloroplast functions
Rubisco & thylakoids
NADH dehydrogenase
Total

v B0 cor

Figure 3.42 The chloroplast genome in land plants codes for 4
rRNAs, 30 tRNAS, and ~60 proteins.

The situation is generally similar to that of mitochondria, except that more genes are
involved. The chloroplast genome codes for all the rRNA and tRNA species needed
for protein synthesis. The ribosome includes two small rRNAs in addition to the
major species. The tRNA set may include all of the necessary genes. The chloroplast
genome codes for ~50 proteins, including RNA polymerase and ribosomal proteins.
Again the rule is that organelle genes are transcribed and trandated by the apparatus
of the organelle.

About half of the chloroplast genes code for proteins involved in protein synthesis.
The endosymbiotic origin of the chloroplast is emphasized by the relationships
between these genes and their counterparts in bacteria. The organization of the rRNA
genes in particular is closely related to that of a cyanobacterium, which pins down
more precisely the last common ancestor between chloroplasts and bacteria.

The chloroplast genome codes for many proteins and RNAs
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Intronsin chloroplasts fall into two general classes. Those in tRNA genes are usually
(although not inevitably) located in the anticodon loop, like the introns found in yeast
nuclear tRNA genes (see Molecular Biology 5.24.14 Yeast tRNA splicing involves
cutting and rejoining). Those in protein-coding genes resemble the introns of
mitochondrial genes (see Molecular Biology 5.26 Catalytic RNA). This places the
endosymbiotic event at atime in evolution before the separation of prokaryotes with
uninterrupted genes.

Therole of the chloroplast isto undertake photosynthesis. Many of its genes code for
proteins of complexes located in the thylakoid membranes. The constitution of these
complexes shows a different balance from that of mitochondrial complexes.
Although some complexes are like mitochondrial complexes in having some subunits
coded by the organelle genome and some by the nuclear genome, other chloroplast
complexes are coded entirely by one genome.

Last updated on 10-21-2002
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THE CONTENT OF THE GENOME
1.3.24 Summary

Genomes that have been sequenced include many bacteria and archaea, yeasts, and a
worm, fly, mouse, and Man. The minimum number of genes required to make a
living cell (an obligatory intracellular parasite) is ~470. The minimum number
required to make a free-living cell is ~1700. A typical gram-negative bacterium has
~1500 genes. Strains of E. coli vary from 4300 to 5400 genes. The average bacterial
gene is ~1000 bp long and is separated from the next gene by a space of ~100 bp.
The yeasts S pombe and S. cerevisiae have 5000 and 6000 genes, respectively.

Although the fly D. melanogaster is a more complex organism and has a larger
genome than the worm C. elegans, the fly has fewer genes (13,600) than the worm
(14,100). The plant Arabidopsis has 25,000 genes, and the lack of a clear relationship
between genome size and gene number is shown by the fact that the rice genome is
4x larger, but contains only a 50% increase in gene number, to ~40,000. Mouse has
~30,000 genes. Man has <40,000 genes, which is much less than had been expected.
The complexity of development of an organism may depend on the nature of the
interactions between genes as well as their total number.

About 8000 genes are common to prokaryotes and eukaryotes and are likely to be
involved in basic functions. A further 12,000 genes are found in multicellular
organisms. Another 8000 genes are added to make an animal, and a further 8000
(largely involved with the immune and nervous systems) are found in vertebrates. In
each organism that has been sequenced, only ~50% of the genes have defined
functions. Analysis of lethal genes suggests that only a minority of genes are
essential in each organism.

The sequences comprising a eukaryotic genome can be classified in three groups:
nonrepetitive sequences are unique; moderately repetitive sequences are dispersed
and repeated a small number of times in the form of related but not identical copies;
and highly repetitive sequences are short and usually repeated as tandem arrays. The
proportions of the types of sequence are characteristic for each genome, athough
larger genomes tend to have a smaller proportion of nonrepetitive DNA. Almost 50%
of the human genome consists of repetitive sequences, the vast majority
corresponding to transposon sequences. Most structural genes are located in
nonrepetitive DNA. The complexity of nonrepetitive DNA is a better reflection of
the complexity of the organism than the total ,genome complexity; nonrepetitive
DNA reaches a maximum complexity of ~2 x 10° bp.

Genes are expressed at widely vary| ng levels. There may be 10° copies of mRNA for
an abundant gene whose protein is the principa product of the cell, 10° copies of
each mRNA for <10 moderately abundant messages, and <10 copies of each mRNA
for >10,000 scarcely expressed genes. Overlaps between the mRNA populations of
cells of different phenotypes are extensive; the majority of mRNAS are present in
most cells.

NonMendelian inheritance is explained by the presence of DNA in organelles in the
cytoplasm. Mitochondria and chloroplasts both represent membrane-bounded
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systems in which some proteins are synthesized within the organelle, while others are
imported. The organelle genome is usually a circular DNA that codes for all of the
RNAs and for some of the proteins that are required.

Mitochondrial genomes vary greatly in size from the 16 kb minimalist mammalian
genome to the 570 kb genome of higher plants. It is assumed that the larger genomes
code for additional functions. Chloroplast genomes range from 120-200 kb. Those
that have been sequenced have a similar organization and coding functions. In both
mitochondria and chloroplasts, many of the major proteins contain some subunits
synthesized in the organelle and some subunits imported from the cytosol.

Mammalian mtDNASs are transcribed into a single transcript from the mgjor coding
strand, and individual products are generated by RNA processing. Rearrangements
occur in mitochondrial DNA rather frequently in yeast; and recombination between
mitochondrial or between chloroplast genomes has been found. Transfers of DNA
have occurred from chloroplasts or mitochondria to nuclear genomes.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.3.24
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CLUSTERS AND REPEATS
1.4.1 Introduction

Key Terms

A gene family consists of a set of genes whose exons are related; the members were
derived by duplication and variation from some ancestral gene.

A trandocation is arearrangement in which part of achromosome is detached by
breakage or aberrant recombination and then becomes attached to some other
chromosome.

A gene cluster isagroup of adjacent genes that are identical or related.

Nonreciprocal recombination (unequal crossing-over) results from an error in
pairing and crossing-over in which nonequivalent sitesareinvolved in a
recombination event. It produces one recombinant with a deletion of material and
one with a duplication.

Satellite DNA (Simple-sequence DNA) consists of many tandem repeats (identical
or related) of a short basic repeating unit.

Minisatellite DNAs consist of ~10 copies of a short repeating sequence. the length
of the repeating unit is measured in 10s of base pairs. The number of repeats
varies between individual genomes.

A set of genes descended by duplication and variation from some ancestral gene is
caled a gene family. Its members may be clustered together or dispersed on
different chromosomes (or a combination of both). Genome analysis shows that
many genes belong to families; the 40,000 genes identified in the human genome fall
into ~15,000 families, so the average gene has a couple of relatives in the genome
(see Figure 3.15). Gene families vary enormously in the degree of relatedness
between members, from those consisting of multiple identical members to those
where the relationship is quite distant. Genes are usually related only by their exons,
with introns having diverged (see Molecular Biology 1.2.5 Exon sequences are
conserved but introns vary). Genes may also be related by only some of their exons,
while others are unique (see Molecular Biology 1.2.10 Some exons can be equated
with protein functions).

Theinitial event that allows related exons or genes to develop is a duplication, when
acopy is generated of some sequence within the genome. Tandem duplication (when
the duplicates remain together) may arise through errors in replication or
recombination. Separation of the duplicates can occur by a trandocation that
transfers material from one chromosome to another. A duplicate at a new location
may aso be produced directly by a transposition event that is associated with
copying a region of DNA from the vicinity of the transposon. Duplications may
apply either to intact genes or to collections of exons or even individual exons. When
an intact gene is involved, the act of duplication generates two copies of a gene
whose activities are indistinguishable, but then usually the copies diverge as each
accumul ates different mutations.

Introduction
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The members of a well-related structural gene family usually have related or even
identical functions, although they may be expressed at different times or in different
cell types. So different globin proteins are expressed in embryonic and adult red
blood cells, while different actins are utilized in muscle and nonmuscle cells. When
genes have diverged significantly, or when only some exons are related, the proteins
may have different functions.

Some gene families consist of identical members. Clustering is a prerequisite for
maintaining identity between genes, although clustered genes are not necessarily
identical. Gene cluster s range from extremes where a duplication has generated two
adjacent related genes to cases where hundreds of identical genes lie in a tandem
array. Extensive tandem repetition of a gene may occur when the product is needed
in unusually large amounts. Examples are the genes for rRNA or histone proteins.
This creates a special situation with regards to the maintenance of identity and the
effects of selective pressure.

Gene clusters offer us an opportunity to examine the forces involved in evolution of
the genome over larger regions than single genes. Duplicated sequences, especially
those that remain in the same vicinity, provide the substrate for further evolution by
recombination. A population evolves by the classical recombination illustrated in
Figure 1.31 - Figure 1.32, in which an exact crossing-over occurs. The recombinant
chromosomes have the same organization as the parental chromosome. They contain
precisely the same loci in the same order, but contain different combinations of
aleles, providing the raw material for natural selection. However, the existence of
duplicated sequences allows aberrant events to occur occasionaly, changing the
content of genes and not just the combination of alleles.

Unequal crossing-over describes a recombination event occurring between two sites
that are not homologous. The feature that makes such events possible is the existence
of repeated sequences. Figure 4.1 shows that this allows one copy of a repeat in one
chromosome to misalign for recombination with a different copy of the repeat in the
homologous chromosome, instead of with the corresponding copy. When
recombination occurs, this increases the number of repeats in one chromosome and
decreases it in the other. In effect, one recombinant chromosome has a deletion and
the other has an insertion. This mechanism is responsible for the evolution of clusters
of related sequences. We can trace its operation in expanding or contracting the size
of an array in both gene clusters and regions of highly repeated DNA.

Introduction
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Unequal crossing-over changes the repeat number
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Figure 4.1 Unequal crossing-over results from pairing
between non-equivalent repeats in regions of DNA consisting
of repeating units. Here the repeating unit is the sequence ABC,
and the third repeat of the red allele has aligned with the first
repeat of the blue allele. Throughout the region of pairing, ABC
units of one allele are aligned with ABC units of the other
alele. Crossing-over generates chromosomes with 10 and 6
repeats each, instead of the 8 repeats of each parent.

The highly repetitive fraction of the genome consists of multiple tandem copies of
very short repeating units. These often have unusual properties. One is that they may
be identified as a separate peak on a density gradient analysis of DNA, which gave
rise to the name satellite DNA. They are often associated with inert regions of the
chromosomes, and in particular with centromeres (which contain the points of
attachment for segregation on a mitotic or meiotic spindle). Because of their
repetitive organization, they show some of the same behavior with regard to
evolution as the tandem gene clusters. In addition to the satellite sequences, there are
shorter stretches of DNA that show similar behavior, called minisatellites. They are
useful in showing a high degree of divergence between individual genomes that can
be used for mapping purposes.

All of these events that change the constitution of the genome are rare, but they are
significant over the course of evolution.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.4.1
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CLUSTERS AND REPEATS
1.4.2 Gene duplication is a major force in evolution

Key Concepts

e Duplicated genes may diverge to generate different genes or one copy may become
inactive.

Exons behave like modules for building genes that are tried out in the course of
evolution in various combinations. At one extreme, an individual exon from one
gene may be copied and used in another gene. At the other extreme, an entire gene,
including both exons and introns, may be duplicated. In such a case, mutations can
accumulate in one copy without attracting the adverse attention of natural selection.
This copy may then evolve to a new function; it may become expressed in a different
time or place from the first copy, or it may acquire different activities.

Figure 4.2 summarizes our present view of the rates at which these processes occur.
There is ~1% probability that a given gene will be included in a duplication in a
period of 1 million years. After the gene has duplicated, differences develop as the
result of the occurrence of different mutations in each copy. These accumulate at a
rate of ~0.1% per million years (see Molecular Biology 1.4.4 Sequence divergenceis
the basis for the evolutionary clock).

Duplicated genes may diverge or be silenced

Duplication occurs at 1% /gene /million years

" SN

FIAAN S

Divergence accumulates at 0.1% /million years

Silencing of one copy takes = 4 million years

Af:h'.-'e_ : Silent

Figure 4.2 After a gene has been duplicated, differences may
accumulate between the copies. The genes may acquire
different functions or one of the copies may become inactive.
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The organism is not likely to need to retain two identical copies of the gene. As
differences develop between the duplicated genes, one of two types of event is likely
to occur.

e Both of the genes become necessary. This can happen either because the
differences between them generate proteins with different functions, or because
they are expressed specifically in different times or places.

o |f this does not happen, one of the genesislikely to be eliminated, because it will
by chance gain a deleterious mutation, and there will be no adverse selection to
eliminate this copy. Typically this takes ~ 4 million years. In such a situation, it
is purely a matter of chance which of the two copies becomes inactive. (This can
contribute to incompatibility between different individuals, and ultimately to
speciation, if different copies become inactive in different populations.)

Analysis of the human genome sequence shows that ~5% comprises duplications of
identifiable segments ranging in length from 10-300 kb (2847). These have arisen
relatively recently, that is, there has not been sufficient time for divergence between
them to eliminate their relationship. They include a proportional share (~6%) of the
expressed exons, which shows that the duplications are occurring more or less
irrespective of genetic content. The genes in these duplications may be especially
interesting because of the implication that they have evolved recently, and therefore
could be important for recent evolutionary developments (such as the separation of
Man from the monkeys).

Last updated on 8-15-2002
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CLUSTERS AND REPEATS

1.4.3 Globin clusters are formed by duplication and
divergence

Key Terms

Nonallelic genes are two (or more) copies of the same gene that are present at
different locations in the genome (contrasted with alleles which are copies of the
same gene derived from different parents and present at the same location on the
homol ogous chromosomes).

Pseudogenes are inactive but stable components of the genome derived by mutation
of an ancestral active gene. Usually they are inactive because of mutations that
block transcription or trandlation or both.

Key Concepts

o All globin genes are descended by duplication and mutation from an ancestral gene
that had three exons.

e The ancestral gene gave rise to myoglobin, leghemoglobin, and o- and 3-globins.

e The a- and B-globin genes separated in the period of early vertebrate evolution,
after which duplications generated the individual clusters of separate o-like and
B-like genes.

e Once agene has been inactivated by mutation, it may accumul ate further mutations
and become a pseudogene, which is homologous to the active gene(s) but has no
functional role.

The most common type of duplication generates a second copy of the gene close to
the first copy. In some cases, the copies remain associated, and further duplication
may generate a cluster of related genes. The best characterized example of a gene
cluster is presented by the globin genes, which constitute an ancient gene family,
concerned with a function that is central to the anima kingdom: the transport of
oxygen through the bloodstream.

The major constituent of the red blood cell is the globin tetramer, associated with its
heme (iron-binding) group in the form of hemoglobin. Functional globin genesin al
species have the same general structure, divided into three exons as shown
previously in Figure 2.7. We conclude that all globin genes are derived from asingle
ancestral gene; so by tracing the development of individual globin genes within and
between species, we may learn about the mechanisms involved in the evolution of
gene families.

In adult cells, the globin tetramer consists of two identical o chains and two identical
BB chains. Embryonic blood cells contain hemoglobin tetramers that are different from
the adult form. Each tetramer contains two identical o-like chains and two identical
B-like chains, each of which is related to the adult polypeptide and is later replaced

Globin clusters are formed by duplication and divergence
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by it. This is an example of developmenta control, in which different genes are
successively switched on and off to provide alternative products that fulfill the same
function at different times.

The division of globin chains into o-like and 3-like reflects the organization of the
genes. Each type of globin is coded by genes organized into a single cluster. The
structures of the two clusters in the higher primate genome are illustrated in Figure
4.3.

Globin genes are organized in two clusters

£y wiee it > oy o

)
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10 20 30 41 50 kb
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Figure 4.3 Each of the o, -like and 3 -like globin gene families
is organized into a single cluster that includes functional genes
and pseudogenes ().

Stretching over 50 kb, the  cluster contains five functional genes (¢, twoy, o, and
B) and one nonfunctional gene ( y B). The two y genes differ in their coding
sequence in only one amino acid; the G variant has glycine at position 136, where the
A variant has alanine.

The more compact o cluster extends over 28 kb and includes one active { gene, one
€ nonfunctional gene, two o genes, two o nonfunctional genes, and the 6 gene of
unknown function. The two o genes code for the same protein. Two (or more)
identical genes present on the same chromosome are described as nonallelic copies.

The details of the relationship between embryonic and adult hemoglobins vary with
the organism. The human pathway has three stages. embryonic, fetal, and adult. The
distinction between embryonic and adult is common to mammals, but the number of
pre-adult stages varies. In Man, zeta and apha are the two a-like chains. Epsilon,
gamma, delta, and beta are the B-like chains. Figure 4.4 shows how yhe chains are
expressed at different stages of development.

Globin clusters are formed by duplication and divergence
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Hemoglobin expression changes during development
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Figure 4.4 Different hemoglobin genes are expressed during
embyonic, fetal, and adult periods of human devel opment.

In the human pathway, C isthe first a-like chain to be expressed, but is soon replaced
by . In the 3-pathway, € and y are expressed first, with & and B replacing them later.
In adults, the o, . form provides 97% of the hemoglobin, a, 62 is~2%, and ~1% is
provided by pers sfence of the fetal form oY,

What is the significance of the differences between embryonic and adult globins?
The embryonic and fetal forms have a higher affinity for oxygen. Thisis necessary in
order to obtain oxygen from the mother's blood. This explains why there is no
equivalent in (for example) chicken, where the embryonic stages occur outside the
body (that is, within the egg).

Functional genes are defined by their expression in RNA, and ultimately by the
proteins for which they code. Nonfunctional genes are defined as such by their
inability to code for proteins; the reasons for inactivity vary, and the deficiencies
may be in transcription or trandation (or both). They are called pseudogenes and
given the symbol .

A similar genera organization is found in other vertebrate globin gene clusters, but
details of the types, numbers, and order of genes al vary, asillustrated in Figure 4.5.
Each cluster contains both embryonic and adult genes. The total lengths of the
clusters vary widely. The longest is found in the goat, where a basic cluster of 4
genes has been duplicated twice. The distribution of active genes and pseudogenes
differsin each case, illustrating the random nature of the conversion of one copy of a
duplicated gene into the inactive state.

Globin clusters are formed by duplication and divergence
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fi-globin clusters vary between species
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Figure 4.5 Clusters of B -globin genes and pseudogenes are found in vertebrates. Seven
mouse genes include 2 early embryonic, 1 late embryonic, 2 adult genes, and 2 pseudogenes.
Rabbit and chick each have four genes.

The characterization of these gene clusters makes an important general point. There
may be more members of a gene family, both functional and nonfunctional, than we
would suspect on the basis of protein analysis. The extra functional genes may
represent duplicates that code for identical polypeptides; or they may be related to
known proteins, athough different from them (and presumably expressed only
briefly or in low amounts).

With regard to the question of how much DNA is needed to code for a particular
function, we see that coding for the B-like globins requires a range of 20-120 kb in
different mammals. Thisis much greater than we would expect just from scrutinizing
the known B-globin proteins or even considering the individual genes. However,
clusters of this type are not common; most genes are found as individual loci.

From the organization of globin genes in a variety of species, we should be able to
trace the evolution of present globin gene clusters from a single ancestral globin
gene. Our present view of the evolutionary descent is pictured in Figure 4.6 (for
review see 3041).

Globin clusters are formed by duplication and divergence
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Globin genes have duplicated and diverged
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Figure 4.6 All globin genes have evolved by a series of
duplications, transpositions, and mutations from a single
ancestral gene.

The leghemoglobin gene of plants, which is related to the globin genes, may
represent the ancestral form. The furthest back that we can trace a globin gene in
modern form is provided by the sequence of the single chain of mammalian
myoglobin, which diverged from the globin line of descent ~800 million years ago.
The myoglobin gene has the same organization as globin genes, so we may take the
three-exon structure to represent their common ancestor.

Some "primitive fish" have only a single type of globin chain, so they must have
diverged from the line of evolution before the ancestral globin gene was duplicated
to giverise to the oo and B variants. This appears to have occurred ~500 million years
ago, during the evolution of the bony fish.

The next stage of evolution is represented by the state of the globin genes in the frog
X. laevis, which has two globin clusters. However, each cluster contains both oc and 3
genes, of both larval and adult types. The cluster must therefore have evolved by
duplication of a linked a- B pair, followed by divergence between the individua
copies. Later the entire cluster was duplicated.

Globin clusters are formed by duplication and divergence
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The amphibians separated from the mammalian/avian line ~350 million years ago, so
the separation of the o- and B-globin genes must have resulted from a transposition
in the mammalian/avian forerunner after this time. This probably occurred in the
period of early vertebrate evolution. Since there are separate clusters for o and 3
globins in both birds and mammals, the oe and B genes must have been physically
separated before the mammals and birds diverged from their common ancestor, an
event that occurred probably ~270 million years ago.

Changes have occurred within the separate o and 3 clusters in more recent times, as
we see from the description of the divergence of the individual genes in Molecular
Biology 1.4.4 Sequence divergenceisthe basis for the evolutionary clock.

Last updated on 7-18-2002
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CLUSTERS AND REPEATS

1.4.4 Sequence divergence is the basis for the
evolutionary clock

Key Terms

A neutral mutation has no significant effect on evolutionary fitness and usually has
no effect on the phenotype.

Random drift describes the chance fluctuation (without selective pressure) of the
levels of two allelesin a population.

Fixation isthe process by which anew allele replaces the alele that was previously
predominant in a population.

Divergenceisthe percent difference in nucleotide sequence between two related
DNA sequences or in amino acid sequences between two proteins.

Replacement sitesin a gene are those at which mutations alter the amino acid that is
coded.

A silent site in a coding region is one where mutation does not change the sequence
of the protein.

The evolutionary clock is defined by the rate at which mutations accumulate in a
given gene.

Key Concepts

e The sequences of homologous genesin different species vary at replacement sites
(where mutation causes amino acid substitutions) and silent sites (where mutation
does not affect the protein sequence).

e Mutations accumulate at silent sites ~10x faster than at replacement sites.

e The evolutionary divergence between two proteins is measured by the per cent of
positions at which the corresponding amino acids are different.

e Mutations accumulate at a more or |ess even speed after genes separate, so that the
divergence between any pair of globin sequencesis proportional to the time since
their genes separated.

Most changes in protein sequences occur by small mutations that accumulate slowly
with time. Point mutations and small insertions and deletions occur by chance,
probably with more or less equal probability in all regions of the genome, except for
hotspots at which mutations occur much more frequently. Most mutations that
change the amino acid sequence are deleterious and will be eliminated by natura
selection.

Few mutations are advantageous, but when a rare one occurs, it is likely to spread
through the population, eventually replacing the former sequence. When a new
variant replaces the previous version of the gene, it is said to have become fixed in

Sequence divergence is the basis for the evolutionary clock | SECTION 1.4.4 1
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the population.

A contentious issue is what proportion of mutational changes in an amino acid
sequence are neutral, that is, without any effect on the function of the protein, and
able therefore to accrue as the result of random drift and fixation.

The rate at which mutational changes accumulate is a characteristic of each protein,
presumably depending at least in part on its flexibility with regard to change. Within
a gpecies, a protein evolves by mutational substitution, followed by elimination or
fixation within the single breeding pool. Remember that when we scrutinize the gene
pool of a species, we see only the variants that have survived. When multiple
variants are present, they may be stable (because neither has any selective advantage)
or one may in fact be transient because it isin process of being displaced.

When a species separates into two new species, each now constitutes an independent
pool for evolution. By comparing the corresponding proteins in two species, we see
the differences that have accumulated between them since the time when their
ancestors ceased to interbreed. Some proteins are highly conserved, showing little or
no change from species to species. This indicates that aimost any change is
deleterious and therefore selected against.

The difference between two proteins is expressed as their diver gence, the percent of
positions at which the amino acids are different. The divergence between proteins
can be different from the divergence between the corresponding nucleic acid
sequences. The source of this difference is the representation of each amino acid in a
three-base codon, in which often the third base has no effect on the meaning.

We may divide the nucleotide sequence of a coding region into potential
replacement sites and silent sites:

o At replacement sites, a mutation alters the amino acid that is coded. The effect of
the mutation (deleterious, neutral, or advantageous) depends on the result of the
amino acid replacement.

o At silent sites, mutation only substitutes one synonym codon for another, so
there is no change in the protein. Usually the replacement sites account for 75%
of a coding sequence and the silent sites provide 25%.

In addition to the coding sequence, a gene contains nontranslated regions. Here
again, mutations are potentially neutral, apart from their effects on either secondary
structure or (usually rather short) regulatory signals.

Although silent mutations are neutral with regard to the protein, they could affect
gene expression via the sequence change in RNA. For example, a change in
secondary structure might influence transcription, processing, or trandation. Another
possibility isthat a change in synonym codons calls for a different tRNA to respond,
influencing the efficiency of trandation.

The mutations in replacement sites should correspond with the amino acid
divergence (determined by the percent of changesin the protein sequence). A nucleic

Sequence divergence is the basis for the evolutionary clock
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acid divergence of 0.45% at replacement sites corresponds to an amino acid
divergence of 1% (assuming that the average number of replacement sites per codon
is 2.25). Actually, the measured divergence underestimates the differences that have
occurred during evolution, because of the occurrence of multiple events at one
codon. Usually a correction is made for this.

To take the example of the human - and 4-globin chains, there are 10 differencesin
146 residues, a divergence of 6.9%. The DNA sequence has 31 changes in 441
residues. However, these changes are distributed very differently in the replacement
and silent sites. There are 11 changes in the 330 replacement sites, but 20 changesin
only 111 silent sites. This gives (corrected) rates of divergence of 3.7% in the
replacement sites and 32% in the silent sites, aimost an order of magnitude in
difference.

The striking difference in the divergence of replacement and silent sites demonstrates
the existence of much greater constraints on nucleotide positions that influence
protein congtitution relative to those that do not. So probably very few of the amino
acid changes are neutral.

Suppose we take the rate of mutation at silent sites to indicate the underlying rate of
mutational fixation (this assumes that there is no selection at all at the silent sites).
Then over the period since the B and 6 genes diverged, there should have been
changes at 32% of the 330 replacement sites, a total of 105. All but 11 of them have
been eliminated, which means that ~90% of the mutations did not survive.

The divergence between any pair of globin sequences is (more or less) proportional
to the time since they separated. This provides an evolutionary clock that measures
the accumulation of mutations at an apparently even rate during the evolution of a
given protein.

The rate of divergence can be measured as the percent difference per million years,
or asits reciprocal, the unit evolutionary period (UEP), the time in millions of years
that it takes for 1% divergence to develop. Once the clock has been established by
pairwise comparisons between species (remembering the practical difficulties in
establishing the actual time of speciation), it can be applied to related genes within a
species. From their divergence, we can calculate how much time has passed since the
duplication that generated them.

By comparing the sequences of homologous genes in different species, the rate of
divergence at both replacement and silent sites can be determined, as plotted in
Figure4.7.

Sequence divergence is the basis for the evolutionary clock
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Figure 4.7 Divergence of DNA sequences depends on
evolutionary separation. Each point on the graph represents a
pairwise comparison.

In pairwise comparisons, there is an average divergence of 10% in the replacement
sites of either the o- or B-globin genes of mammals that have been separated since
the mammalian radiation occurred ~85 million years ago. This corresponds to a
replacement divergence rate of 0.12% per million years.

The rate is steady when the comparison is extended to genes that diverged in the
more distant past. For example, the average replacement divergence between
corresponding mammalian and chicken globin genes is 23%. Relative to a separation
~270 million years ago, this gives arate of 0.09% per million years.

Going further back, we can compare the a- with the B-globin genes within a species.
They have been diverging since the individual gene types separated > 500 million
years ago (see Figure 4.6). They have an average replacement divergence of ~50%,
which gives arate of 0.1% per million years.

The summary of these data in Figure 4.7 shows that replacement divergence in the
globin genes has an average rate of ~0.096% per million years (or a UEP of 10.4).
Considering the uncertainties in estimating the times at which the species diverged,
the results lend good support to the idea that there isalinear clock.

The data on silent site divergence are much less clear. In every case, it is evident that
the silent site divergence is much greater than the replacement site divergence, by a
factor that varies from 2 to 10. But the spread of silent site divergences in pairwise
comparisons is too great to show whether a clock is applicable (so we must base
temporal comparisons on the replacement sites).

From Figure 4.7, it is clear that the rate at silent sites is not linear with regard to
time. If we assume that there must be zero divergence at zero years of separation, we
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see that the rate of silent site divergence is much greater for the first ~100 million
years of separation. One interpretation is that a fraction of roughly half of the silent
sites is rapidly (within 100 million years) saturated by mutations; this fraction
behaves as neutra sites. The other fraction accumulates mutations more slowly, at a
rate approximately the same as that of the replacement sites; this fraction identifies
sites that are silent with regard to the protein, but that come under selective pressure
for some other reason.

Now we can reverse the calculation of divergence rates to estimate the times since
genes within a species have been apart. The difference between the human 3 and &
genes is 3.7% for replacement sites. At a UEP of 10.4, these genes must have
diverged 10.4 x 3.7 = 40 million years ago — about the time of the separation of the
lines leading to New World monkeys, Old World monkeys, great apes, and man. All
of these higher primates have both B and & genes, which suggests that the gene
divergence commenced just before this point in evolution.

Proceeding further back, the divergence between the replacement sites of y and €
genesis 10%, which corresponds to a time of separation ~100 million years ago. The
separation between embryonic and fetal globin genes therefore may have just
preceded or accompanied the mammalian radiation.

An evolutionary tree for the human globin genes is constructed in Figure 4.8.
Features that evolved before the mammalian radiation — such as the separation of 3/
o from y — should be found in all mammals. Features that evolved afterward — such
as the separation of - and d-globin genes — should be found in individua lines of
mammals.

Globin genes evolved over 500 million years
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Figure 4.8 Replacement site divergences between pairs of 3
-globin genes alow the history of the human cluster to be
reconstructed. This tree accounts for the separation of classes of
globin genes.

In each species, there have been comparatively recent changes in the structures of the
clusters, since we see differences in gene number (one adult B-globin gene in man,
two in mouse) or in type (most often concerning whether there are separate

Sequence divergence is the basis for the evolutionary clock

SECTION1.44 5

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT _

EEE )
erg;to B ‘ Molecular Biology

com

embryonic and fetal genes).

When sufficient data have been collected on the sequences of a particular gene, the
arguments can be reversed, and comparisons between genes in different species can
be used to assess taxonomic relationships.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.4.4
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CLUSTERS AND REPEATS

1.4.5 The rate of neutral substitution can be
measured from divergence of repeated sequences

Key Concepts

e The rate of substitution per year at neutral sitesis greater in the mouse than in the
human genome.

We can make the best estimate of the rate of substitution at neutral sites by
examining sequences that do not code for protein. (We use the term neutral here
rather than silent, because there is no coding potential). An informative comparison
can be made by comparing the members of common repetitive family in the human
and mouse genomes (3203).

The principle of the analysis is summarized in Figure 4.9. We start with a family of
related sequences that have evolved by duplication and substitution from an original
family member. We assume that the common ancestral sequence can be deduced by
taking the base that is most common at each position. Then we can calculate the
divergence of each individual family member as the proportion of bases that differ
from the deduced ancestral sequence. In this example, individual members vary from
0.13 - 0.18 divergence, and the average is 0.16.

e T 7/38 = 0.18
6/38=0.16
B/38=0.16
B28=016
E/38=0.16
7/38=0.18
T138=018
5/38=013
6/38 =0.16

t

Calculate consensus sequence Calculate

divergance
“ from
CONSensus

BCGTGCATGTTCGG seQuence
rualiext www @rQI0 com

Figure 4.9 An ancestral consensus sequence for afamily is calculated by
taking the most common base at each position. The divergence of each
existing current member of the family is calculated as the proportion of
bases at which it differs from the ancestral sequence.

One family used for this analysis in the human and mouse genomes derives from a
sequence that is thought to have ceased to be active at about the time of the

The rate of neutral substitution can be measured from divergence of repeated sequences
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divergence between Man and rodents (the LINES family; see Molecular
Biology 4.17.9 Retroposons fall into three classes ). This means that it has been
diverging without any selective pressure for the same length of time in both species.
Its average dlvergence in Man is ~0.17 substitutions per site, corresponding to a rate
of 2.2 x 10 substitutions per base per year over the 75 million years since the
separation. In the mouse genome, however, neutral substitutions have occurred at
twice th|s rate, corresponding to 0.34 substitutions per site in the family, or arate of
4.5 x 107° .However, note that if we calculated the rate per generation instead of per
year, it would be greater in Man than in mouse (~2.2 x 10°® as opposed to ~107).

These figures probably underestimate the rate of substitution in the mouse, because
at the time of divergence the rates in both species would have been the same, and the
difference must have evolved since then. The current rate of neutral substitution per
year in the mouse is probably 2-3x greater than the historical average. These rates
reflect the balance between the occurrence of mutations and the ability of the genetic
system of the organism to correct them. The difference between the species
demonstrates that each species has systems that operate with a characteristic
efficiency.

Comparing the mouse and human genomes allows us to assess whether syntenic
(corresponding) sequences show signs of conservation or have differed at the rate
expected from accumulation of neutral substitutions. The proportion of sites that
show signs of selection is ~5%. This is much higher than the proportion that codes
for protein or RNA (~1%). It implies that the genome includes many more stretches
whose sequence is important for non-coding functions than for coding functions.
Known regulatory elements are likely to comprise only a small part of this
proportion. This number also suggests that most (i.e., the rest) of the genome
sequences do not have any function that depends on the exact sequence.

Last updated on 12-20-2002
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CLUSTERS AND REPEATS
1.4.6 Pseudogenes are dead ends of evolution

Key Concepts

e Pseudogenes have no coding function, but they can be recognized by sequence
similarities with existing functional genes. They arise by the accumulation of
mutations in (formerly) functional genes.

Pseudogenes ( ¥ ) are defined by their possession of sequences that are related to
those of the functional genes, but that cannot be translated into a functional protein.

Some pseudogenes have the same general structure as functional genes, with
sequences corresponding to exons and introns in the usual locations. They may have
been rendered inactive by mutations that prevent any or all of the stages of gene
expression. The changes can take the form of abolishing the signals for initiating
transcription, preventing splicing at the exon-intron junctions, or prematurely
terminating trandation.

Usually a pseudogene has several deleterious mutations. Presumably once it ceased
to be active, there was no impediment to the accumulation of further mutations.
Pseudogenes that represent inactive versions of currently active genes have been
found in many systems, including globin, immunoglobulins, and histocompatibility
antigens, where they are located in the vicinity of the gene cluster, often interspersed
with the active genes.

A typical example is the rabbit pseudogene, W 3 2, which has the usual organization
of exons and introns, and is related most closely to the functional globin gene 8 1.
But it is not functional. Figure 4.10 summarizes the many changes that have
occurred in the pseudogene. The deletion of a base pair at codon 20 of W 3 2 has
caused a frameshift that would lead to termination shortly after. Several point
mutations have changed later codons representing amino acids that are highly
conserved in the B globins. Neither of the two introns any longer possesses
recognizable boundaries with the exons, so probably the introns could not be spliced
out even if the gene were transcribed. However, there are no transcripts
corresponding to the gene, possibly because there have been changes in the 5’
flanking region.

Pseudogenes are dead ends of evolution
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A pseudogene accumulates inactivating mutations
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Figure 4.10 Many changes have occurred in a B globin gene since it became a
pseudogene.

Since this list of defects includes mutations potentially preventing each stage of gene
expression, we have ho means of telling which event originally inactivated this gene.
However, from the divergence between the pseudogene and the functional gene, we
can estimate when the pseudogene originated and when its mutations started to
accumulate.

If the pseudogene had become inactive as soon as it was generated by duplication
from B 1, we should expect both replacement site and silent site divergence rates to
be the same. (They will be different only if the gene is trandlated to create selective
pressure on the replacement sites.) But actually there are fewer replacement site
substitutions than silent site substitutions. This suggests that at first (while the gene
was expressed) there was selection against replacement site substitution. From the
relative extents of substitution in the two types of site, we can calculate that ¥ 3 2
diverged from B 1 ~55 million years ago, remained a functional gene for 22 million
years, but has been a pseudogene for the last 33 million years.

Similar calculations can be made for other pseudogenes. Some appear to have been
active for some time before becoming pseudogenes, but others appear to have been
inactive from the very time of their origina generation. The genera point made by
the structures of these pseudogenes is that each has evolved independently during the
development of the globin gene cluster in each species. This reinforces the
conclusion that the creation of new genes, followed by their acceptance as functional
duplicates, variation to become new functional genes, or inactivation as pseudogenes,
is acontinuing process in the gene cluster. Most gene families have members that are
pseudogenes. Usually the pseudogenes represent a small minority of the total gene
number.

The mouse ¥ o 3 globin gene has an interesting property: it precisely lacks both
introns. Its sequence can be aligned (allowing for accumul ated mutations) with the o
-globin mMRNA. The apparent time of inactivation coincides with the origina
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duplication, which suggests that the original inactivating event was associated with
the loss of introns.

Inactive genomic sequences that resemble the RNA transcript are called processed
pseudogenes. They originate by insertion at some random site of a product derived
from the RNA, following a retrotransposition event, as discussed in Retroviruses and
retroposons . Their characteristic features are summarized in Figure 17.19.

If pseudogenes are evolutionary dead ends, simply an unwanted accompaniment to
the rearrangement of functional genes, why are they still present in the genome? Do
they fulfill any function or are they entirely without purpose, in which case there
should be no selective pressure for their retention?

We should remember that we see those genes that have survived in present
populations. In past times, any number of other pseudogenes may have been
eliminated. This elimination could occur by deletion of the sequence as a sudden
event or by the accretion of mutations to the point where the pseudogene can no
longer be recognized as a member of its original sequence family (probably the
ultimate fate of any pseudogene that is not suddenly eliminated).

Even relics of evolution can be duplicated. In the B -globin genes of the goat, there
are three adult species, B A, B B, and B C (see Figure 4.5). Each of these has a
pseudogene a few kb upstream of it. The pseudogenes are better related to each other
than to the adult B -globin genes; in particular, they share severa inactivating
mutations. Also, the adult B -globin genes are better related to each other than to the
pseudogenes. This implies that an original W 3 - B structure was itself duplicated,
giving functional  genes (which diverged further) and two nonfunctional genes
(which diverged into the current pseudogenes).

The mechanisms responsible for gene duplication, deletion, and rearrangement act
on all sequences that are recognized as members of the cluster, whether or not they
are functional. It isleft to selection to discriminate among the products.

By definition, pseudogenes do not code for proteins, and usualy they have no
function at all, but in at least one exceptional case, a pseudogene has a regulatory
function. Transcription of a pseudogene inhibits degradation of the mRNA produced
by its homologous active gene (3996). Probably there is a protein responsible for this
degradation that binds a specific sequence in the mRNA. If this sequence is also
present in the RNA transcribed from the pseudogene, the effect of the protein will be
diluted when the pseudogene is transcribed. It isnot clear how common such effects
may be, but as a general rule, we might expect dilution effects of this type to be
possible whenever pseudogenes are transcribed.

Last updated on 7-16-2003
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CLUSTERS AND REPEATS

1.4.7 Unequal crossing-over rearranges gene
clusters

Key Terms

Nonreciprocal recombination (unequal crossing-over) results from an error in
pairing and crossing-over in which nonequivalent sites areinvolved in a
recombination event. It produces one recombinant with a deletion of material and
one with a duplication.

Thalassemia is disease of red blood cells resulting from lack of either o or B globin.

HbH disease results from a condition in which there is a disproportionate amount of
the abnormal tetramer 3, relative to the amount of normal hemoglobin ().

Hydropsfetalisisafatal disease resulting from the absence of the hemoglobin o
gene.

Hb Leporeisan unusual globin protein that results from unequal crossing-over
between the 3 and 6 genes. The genes become fused together to produce asingle
B -like chain that consists of the N-terminal sequence of d joined to the
C-terminal sequenceof 3 .

Hb anti-L eporeisafusion gene produced by unequal crossing-over that has the
N-terminal part of B globin and the C-terminal part of 5 globin.

Hb Kenyaisafusion gene produced by unequal crossing-over between the between
A yand 3 globin genes.

Key Concepts

e When a genome contains a cluster of genes with related sequences, mispairing
between nonallelic genes can cause unequal crossing-over. This produces a
deletion in one recombinant chromosome and a corresponding duplication in the
other.

e Different thalassemias are caused by various deletions that eliminate o.- or 3-globin
genes. The severity of the disease depends on the individual deletion.

There are frequent opportunities for rearrangement in a cluster of related or identical
genes. We can see the results by comparing the mammalian B clusters included in
Figure 4.5. Although the clusters serve the same function, and all have the same
general organization, each is different in size, there is variation in the total humber
and types of B-globin genes, and the numbers and structures of pseudogenes are
different. All of these changes must have occurred since the mammalian radiation,
~85 million years ago (the last point in evolution common to all the mammals).

The comparison makes the general point that gene duplication, rearrangement, and
variation is as important a factor in evolution as the dow accumulation of point
mutations in individual genes. What types of mechanisms are responsible for gene
reorganization?

Unequal crossing-over rearranges gene clusters
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Unequal crossing-over (also known as nonreciprocal recombination) can occur as
the result of paring between two sites that are not homologous. Usually,
recombination involves corresponding sequences of DNA held in exact alignment
between the two homologous chromosomes. However, when there are two copies of
a gene on each chromosome, an occasiona misalignment allows pairing between
them. (This requires some of the adjacent regionsto go unpaired.) This can happen in
aregion of short repeats (see Figure 4.1) or in agene cluster. Figure 4.11 shows that
unequal crossing-over in a gene cluster can have two consequences, quantitative and
qualitative:

Unequal crossing-over creates a duplication and a deletion

Narmal crossing-over

G : :
Chromosome 1 Ff‘}?}i\]!‘ F’L\%i%
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Figure 4.11 Gene number can be changed by unequa crossing-over. If gene 1 of one
chromosome pairs with gene 2 of the other chromosome, the other gene copies are excluded
from pairing. Recombination between the mispaired genes produces one chromosome with a
single (recombinant) copy of the gene and one chromosome with three copies of the gene (one
from each parent and one recombinant).

e The number of repeats increases in one chromosome and decreases in the other.
In effect, one recombinant chromosome has a deletion and the other has an
insertion. This happens irrespective of the exact location of the crossover. In the
figure, the first recombinant has an increase in the number of gene copies from 2
to 3, while the second has a decrease from 2 to 1.

o |f the recombination event occurs within a gene (as opposed to between genes),
the result depends on whether the recombining genes are identical or only
related. If the noncorresponding gene copies 1 and 2 are entirely homologous,
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there is no change in the sequence of either gene. However, unequal
crossing-over also can occur when the adjacent genes are well related (although
the probability is less than when they are identical). In this case, each of the
recombinant genes has a sequence that is different from either parent.

Whether the chromosome has a selective advantage or disadvantage will depend on
the consequence of any change in the sequence of the gene product as well as on the
change in the number of gene copies.

An obstacle to unequal crossing-over is presented by the interrupted structure of the
genes. In a case such as the globins, the corresponding exons of adjacent gene copies
are likely to be well enough related to support pairing; but the sequences of the
introns have diverged appreciably. The restriction of pairing to the exons
considerably reduces the continuous length of DNA that can be involved. This
lowers the chance of unequal crossing-over. So divergence between introns could
enhance the stability of gene clusters by hindering the occurrence of unequal
crossing-over.

Thalassemias result from mutations that reduce or prevent synthesis of either o or 3
globin. The occurrence of unequal crossing-over in the human globin gene clustersis
revealed by the nature of certain thalassemias.

Many of the most severe thalassemias result from deletions of part of a cluster. In at
least some cases, the ends of the deletion lie in regions that are homologous, which is
exactly what would be expected if it had been generated by unequal crossing-over.

Figure 4.12 summarizes the deletions that cause the o-thalassemias. o-thal-1
deletions are long, varying in the location of the left end, with the positions of the
right ends located beyond the known genes. They eliminate both the o genes. The
o-thal-2 deletions are short and eliminate only one of the two o genes. The L
deletion removes 4.2 kb of DNA, including the a2 gene. It probably results from
unequal crossing-over, because the ends of the deletion lie in homologous regions,
just to the right of the y ov and o2 genes, respectively. The R deletion results from
the removal of exactly 3.7 kb of DNA, the precise distance between the a1 and o2
genes. It appears to have been generated by unequal crossing-over between the ol
and o2 genes themselves. Thisis precisely the situation depicted in Figure 4.11.

Unequal crossing-over rearranges gene clusters
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Figure 4.12 Thalassemias result from various deletions in the
o -globin gene cluster.

Depending on the diploid combination of thalassemic chromosomes, an affected
individual may have any number of o chains from zero to three. There are few
differences from the wild type (four oo genes) in individuals with three or two o
genes. But with only one o gene, the excess 3 chains form the unusua tetramer 3 ,
which causes HbH disease. The complete absence of o genes results in hydrops
fetalis, which isfatal at or before birth.

The same unequal crossing-over that generated the thalassemic chromosome should
aso have generated a chromosome with three o genes. Individuas with such
chromosomes have been identified in several populations. In some populations, the
frequency of the triple o locus is about the same as that of the single o locus; in
others, the triple o genes are much less common than single agenes. This suggests
that (unknown) selective factors operate in different populations to adjust the gene
levels.

Variations in the number of o genes are found relatively frequently, which argues
that unequal crossing-over in the cluster must be fairly common. It occurs more often
in the o cluster than in the B cluster, possibly because the introns in oo genes are
much shorter, and therefore present less impediment to mispairing between
nonhomologous genes.

The deletions that cause B-thalassemias are summarized in Figure 4.13. In some
(rare) cases, only the B gene is affected. These have a deletion of 600 bp, extending
from the second intron through the 3 ” flanking regions. In the other cases, more than
one gene of the cluster is affected. Many of the deletions are very long, extending
from the 5’ end indicated on the map for >50 kb toward the right.

Unequal crossing-over rearranges gene clusters
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Figure 4.13 Deletions in the 3 -globin gene cluster
cause several types of thalassemia

The Hb Lepore type provided the classic evidence that deletion can result from
unegual crossing-over between linked genes. The B and & genes differ only ~7% in
sequence. Unequal recombination deletes the material between the genes, thus fusing
them together (see Figure 4.11). The fused gene produces a single B-like chain that
consists of the N-terminal sequence of & joined to the C-terminal sequence of .

Several types of Hb Lepore now are known, the difference between them lying in the
point of transition from & to B sequences. So when the & and B genes pair for unequal
crossing-over, the exact point of recombination determines the position at which the
switch from & to B sequence occurs in the amino acid chain.

The reciprocal of this event has been found in the form of Hb anti-L epore, which is
produced by a gene that has the N-terminal part of B and the C-terminal part of & .
The fusion gene lies between normal & and B genes.

Evidence that unequal crossing-over can occur between more distantly related genes
is provided by the identification of Hb Kenya, another fused hemoglobin. This
contains the N-terminal sequence of the * v gene and the C-terminal sequence of the
B gene. The fusion must have resulted from unequal crossing-over between * y and B,
which differ ~20% in sequence.

From the differences between the globin gene clusters of various mammals, we see
that duplication followed (sometimes) by variation has been an important feature in
the evolution of each cluster. The human thalassemic deletions demonstrate that
unequal crossing-over continues to occur in both globin gene clusters. Each such
event generates a duplication as well as the deletion, and we must account for the

Unequal crossing-over rearranges gene clusters
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fate of both recombinant loci in the population. Deletions can also occur (in
principle) by recombination between homologous sequences lying on the same
chromosome. This does not generate a corresponding duplication.

It is difficult to estimate the natural frequency of these events, because selective
forces rapidly adjust the levels of the variant clusters in the population. Generally a
contraction in gene number is likely to be deleterious and selected against. However,
in some populations, there may be a balancing advantage that maintains the deleted
form at alow frequency.

The structures of the present human clusters show several duplications that attest to
the importance of such mechanisms. The functional sequences include two o genes
coding the same protein, fairly well related 3 and & genes, and two almost identical vy
genes. These comparatively recent independent duplications have survived in the
population, not to mention the more distant duplications that originally generated the
various types of globin genes. Other duplications may have given rise to
pseudogenes or have been lost. We expect continual duplication and deletion to be a
feature of al gene clusters.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.4.7
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CLUSTERS AND REPEATS
1.4.8 Genes for rRNA form tandem repeats

Key Terms

Ribosomal DNA (rDNA) is usually atandemly repeated series of genes coding for a
precursor to the two large rRNAs.

The nucleolus (nucleoli) is adiscrete region of the nucleus where ribosomes are
produced.

The nucleolar organizer isthe region of achromosome carrying genes coding for
rRNA.

The nontranscribed spacer isthe region between transcription unitsin atandem
gene cluster.

Key Concepts

e Ribosomal RNA is coded by alarge number of identical genes that are tandemly
repeated to form one or more clusters.

e Each rDNA cluster is organized so that transcription units giving ajoint precursor
to the major rRNAs aternate with nontranscribed spacers.

In the cases we have discussed so far, there are differences between the individual
members of a gene cluster that allow selective pressure to act independently upon
each gene. A contrast is provided by two cases of large gene clusters that contain
many identical copies of the same gene or genes. Most organisms contain multiple
copies of the genes for the histone proteins that are a major component of the
chromosomes; and there are ailmost always multiple copies of the genes that code for
the ribosomal RNASs. These situations pose some interesting evolutionary questions.

Ribosoma RNA is the predominant product of transcription, constituting some
80-90% of the total mass of cellular RNA in both eukaryotes and prokaryotes. The
number of major rRNA genes varies from 7 in E. coli, 100-200 in lower eukaryotes,
to several hundred in higher eukaryotes. The genes for the large and small rRNA
(found respectively in the large and small subunits of the ribosome) usually form a
tandem pair. (The sole exception is the yeast mitochondrion.)

The lack of any detectable variation in the sequences of the rRNA molecules implies
that al the copies of each gene must be identical, or at least must have differences
below the level of detection in rRNA (~1%). A point of maor interest is what
mechanism(s) are used to prevent variations from accruing in the individua
sequences.

In bacteria, the multiple rRNA gene pairs are dispersed. In most eukaryotic nucle,
the rRNA genes are contained in a tandem cluster or clusters. Sometimes these
regions are called rDNA. (In some cases, the proportion of rDNA in the total DNA,
together with its atypical base composition, is great enough to allow itsisolation as a

Genes for rRNA form tandem repeats
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separate fraction directly from sheared genomic DNA.) An important diagnostic
feature of atandem cluster is that it generates a circular restriction map, as shown in
Figure4.14.

A repeat cluster generates a circular restriction map

Linear organization of cluster

Repeal 1 Repeal 2 Repeat 3 Repeal 4
Nantranscribed spacer Transcription unit
R — e e e N

Restriction cleavage siles
X A C©1 AEB G} A@EB Ci A WRY
Restriction map
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Figure 4.14 A tandem gene cluster has an alternation of transcription unit and
nontranscribed spacer and generates a circular restriction map.

Suppose that each repeat unit has 3 restriction sites. In the example shown in the
figure, fragments A and B are contained entirely within arepeat unit, and fragment C
contains the end of one repeat and the beginning of the next. When we map these
fragments by conventional means, we find that A is next to B, which is next to C,
which is next to A, generating the circular map. If the cluster is large, the internal
fragments (A, B, C) will be present in much greater quantities than the terminal
fragments (X, Y) which connect the cluster to adjacent DNA. In a cluster of 100
repeats, X and Y would be present at 1% of the level of A, B, C. This can make it
difficult to obtain the ends of a gene cluster for mapping purposes.

The region of the nucleus where rRNA synthesis occurs has a characteristic
appearance, with a core of fibrillar nature surrounded by a granular cortex. The
fibrillar core is where the rRNA is transcribed from the DNA template; and the
granular cortex is formed by the ribonucleoprotein particles into which the rRNA is
assembled. The whole area is called the nucleolus. Its characteristic morphology is
evident in Figure 4.15.

Genes for rRNA form tandem repeats
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Figure 4.15 The nucleolar core identifies rDNA under
transcription, and the surrounding granular cortex consists of
assembling ribosomal subunits. This thin section shows the
nucleolus of the newt Notopthalmus viridescens. Photograph
kindly provided by Oscar Miller.

The particular chromosomal regions associated with a nucleolus are called nucleolar
organizers. Each nucleolar organizer corresponds to a cluster of tandemly repeated
rRNA genes on one chromosome. The concentration of the tandemly repeated rRNA
genes, together with their very intensive transcription, is responsible for creating the
characteristic morphology of the nucleoli.

The pair of major rRNAS is transcribed as a single precursor in both bacteria and
eukaryotic nuclei. Following transcription, the precursor is cleaved to release the
individual rRNA molecules. The transcription unit is shortest in bacteria and is
longest in mammals (where it is known as 45S RNA, according to its rate of
sedimentation). An rDNA cluster contains many transcription units, each separated
from the next by a nontranscribed spacer. The aternation of transcription unit and
nontranscribed spacer can be seen directly in electron micrographs. The example
shown in Figure 4.16 is taken from the newt N. viridescens, in which each
transcription unit is intensively expressed, so that many RNA polymerases are
simultaneously engaged in transcription on one repeating unit. The polymerases are
so closely packed that the RNA transcripts form a characteristic matrix displaying
increasing length along the transcription unit.

Genes for rRNA form tandem repeats
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Figure 4.16 Transcription of rDNA clusters
generates a series of matrices, each corresponding to
one transcription unit and separated from the next by
the nontranscribed spacer. Photograph  kindly
provided by Oscar Miller.
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CLUSTERS AND REPEATS

1.4.9 The repeated genes for rRNA maintain
constant sequence

Key Terms

Bam islands are a series of short, repeated sequences found in the nontranscribed
spacer of Xenopus rDNA genes. The name reflects their isolation by use of the
Baml restriction enzyme.

Key Concepts
e The genesin an rDNA cluster all have an identical sequence.

e The nontranscribed spacers consist of shorter repeating units whose number varies
so that the lengths of individual spacers are different.

The nontranscribed spacer varies widely in length between and (sometimes) within
species. In yeast there is a short nontranscribed spacer, relatively constant in length.
In D. melanogaster, there is amost a twofold variation in the length of the
nontranscribed spacer between different copies of the repeating unit. A similar
situation is seen in X. laevis. In each of these cases, al of the repeating units are
present as a single tandem cluster on one particular chromosome. (In the example of
D. melanogaster, this happens to be the sex chromosome. The cluster on the X
chromosome is larger than that on the Y chromosome, so female flies have more
copies of the rRNA genes than male flies.)

In mammals the repeating unit is very much larger, comprising the transcription unit
of ~13 kb and a nontranscribed spacer of ~30 kb. Usually, the genes lie in severa
dispersed clusters — in the case of man and mouse residing on five and six
chromosomes, respectively. One interesting (but unanswered) question is how the
corrective mechanisms that presumably function within a single cluster to ensure
constancy of rRNA sequence are able to work when there are several clusters.

The variation in length of the nontranscribed spacer in a single gene cluster contrasts
with the conservation of sequence of the transcription unit. In spite of this variation,
the sequences of longer nontranscribed spacers remain homologous with those of the
shorter nontranscribed spacers. This implies that each nontranscribed spacer is
internally repetitious, so that the variation in length results from changes in the
number of repeats of some subunit.

The general nature of the nontranscribed spacer is illustrated by the example of X.
laevis.Figure 4.17 illustrates the situation. Regions that are fixed in length alternate
with regions that vary. Each of the three repetitious regions comprises a variable
number of repeats of a rather short sequence. One type of repetitious region has
repeats of a 97 bp sequence; the other, which occurs in two locations, has a repeating
unit found in two forms, 60 bp and 81 bp long. The variation in the number of
repeating units in the repetitious regions accounts for the overall variation in spacer

The repeated genes for rRNA maintain constant sequence
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length. The repetitious regions are separated by shorter constant sequences called
Bam islands. (This description takes its name from their isolation via the use of the
BamHI restriction enzyme.) From this type of organization, we see that the cluster
has evolved by duplications involving the promoter region.

The rDNA promoter has repetitious regions

Repetitious Repetitious Repelilious

region 1 Bam f€3i0N2 5. region 3 E'l'arﬁﬂﬁwibﬁqn
island island island
~500 bp ~300 bp ~300 bp

o7 bprepeats  G60/81 bp repeats  60/81 bp repeats
Variable length  Variable length Variable length

2300 - 5300 bp

rualtaxt www, EFGIHG com

Figure 4.17 The nontranscribed spacer of X. laevis rDNA has an internally
repetitious structure that is responsible for its variation in length. The Bam islands
are short constant sequences that separate the repetitious regions.

We need to explain the lack of variation in the expressed copies of the repeated
genes. One model would suppose that there is a quantitative demand for a certain
number of "good" segquences. But this would enable mutated sequences to
accumulate up to a point at which their proportion of the cluster is great enough for
selective pressure to be exerted. We can exclude such models because of the lack of
such variation in the cluster.

The lack of variation implies the existence of selective pressure in some form that is
sensitive to individual variations. One model would suppose that the entire cluster is
regenerated periodically from one or from avery few members. As a practical matter
any mechanism would need to involve regeneration every generation. We can
exclude such models because a regenerated cluster would not show variation in the
nontranscribed regions of the individual repeats.

We are left with a dilemma. Variation in the nontranscribed regions suggests that
there is frequent unequal crossing over. This will change the size of the cluster, but
will not otherwise change the properties of the individua repeats. So how are
mutations  prevented from accumulating? We see in Molecular
Biology 1.4.10 Crossover fixation could maintain identical repeats that continuous
contraction and expansion of a cluster may provide a mechanism for homogenizing
its copies.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.1.4.9
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CLUSTERS AND REPEATS

1.4.10 Crossover fixation could maintain identical
repeats

Key Terms

Concerted evolution describes the ability of two related genes to evolve together as
though constituting a single locus.

Coincidental evolution (Coevolution) describes a situation in which two genes
evolve together as a single unit.

Gene conversion is the ateration of one strand of a heteroduplex DNA to make it
complementary with the other strand at any position(s) where there were
mispaired bases.

Crossover fixation refersto a possible consequence of unequal crossing-over that
allows amutation in one member of atandem cluster to spread through the whole
cluster (or to be eliminated).

Key Concepts
e Unequal crossing-over changes the size of a cluster of tandem repeats.

e Individual repeating units can be eliminated or can spread through the cluster.

The same problem is encountered whenever a gene has been duplicated. How can
selection be imposed to prevent the accumulation of deleterious mutations?

The duplication of a gene is likely to result in an immediate relaxation of the
evolutionary pressure on its sequence. Now that there are two identical copies, a
change in the sequence of either one will not deprive the organism of a functional
protein, since the original amino acid sequence continues to be coded by the other
copy. Then the selective pressure on the two genes is diffused, until one of them
mutates sufficiently away from its origina function to refocus all the selective
pressure on the other.

Immediately following a gene duplication, changes might accumulate more rapidly
in one of the copies, leading eventually to a new function (or to its disuse in the form
of a pseudogene). If a new function develops, the gene then evolves at the same,
slower rate characteristic of the origina function. Probably this is the sort of
mechanism responsible for the separation of functions between embryonic and adult
globin genes.

Y et there are instances where duplicated genes retain the same function, coding for
the identical or nearly identical proteins. Identical proteins are coded by the two
human o.-globin genes, and there is only a single amino acid difference between the
two y-globin proteins. How is selective pressure exerted to maintain their sequence
identity?

Crossover fixation could maintain identical repeats
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The most obvious possihility is that the two genes do not actually have identical
functions, but differ in some (undetected) property, such as time or place of
expression. Another possibility is that the need for two copies is quantitative,
because neither by itself produces a sufficient amount of protein.

In more extreme cases of repetition, however, it isimpossible to avoid the conclusion
that no single copy of the gene is essential. When there are many copies of a gene,
the immediate effects of mutation in any one copy must be very dlight. The
conseguences of an individual mutation are diluted by the large number of copies of
the gene that retain the wild-type sequence. Many mutant copies could accumulate
before alethal effect is generated.

Lethality becomes quantitative, a conclusion reinforced by the observation that half
of the units of the rDNA cluster of X. laevis or D. melanogaster can be deleted
without ill effect. So how are these units prevented from gradually accumulating
deleterious mutations? And what chance is there for the rare favorable mutation to
display its advantagesin the cluster?

The basic principle of models to explain the maintenance of identity among repeated
copies is to suppose that nonallelic genes are not independently inherited, but must
be continually regenerated from one of the copies of a preceding generation. In the
simplest case of two identical genes, when a mutation occurs in one copy, either itis
by chance eliminated (because the sequence of the other copy takes over), or it is
spread to both duplicates (because the mutant copy becomes the dominant version).
Spreading exposes a mutation to selection. The result is that the two genes evolve
together as though only a single locus existed. This is called coincidental evolution
or concerted evolution (occasionally coevolution). It can be applied to a pair of
identical genes or (with further assumptions) to a cluster containing many genes.

One mechanism supposes that the sequences of the nonallelic genes are directly
compared with one another and homogenized by enzymes that recognize any
differences. This can be done by exchanging single strands between them, to form
genes one of whose strands derives from one copy, one from the other copy. Any
differences show as improperly paired bases, which attract attention from enzymes
able to excise and replace a base, so that only A-T and G-C pairs survive. This type
of event is caled gene conversion and is associated with genetic recombination as
described in Molecular Biology 4.15 Recombination and repair.

We should be able to ascertain the scope of such events by comparing the sequences
of duplicate genes. If they are subject to concerted evolution, we should not see the
accumulation of silent site substitutions between them (because the homogenization
process applies to these as well as to the replacement sites). We know that the extent
of the maintenance mechanism need not extend beyond the gene itself, since there
are cases of duplicate genes whose flanking sequences are entirely different. Indeed,
we may see abrupt boundaries that mark the ends of the sequences that were
homogenized.

We must remember that the existence of such mechanisms can invalidate the
determination of the history of such genes via their divergence, because the
divergence reflects only the time since the last homogenization/regeneration event,
not the original duplication.

Crossover fixation could maintain identical repeats
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The crossover fixation model supposes that an entire cluster is subject to continual
rearrangement by the mechanism of unequal crossing-over. Such events can explain
the concerted evolution of multiple genes if unequal crossing-over causes all the
copies to be regenerated physically from one copy.

Following the sort of event depicted in , for example, the chromosome carrying a
triple locus could suffer deletion of one of the genes. Of the two remaining genes, 1%
represent the sequence of one of the original copies; only ¥ of the sequence of the
other original copy has survived. Any mutation in the first region now exists in both
genes and is subject to selective pressure.

Tandem clustering provides frequent opportunities for "mispairing”" of genes whose
sequences are the same, but that lie in different positions in their clusters. By
continually expanding and contracting the number of units viaunegual crossing-over,
it is possible for al the units in one cluster to be derived from rather a small
proportion of those in an ancestral cluster. The variable lengths of the spacers are
consistent with the idea that unequal crossing-over events take place in spacers that
are internally mispaired. This can explain the homogeneity of the genes compared
with the variability of the spacers. The genes are exposed to selection when
individual repeating units are amplified within the cluster; but the spacers are
irrelevant and can accumulate changes.

In aregion of nonrepetitive DNA, recombination occurs between precisely matching
points on the two homologous chromosomes, generating reciprocal recombinants.
The basis for this precision is the ability of two duplex DNA sequences to align
exactly. We know that unequal recombination can occur when there are multiple
copies of genes whose exons are related, even though their flanking and intervening
sequences may differ. This happens because of the mispairing between
corresponding exonsin nonallélic genes.

Imagine how much more frequently misalignment must occur in a tandem cluster of
identical or nearly identical repeats. Except at the very ends of the cluster, the close
relationship between successive repeats makes it impossible even to define the
exactly corresponding repeats! This has two consequences. there is continua
adjustment of the size of the cluster; and there is homogenization of the repeating
unit.

Consider a sequence consisting of arepeating unit "ab" with ends"x" and "y." If we
represent one chromosome in black and the other in color, the exact alignment
between "allelic" sequences would be:

xababababababababababababababababy
xahababahababababababababhababhababy

But probably any sequence ab in one chromosome could pair with any sequence ab
in the other chromosome. In a misalignment such as:

Crossover fixation could maintain identical repeats
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xabhabababababababababababababababy
xababababababababababababababababy

the region of pairing is no less stable than in the perfectly aligned pair, although it is
shorter. We do not know very much about how pairing is initiated prior to
recombination, but very likely it starts between short corresponding regions and then
spreads. If it starts within satellite DNA, it is more likely than not to involve
repeating units that do not have exactly corresponding locations in their clusters.

Now suppose that a recombination event occurs within the unevenly paired region.
The recombinants will have different numbers of repeating units. In one case, the
cluster has become longer; in the other, it has become shorter,

xabhabhabababababababababhahababababy
X

xabababababababababababababababakby

v

xababahabababababababababababababababy

+

xababababababababababababababy
where"x " indicates the site of the crossover.

If this type of event is common, clusters of tandem repeats will undergo continual
expansion and contraction. This can cause a particular repeating unit to spread
through the cluster, as illustrated in Figure 4.18. Suppose that the cluster consists
initially of a sequence abcde, where each letter represents a repeating unit. The
different repeating units are closely enough related to one another to mispair for
recombination. Then by a series of unequal recombination events, the size of the

repetitive region increases or decreases, and also one unit spreads to replace al the
others.

Crossover fixation could maintain identical repeats
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Repeats are fixed by unegual recombination
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Figure 4.18 Unequal recombination alows one particular
repeating unit to occupy the entire cluster. The numbers

indicate the length of the repeating unit at each stage.

The crossover fixation model predicts that any sequence of DNA that is not under
selective pressure will be taken over by a series of identical tandem repeats
generated in this way (for review see 3042). The critical assumption is that the
process of crossover fixation is fairly rapid relative to mutation, so that new
mutations either are eliminated (their repeats are lost) or come to take over the entire
cluster. In the case of the rDNA cluster, of course, a further factor is imposed by

selection for an effective transcribed sequence.

Crossover fixation could maintain identical repeats | SECTION 1.4.10 5
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Reviews

3042. Charlesworth, B., Sniegowski, P., and Stephan, W. (1994). The evolutionary dynamics of
repetitive DNA in eukaryotes. Nature 371, 215-220.
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CLUSTERS AND REPEATS
1.4.11 Satellite DNAs often lie in heterochromatin

Key Terms

Highly repetitive DNA (Simple sequence DNA) is the first component to
reassociate and is equated with satellite DNA.

Satellite DNA (Simple-sequence DNA) consists of many tandem repeats (identical
or related) of a short basic repeating unit.

A density gradient is used to separate macromolecules on the basis of differencesin
their density. It is prepared from a heavy soluble compound such as CsCl.

A cryptic satelliteis a satellite DNA sequence not identified as such by a separate
peak on adensity gradient; that is, it remains present in main-band DNA.

In situ hybridization (Cytological hybridization) is performed by denaturing the
DNA of cells squashed on a microscope slide so that reaction is possible with an
added single-stranded RNA or DNA; the added preparation is radioactively
labeled and its hybridization is followed by autoradiography.

Heter ochromatin describes regions of the genome that are highly condensed, are
not transcribed, and are late-replicating. Heterochromatin is divided into two
types, which are called constitutive and facultative.

Euchromatin comprises all of the genome in the interphase nucleus except for the
heterochromatin. The euchromatin islesstightly coiled than heterochromatin, and
contains the active or potentially active genes.

Key Concepts
e Highly repetitive DNA has avery short repeating sequence and no coding function.
e It occursin large blocks that can have distinct physical properties.

e It is often the mgjor constituent of centromeric heterochromatin.

Repetitive DNA is defined by its (relatively) rapid rate of renaturation. The
component that renatures most rapidly in a eukaryotic genome is called highly
repetitive DNA, and consists of very short sequences repeated many times in tandem
in large clusters. Because of its short repeating unit, it is sometimes described as
simple sequence DNA. This type of component is present in amost all higher
eukaryotic genomes, but its overall amount is extremely variable. In mammalian
genomes it is typically <10%, but in (for example) Drosophila virilis, it amounts to
~50%. In addition to the large clusters in which this type of sequence was originally
discovered, there are smaller clusters interspersed with nonrepetitive DNA. It
typically consists of short sequences that are repeated in identical or related copiesin
the genome.

The tandem repetition of a short sequence often creates a fraction with distinctive
physical properties that can be used to isolate it. In some cases, the repetitive
sequence has a base composition distinct from the genome average, which alows it

Satellite DNAs often lie in heterochromatin
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to form a separate fraction by virtue of its distinct buoyant density. A fraction of this
sort is called satellite DNA. The term satellite DNA is essentialy synonymous with
simple sequence DNA. Consistent with its simple sequence, this DNA is not
transcribed or trandated.

Tandemly repeated sequences are especially liable to undergo misalignments during
chromosome pairing, and thus the sizes of tandem clusters tend to be highly
polymorphic, with wide variations between individuals. In fact, the smaller clusters
of such sequences can be used to characterize individual genomes in the technique of
"DNA fingerprinting" (see Molecular Biology 1.4.14 Minisatellites are useful for

genetic mapping).

The buoyant density of a duplex DNA depends on its G-C content according to the
empirical formula

p = 1.660 + 0.00098 (%G-C) g-cm™

Buoyant density usualy is determined by centrifuging DNA through a density
gradient of CsCl. The DNA forms a band at the position corresponding to its own
density. Fractions of DNA differing in G-C content by >5% can usually be separated
on adensity gradient.

When eukaryotic DNA is centrifuged on a density gradient, two types of material
may be distinguished:

e Most of the genome forms a continuum of fragments that appear as a rather
broad peak centered on the buoyant density corresponding to the average G-C
content of the genome. Thisis called the main band.

e Sometimes an additional, smaller peak (or peaks) is seen at a different value.
This material isthe satellite DNA.

Satellites are present in many eukaryotic genomes. They may be either heavier or
lighter than the main band; but it is uncommon for them to represent >5% of the total
DNA. A clear example is provided by mouse DNA, shown in Figure 4.19. The
graph is a quantitative scan of the bands formed when mouse DNA is centrifuged
through a CsCl density gradient. The main band contains 92% of the genome and is
centered on a buoyant density of 1.701 g-cm™ (corresponding to its average G-C of
42%, typical for amammal). The smaller peak represents 8% of the genome and has
a distinct buoyant densuty of 1.690 g-cm™. It contains the mouse satellite DNA,

whose G-C content (30%) is much lower than any other part of the genome.

Satellite DNAs often lie in heterochromatin
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Mouse satellite DNA forms a distinct band
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Figure 4.19 Mouse DNA is separated into a main band and a
satellite by centrifugation through a density gradient of CsCl.

The behavior of satellite DNA on density gradients is often anomalous. When the
actual base composition of a satellite is determined, it is different from the prediction
based on its buoyant density. The reason is that p is a function not just of base
composition, but of the constitution in terms of nearest neighbor pairs. For simple
sequences, these are likely to deviate from the random pairwise relationships needed
to obey the equation for buoyant density. Also, satellite DNA may be methylated,
which changes its density.

Often most of the highly repetitive DNA of a genome can be isolated in the form of
satellites. When a highly repetitive DNA component does not separate as a satellite,
on isolation its properties often prove to be similar to those of satellite DNA. That is
to say that it consists of multiple tandem repeats with anomalous centrifugation.
Material isolated in this manner is sometimes referred to as a cryptic satellite.
Together the cryptic and apparent satellites usually account for al the large tandemly
repeated blocks of highly repetitive DNA. When a genome has more than one type of
highly repetitive DNA, each exists in its own satellite block (although sometimes
different blocks are adjacent).

Where in the genome are the blocks of highly repetitive DNA located? An extension
of nucleic acid hybridization techniques alows the location of satellite sequences to
be determined directly in the chromosome complement. In the technique of in situ
hybridization, the chromosomal DNA is denatured by treating cells that have been
sguashed on a cover slip. Then a solution containing a radioactively labeled DNA or
RNA probe is added. The probe hybridizes with its complements in the denatured
genome. The location of the sites of hybridization can be determined by
autoradiography (see Figure 19.19).

Satellite DNAs are found in regions of heterochromatin. Heterochromatin is the
term used to describe regions of chromosomes that are permanently tightly coiled up
and inert, in contrast with the euchromatin that represents most of the genome (see
Molecular Biology 5.19.7 Chromatin is divided into euchromatin and
heterochromatin). Heterochromatin is commonly found at centromeres (the regions

Satellite DNAs often lie in heterochromatin
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where the kinetochores are formed a mitosis and meiosis for controlling
chromosome movement). The centromeric location of satellite DNA suggests that it
has some structural function in the chromosome. This function could be connected
with the process of chromosome segregation.

An example of the localization of satellite DNA for the mouse chromosomal
complement is shown in Figure 4.20. In this case, one end of each chromosome is
labeled, because this is where the centromeres are located in M. musculus
chromosomes.

.", \
N Ve

" .
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Figure 4.20 Cytological hybridization shows that mouse
satellite DNA is located at the centromeres. Photograph kindly
provided by Mary Lou Pardue and Joe Gall.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.4.11
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CLUSTERS AND REPEATS

1.4.12 Arthropod satellites have very short identical
repeats

Key Terms

Heavy strands and light strands of a DNA duplex refer to the density differences
that result when there is an asymmetry between base representation in the two
strands such that one strand isrichin T and G bases and the other isrich in C and
A bases. This occursin some satellite and mitochondrial DNAS.

Key Concepts

e The repeating units of arthropod satellite DNASs are only a few nucleotides long.
Most of the copies of the sequence are identical.

In the arthropods, as typified by insects and crabs, each satellite DNA appears to be
rather homogeneous. Usually, a single very short repeating unit accounts for >90%
of the satellite. This makesit relatively straightforward to determine the sequence.

Drosophila virilis has three major satellites and also a cryptic satellite, together
representing >40% of the genome. The sequences of the satellites are summarized in
Figure 4.21. The three mgjor satellites have closely related sequences. A single base
substitution is sufficient to generate either satellite Il or 111 from the sequence of
satellitel.

D. virilis has four related satellites

Satellite  Predominant Total Genome
Sequence Length Proportion
T
ACAAACT 1.1x10 25%
TGTTTGA
L]
I ATAAACT 36x10 8%
TATTTGA
I ACAAATT 36x10° 8%
TGTTTAA
Cryplic AATATAG
TTATATC et www, ST con

Figure 4.21 Satellite DNAs of D. virilis are related. More than
95% of each satellite consists of a tandem repetition of the
predominant sequence.

The satellite | sequence is present in other species of Drosophila related to virilis,
and so may have preceded speciation. The sequences of satellites Il and |11 seem to
be specific to D. virilis, and so may have evolved from satellite | after speciation.

The main feature of these satellites is their very short repeating unit: only 7 bp.
Similar satellites are found in other species. D. melanogaster has a variety of

Arthropod satellites have very short identical repeats | SECTION 1.4.12 1
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satellites, several of which have very short repeating units (5, 7, 10, or 12 bp).
Comparable satellites are found in the crabs.

The close sequence relationship found among the D. virilis satellites is not
necessarily a feature of other genomes, where the satellites may have unrelated
sequences. Each satellite has arisen by a lateral amplification of a very short
sequence. This sequence may represent a variant of a previously existing satellite (as
in D. virilis), or could have some other origin.

Satellites are continually generated and lost from genomes. This makes it difficult to
ascertain evolutionary relationships, since a current satellite could have evolved from
some previous satellite that has since been lost. The important feature of these
satellites is that they represent very long stretches of DNA of very low segquence
complexity, within which constancy of sequence can be maintained

One feature of many of these satellites is a pronounced asymmetry in the orientation
of base pairs on the two strands. In the example of the D. virilis satellites shown in
Figure 4.20, in each of the major satellites one of the strands is much richer in T and
G bases. This increases its buoyant density, so that upon denaturation this heavy
strand (H) can be separated from the complementary light strand (L). This can be
useful in sequencing the satellite.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.4.12
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CLUSTERS AND REPEATS

1.4.13 Mammalian satellites consist of hierarchical
repeats

Key Concepts

e Mouse satellite DNA has evolved by duplication and mutation of a short repeating
unit to give a basic repeating unit of 234 bp in which the original half, quarter, and
eighth repeats can be recognized.

In the mammals, as typified by various rodents, the sequences comprising each
satellite show appreciable divergence between tandem repeats. Common short
sequences can be recognized by their preponderance among the oligonucleotide
fragments released by chemica or enzymatic treatment. However, the predominant
short sequence usually accounts for only a small minority of the copies. The other
short sequences are related to the predominant sequence by a variety of substitutions,
deletions, and insertions.

But a series of these variants of the short unit can constitute a longer repeating unit
that is itself repeated in tandem with some variation. So mammalian satellite DNASs
are constructed from a hierarchy of repeating units. These longer repeating units
constitute the sequences that renature in reassociation analysis. They can also be
recognized by digestion with restriction enzymes.

When any satellite DNA is digested with an enzyme that has a recognition site in its
repeating unit, one fragment will be obtained for every repeating unit in which the
site occurs. In fact, when the DNA of a eukaryotic genome is digested with a
restriction enzyme, most of it gives a general smear, due to the random distribution
of cleavage sites. But satellite DNA generates sharp bands, because a large humber
of fragments of identical or aimost identical size are created by cleavage at restriction
sitesthat lie aregular distance apart.

Determining the sequence of satellite DNA can be difficult. Using the discrete bands
generated by restriction cleavage, we can attempt to obtain a sequence directly.
However, if there is appreciable divergence between individual repeating units,
different nucleotides will be present at the same position in different repeats, so the
sequencing gels will be obscure. If the divergence is not too great — say, within
~2% — it may be possible to determine an average repeating sequence.

Individual segments of the satellite can be inserted into plasmids for cloning. A
difficulty is that the satellite sequences tend to be excised from the chimeric plasmid
by recombination in the bacterial host. However, when the cloning succeeds, it is
possible to determine the sequence of the cloned segment unambiguously. While this
gives the actual sequence of a repeating unit or units, we should need to have many
individual such sequences to reconstruct the type of divergence typical of the satellite
asawhole.

Mammalian satellites consist of hierarchical repeats
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By either sequencing approach, the information we can gain is limited to the distance
that can be analyzed on one set of sequence gels. The repetition of divergent tandem
copies makes it impossible to reconstruct longer sequences by obtaining overlaps
between individual restriction fragments.

The satellite DNA of the mouse M. musculus is cleaved by the enzyme EcoRlI into a
series of bands, including a predominant monomeric fragment of 234 bp. This
sequence must be repeated with few variations throughout the 60-70% of the satellite
that is cleaved into the monomeric band. We may analyze this sequence in terms of
its successively smaller constituent repeating units.

Figure 4.22 depicts the sequence in terms of two half-repeats. By writing the 234 bp
sequence so that the first 117 bp are aligned with the second 117 bp, we see that the
two halves are quite well related. They differ at 22 positions, corresponding to 19%
divergence. This means that the current 234 bp repeating unit must have been
generated at some time in the past by duplicating a 117 bp repeating unit, after which
differences accumulated between the duplicates.

Half repeats of mouse satellite DNA are closely related

10 20 30 40 L) &0 70 k] o0 100 10
A A T A T AT AT A AR AT A AT TT AT AT AT A AT AT AAAAT TREAWATTE AT A
T T A T e A T T LA T A T A T AT T T T T A T AT S T A T A T A AT A

120 130 140 150 160 170 180 150 200 210 220 230

f wae 2MGILO con

Figure 4.22 The repeating unit of mouse satellite DNA contains two half-repeats, which are aligned to
show the identities (in red).

Within the 117 bp unit, we can recognize two further subunits. Each of these is a
quarter-repeat relative to the whole satellite. The four quarter-repeats are aligned in
Figure 4.23. The upper two lines represent the first half-repeat of Figure 4.22; the
lower two lines represent the second half-repeat. We see that the divergence between
the four quarter-repeats has increased to 23 out of 58 positions, or 40%. The first
three quarter-repeats are somewhat better related, and a large proportion of the
divergence is due to changes in the fourth quarter-repeat.

Mouse satellite DNA can be organized into quarter-repeats

10 20 30 40 50
GEACCTGGAATATGECCAGAAAACT GAAAATCACGEAAAAT GAGAAATACACACTTTA

60 70 80 a0 100 110
GOACGTGAAAT AT GECCAGAAAACT GAAAAAGET GOAAAAT TAGAAATGTCCACTGTA

120 130 140 150 160 170
GGACGT GGAATATGECAAGAAAACT CAAAATC AT GGAAAAT GAGAAACATCCACT TGA

180 180 200 210 220 230
CGACT TGAAALATGACGAAAT CACTAAAAAACGT GAAAAAT GAGAAATGCACACTGAA
virzattaxt www, Brgito com

Figure 4.23 The alignment of quarter-repeats identifies homologies between the first and second half of
each half-repeat. Positions that are the same in al 4 quarter-repeats are shown in color; identities that
extend only through 3 quarter-repeats are indicated by grey lettersin the pink area.

Mammalian satellites consist of hierarchical repeats
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L ooking within the quarter-repeats, we find that each consists of two related subunits
(one-eighth-repeats), shown as the o and B sequences in Figure 4.24. The «o
sequences all have an insertion of a C, and the B sequences al have an insertion of a
trinucleotide, relative to a common consensus sequence. This suggests that the
quarter-repeat originated by the duplication of a sequence like the consensus
sequence, after which changes occurred to generate the components we how see as o
and B. Further changes then took place between tandemly repeated o B sequences to
generate the individual quarter- and half-repeats that exist today. Among the
one-eighth-repeats, the present divergenceis 19/31 = 61%.

One eighth repeats identify the mouse satellite ancestral unit

ot GGACCTGGAATATGGCGAGAA AACTGAA
il AATCACGGAAAATGA GAAATACACACTTTA
o2 GGACGTGAAATATGGCGAG A AACTGAA
= AAAGGTGGAAAATTA GAAATGTCCACTGTA
o3 GGACGTGGAATATGGCAAGAA AACTGAA
it AATCATGGAAAATGA GAAACATCCACTTGA
o CGACTTGAAAAATGACGAAAT CACTAAA
[ AAACGTGCGAAAAATGA GAAATGCACACTGAA
Consensus AAACGTGAAAAATGA GAAAT CACTGAA

Ancestral? AAACGTGAAAAATGA GAAATGCACACTGAA

wirtumhen! W EFgItD cam

Figure 4.24 The adignment of eighth-repeats shows that each quarter-repeat consists of an o and a 8
half. The consensus sequence gives the most common base at each position. The "ancestral" sequence
shows a sequence very closely related to the consensus sequence, which could have been the predecessor
to the o and B units. (The satellite sequence is continuous, so that for the purposes of deducing the
CONSsensus sequence, we can treat it as a circular permutation, as indicated by joining the last GAA triplet
to thefirst 6 bp.)

The consensus sequence is analyzed directly in Figure 4.25, which demonstrates that
the current satellite sequence can be treated as derivatives of a 9 bp sequence. We
can recognize three variants of this sequence in the satellite, as indicated at the
bottom of Figure 4.25. If in one of the repeats we take the next most frequent base at
two positions instead of the most frequent, we obtain three well-related 9 bp
sequences.

Mammalian satellites consist of hierarchical repeats
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The mouse sataellite DNA consensus is 9 bp

G GA CIC T
G GAATATEGGLC
G A G A AAACT
G AAAATTC CASTC
G G AAAATGA
G A A K T C ALG T
T T A GG ACLCG T
G A A ATATGOGC
G AGAAAACT
G A A AAAGGEGT
G GAAAATTA
G A AATCAEGCT
G TAGGACGT
GG AATAT®GGTC
A AGAAAACT
G A A A ATCAT
GGAAAATGA
G A A A'CC AC T
T @A G @A T T
G A A AA ATGATC
G A A ATCACT
A AAAAACGT
G AAAAATGA
G AAATECACT
G A A
GaaA1aR21P20M12R7 T Gy As
Tr Cs Ag G Tys

Cy

* | indicates inserted triplet in [} sequence
C in position 10 is extra base in o sequence
viruaitaxt w.\wergitﬂl caim

Figure 4.25 The existence of an overall consensus sequence is
shown by writing the satellite sequence in terms of a 9 bp

repeat.
GAAAAACGT
GAAAAATGA
GAAAAAACT

The origin of the satellite could well lie in an amplification of one of these three
nonamers. The overal consensus sequence of the present satellite is
GAAAAA"C_ T, which is effectively an amalgam of the three 9 bp repeats.

Mammalian satellites consist of hierarchical repeats | SECTION 1.4.13 4
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The average sequence of the monomeric fragment of the mouse satellite DNA
explains its properties. The longest repeating unit of 234 bp is identified by the
restriction cleavage. The unit of reassociation between single strands of denatured
satellite DNA is probably the 117 bp half-repeat, because the 234 bp fragments can
anneal both in register and in half-register (in the latter case, the first half-repeat of
one strand renatures with the second half-repeat of the other).

So far, we have treated the present satellite as though it consisted of identical copies
of the 234 bp repeating unit. Although this unit accounts for the majority of the
satellite, variants of it aso are present. Some of them are scattered at random
throughout the satellite; others are clustered.

The existence of variants isimplied by our description of the starting material for the
sequence analysis as the "monomeric" fragment. When the satellite is digested by an
enzyme that has one cleavage site in the 234 bp sequence, it also generates dimers,
trimers, and tetramers relative to the 234 bp length. They arise when a repeating unit
has | ost the enzyme cleavage site as the result of mutation.

The monomeric 234 bp unit is generated when two adjacent repeats each have the
recognition site. A dimer occurs when one unit has lost the site, a trimer is generated
when two adjacent units have lost the site, and so on. With some restriction enzymes,
most of the satellite is cleaved into a member of this repeating series, as shown in the
example of Figure 4.26. The declining number of dimers, trimers, etc. shows that
there is a random distribution of the repeats in which the enzyme's recognition site
has been eliminated by mutation.

aize virlisaltoxt www, BIQIO comd

Figure 4.26 Digestion of mouse satellite DNA with
the restriction enzyme EcoRII identifies a series of
repeating units (1, 2, 3) that are multimers of 234 bp
and also a minor series (Y21 Y5, 2%) that includes
half-repeats (see text later). The band at the far left is
afraction resistant to digestion.

Other restriction enzymes show a different type of behavior with the satellite DNA.
They continue to generate the same series of bands. But they cleave only a small
proportion of the DNA, say 5-10%. This implies that a certain region of the satellite

Mammalian satellites consist of hierarchical repeats
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contains a concentration of the repeating units with this particular restriction site.
Presumably the series of repesats in this domain all are derived from an ancestral
variant that possessed this recognition site (although in the usual way, some members
since have lost it by mutation).

A satellite DNA suffers unequal recombination. This has additional consequences
when there is internal repetition in the repeating unit. Let us return to our cluster
consisting of "ab" repeats. Suppose that the "a' and "b" components of the repeating
unit are themselves sufficiently well related to pair. Then the two clusters can align
in half-register, with the "a"' sequence of one aligned with the "b" sequence of the
other. How frequently this occurs will depend on the closeness of the relationship
between the two halves of the repeating unit. In mouse satellite DNA, reassociation
between the denatured satellite DNA strands in vitro commonly occurs in the
half-register.

When a recombination event occurs out of register, it changes the length of the
repeating units that are involved in the reaction.

xababababababababababababababababy
P

xababababababababababababababababy

v

xababababababababaabababababababahy
+

xabahababababababbabababababababy

In the upper recombinant cluster, an "ab" unit has been replaced by an "aab" unit. In
the lower cluster, the "ab" unit has been replaced by a"b" unit.

Thistype of event explains afeature of the restriction digest of mouse satellite DNA.
Figure 4.25 shows a fainter series of bands at lengths of v, 1Y, 2%, and 3%
repeating units, in addition to the stronger integral length repeats. Suppose that in the
preceding example, "ab" represents the 234 bp repeat of mouse satellite DNA,
generated by cleavage at a site in the "b" segment. The "a' and "b" segments
correspond to the 117 bp half-repeats.

Then in the upper recombinant cluster, the "aab" unit generates a fragment of 1%
times the usual repeating length. And in the lower recombinant cluster, the "b" unit
generates a fragment of half of the usual length. (The multiple fragments in the
half-repeat series are generated in the same way as longer fragments in the integral
series, when some repeating units have lost the restriction site by mutation.)

Turning the argument the other way around, the identification of the half-repeat
series on the gel shows that the 234 bp repeating unit consists of two half-repeats
well enough related to pair sometimes for recombination. Also visiblein Figure 4.26
are some rather faint bands corresponding to ¥+ and ¥sspacings. These will be

Mammalian satellites consist of hierarchical repeats
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generated in the same way as the Y2-spacings, when recombination occurs between
clusters adigned in a quarter-register. The decreased relationship between
guarter-repeats compared with half-repeats explains the reduction in frequency of the
Y+ and ¥»bands compared with the ¥2-bands.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.1.4.13
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CLUSTERS AND REPEATS
1.4.14 Minisatellites are useful for genetic mapping

Key Terms

Microsatellite DNASs consist of repetitions of extremely short (typically <10 bp)
units.

Minisatellite DNASs consist of ~10 copies of a short repeating sequence. the length
of the repeating unit is measured in 10s of base pairs. The number of repeats
varies between individual genomes.

VNTR (variable number tandem repeat) regions describe very short repeated
sequences, including microsatellites and minisatellites.

DNA finger printing analyzes the differences between individuals of the fragments
generated by using restriction enzymes to cleave regions that contain short
repeated sequences. Because these are unique to every individual, the presence of
aparticular subset in any two individuals can be used to define their common
inheritance (e.g. a parent-child relationship).

Key Concepts

e The variation between microsatellites or minisatellitesin individual genomes can
be used to identify heredity unequivocally by showing that 50% of the bandsin an
individual are derived from a particular parent.

Sequences that resemble satellites in consisting of tandem repeats of a short unit, but
that overall are much shorter, consisting of (for example) from 5-50 repeats, are
common in mammalian genomes. They were discovered by chance as fragments
whose size is extremely variable in genomic libraries of human DNA. The variability
is seen when a population contains fragments of many different sizes that represent
the same genomic region; when individuals are examined, it turns out that there is
extensive polymorphism, and that many different alleles can be found (416).

The name microsatellite is usually used when the length of the repeating unit is <10
bp, and the name minisatellite is used when the length of the repeating unit is
~10-100 bp, but the terminology is not precisely defined. These types of sequences
areaso called VNTR (variable number tandem repeat) regions.

The cause of the variation between individua genomes at microsatellites or
minisatellites is that individual alleles have different numbers of the repeating unit.
For example, one minisatellite has a repeat length of 64 bp, and is found in the
population with the following distribution:

7% 18 repeats

11% 16 repeats

Minisatellites are useful for genetic mapping

SECTION 1.4.14 1

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT, EEH®

erg;to u ‘ Molecular Biology

com

43% 14 repeats
36% 13 repesats

4% 10 repeats

The rate of genetic exchange at minisatellite sequencesis high, ~10~* per kb of DNA.
(The frequency of exchanges per actual locus is assumed to be proportional to the
length of the minisatellite.) This rate is ~10x greater than the rate of homologous
recombination at meiosis, that is, in any random DNA sequence.

The high variability of minisatellites makes them especialy useful for genomic
mapping, because there is a high probability that individuals will vary in their aleles
at such a locus. An example of mapping by minisatellites is illustrated in Figure
4.27. This shows an extreme case in which two individuals both are heterozygous at
a minisatellite locus, and in fact al four alleles are different. All progeny gain one
alele from each parent in the usual way, and it is possible unambiguously to
determine the source of every allele in the progeny. In the terminology of human
genetics, the meioses described in this figure are highly informative, because of the
variation between alleles.

Minisatellites are useful for genetic mapping
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Minisatellite number differs between individual genomes
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Figure 4.27 Alleles may differ in the number of repeats at a minisatellite locus, so that
cleavage on either side generates restriction fragments that differ in length. By using a
minisatellite with alleles that differ between parents, the pattern of inheritance can be followed.
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One family of minisatdlites in the human genome share a common "core" sequence.
The core is a G#C-rich sequence of 10-15 bp, showing an asymmetry of
purine/pyrimidine distribution on the two strands. Each individual minisatellite has a
variant of the core sequence, but ~1000 minisatellites can be detected on Southern
blot by a probe consisting of the core sequence.

Consider the situation shown in Figure 4.27, but multiplied 1000x. The effect of the
variation at individual loci is to create a unique pattern for every individual. This
makes it possible to assign heredity unambiguously between parents and progeny, by
showing that 50% of the bands in any individual are derived from a particular parent.
Thisisthe basis of the technique known as DNA finger printing.

Both microsatellites and minisatellites are unstable, although for different reasons.
Microsatellites undergo intrastrand mispairing, when slippage during replication
leads to expansion of the repeat, as shown in Figure 4.28 (3044). Systems that repair
damage to DNA, in particular those that recognize mismatched base pairs, are

Minisatellites are useful for genetic mapping
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important in reversing such changes, as shown by alarge increase in frequency when
repair genes are inactivated (2255). Because mutations in repair systems are an
important contributory factor in the development of cancer, tumor cells often display
variations in microsatellite sequences (see Molecular Biology 6.30.29 Defects in
repair systems cause mutations to accumulate in tumors).

Replication slippage changes repeat length

TCAGTGTGTGTGTGTG
AGTCACACACACACAC

TCAGTGTGTGTGT 16

AGTCACACAGACAC AC
TCAGTGTGTGTGT g Next
AGTCACA 16 replication
TCAGTGIGTGTGT A it
AGTCACACACACA
TCAGTGTGTGTGTGT
BRI
TCAGTGTGTGTGT
Slippage A%GEACA GTG o
of one
TCAGTGTGTGT
repeal  AGTGAGAGAGAGACAC ]
= l‘l‘GTGT TCAGTGTGTGTIGTGTG
ippage AGTCACACACACACAC
of one l%%g%%lﬁ GTG =4
repeat AC AG
TC.%%;ELGTGTGTG TCAGTGTGTGTGTGTGTGTG
AG ClAGACA AGTCACACACACACACACAC

Ac?gIGIGAﬂACA Te
C

TCAGTG"I TGIGIE"
AGTCACACACACA!

ruaBen] W 'Erg“l:l-::-:::

Figure 4.28 Replication slippage occurs when the daughter strand slips back one
repeating unit in pairing with the template strand. Each dlippage event adds one
repeating unit to the daughter strand. The extra repeats are extruded as a single
strand loop. Replication of this daughter strand in the next cycle generates a duplex
DNA with an increased number of repeats.

Minisatellites undergo the same sort of unequal crossing-over between repeats that
we have discussed for satellites (see Figure 4.1). One telling case is that increased
variation is associated with a meiotic hotspot (3049). The recombination event is not
usually associated with recombination between flanking markers, but has a complex
form in which the new mutant allele gains information from both the sister chromatid
and the other (homologous) chromosome (3048).

It is not clear at what repeating length the cause of the variation shifts from
replication slippage to recombination.

Minisatellites are useful for genetic mapping
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CLUSTERS AND REPEATS
1.4.15 Summary

Almost al genes belong to families, defined by the possession of related sequences
in the exons of individual members. Families evolve by the duplication of a gene (or
genes), followed by divergence between the copies. Some copies suffer inactivating
mutations and become pseudogenes that no longer have any function. Pseudogenes
also may be generated as DNA copies of the mRNA sequences.

An evolving set of genes may remain together in a cluster or may be dispersed to
new locations by chromosomal rearrangement. The organization of existing clusters
can sometimes be used to infer the series of events that has occurred. These events
act with regard to sequence rather than function, and therefore include pseudogenes
aswell as active genes.

Mutations accumulate more rapidly in silent sites than in replacement sites (which
affect the amino acid sequence). The rate of divergence at replacement sites can be
used to establish a clock, calibrated in percent divergence per million years. The
clock can then be used to calculate the time of divergence between any two members
of the family.

A tandem cluster consists of many copies of a repeating unit that includes the
transcribed sequence(s) and a nontranscribed spacer(s). rRNA gene clusters code
only for a single rRNA precursor. Maintenance of active genes in clusters depends
on mechanisms such as gene conversion or unegual crossing-over that cause
mutations to spread through the cluster, so that they become exposed to evolutionary
pressure.

Satellite DNA consists of very short sequences repeated many times in tandem. Its
distinct centrifugation properties reflect its biased base composition. Satellite DNA is
concentrated in centromeric heterochromatin, but its function (if any) is unknown.
The individual repeating units of arthropod satellites are identical. Those of
mammalian satellites are related, and can be organized into a hierarchy reflecting the
evolution of the satdlite by the amplification and divergence of randomly chosen
sequences.

Unequal crossing-over appears to have been a major determinant of satellite DNA
organization. Crossover fixation explains the ability of variants to spread through a
cluster.

Minisatellites and microsatellites consist of even shorter repeating sequences than
satellites, <10 bp for microsatellites and 10-50 bp for minisatellites. The number of
repeating units is usually 5-50. There is high variation in the repeat number between
individual genomes. Microsatellite repeat number varies as the result of dippage
during replication; the frequency is affected by systems that recognize and repair
damage in DNA. Minisatellite repeat number varies as the result of
recombination-like events. Variations in repeat number can be used to determine
hereditary relationships by the technique known as DNA fingerprinting.

Summary
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MESSENGER RNA
2.5.1 Introduction

Key Terms

Messenger RNA (mMRNA) isthe intermediate that represents one strand of agene
coding for protein. Its coding region is related to the protein sequence by the
triplet genetic code.

Transfer RNA (tRNA) isthe intermediate in protein synthesis that interprets the
genetic code. Each tRNA can be linked to an amino acid. The tRNA has an
anticodon sequence that complementary to atriplet codon representing the amino
acid.

Ribosomal RNA (rRNA) isamajor component of the ribosome. Each of the two
subunits of the ribosome has amajor rRNA as well as many proteins.

RNA is a centra player in gene expression. It was first characterized as an
intermediate in protein synthesis, but since then many other RNAs have been
discovered that play structura or functional roles at other stages of gene expression.
The involvement of RNA in many functions concerned with gene expression
supports the general view that the entire process may have evolved in an "RNA
world" in which RNA was originaly the active component in maintaining and
expressing genetic information. Many of these functions were subsequently assisted
or taken over by proteins, with a consequent increase in versatility and probably
efficiency.

As summarized in Figure 5.1, three major classes of RNA are directly involved in
the production of proteins:

Introduction | SECTION25.1 1
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Protein synthesis uses three types of RNA

mRNA has a sequence of bases that represent protein
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Figure 5.1 The three types of RNA universally required for
gene expression are mMRNA (carries the coding seguence),
tRNA (provides the amino acid corresponding to each codon),
and rRNA (a major component of the ribosome that provides
the environment for protein synthesis).

e Messenger RNA (mRNA) provides an intermediate that carries the copy of a
DNA sequence that represents protein.

e Transfer RNAs (tRNA) are small RNAs that are used to provide amino acids
corresponding to each particular codon in mRNA.

e Ribosomal RNAs (rRNA) are components of the ribosome, a large
ribonucleoprotein complex that contains many proteins as well as its RNA
components, and which provides the apparatus for actually polymerizing amino
acids into a polypeptide chain.

The type of role that RNA plays in each of these cases is distinct. For messenger
RNA, its sequence is the important feature: each nucleatide triplet within the coding
region of the mRNA represents an amino acid in the corresponding protein.
However, the structure of the mRNA, in particular the sequences on either side of the
coding region, can play an important role in controlling its activity, and therefore the
amount of protein that is produced from it.

Introduction
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In tRNA, we see two of the common themes governing the use of RNA: its three
dimensional structure is important; and it has the ability to base pair with another
RNA (mRNA). The three dimensional structure is recognized first by an enzyme as
providing atarget that is appropriate for linkage to a specific amino acid. The linkage
creates an aminoacyl-tRNA, which is recognized as the structure that is used for
protein synthesis. The specificity with which an aminoacyl-tRNA is used is
controlled by base pairing, when a short triplet sequence (the anticodon) pairs with
the nucleotide triplet representing its amino acid.

With rRNA, we see another type of activity. One role of RNA is structura, in
providing a framework to which ribosomal proteins attach. But it also participates
directly in the activities of the ribosome. One of the crucial activities of the ribosome
is the ability to catalyze the formation of a peptide bond by which an amino acid is
incorporated into protein. This activity resides in one of the rRNAs.

The important thing about this background is that, as we consider the role of RNA in
protein synthesis, we have to view it as a component that plays an active role and that
can be a target for regulation by either proteins or by other RNAs, and we should
remember that the RNAs may have been the basis for the original apparatus. The
theme that runs through all of the activities of RNA, in both protein synthesis and
elsewhere, is that its functions depend critically upon base pairing, both to form its
secondary structure, and to interact specifically with other RNA molecules. The
coding function of mRNA is unique, but tRNA and rRNA are examples of a much
broader class of noncoding RNAs with a variety of functionsin gene expression.

Last updated on 7-30-2002
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MESSENGER RNA

2.5.2 mRNA is produced by transcription and is
translated

Key Terms

Transcription describes synthesis of RNA on a DNA template.
Trandation is synthesis of protein on the mMRNA template.

A coding region is a part of the gene that represents a protein sequence.

The antisense strand (Template strand) of DNA is complementary to the sense
strand, and is the one that acts as the template for synthesis of mRNA.

The coding strand (Sense strand) of DNA has the same sequence as the mRNA and
isrelated by the genetic code to the protein sequence that it represents.

Key Concepts
e Only one of the two strands of DNA is transcribed into RNA.

Gene expression occurs by a two-stage process.

e Transcription generates a single-stranded RNA identical in sequence with one
of the strands of the duplex DNA.

e Trandlation converts the nuclectide sequence of mRNA into the sequence of
amino acids comprising a protein. The entire length of an mMRNA is not
translated, but each mRNA contains at least one coding region that is related to
a protein sequence by the genetic code: each nucleotide triplet (codon) of the
coding region represents one amino acid.

Only one strand of a DNA duplex is transcribed into a messenger RNA. We
distinguish the two strands of DNA as depicted in Figure 5.2:

mRNA is produced by transcription and is translated

SECTION252 1
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Gene exprassion = transcription + translation .

Coding strand = sense

Template strand = antisense
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Figure 5.2 Transcription generates an RNA which is
complementary to the DNA template strand and has the same
sequence as the DNA coding strand. Trandation reads each
triplet of bases into one amino acid. Three turns of the DNA
double helix contain 30 bp, which code for 10 amino acids.

e The strand of DNA that directs synthesis of the mRNA via complementary base
pairing is called the template strand or antisense strand. (Antisenseis used as a
general term to describe a sequence of DNA or RNA that is complementary to
mMRNA.)

e The other DNA strand bears the same sequence as the mRNA (except for
possessing T instead of U), and is called the coding strand or sense strand.

In this chapter we discuss MRNA and its use as a template for protein synthesis. In
Molecular Biology 2.6 Protein synthesis we discuss the process by which aproteinis
synthesized. In Molecular Biology 2.7 Using the genetic code we discuss the way the
genetic code is used to interpret the meaning of a sequence of mMRNA. And in
Molecular Biology 2.8 Protein localization we turn to the question of how a protein
findsits proper location in the cell when or after it is synthesized.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.2.5.2
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MESSENGER RNA
2.5.3 Transfer RNA forms a cloverleaf

Key Terms

Transfer RNA (tRNA) istheintermediate in protein synthesis that interprets the
genetic code. Each tRNA can be linked to an amino acid. The tRNA has an
anticodon sequence that complementary to atriplet codon representing the amino
acid.

The anticodon is atrinucleotide sequence in tRNA which is complementary to the
codon in mRNA and enables the tRNA to place the appropriate amino acid in
response to the codon.

The cloverleaf describes the structure of tRNA drawn in two dimensions, forming
four distinct arm-loops.

A stem isthe base-paired segment of a hairpin structurein RNA.

A loop isasingle-stranded region at the end of a hairpin in RNA (or single-stranded
DNA); it corresponds to the sequence between inverted repeats in duplex DNA.

Anarm of tRNA isone of the four (or in some cases five) stem-loop structures that
make up the secondary structure.

The acceptor arm of tRNA is ashort duplex that terminates in the CCA sequence to
which an amino acid is linked.

The anticodon arm of tRNA is astem loop structure that exposes the anticodon
triplet at one end.

The D arm of tRNA has a high content of the base dihydrouridine.

The extra arm of tRNA lies between the T yC and anticodon arms. It is the most
variablein length in tRNA, from 3-21 bases. tRNAs are called class 1 if they lack
it, and class 2 if they haveit.

Invariant base positionsin tRNA have the same nucleotide in virtually al (>95%)
of tRNAs.

Conserved positions are defined when many examples of a particular nucleic acid or
protein are compared and the same individual bases or amino acids are aways
found at particular locations.

A semiconserved (Semiinvariant) position is one where comparison of many
individual sequences finds the same type of base (pyrimidine or purine) always
present.

An aminoacyl-tRNA isatRNA linked to an amino acid. The COOH group of the
amino acid islinked to the 3” - or 2" -OH group of the terminal base of the
tRNA.

Aminoacyl-tRNA synthetases are enzymes responsible for covalently linking amino
acidstothe2’ - or 3’ -OH position of tRNA.

Key Concepts
e A tRNA has a sequence of 74-95 bases that folds into a clover-leaf secondary

Transfer RNA forms a cloverleaf | SECTION 2.5.3 1
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structure with four constant arms (and an additional arm in the longer tRNAS).

¢ tRNA ischarged to form aminoacyl-tRNA by forming an ester link from the 2’ or
3’ OH group of the adenylic acid at the end of the acceptor arm to the COOH
group of the amino acid.

e The sequence of the anticodon is solely responsible for the specificity of the
aminoacyl-tRNA.

Messenger RNA can be distinguished from the apparatus responsible for its
trandlation by the use of in vitro cell-free systems to synthesize proteins. A
protein-synthesizing system from one cell type can translate the mRNA from another,
demonstrating that both the genetic code and the trandation apparatus are
universal.

Each nucleotide triplet in the mRNA represents an amino acid. The incongruity of
structure between trinucleotide and amino acid immediately raises the question of
how each codon is matched to its particular amino acid. The "adapter" is transfer
RNA (tRNA). A tRNA hastwo crucial properties:

e |t represents asingle amino acid, to which it is covalently linked.

e |t contains a trinuclectide sequence, the anticodon, which is complementary to
the codon representing its amino acid. The anticodon enables the tRNA to
recognize the codon via complementary base pairing (417; 446).

All tRNAs have common secondary and tertiary structures. The tRNA secondary
structure can be written in the form of a cloverleaf, illustrated in Figure 5.3, in
which complementary base pairing forms stems for single-stranded loops. The
stem-loop structures are called the arms of tRNA. Their sequences include "unusual"
bases that are generated by modification of the 4 standard bases after synthesis of the
polynucleotide chain (for review see 42).

Transfer RNA forms a cloverleaf
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Figure 5.3 A tRNA has the dual properties of an adaptor that
recognizes both the amino acid and codon. The 3" adenosineis
covalently linked to an amino acid. The anticodon base pairs
with the codon on mRNA.

The construction of the cloverleaf isillustrated in more detail in Figure 5.4. The four

major arms are named for their structure or function:

Transfer RNA forms a cloverleaf | SECTION 253 3
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Figure 54 The tRNA cloverleaf has invariant and
semi-invariant bases, and a conserved set of base pairing
interactions.

e The acceptor arm consists of a base-paired stem that ends in an unpaired
sequence whose free 2 — or 3’ —OH group can be linked to an amino acid.

e The T wC arm is named for the presence of this triplet sequence. ( y stands for
pseudouridine, amodified base.)

e The anticodon arm always contains the anticodon triplet in the center of the
loop.

e The D arm is named for its content of the base dihydrouridine (another of the
modified basesin tRNA).

e The extra arm lies between the T yC and anticodon arms and varies from 3-21
bases.

The numbering system for tRNA illustrates the constancy of the structure. Positions
are numbered from 5’ to 3 ” according to the most common tRNA structure, which
has 76 residues. The overal range of tRNA lengths is 74-95 bases. The variation in
length is caused by differences in the D arm and extra arm (for more details see
Molecular Biology Supplement 32.8 tRNA sequences).

The base pairing that maintains the secondary structure is shown in Figure 5.4.
Within a given tRNA, most of the base pairings are conventional partnerships of A-U
and G-C, but occasional G-U, G- y, or A- y pairs are found. The additional types of
base pairs are less stable than the regular pairs, but still allow a double-helica
structure to form in RNA.

Transfer RNA forms a cloverleaf
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When the sequences of tRNAs are compared, the bases found at some positions are
invariant (or conserved); aimost always a particular base is found at the position
(see Molecular Biology Supplement 32.8 tRNA sequences). Some positions are
described as semiinvariant (or semiconserved) because they are restricted to one
type of base (purine versus pyrimidine), but either base of that type may be present.

When a tRNA is charged with the amino acid corresponding to its anticodon, it is
called aminoacyl-tRNA. The amino acid is linked by an ester bond from its carboxyl
group to the 2 ” or 3 ” hydroxyl group of the ribose of the 3 termina base of the
tRNA (which is always adenine). The process of charging a tRNA is catalyzed by a
specific enzyme, aminoacyl-tRNA synthetase. There ae (at least) 20
aminoacyl-tRNA synthetases. Each recognizes a single amino acid and all the tRNAs
on to which it can legitimately be placed.

Thereis at least one tRNA (but usually more) for each amino acid. A tRNA is named
by using the three letter abbreviation for the amino acid as a superscript. If there is
more than one tRNA for the same amino acid, subscript numerals are used to
distinguish them. So two tRNAs for tyrosine would be described as tRNA ™" and
tRNA_ ™. A tRNA carrying an amino acid — that is, an aminoacyl-tRNlA —is
indi cated by a prefix that identifies the amino acid. AlatRNA describes tRNAA"?
carrying itsamino acid.

Does the anticodon sequence aone allow aminoacyl-tRNA to recognize the correct
codon? A classic experiment to test this question is illustrated in Figure 5.5.
Reductive desulfuration converts the amino acid of cysteinyl-tRNA into aanine,
generating alanyl-tRNA®*, The tRNA has an anticodon that responds to the codon
UGU. Maodification of the amino acid does not influence the specificity of the
anticodon-codon interaction, so the alanine residue is incorporated into protein in
place of cysteine. Once a tRNA has been charged, the amino acid plays no further
rolein its specificity, which is determined exclusively by the anticodon (421).

The anticodon determines tRNA specificity

v Cystein 2 X
; bt ; Alanine
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Figure 5.5 The meaning of tRNA is determined by its
anticodon and not by its amino acid.

Transfer RNA forms a cloverleaf
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MESSENGER RNA

2.5.4 The acceptor stem and anticodon are at ends
of the tertiary structure

Key Concepts

e The clover-leaf forms an L-shaped tertiary structure with the acceptor arm at one
end and the anticodon arm at the other end.

The secondary structure of each tRNA folds into a compact L-shaped tertiary
structure in which the 37 end that binds the amino acid is distant from the anticodon
that binds the mRNA. All tRNAs have the same general tertiary structure, although
they are distinguished by individual variations.

The base paired double-helical stems of the secondary structure are maintained in the
tertiary structure, but their arrangement in three dimensions essentially creates two
double helices at right angles to each other, asillustrated in Figure 5.6. The acceptor
stem and the T yC stem form one continuous double helix with a single gap; the D
stem and anticodon stem form another continuous double helix, also with a gap. The
region between the double helices, where the turn in the L-shape is made, contains
the T yC loop and the D loop. So the amino acid resides at the extremity of one arm
of the L-shape, and the anticodon loop forms the other end.

The acceptor stem and anticodon are at ends of the tertiary structure
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All tRNAs share a tertiary structure
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Figure 5.6 Transfer RNA folds into a compact L-shaped
tertiary structure with the amino acid at one end and the
anticodon at the other end.

The tertiary structure is created by hydrogen bonding, mostly involving bases that are
unpaired in the secondary structure. Many of the invariant and semiinvariant bases
are involved in these H-bonds, which explains their conservation. Not every one of
these interactions is universal, but probably they identify the general pattern for
establishing tRNA structure.

A molecular model of the structure of yeast tRNA™ is shown in Figure 5.7. The left
view corresponds with the bottom panel in Figure 5.6. Differences in the structure
are found in other tRNAS, thus accommodating the dilemma that all tRNAs must
have a similar shape, yet it must be possible to recognize differences between them.
For example, in tRNA”*®, the angle between the two axes is slightly greater, so the
molecule has a dightly more open conformation.
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Figure 5.7 A space-filling model shows that tRNA™® tertiary
structure is compact. The two views of tRNA are rotated by 90°.
Photograph kindly provided by S. H. Kim.

The structure suggests a general conclusion about the function of tRNA. Its sites for
exercising particular functions are maximally separated. The amino acid is as far

distant from the anticodon as possible, which is consistent with their roles in protein
synthesis.
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MESSENGER RNA
2.5.5 Messenger RNA is translated by ribosomes

Key Terms

Theribosomeis alarge assembly of RNA and proteins that synthesizes proteins
under direction from an mRNA template. Bacterial ribosomes sediment at 70S,
eukaryotic ribosomes at 80S. A ribosome can be dissociated into two subunits.

A ribonucleoprotein is acomplex of RNA with proteins.

The lar ge subunit of the ribosome (50S in bacteria, 60S in eukaryotes) has the
peptidyl transferase active site that synthesizes the peptide bond.

The small subunit of the ribosome (30S in bacteria, 40S in eukaryotes) binds the
MRNA.

Key Concepts

e Ribosomes are characterized by their rate of sedimentation (70S for bacterial
ribosomes and 80S for eukaryotic ribosomes).

e A ribosome consists of alarge subunit (50S or 60S for bacteria and eukaryotes)
and a small subunit (30S or 40S).

e The ribosome provides the environment in which aminoacyl-tRNAs add amino
acids to the growing polypeptide chain in response to the corresponding triplet
codons.

o A ribosome moves along an mMRNA from5’t0 3" .

Trandation of an mRNA into a polypeptide chain is catalyzed by the ribosome.
Ribosomes are traditionally described in terms of their (approximate) rate of
sedimentation (measured in Svedbergs, in which a higher S value indicates a greater
rate of sedimentation and a larger mass). Bacteria ribosomes generally sediment at
~70S. The ribosomes of the cytoplasm of higher eukaryotic cells are larger, usually
sedimenting at ~80S.

The ribosome is a compact ribonucleoprotein particle consisting of two subunits.
Each subunit has an RNA component, including one very large RNA molecule, and
many proteins. The relationship between a ribosome and its subunits is deplcted in
Figure 5.8. The two subunits dissociate in vitro when the concentration of Mg* ions
is reduced. In each case, the large subunit is about twice the mass of the small
subunit. Bacteria (70S) ribosomes have subunits that sediment at 50S and 30S. The
subunits of eukaryotic cytoplasmic (80S) ribosomes sediment at 60S and 40S. The
two subunits work together as part of the complete ribosome, but each undertakes
distinct reactionsin protein synthesis.

Messenger RNA is translated by ribosomes
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Figure 5.8 A ribosome consists of two subunits.

All the ribosomes of a given cell compartment are identical. They undertake the
synthesis of different proteins by associating with the different mRNAs that provide
the actual coding sequences.

The ribosome provides the environment that controls the recognition between a
codon of MRNA and the anticodon of tRNA. Reading the genetic code as a series of
adjacent triplets, protein synthesis proceeds from the start of a coding region to the
end. A protein is assembled by the sequential addition of amino acids in the direction
from the N-ter minus to the C-terminus as a ribosome moves along the mRNA (419).

A ribosome begins tranglation at the 5’ end of a coding region; it translates each
triplet codon into an amino acid as it proceeds towards the 3 ” end. At each codon,
the appropriate aminoacyl-tRNA associates with the ribosome, donating its amino
acid to the polypeptide chain. At any given moment, the ribosome can accommodate
the two aminoacyl-tRNAs corresponding to successive codons, making it possible
for a peptide bond to form between the two corresponding amino acids. At each step,
the growing polypeptide chain becomes longer by one amino acid.

Messenger RNA is translated by ribosomes
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MESSENGER RNA
2.5.6 Many ribosomes bind to one mRNA

Key Terms

A polyribosome (Polysome) is an mRNA that is simultaneously being translated by
several ribosomes.

A nascent protein has not yet completed its synthesis; the polypeptide chain is still
attached to the ribosome viaatRNA.

Key Concepts

e An mRNA is simultaneously translated by several ribosomes. Each ribosomeisat a
different stage of progression along the mRNA.

When active ribosomes are isolated in the form of the fraction associated with newly
synthesized proteins, they are found in the form of a complex consisting of an
MRNA associated with several ribosomes. This is the polyribosome or polysome.
The 30S subunit of each ribosome is associated with the mRNA, and the 50S subunit
carries the newly synthesized protein. The tRNA spans both subunits.

Each ribosome in the polysome independently synthesizes a single polypeptide
during its traverse of the messenger sequence. Essentially the mRNA is pulled
through the ribosome, and each triplet nucleotide is trandated into an amino acid. So
the mRNA has a series of ribosomes that carry increasing lengths of the protein
product, moving from the 5 * to the 3 ” end, as illustrated in Figure 5.9. A
polypeptide chain in the process of synthesisis sometimes called a nascent protein.

Each ribosome has a polypeptidyl-tRNA and an aminoacyl-tRNA
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Folding »f;: ':.;'

“'
Protected byg******
N-lerminus , ribosome Senn,

- e
e

tunitent wan TG0 cam

Figure 5.9 A polyribosome consists of an mRNA being trandated simultaneously by several ribosomes
moving in the direction from 5" -3’ . Each ribosome has two tRNA molecules, one carrying the nascent
protein, the second carrying the next amino acid to be added.

Roughly the most recent 30-35 amino acids added to a growing polypeptide chain are
protected from the environment by the structure of the ribosome. Probably all of the
preceding part of the polypeptide protrudes and is free to start folding into its proper
conformation. So proteins can display parts of the mature conformation even before
synthesis has been compl eted.

Many ribosomes bind to one mRNA
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A classic characterization of polysomes is shown in the electron micrograph of
Figure 5.10. Globin protein is synthesized by a set of 5 ribosomes attached to each
mMRNA (pentasomes). The ribosomes appear as squashed spherical abjects of ~7 nm
(70 A) in diameter, connected by a thread of mRNA. The ribosomes are located at
various positions along the messenger. Those at one end have just started protein
synthesis; those at the other end are about to complete production of a polypeptide
chain (422).

Hemoglobin is synthesized on pentasomes
\\\\\\ ergito com

R.:bcgom_e

Figure 5.10 Protein synthesis occurs on polysomes.
Phaotograph kindly provided by Alex Rich.

The size of the polysome depends on severa variables. In bacteria, it is very large,
with tens of ribosomes simultaneously engaged in trandation. Partly the size is due
to the length of the mMRNA (which usually codes for several proteins); partly it is due
to the high efficiency with which the ribosomes attach to the mRNA.

Polysomes in the cytoplasm of a eukaryotic cell are likely to be smaller than thosein
bacteria; again, their size is a function both of the length of the mRNA (usually
representing only a single protein in eukaryotes) and of the characteristic frequency
with which ribosomes attach. An average eukaryotic mRNA probably has ~8
ribosomes attached at any onetime.

Figure 5.11 illustrates the life cycle of the ribosome. Ribosomes are drawn from a
pool (actually the pool consists of ribosomal subunits), used to translate an mRNA,
and then return to the pool for further cycles. The number of ribosomes on each
MRNA molecule synthesizing a particular protein is not precisely determined, in
either bacteria or eukaryotes, but is a matter of statistical fluctuation, determined by
the variables of MRNA size and efficiency.

Many ribosomes bind to one mRNA
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Figure 5.11 Messenger RNA is trandated by ribosomes that
cycle through a pool.

An overal view of the attention devoted to protein synthesis in the intact bacterium
isgivenin Figure 5.12. The 20,000 or so ribosomes account for a quarter of the cell
mass. There are >3000 copies of each tRNA, and atogether, the tRNA molecules
outnumber the ribosomes by amost tenfold; most of them are present as
aminoacyl-tRNAS, that is, ready to be used at once in protein synthesis. Because of
their instability, it is difficult to calculate the number of mMRNA molecules, but a
reasonable guess would be ~1500, in varying states of synthesis and decomposition.
There are ~600 different types of mRNA in a bacterium. This suggests that there are
usually only 2-3 copies of each mRNA per bacterium. On average, each probably
codes for ~3 proteins. If there are 1850 different soluble proteins, there must on
average be >1000 copies of each protein in a bacterium.

25% of bacterial dry mass is concernad with gene expression

Component Dy Cell Molecules  Different Copies of
Mass (%) feell types  each type
Wall 10 1 1 1
Membrane 10 2 2 1
DMA 1.5 1 1 1
mRMNA 1 1,500 600 2-3
IRNA 3 200,000 G0 =3.000
rRMA 16 38,000 2 19,000
Ribosomal proteins 9 10° 52 19,000
Soluble proteins 46 20x mg 1,850  >1,000
Small molecules a T.5x10 800 S

Figure 5.12 Considering E. coli in terms of its macromolecular
components.
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MESSENGER RNA
2.5.7 The life cycle of bacterial messenger RNA

Key Terms

Nascent RNA isaribonucleotide chain that is still being synthesized, so that its 3*
end is paired with DNA where RNA polymerase is elongating.

M onocistronic mRNA codes for one protein.
Poalycistronic mRNA includes coding regions representing more than one gene.
A coding region isapart of the gene that represents a protein sequence.

Theleader of aproteinisashort N-terminal sequence responsible for initiating
passage into or through a membrane.

Theleader (5’ UTR) of an mRNA isthe nontrandated sequence at the 5’ end that
precedes the initiation codon.

A trailer (3 UTR) isanontrandated sequence at the 3’ end of an mRNA following
the termination codon.

Theintercistronic region is the distance between the termination codon of one gene
and the initiation codon of the next gene.

Key Concepts

e Transcription and trangation occur simultaneously in bacteria, as ribosomes begin
tranglating an MRNA before its synthesis has been completed.

e Bacterial mRNA is unstable and has a half-life of only afew minutes.

o A bacterial mMRNA may be polycistronic in having several coding regions that
represent different genes.

Messenger RNA has the same function in all cells, but there are important
differences in the details of the synthesis and structure of prokaryotic and eukaryotic
MRNA.

A major difference in the production of mRNA depends on the locations where
transcription and trandlation occur:

e In bacteria, MRNA is transcribed and translated in the single cellular
compartment; and the two processes are so closely linked that they occur
simultaneoudly. Since ribosomes attach to bacterial mMRNA even before its
transcription has been completed, the polysome is likely still to be attached to
DNA. Bacterial mRNA usualy is unstable, and is therefore trandated into
proteins for only afew minutes.

¢ In aeukaryotic cell, synthesis and maturation of mMRNA occur exclusively in the
nucleus. Only after these events are completed is the mRNA exported to the

The life cycle of bacterial messenger RNA | SECTION 2.5.7 1
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cytoplasm, where it is translated by ribosomes. Eukaryotic mMRNA is relatively
stable and continues to be translated for several hours.

Figure 5.13 shows that transcription and tranglation are intimately related in bacteria.
Transcription begins when the enzyme RNA polymerase binds to DNA and then
moves along making a copy of one strand. As soon as transcription begins,
ribosomes attach to the 5’ end of the mRNA and start translation, even before the
rest of the message has been synthesized. A bunch of ribosomes moves along the
mRNA while it is being synthesized. The 3 * end of the mRNA is generated when
transcription terminates. Ribosomes continue to trandate the mRNA while it
survives, but it is degraded in the overal 5’ — 3’ direction quite rapidly. The
MRNA is synthesized, trandlated by the ribosomes, and degraded, all in rapid
succession. An individual molecule of mMRNA survives for only a matter of minutes
or even less.

The life cycle of bacterial messenger RNA
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Figure 5.13 Overview: mRNA is transcribed, translated, and
degraded simultaneously in bacteria.

Bacterial transcription and trandation take place at similar rates. At 37°C,
transcription of mRNA occurs at ~40 nucleotides/second. This is very close to the
rate of protein synthesis, roughly 15 amino acids/second. It therefore takes ~2
minutes to transcribe and translate an MRNA of 5000 bp, corresponding to 180 kD of
protein. When expression of a new gene is initiated, its mRNA typically will appear
in the cell within ~2.5 minutes. The corresponding protein will appear within perhaps
another 0.5 minute.

Bacteria trandation is very efficient, and most mRNAs are trandated by a large
number of tightly packed ribosomes. In one example (trp mMRNA), about 15
initiations of transcription occur every minute, and each of the 15 mRNAs probably
is translated by ~30 ribosomes in the interval between its transcription and
degradation.
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The instability of most bacterial MRNAs is striking. Degradation of mRNA closely
followsits trandation. Probably it begins within 1 minute of the start of transcription.
The 5’ end of the mRNA starts to decay before the 37 end has been synthesized or
trandated. Degradation seems to follow the last ribosome of the convoy along the
MRNA. But degradation proceeds more slowly, probably at about half the speed of
transcription or tranglation.

The stability of mMRNA has a major influence on the amount of protein that is
produced. It is usually expressed in terms of the half-life. The mRNA representing
any particular gene has a characteristic half-life, but the average is ~2 minutes in
bacteria.

This series of events is only possible, of course, because transcription, trandation,
and degradation all occur in the same direction. The dynamics of gene expression
have been caught in flagrante delicto in the electron micrograph of Figure 5.14. In
these (unknown) transcription units, several MRNAs are under synthesis
simultaneoudly; and each carries many ribosomes engaged in trandation. (This
corresponds to the stage shown in the second panel in Figure 5.13.) An RNA whose
synthesis has not yet been completed is often called a nascent RNA (420).

Bacterial mMRNAs are translated while still being transcribed

Thin central line is DNIA Nascent mRNAs extend from DNA

and are covered in ribosomes
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Figure 5.14 Transcription units can be visualized in bacteria. Photograph kindly provided by
Oscar Miller.

Bacterial mMRNAs vary grestly in the number of proteins for which they code. Some
MRNAS represent only a single gene: they are monocistronic. Others (the mgjority)
carry sequences coding for several proteins: they are polycistronic. In these cases, a
single mRNA is transcribed from a group of adjacent genes. (Such a cluster of genes
constitutes an operon that is controlled as a single genetic unit; see Molecular
Biology 3.10 The operon.)

All mRNAs contain two types of region. The coding region consists of a series of
codons representing the amino acid sequence of the protein, starting (usually) with
AUG and ending with a termination codon. But the mRNA is always longer than the
coding region, extraregions are present at both ends. An additional sequence at the 5
” end, preceding the start of the coding region, is described as the leader or 5" UTR
(untranslated region). An additional sequence following the termination signal,

The life cycle of bacterial messenger RNA
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forming the 3 ’ end, is called the trailer or 3 ~ UTR. Although part of the
transcription unit, these sequences are not used to code for protein.

A polycistronic mRNA also contains intercistronic regions, as illustrated in Figure
5.15. They vary greatly in size. They may be as long as 30 nucleotides in bacterial
MRNASs (and even longer in phage RNAS), but they can also be very short, with as
few as 1 or 2 nucleotides separating the termination codon for one protein from the
initiation codon for the next. In an extreme case, two genes actually overlap, so that
the last base of one coding region is aso the first base of the next coding region.

Bacterial mRNA is polycistronic

Leader precedes Trailer follows
Initiation codon lermination codon

Intercistronic distance
varies from -1 to +40 bases

a% - - - = ¥

Start Stop Start Stop

Figure 5.15 Bacterial mRNA includes non-translated as well as translated regions.
Each coding region has its own initiation and termination signals. A typical mRNA
may have several coding regions.

The number of ribosomes engaged in trandating a particular cistron depends on the
efficiency of its initiation site. The initiation site for the first cistron becomes
available as soon as the 5 7 end of the mRNA is synthesized. How are subsequent
cistrons trandlated? Are the several coding regions in a polycistronic mRNA
translated independently or is their expression connected? Is the mechanism of
initiation the same for al cistrons, or is it different for the first cistron and the
internal cistrons?

Translation of a bacterial MRNA proceeds sequentially through its cistrons. At the
time when ribosomes attach to the first coding region, the subsequent coding regions
have not yet even been transcribed. By the time the second ribosome site is available,
trandlation is well under way through the first cistron. Usually ribosomes terminate
tranglation at the end of the first cistron (and dissociate into subunits), and a new
ribosome assembles independently at the start of the next coding region. (We discuss
the processes of initiation and termination in Molecular Biology 2.6 Protein
synthesis.)

The life cycle of bacterial messenger RNA
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MESSENGER RNA

2.5.8 Eukaryotic mRNA is modified during or after its
transcription

Key Terms

Poly(A) isastretch of ~200 bases of adenylic acid that is added to the 3” end of
MRNA following its synthesis.

Key Concepts

e A eukaryotic mRNA transcript is modified in the nucleus during or shortly after
transcription.

e The modifications include the addition of a methylated cap at the5’ end and a
sequence of poly(A) at the 3 end.

e The mRNA is exported from the nucleus to the cytoplasm only after all
modifications have been completed.

The production of eukaryotic mRNA involves additional stages after transcription.
Transcription occurs in the usual way, initiating a transcript with a5’ triphosphate
end. However, the 3 ” end is generated by cleaving the transcript, rather than by
terminating transcription at a fixed site. Those RNAs that are derived from
interrupted genes require splicing to remove the introns, generating a smaller mRNA
that contains an intact coding sequence.

Figure 5.16 shows that both ends of the transcript are modified by additions of
further nucleotides (involving additional enzyme systems). The 5’ end of the RNA is
modified by addition of a "cap" virtualy as soon as it appears. This replaces the
triphosphate of the initial transcript with a nucleotide in reverse (37 — 5 7))
orientation, thus "sealing" the end. The 3’ end is modified by addition of a series of
adenylic acid nucleotides [polyadenylic acid or poly(A)] immediately after its
cleavage. Only after the completion of all modification and processing events can the
MRNA be exported from the nucleus to the cytoplasm. The average delay in leaving
for the cytoplasm is ~20 minutes. Once the mMRNA has entered the cytoplasm, it is
recognized by ribosomes and translated.

Eukaryotic mRNA is modified during or after its transcription
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Bacterial mRNA is modified at both ends
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Figure 5.16 Eukaryotic mRNA is modified by addition of a
captothe5’ end and poly(A) to the 3” end.

Figure 5.17 shows that the life cycle of eukaryotic mMRNA is more protracted than
that of bacterial mMRNA. Transcription in animal cells occurs at about the same speed
as in bacteria, ~40 nucleotides per second. Many eukaryotic genes are large; a gene
of 10,000 bp takes ~5 minutes to transcribe. Transcription of mMRNA is not
terminated by the release of enzyme from the DNA; instead the enzyme continues
past the end of the gene. A coordinated series of events generates the 3 ” end of the
mMRNA by cleavage, and adds a length of poly(A) to the newly generated 3 end.
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Eukaryotic mRNA is modified and exported
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Figure 5.17 Overview: expression of mRNA in animal cells
requires transcription, modification, processing,
nucleocytoplasmic transport, and translation.

Eukaryotic mRNA constitutes only a small proportion of the total cellular RNA
(~3% of the mass). Half-lives are relatively short in yeast, ranging from 1-60
minutes. There is a substantial increase in stability in higher eukaryotes; animal cell
mMRNA isrelatively stable, with half-lives ranging from 4-24 hours.

Eukaryotic polysomes are reasonably stable. The modifications at both ends of the
MRNA contribute to the stability.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.2.5.8
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MESSENGER RNA
2.5.9 The 5’ end of eukaryotic mRNA is capped

Key Terms

A cap isthe structure at the 5 end of eukaryotic mRNA, introduced after
transcription by linking the terminal phosphate of 5” GTP to the terminal base of
the mMRNA. The added G (and sometimes some other bases) are methylated,
giving a structure of the form ‘MeG5” ppp5’ Np. . .

A cap O at the5” end of mRNA has only amethyl group on 7-guanine.

A cap 1 atthe5’” end of MRNA has methyl groups on the terminal 7-guanine and the
2’ -0 position of the next base.

A cap 2 has three methyl groups (7-guanine, 2 -O position of next base, and N°
adenine) at the 5" end of MRNA.

Key Concepts

e A5’ capisformed by adding a G to the terminal base of the transcript viaa5” -5’
link. 1-3 methyl groups are added to the base or ribose of the new terminal
guanosine.

Transcription starts with a nucleoside triphosphate (usually a purine, A or G). The
first nucleotide retainsits 5 ” triphosphate group and makes the usual phosphodiester
bond from its 3 * position to the 5 * position of the next nucleotide. The initia
sequence of the transcript can be represented as:

5’ ppp"/ PNPNPNp...

But when the mature mRNA is treated in vitro with enzymes that should degrade it
into individual nucleotides, the 5" end does not give rise to the expected nucleoside
triphosphate. Instead it contains two nucleotides, connected by a5’ -5 triphosphate
linkage and al so bearing methyl groups. The terminal base is always a guanine that is
added to the original RNA molecule after transcription.

Addition of the 5" terminal G is catalyzed by a nuclear enzyme, guanylyl transferase.
The reaction occurs so soon after transcription has started that it is not possible to
detect more than trace amounts of the original 5 * triphosphate end in the nuclear
RNA. The overall reaction can be represented as a condensation between GTP and
the original 5 triphosphate terminus of the RNA. Thus

5’ 5’
Gppp + pppAPNPND...
l

The 5’ end of eukaryotic mMRNA is capped
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5'—5"
GpppApNpNp... + pp + p

The new G residue added to the end of the RNA isin the reverse orientation from al
the other nucleotides.

This structure is called a cap. It is a substrate for several methylation events. Figure
5.18 shows the full structure of a cap after al possible methyl groups have been
added. Types of caps are distinguished by how many of these methylations have
occurred:

Eukaryotic mRNA has a methylated 5 cap
Present in all caps

8] CHy Can be methylated in cap 1 NH,

Hw’t‘“

C— N &N,\:
Hﬂé\h}’yz"f ' IJQ"N’!:HNJ HNH
Present :nQ Q\N’f Nj
[ B
Present in tap-nz OCH,
tuatext wew @1QHO com ~

Figure 5.18 The cap blocks the 5’ end of mRNA and may be methylated at several
positions.

e The first methylation occurs in all eukaryotes, and consists of the addition of a
methy| group to the 7 position of the terminal guanine. A cap that possesses this
single methyl group is known as acap 0. Thisis as far as the reaction proceeds
in unicellular eukaryotes. The enzyme responsible for this modification is called
guanine-7-methyltransferase.

e The next step is to add another methyl group, to the 2 * —O position of the
penultimate base (which was actually the origina first base of the transcript
before any modifications were made). This reaction is catalyzed by another
enzyme (2 * —O-methyl-transferase). A cap with the two methyl groups is called
cap 1. This is the predominant type of cap in all eukaryotes except unicellular
organisms.

e In asmall minority of casesin higher eukaryotes, another methyl group is added
to the second base. This happens only when the position |s occupied by adenine;
the reaction involves addition of a methyl group at the N° position. The enzyme

The 5’ end of eukaryotic mMRNA is capped | SECTION 2.5.9 2
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responsible acts only on an adenosine substrate that aready has the methyl group
inthe 2’ —O position.

¢ |n some species, a methyl group is added to the third base of the capped mRNA.
The substrate for this reaction is the cap 1 mRNA that already possesses two
methyl groups. The third-base modification is dways a 2 * -O ribose
methylation. This creates the cap 2 type. This cap usualy represents less than
10-15% of the total capped population.

In a population of eukaryotic mMRNAS, every molecule is capped. The proportions of
the different types of cap are characteristic for a particular organism. We do not
know whether the structure of a particular mRNA isinvariant or can have more than

one type of cap.

In addition to the methylation involved in capping, a low frequency of internal
methylation occursin the MRNA only of higher eukaryotes. Thisis accomplished by
the generation of N°® methyladenine residues at a frequency of about one
modification per 1000 bases. There are 1-2 methyladenines in a typical higher
eukaryotic mRNA, although their presence is not obligatory, since some mRNASs do
not have any (for review see 25).

The 5’ end of eukaryotic mMRNA is capped | SECTION 2.5.9 3
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25.  Bannerjee, A. K. (1980). 5 -terminal cap structure in eukaryotic mRNAs. Microbiol. Rev. 44,
175-205.
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MESSENGER RNA
2.5.10 The 3’ terminus is polyadenylated

Key Terms
poly(A)" mRNA ismRNA that hasa 3’ terminal stretch of poly(A).

Poly(A) polymer ase is the enzyme that adds the stretch of polyadenylic acid to the 3
" of eukaryotic mRNA. It does not use a template.

Poly(A)-binding protein (PABP) isthe protein that binds to the 37 stretch of
poly(A) on a eukaryotic mRNA.

cDNA isasingle-stranded DNA complementary to an RNA, synthesized from it by
reverse transcription in vitro.

poly(A)" mRNA is mRNA that has does not have a3’ terminal stretch of poly(A).

Key Concepts

e A length of poly(A) ~200 nucleotides long is added to a nuclear transcript after
transcription.

e The poly(A) is bound by a specific protein (PABP).
e The poly(A) stabilizes the mRNA against degradation.

The 3’ termina stretch of A residues is often described as the poly(A) tail; and
mRNA with this feature is denoted poly(A)®.

The poly(A) sequence is not coded in the DNA, but is added to the RNA in the
nucleus after transcription. The addition of poly(A) is catalyzed by the enzyme
poly(A) polymerase, which adds ~200 A residues to the free 3 -OH end of the
MRNA. The poly(A) tract of both nuclear RNA and mRNA is associated with a
protein, the poly(A)-binding protein (PABP). Related forms of this protein are
found in many eukaryotes. One PABP monomer of ~70 kD is bound every 10-20
bases of the poly(A) tail. So a common feature in many or most eukaryotes is that the
37 end of the mMRNA consists of a stretch of poly(A) bound to a large mass of
protein. Addition of poly(A) occurs as part of areaction in which the 3’ end of the
MRNA is generated and modified by a complex of enzymes (see Molecular
Biology 5.24.19 The 3 ’ ends of mRNAs are generated by cleavage and
polyadenylation) (424).

Binding of the PABP to the initiation factor el FAG generates a closed loop, in which
the 5’ and 3’ ends of the mRNA find themselves held in the same protein complex
(see Figure 6.20 in Molecular Biology 2.6.9 Eukaryotes use a complex of many
initiation factors). The formation of this complex may be responsible for some of the
effects of poly(A) on the properties of mRNA. Poly(A) usualy stabilizes mRNA.
The ability of the poly(A) to protect mRNA against degradation requires binding of
the PABP.

The 3’ terminus is polyadenylated
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Removal of poly(A) inhibits the initiation of trandation in vitro, and depletion of
PABP has the same effect in yeast in vivo. These effects could depend on the binding
of PABP to the initiation complex at the 5” end of mMRNA. There are many examples
in early embryonic development where polyadenylation of a particular mRNA is
correlated with its trandation. In some cases, MRNAs ae stored in a
nonpolyadenylated form, and poly(A) is added when their trandation is required; in
other cases, poly(A)" mRNAs are de-adenylated, and their translation is reduced.

The presence of poly(A) has an important practical consequence. The poly(A) region
of mMRNA can base pair with oligo(U) or oligo(dT); and this reaction can be used to
isolate poly(A)” mRNA. The most convenient technique is to immobilize the oligo(U
or dT) on a solid support material. Then when an RNA population is applied to the
column, as illustrated in Figure 5.19, only the poly(A)" RNA is retained. It can be
retrieved by treating the column with a solution that breaks the bonding to release the
RNA.

Poly(A) can be used to isolate mRNA
Most of RNA population mRNA with poly(A) is
is rfRMNA that lacks poly(A) small propartion of RNA

¥ ._'.--.'...';".. r __ﬁf&h'ﬁ.
o '-.:L'.':-'.'“ : & 7z Sy
OCliga(dT)
Poly(A)* RNA Sepharose
- S Alﬂhﬁl
sticks to column e
— AKX
rRNA flows _' —
through column —=——, Jsexs wawErgito cor

Figure 5.19 Poly(A)* RNA can be separated from other
RNASs by fractionation on Sepharose-oligo(dT).

The only drawback to this procedure is that it isolates al the RNA that contains
poly(A). If RNA of the whole cell is used, for example, both nuclear and cytoplasmic
poly(A)" RNA will be retained. If preparations of polysomes are used (a common
procedure), most of the isolated poly(A)” RNA will be active mRNA. However, in
addition to mRNA in polysomes, there are also ribonucleoprotein particles in the
cytosol that contain poly(A)" mRNA, but which are not translated. This RNA may be
"stored" for use at some other time. Isolation of total poly(A)* mRNA therefore does
not correspond exactly with the active mRNA population.

The"cloning" approach for purifying mRNA uses a procedure in which the mRNA is
copied to make a complementary DNA strand (known as cDNA). Then the cDNA
can be used as a template to synthesize a DNA strand that is identical with the
original mMRNA sequence. The product of these reactions is a double-stranded DNA
corresponding to the sequence of the mRNA. This DNA can be reproduced in large
amounts.

The 3’ terminus is polyadenylated
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The availability of a cloned DNA makes it easy to isolate the corresponding mRNA
by hybridization techniques. Even mRNAS that are present in only very few copies
per cell can be isolated by this approach. Indeed, only mRNAS that are present in
relatively large amounts can be isolated directly without using a cloning step.

Almost al cellular mMRNAS possess poly(A). A significant exception is provided by
the mRNAs that code for the histone proteins (a major structural component of
chromosomal material). These mMRNASs comprise most or all of the poly(A)” fraction.
The significance of the absence of poly(A) from histone mRNAS is not clear, and
there is no particular aspect of their function for which this appears to be necessary
(for review see 26).

Last updated on 1-22-2002
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26. Jackson, R. J. and Standart, N. (1990). Do the poly(A) tail and 3’ untranslated region control
mMRNA translation? Cell 62, 15-24.
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MESSENGER RNA

2.5.11 Bacterial mRNA degradation involves multiple
enzymes

Key Terms

The degradosome is a complex of bacterial enzymes, including RNAase and
helicase activities, which may be involved in degrading mRNA.

Key Concepts
e The overall direction of degradation of bacterial MRNA is5”-3".

e Degradation results from the combination of exonucleolytic cleavages followed by
endonucleolytic degradation of the fragment from3’-5".

Bacteridl mRNA is constantly degraded by a combination of endonucleases and
exonucleases (for review see 972). Endonucleases cleave an RNA at an internal site.
Exonucleases are involved in trimming reactions in which the extra residues are
whittled away, base by base from the end. Bacterial exonucleases that act on
single-stranded RNA proceed along the nucleic acid chain from the 3" end.

The way the two types of enzymes work together to degrade an mRNA is shown in
Figure 5.20. Degradation of a bacterial mRNA is initiated by an endonucleolytic
attack. Several 3’ ends may be generated by endonucleolytic cleavages within the
MRNA. The overal direction of degradation (as measured by loss of ability to
synthesize proteins) is 5 7 =3 ’ . This probably results from a succession of
endonuclealytic cleavages following the last ribosome. Degradation of the released
fragments of mMRNA into nucleotides then proceeds by exonucleolytic attack from
the free 3’ —OH end toward the 5’ terminus (that is, in the opposite direction from
transcription). Endonucleolytic attack releases fragments that may have different
susceptibilities to exonucleases. A region of secondary structure within the mRNA
may provide an obstacle to the exonuclease, thus protecting the regions on its 5 *
side. The stahility of each mRNA is therefore determined by the susceptibility of its
particular sequence to both endo- and exonucleolytic cleavages.

Bacterial mMRNA degradation involves multiple enzymes
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Figure 5.20 Degradation of bacteridl mRNA is a two-stage
process. Endonucleolytic cleavages proceed 5 * -3 7 behind the
ribosomes. The released fragments are degraded by
exonucleases that move 3 -5" .

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.5.11 to view

properly.

There are ~12 ribonucleases in E. coli. Mutants in the endoribonucleases (except
ribonuclease I, which is without effect) accumulate unprocessed precursors to rRNA
and tRNA, but are viable. Mutants in the exonucleases often have apparently
unaltered phenotypes, which suggests that one enzyme can substitute for the absence
of another. Mutants lacking multiple enzymes sometimes are inviable (for review see
29).

RNAase E is the key enzyme in initiating cleavage of mMRNA. It may be the enzyme
that makes the first cleavage for many mRNAs. Bacterial mutants that have a
defective ribonuclease E have increased stability (2-3 fold) of mMRNA. However, this
is not its only function. RNAase E was originally discovered as the enzyme that is
responsible for processing 5 * rRNA from the primary transcript by a specific
endonucleolytic processing event.

The process of degradation may be catalyzed by a multienzyme complex (sometimes

Bacterial mMRNA degradation involves multiple enzymes
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called the degradosome) that includes ribonuclease E, PNPase, and a helicase (970).
RNAase E plays dual roles. Its N-terminal domain provides an endonuclease activity.
The C-terminal domain provides a scaffold that holds together the other components
(971). The helicase unwinds the substrate RNA to make it available to PNPase.
According to this model, RNAase E makes the initial cut and then passes the
fragments to the other components of the complex for processing.

Polyadenylation may play a role in initiating degradation of some mRNAS in
bacteria. Poly(A) polymerase is associated with ribosomes in E. coli, and short
(10-40 nucleotide) stretches of poly(A) are added to at least some mRNAS. Triple
mutations that remove poly(A) polymerase, ribonuclease E, and polynucleotide
phosphorylase (PNPase is a 3 * -5 ’ exonuclease) have a strong effect on stability.
(Mutations in individual genes or pairs of genes have only a weak effect.) Poly(A)
polymerase may create a poly(A) tail that acts as a binding site for the nucleases. The
role of poly(A) in bacteria would therefore be different from that in eukaryotic cells
(425).

Bacterial mMRNA degradation involves multiple enzymes
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MESSENGER RNA

2.5.12 mRNA stability depends on its structure and
seguence

Key Concepts

e The modifications at both ends of MRNA protect it against degradation by
exonucleases.

e Specific sequences within an mMRNA may have stabilizing or destabilizing effects.
e Destabilization may be triggered by loss of poly(A)

The major features of MRNA that affect its stability are summarized in Figure 5.21.
Both structure and sequence are important. The 5’ and 3 terminal structures protect
against degradation, and specific sequences within the mMRNA may either serve as

targetsto trigger degradation or may protect against degradation:

The structure and sequence of mMRNA determine stabilty

Cap protects Nonsense Endonucleasa Poly(A) protects

against 5'-3’ codons attacks against 3'-5'

exonuclease trigger destabilizing exonuclease
surveillance sequence

o [ sogped |
ool

5 UTR  Coding region 3 UTR virluinliest wwew BTQITO com

Figure 5.21 The terminal modifications of MRNA protect it against degradation.
Internal sequences may activate degradation systems.

e The modifications at the 5’ and 3 * ends of mMRNA play an important role in
preventing exonuclease attack. The cap prevents 5’ -3 * exonucleases from
attacking the 5 * end, and the poly(A) prevents 3 * -5 * exonucleases from

attacking the 3’ end.

o Specific sequence elements within the mMRNA may stabilize or destabilize it. The
most common location for destabilizing elements is within the 3 ” untrandated

region. The presence of such an element shortens the lifetime of the mRNA.

¢ Within the coding region, mutations that create termination codons trigger a
surveillance system that degrades the mMRNA (see  Molecular

Biology 2.5.14 Nonsense mutations trigger a surveillance system).

mRNA stability depends on its structure and sequence
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Destabilizing elements have been found in several yeast mRNAS, although as yet we
do not see any common sequences or know how they destabilize the mRNA. They do
not necessarily act directly (by providing targets for endonucleases), but may
function indirectly, perhaps by encouraging deadenylation. The criterion for defining
adestabilizing sequence element is that itsintroduction into anew mRNA may cause
it to be degraded. The removal of an element from an mRNA does not necessarily
stabilize it, suggesting that an individuaik mMRNA can have more than one
destabilizing element.

A common feature in some unstable MRNASs is the presence of an AU-rich sequence
of ~50 bases (called the ARE) that is found in the 3’ trailer region. The consensus
sequence in the ARE is the pentanucleotide AUUUA, repeated severa times. Figure
5.22 shows that the ARE triggers destabilization by a two stage process: first the
MRNA is deadenylated; then it decays. The deadenylation is probably needed
because it causes loss of the poly(A)-binding protein, whose presence stabilizes the 3
"’ region (see Molecular Biology 2.5.13 mRNA degradation involves multiple
activities).

Proteins can stabilize mRNA

———————JAUUUR —(A),

ARE-binding protein ‘

—(AUUUA)- ‘ ~

Poly(A) ribonuclease

— — (AUUUR - —

< (3]

nistent wew BTGIt0 com ENdONUCleases

Figure 5.22 An ARE in a 3’ nontransated region initiates
degradation of mRNA.

In some cases, an mRNA can be stabilized by specifically inhibiting the function of a
destabilizing element. Transferrin mRNA contains a sequence called the IRE, which
controls the response of the mMRNA to changes in iron concentration. The IRE is
located in the 3’ nontrandated region, and contains stem-loop structures that bind a
protein whose affinity for the mRNA is controlled by iron. Figure 5.23 shows that
binding of the protein to the IRE stabilizes the mRNA by inhibiting the function of
(unidentified) destabilizing sequences in the vicinity. Thisis a general model for the
stabilization of mMRNA, that is, stability is conferred by inhibiting the function of
destabilizing sequences (for review see 27; 28).

mRNA stability depends on its structure and sequence

SECTION 2512 2

© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT ,

erg;to o ‘ Molecular Biology

IRS controls stability in response to iron
|

IRE-binding protein binds IRS in absence of iron

& W{A}n

IRE-binding protein dissociates in presence of iron

- M a),

1

P— |11 1) p—
wirfuafiesl wiw Efgim oo & &

Figure 5.23 An IRE in a 3’ nontrandated region controls
mRNA stability.
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MESSENGER RNA
2.5.13 mRNA degradation involves multiple activities

Key Concepts
e Degradation of yeast mRNA requires removal of the 5’ cap and the 3’ poly(A).
e One yeast pathway involves exonucleolytic degradation from5” -3 " .

o Another yeast pathway uses a complex of several exonucleases that work inthe 3’
-5 direction.

e The deadenylase of animal cells may bind directly to the 5’ cap.

We know most about the degradation of mRNA in yeast. There are basically two
pathways. Both start with removal of the poly(A) tail (for review see 1934). Thisis
catalyzed by a specific deadenylase which probably functions as part of a large
protein complex (1933). (The catalytic subunit is the exonuclease Ccr4 in yeast, and
is the exonuclease PARN in vertebrates, which isrelated to RNAase D.) The enzyme
action is processive—once it has started to degrade a particular mRNA substrate, it
continues to whittle away that mRNA, base by base.

The major degradation pathway is summarized in Figure 5.24. Deadenylation at the
3’ end triggers decapping at the 5 ” end. The basis for this relationship is that the
presence of the PABP (poly(A)-binding protein) on the poly(A) prevents the
decapping enzyme from binding to the 5 * end. PABP is released when the length of
poly(A) falls below 10-15 residues. The decapping reaction occurs by cleavage 1-2
bases fromthe 5’ end.

mRNA degradation involves multiple activities
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Decapping leads to 5'-3' degradation
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Figure 5.24 Deadenylation allows decapping to occur, which
leads to endonucleolytic cleavage from the 5 end.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.5.13 to view

properly.

Each end of the mRNA influences events that occur at the other end. This is
explained by the fact that the two ends of the mRNA are held together by the factors
involved in protein synthesis (see Molecular Biology 2.6.9 Eukaryotes use a complex
of many initiation factors). The effect of PABP on decapping allows the 3 ” end to
have an effect in stabilizing the 5 7 end. There is also a connection between the
structure at the 5 end and degradation at the 3’ end. The deadenylase directly binds
tothe 5’ cap, and thisinteraction isin fact needed for its exonucleolytic attack on the
poly(A) (1435).

What is the rationale for the connection between events occurring at both ends of an
MRNA? Perhaps it is necessary to ensure that the mRNA is not left in a state (having
the structure of one end but not the other) that might compete with active mRNA for
the proteins that bind to the ends.

Removal of the cap triggersthe 5’ -3’ degradation pathway in which the mRNA is
degraded rapidly from the 5’ end, by the 5’ —3 7 exonuclease XRN1 (1935). The
decapping enzyme is concentrated in discrete cytoplasmic foci, which may be
“processing bodies’ where the mRNA is deadenylated and then degraded after it has
been decapped (3999).

In the second pathway, deadenylated yeast mMRNAS can be degraded by the 3’ -5’
exonuclease activity of the exosome , a complex of >9 exonucleases (426, 1936).
The exosome is aso involved in processing precursors for rRNAs. The aggregation
of the individual exonucleases into the exosome complex may enable 3~ -5’
exonucleolytic activities to be coordinately controlled. The exosome may also
degrade fragments of mRNA released by endonucleolytic cleavage. Figure 5.25

mRNA degradation involves multiple activities
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shows that the 3’ -5 * degradation pathway may actually involve combinations of
endonucleolytic and exonucleolytic action. The exosome is also found in the nucleus,
where it degrades unspliced precursors to mRNA (2190).

The 3'-5' pathway has three stages

Deadenylation
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-

Endanucleolytic degradation
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Figure 5.25 Deadenylation may lead directly to exonucleolytic
cleavage and endonucleolytic cleavage from 3 end(s).

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBI0O.2.5.13 to view
properly.

Yeast mutants lacking either exonucleolytic pathway degrade their mMRNASs more
slowly, but the loss of both pathways is lethal (426; for review see 30).
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MESSENGER RNA

2.5.14 Nonsense mutations trigger a surveillance
system

Key Terms

Nonsense-mediated mMRNA decay is a pathway that degrades an mRNA that has a
nonsense mutation prior to the last exon.

Surveillance systems check nucleic acids for errors. The term isused in several
different contexts. One example is the system that degrades mRNAs that have
nonsense mutations. Another isthe set of systems that react to damage in the
double helix. The common feature is that the system recognizes an invalid
sequence or structure and triggers a response.

Key Concepts
e Nonsense mutations cause MRNA to be degraded.

e Genes coding for the degradation system have been found in yeast and worm.

Another pathway for degradation is identified by nonsense-mediated mRNA decay.
Figure 5.26 shows that the introduction of a nonsense mutation often leads to
increased degradation of the mRNA. As may be expected from dependence on a
termination codon, the degradation occurs in the cytoplasm. It may represent a
quality control or surveillance system for removing nonfunctional mRNAs (for

review see 973).
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A surveillance system degrades mutant mRNA

Wild-type mRNA has normal stability
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Figure 5.26 Nonsense mutations may cause mRNA to be
degraded.

The surveillance system has been studied best in yeast and C. elegans, but may also
be important in animal cells. For example, during the formation of immunoglobulins
and T cell receptors in cells of the immune system, genes are modified by somatic
recombination and mutation (see Molecular Biology 5.25 Immune diversity). This
generates a significant number of nonfunctional genes, whose RNA products are
disposed of by asurveillance system.

In yeast, the degradation requires sequence elements (called DSE) that are
downstream of the nonsense mutation (974; 975). The simplest possibility would be
that these are destabilizing elements, and that trandation suppresses their use.
However, when trandlation is blocked, the mRNA is stabilized. This suggests that the
process of degradation is linked to trandation of the mRNA, or to the termination
event in some direct way.

Genes that are required for the process have been identified in S. cerevisiae (upf loci)
and C. degans (smg loci) by identifying suppressors of nonsense-mediated
degradation (976; 977). Mutations in these genes stabilize aberrant mRNAS, but do
not affect the stability of most wild-type transcripts. One of these genesis conserved
in eukaryotes (upfl/smg2). It codes for an ATP-dependent helicase (an enzyme that
unwinds double-stranded nucleic acids into single strands). This implies that
recognition of the mRNA as an appropriate target for degradation requires a change
in its structure (978; 979).

Nonsense mutations trigger a surveillance system
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Upfl interacts with the release factors (eRF1 and eRF3) that catalyze termination,
which is probably how it recognizes the termination event (2232). It may then "scan”
the mRNA by moving toward the 3 * end to look for the downstream sequence
elements.

In mammalian cells, the surveillance system appears to work only on mutations
located prior to the last exon —in other words, there must be an intron after the site of
mutation. This suggests that the system requires some event to occur in the nucleus,
before the introns are removed by splicing. One possibility is that proteins attach to
the mRNA in the nucleus at the exon-exon boundary when a splicing event occurs
(1906). Figure 5.27 shows a general model for the operation of such a system. This
is similar to the way in which an mMRNA may be marked for export from the nucleus
(see Molecular Biology 5.24.10 Splicing is connected to export of MRNA).
Attachment of a protein to the exon-exon junction creates a mark of the event that
persists into the cytoplasm. Human homologues of the yeast Upf2,3 proteins may be
involved in such a system (1907). They bind specifically to mRNA that has been
spliced.

Splicing junctions are marked by proteins

Exon

Intron Exon

Protein binds 1o
| ‘ i
Splicing exon-exon junction

NUCLEUS

1 4 |
CYTOPLASM
More proteins bind

Prematura
‘ termination
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-
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Figure 5.27 A surveillance system could have two types of
components. Protein(s) must bind in the nucleus to mark the
result of a splicing event. Other proteins could bind to the mark
either in the nucleus or cytoplasm. They are triggered to act to
degrade the mRNA when ribosomes terminate prematurely.
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MESSENGER RNA
2.5.15 Eukaryotic RNAs are transported

Key Concepts
e RNA istransported through a membrane as a ribonucleoprotein particle.

o All eukaryotic RNAs that function in the cytoplasm must be exported from the
nucleus.

o tRNAs and the RNA component of a ribonuclease are imported into mitochondria.

e MRNASs can travel long distances between plant cells.

A bacterium consists of only a single compartment, so all the RNAs function in the
same environment in which they are synthesized. Thisis most striking in the case of
MRNA, where translation occurs simultaneously with transcription (see Molecular
Biology 2.5.7 The life cycle of bacterial messenger RNA).

RNA is transported through membranes in the variety of instances summarized in
Figure 5.28. It poses a significant thermodynamic problem to transport a highly
negative RNA through a hydrophobic membrane, and the solution is to transport the
RNA packaged with proteins.

RNA can be transported between cell compartments

RNA Transport Location
-

All RNA  Nucleus—cytoplasm All cells
tRNA Nucleus—mitochondrnon Many cells e
mRNA MNurse cellsoocyle Fly embrycgenesis -
mRNA Anteriosposterior cocyte  ditto @

o
mRMNA Cell—cell Plant phloam
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Figure 5.28 RNAs are transported through membranesin a variety of systems.

In eukaryotic cells, RNAs are transcribed in the nucleus, but translation occurs in the
cytoplasm. Each type of RNA must be transported into the cytoplasm to assemble the
apparatus for trandation. The rRNA assembles with ribosoma proteins into
immature ribosome subunits that are the substrates for the transport system. tRNA is
transported by a specific protein system (see Molecular Biology 2.8.28 Transport

Eukaryotic RNAs are transported
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receptors carry cargo proteins through the pore). mRNA is transported as a
ribonucleoprotein, which forms on the RNA transcript in the nucleus (see Molecular
Biology 5.24 RNA splicing and processing). These processes are common to all
eukaryotic cells. Many mRNASs are trandated in the cytosol, but some are localized
within the cell, by means of attachment to a cytoskeletal element. One situation in
which localization occurs is when it isimportant for a protein product to be produced
near to the site of itsincorporation into some macromolecular structure (1921).

Some RNAs are made in the nucleus, exported to the cytosol, and then imported into
mitochondria. The mitochondria of some organisms do not code for all of the tRNAs
that are required for protein synthesis (see Molecular Biology 1.3.20 Organelle
genomes are circular DNAs that code for organelle proteins). In these cases, the
additional tRNAs must be imported from the cytosol. The enzyme ribonuclease P,
which contains both RNA and protein subunits, is coded by nuclear genes, but is
found in mitochondria as well as the nucleus (1915). This means that the RNA must
be imported into the mitochondria.

We know of some situations in which mRNA is even transported between cells.
During development of the oocyte in Drosophila, certain mRNAS are transported into
the egg from the nurse cells that surround it. The nurse cells have specialized
junctions with the oocyte that alow passage of material needed for early
development. This material includes certain mMRNAS. Once in the egg, these mRNASs
take up specific locations. Some simply diffuse from the anterior end where they
enter, but others are transported the full length of the egg to the posterior end by a
motor attached to microtubules (see Molecular Biology 6.31.7 How are mRNAs and
proteins transported and localized?).

The most striking case of transport of MRNA has been found in plants. Movement of
individual nucleic acids over long distances was first discovered in plants, where
viral movement proteins help propagate the viral infection by transporting an RNA
virus genome through the plasmodesmata (connections between cells) (see
1919; 1920). Plants also have a defense system, that causes cells to silence an
infecting virus, and this too may involve the spread of components including RNA
over long distance between cells (see 1918). Now it has turned out that similar
systems may transport mMRNAS between plant cells. Although the existence of the
systems has been known for some time, it is only recently that their functional
importance has been demonstrated (1916). This was shown by grafting wild-type
tomato plants onto plants that had the dominant mutation Me (which causes a change
in the shape of the leaf). MRNA from the mutant stock was transported into the
leaves of the wild-type graft, where it changed their shape.

Last updated on 7-23-2001
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MESSENGER RNA
2.5.16 mRNA can be specifically localized

Key Concepts
e Yeast Ashl mRNA forms aribonucleoprotein that binds to a myosin motor.
e A motor transportsit along actin filaments into the daughter bud.

e It isanchored and trandated in the bud, so that the protein is found only in the bud.

An mRNA is synthesized in the nucleus but trandated in the cytoplasm of a
eukaryotic cell. It passes into the cytoplasm in the form of a ribonucleoprotein
particle that is transported through the nuclear pore. Once in the cytosal, it may
associate with ribosomes and be trandated. The cytosol is a crowded place, occupied
by a high concentration of proteins. It is not clear how freely a polysome can diffuse
within the cytosol, and most mMRNAS are probably translated in random locations,
determined by their point of entry into the cytosol, and the distance that they may
have moved away from it. However, some mRNASs are trandated at specific sites.
This may be accomplished by several mechanisms (for review see 2304; 2423):

o An mRNA may be specifically transported to a site where it is trandated.

e It may be universaly distributed but degraded at all sites except the site of
trandation.

o |t may be freely diffusible but become trapped at the site of trandlation.

One of the best characterized cases of localization within a cell is that of Ashl in
yeast (for review see 2302). Ashl represses expression of the HO endonuclease in
the budding daughter cell, with the result that HO is expressed only in the mother
cell. The consequence is that mating type is changed only in the mother cell (see
Molecular Biology 4.18.9 Regulation of HO expression controls switching ). The
cause of the restriction to the daughter cell is that all the Ashl mRNA is transported
from the mother cell, where it is made, into the budding daughter cell (2348).

Mutations in any one of 5 genes, called SHE1-5, prevent the specific localization and
cause Ashl mRNA to be symmetrically distributed in both mother and daughter
compartments. The proteins Shel,2,3 bind Ashl mRNA into a ribonucleoprotein
particle that transports the mRNA into the daughter cell. Figure 5.29 shows the
functions of the proteins. Shelp is a myosin (previously identified as Myo4), and
She3 and She2 are proteins that connect the myosin to the mRNA. The myosin is a
motor that moves the mRNA along actin filaments (2349).

mRNA can be specifically localized
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Figure 5.29 Ashl mRNA forms aribonucleoprotein
containing a myosin motor that moves it along an
actin filament.

Figure 5.30 summarizes the overal process. Ashl mRNA is exported from the
nucleusin the form of aribonucleoprotein. In the cytoplasm it is first bound by She2,
which recognizes some stem-loop secondary structures within the mRNA. Then She3
binds to She2, after which the myosin Shel binds. Then the particle hooks on to an
actin filament and moves to the bud. When Ashl mRNA reaches the bud, it is
anchored there, probably by proteins that bind specifically to the mRNA.

Ash1 moves along actin filaments to the bud
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Figure 5.30 Ashl mRNA is exported from the nucleusinto the
cytoplasm where it is assembled into a complex with the She
proteins. The complex transports it along actin filaments to the
bud.

Similar principles govern other cases where mMRNAS are transported to specific sites.
The mRNA is recognized by means of cis-acting sequences, which usualy are
regions of secondary structure in the 3" untrandated region. (Ashl mRNA is unusual
in that the cis-acting regions are in the coding frame.) The mMRNA is packaged into a
ribonucleoprotein particle. In some cases, the transported MRNA can be visualized in
very large particles, called mRNA granules. The particles are large enough (several
times the size of a ribosome) to contain many protein and RNA components (for
review see 1921).

A transported mRNP must be connected to a motor that moves it along a system of
tracks. The tracks can be either actin filaments or microtubules. Whereas Ashl uses a
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myosin motor on actin tracks, oscar mRNA in the Drosophila egg uses a kinesin
motor to move along microtubules (see Molecular Biology 6.31.7 How are mRNAs
and proteins transported and localized?). Once the mRNA reaches its destination, it
needs to be anchored in order to prevent it from diffusing away. Less is known about
this, but the process appears to be independent of transport. An mRNA that is
transported along microtubules may anchored to actin filaments at its destination.

Last updated on 1-30-2003
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MESSENGER RNA
2.5.17 Summary

Genetic information carried by DNA is expressed in two stages. transcription of
DNA into mRNA; and trandation of the mRNA into protein. Messenger RNA is
transcribed from one strand of DNA and is complementary to this (noncoding) strand
and identical with the other (coding) strand. The sequence of mMRNA, in triplet
codons5’ -3, isrelated to the amino acid sequence of protein, N- to C-terminal.

The adaptor that interprets the meaning of a codon is transfer RNA, which has a
compact L-shaped tertiary structure; one end of the tRNA has an anticodon that is
complementary to the codon, and the other end can be covalently linked to the
specific amino acid that corresponds to the target codon. A tRNA carrying an amino
acid is called an aminoacyl-tRNA.

The ribosome provides the apparatus that allows aminoacyl-tRNAs to bind to their
codons on mMRNA. The small subunit of the ribosome is bound to MRNA; the large
subunit carries the nascent polypeptide. A ribosome moves along mRNA from an
initiation site in the 5 7 region to a termination site in the 3 ” region, and the
appropriate aminoacyl-tRNAs respond to their codons, unloading their amino acids,
so that the growing polypeptide chain extends by one residue for each codon
traversed.

The trandational apparatus is not specific for tissue or organism; an mRNA from one
source can be trandated by the ribosomes and tRNAs from another source. The
number of times any mRNA is tranglated is a function of the affinity of its initiation
site(s) for ribosomes and its stability. There are some cases in which trandation of
groups of mMRNA or individual mRNAs is specifically prevented: this is caled
translational control.

A typical mRNA contains both a nontranslated 5 * leader and 3 ’ trailer as well as
coding region(s). Bacteridl mRNA is usualy polycistronic, with nontranslated
regions between the cistrons. Each cistron is represented by a coding region that
starts with a specific initiation site and ends with a termination site. Ribosome
subunits associate at the initiation site and dissociate at the termination site of each
coding region.

A growing E. coli bacterium has ~20,000 ribosomes and ~200,000 tRNAS, mostly in
the form of aminoacyl-tRNA. There are ~1500 mRNA molecules, representing 2-3
copies of each of 600 different messengers.

A single mRNA can be trandlated by many ribosomes simultaneously, generating a
polyribosome (or polysome). Bacterial polysomes are large, typicaly with tens of
ribosomes bound to a single mRNA. Eukaryotic polysomes are smaller, typically
with fewer than 10 ribosomes; each mRNA carries only a single coding sequence.

Bacterial MRNA has an extremely short half-life, only a few minutes. The 5 ” end
starts trandation even while the downstream sequences are being transcribed.
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Degradation is initiated by endonucleases that cut at discrete sites, following the
ribosomesin the 5’ -3’ direction, after which exonucleases reduce the fragments to
nucleotides by degrading them from the released 3  end toward the 5 * end.
Individual sequences may promote or retard degradation in bacterial mMRNAS.

Eukaryotic mRNA must be processed in the nucleus before it is transported to the
cytoplasm for trandation. A methylated cap is added to the 5" end. It consists of a
nucleotide added to the original end by a5’ -5’ bond, after which methyl groups are
added. Most eukaryotic mMRNA has an ~200 base sequence of poly(A) added to its 3*
terminus in the nucleus after transcription, but poly(A)” mRNAs appear to be
translated and degraded with the same kinetics as poly(A)" mRNAs. Eukaryotic
MRNA exists as a ribonucleoprotein particle; in some cases MRNPs are stored that
fail to be trandlated. Eukaryotic mRNASs are usually stable for several hours. They
may have multiple sequences that initiate degradation; examples are known in which
the process is regulated.

Yeast mRNA is degraded by (at least) two pathways. Both start with removal of
poly(A) from the 3" end, causing loss of poly(A)-binding protein, which in turn leads
to removal of the methylated cap from the 5 end. One pathway degrades the mRNA
from the 5’ end by an exonuclease. Another pathway degrades from the 3 end by
the exosome, a complex containing several exonucleases.

Nonsense-mediated degradation leads to the destruction of mRNAs that have a
termination (nonsense) codon prior to the last exon. The upf laci in yeast and the smg
loci in worms are required for the process. They includes a helicase activity to
unwind mRNA and a protein that interacts with the factors that terminate protein
synthesis. The features of the process in mammalian cells suggest that some of the
proteins attach to the mRNA in the nucleus when RNA splicing occurs to remove
introns.

MRNAs can be transported to specific locations within a cell (especialy in
embryonic development). In the Ashl system in yeast, mRNA is transported from
the mother cell into the daughter cell by a myosin motor that moves on actin
filaments. In plants, MRNAS can be transported long distances between cells.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.2.5.17
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PROTEIN SYNTHESIS
2.6.1 Introduction

An mRNA contains a series of codons that interact with the anticodons of
aminoacyl-tRNAs so that a corresponding series of amino acidsisincorporated into a
polypeptide chain. The ribosome provides the environment for controlling the
interaction between mMRNA and aminoacyl-tRNA. The ribosome behaves like a small
migrating factory that travels along the template engaging in rapid cycles of peptide
bond synthesis. Aminoacyl-tRNAs shoot in and out of the particle at afearsome rate,
depositing amino acids, and elongation factors cyclically associate with and
dissociate from the ribosome. Together with its accessory factors, the ribosome
provides the full range of activities required for all the steps of protein synthesis.

Figure 6.1 shows the relative dimensions of the components of the protein synthetic
apparatus. The ribosome consists of two subunits that have specific roles in protein
synthesis. Messenger RNA is associated with the small subunit; ~30 bases of the
MRNA are bound at any time. The mRNA threads its way along the surface close to
the junction of the subunits. Two tRNA molecules are active in protein synthesis at
any moment; so polypeptide elongation involves reactions taking place at just two of
the (roughly) 10 codons covered by the ribosome. The two tRNAS are inserted into
internal sites that stretch across the subunits. A third tRNA may remain present on
the ribosome after it has been used in protein synthesis, before being recycled.

A ribosome binds mRNA and tRNAs
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Figure 6.1 Size comparisons show that the ribosome is large
enough to bind tRNAs and mRNA.

The basic form of the ribosome has been conserved in evolution, but there are
appreciable variations in the overall size and proportions of RNA and protein in the
ribosomes of bacteria, eukaryotic cytoplasm, and organelles. Figure 6.2 compares
the components of bacterial and mammalian ribosomes. Both are ribonucleoprotein
particles that contain more RNA than protein. The ribosomal proteins are known as
r-proteins.
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Ribosomes are ribonucleoprotein particles
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Figure 6.2 Ribosomes are large ribonucleoprotein particles
that contain more RNA than protein and dissociate into large
and small subunits.

Each of the ribosome subunits contains a major rRNA and a number of small
proteins. The large subunit may also contain smaller RNA(s). In E. coli, the small
(30S) subunit consists of the 16S rRNA and 21 r-proteins. The large (50S) subunit
contains 23S rRNA, the small 5S RNA, and 31 proteins. With the exception of one
protein present at four copies per ribosome, there is one copy of each protein. The
major RNAs constitute the major part of the mass of the bacterial ribosome. Their
presence is pervasive, and probably most or all of the ribosomal proteins actually
contact rRNA. So the major rRNAs form what is sometimes thought of as the
backbone of each subunit, a continuous thread whose presence dominates the
structure, and which determines the positions of the ribosomal proteins.

The ribosomes of higher eukaryotic cytoplasm are larger than those of bacteria. The
total content of both RNA and protein is greater; the major RNA molecules are
longer (called 18S and 28S rRNAS), and there are more proteins. Probably most or
al of the proteins are present in stoichiometric amounts. RNA is still the
predominant component by mass.

Organelle ribosomes are distinct from the ribosomes of the cytosol, and take varied
forms. In some cases, they are amost the size of bacterial ribosomes and have 70%
RNA; in other cases, they are only 60S and have <30% RNA.

The ribosome possesses several active centers, each of which is constructed from a
group of proteins associated with a region of ribosomal RNA. The active centers
require the direct participation of rRNA in a structural or even catalytic role. Some
catalytic functions require individual proteins, but none of the activities can be
reproduced by isolated proteins or groups of proteins; they function only in the
context of the ribosome.

Two types of information are important in analyzing the ribosome. Mutations
implicate particular ribosomal proteins or basesin rRNA in participating in particular
reactions. Structural analysis, including direct modification of components of the
ribosome and comparisons to identify conserved features in rRNA, identifies the
physical locations of components involved in particular functions.
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PROTEIN SYNTHESIS

2.6.2 Protein synthesis occurs by initiation,
elongation, and termination

Key Terms

The A site of the ribosome is the site that an aminoacyl-tRNA enters to base pair
with the codon.

The P site of the ribosome is the site that is occupied by peptidyl-tRNA, the tRNA
carrying the nascent polypeptide chain, still paired with the codon to which it
bound in the A site.

Peptidyl-tRNA isthe tRNA to which the nascent polypeptide chain has been
transferred following peptide bond synthesis during protein synthesis.

Deacylated tRNA has no amino acid or polypeptide chain attached because it has
completed itsrolein protein synthesis and is ready to be released from the
ribosome.

Trandocation isthe movement of the ribosome one codon along MRNA after the
addition of each amino acid to the polypeptide chain.

Elongation is the stage in a macromolecular synthesis reaction (replication,
transcription, or trand ation) when the nucleotide or polypeptide chain is being
extended by the addition of individual subunits.

Termination is a separate reaction that ends a macromolecular synthesis reaction
(replication, transcription, or trandation), by stopping the addition of subunits,
and (typically) causing disassembly of the synthetic apparatus.

Key Concepts

e The ribosome has 3 tRNA-hinding sites.
e An aminoacyl-tRNA entersthe A site.

o Peptidyl-tRNA isbound in the P site.

e Deacylated tRNA exitsviathe E site.

e An amino acid is added to the polypeptide chain by transferring the polypeptide
from peptidyl-tRNA in the P site to aminoacyl-tRNA in the A site.

An amino acid is brought to the ribosome by an aminoacyl-tRNA. Its addition to the
growing protein chain occurs by an interaction with the tRNA that brought the
previous amino acid. Each of these tRNA lies in a distinct site on the ribosome.
Figur e 6.3 shows that the two sites have different features:

Protein synthesis occurs by initiation, elongation, and termination | SECTION 2.6.2 1
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Figure 6.3 The ribosome has two sites for binding charged
tRNA.

e An incoming aminoacyl-tRNA binds to the A site. Prior to the entry of
aminoacyl-tRNA, the site exposes the codon representing the next amino acid
due to be added to the chain.

e The codon representing the most recent amino acid to have been added to the
nascent polypeptide chain lies in the P site. This site is occupied by
peptidyl-tRNA, atRNA carrying the nascent polypeptide chain.

Figure 6.4 shows that the aminoacy! end of the tRNA is |ocated on the large subunit,

Protein synthesis occurs by initiation, elongation, and termination | SECTION 2.6.2 2
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while the anticodon at the other end interacts with the mRNA bound by the small
subunit. So the P and A sites each extend across both ribosomal subunits.

ribosome subunil &

tRNA-binding sites extend across both subunits
Aminoacyl-ends of tRNA

interact within large

Anticodons are bounc

to adjacent triplets on mREMA
in small ribosome subunit dirtast e er-_;ptc om

Figure 6.4 The P and A sites position the two interacting
tRNASs across both ribosome subunits.

For aribosome to synthesize a peptide bond, it must be in the state shown instep 1in
Figure 6.3, when peptidyl-tRNA isin the P site and aminoacyl-tRNA isin the A site.
Then peptide bond formation occurs when the polypeptide carried by the
peptidyl-tRNA is transferred to the amino acid carried by the aminoacyl-tRNA. This
reaction is catalyzed by the large subunit of the ribosome.

Transfer of the polypeptide generates the ribosome shown in step 2, in which the
deacylated tRNA, lacking any amino acid, lies in the P site, while a new
peptidyl-tRNA has been created in the A site. This peptidyl-tRNA is one amino acid
residue longer than the peptidyl-tRNA that had been inthe P sitein step 1.

Then the ribosome moves one triplet aong the messenger. This stage is caled
translocation. The movement transfers the deacylated tRNA out of the P site, and
moves the peptidyl-tRNA into the P site (see step 3). The next codon to be translated
now liesin the A site, ready for a new aminoacyl-tRNA to enter, when the cycle will
be repeated. Figure 6.5 summarizes the interaction between tRNAs and the
ribosome.

Peptide bond synthesis involves transfer of polypeptide to aminoacyl-tRNA

Aminoacyl-RNA Polypeptide is transferred to Translocation moves
enters the A sile aminocacyl-tRNA peptidyl-tRNA into P site

|'/ _ .

-p

,n"*"'b-.w"
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Figure 6.5 Aminoacyl-tRNA enters the A site, receives the polypeptide chain from peptidyl-tRNA, and
istransferred into the P site for the next cycle of elongation.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBI0.2.6.2 to view properly.
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The deacylated tRNA leaves the ribosome via another tRNA-binding site, the E site.
This siteis transiently occupied by the tRNA en route between leaving the P site and
being released from the ribosome into the cytosol. So the flow of tRNA isinto the A
site, through the P site, and out through the E site (see also Figure 6.28). Figure 6.6
compares the movement of tRNA and mRNA, which may be thought of as a sort of
ratchet in which the reaction is driven by the codon-anticodon interaction.

mRNA and tRNA move through the ribosome
’ tRNA

EE e A NEn
virfLaSERt W Efglu} =]

Figure 6.6 tRNA and mRNA move through the ribosome in
the same direction.

Protein synthesis falls into the three stages shown in Figure 6.7:

Protein synthesis occurs by initiation, elongation, and termination | SECTION 2.6.2 4
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Protein synthesis has 3 stages

Initiation 303 subunit on mMRNA binding site
is joined by 505 subunit and amincacyl-tENA binds

Elongation Ribosome moves along mRNA, extending
protein by transfer from peptidyl-tRNA to aminoacyl-tRNA

Termination Polypeptide chain is released
from tRNA, and ribosome dissociates from mRNA

Figure 6.7 Protein synthesisfallsinto three stages.

o Initiation involves the reactions that precede formation of the peptide bond
between the first two amino acids of the protein. It requires the ribosome to bind
to the mRNA, forming an initiation complex that contains the first
aminoacyl-tRNA. Thisis arelatively ow step in protein synthesis, and usually
determines the rate at which an mRNA is trandated.

¢ Elongation includes all the reactions from synthesis of the first peptide bond to
addition of the last amino acid. Amino acids are added to the chain one at atime;
the addition of an amino acid isthe most rapid step in protein synthesis.

e Termination encompasses the steps that are needed to release the completed
polypeptide chain; at the same time, the ribosome dissociates from the mRNA.

Different sets of accessory factors assist the ribosome at each stage. Energy is
provided at various stages by the hydrolysis of GTP.

During initiation, the small ribosomal subunit binds to MRNA and then is joined by
the 50S subunit. During elongation, the mRNA moves through the ribosome and is
tranglated in triplets. (Although we usually talk about the ribosome moving along
MRNA, it is more realistic to think in terms of the mMRNA being pulled through the
ribosome.) At termination, the protein is released, mRNA is released, and the

Protein synthesis occurs by initiation, elongation, and termination | SECTION 2.6.2 5
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individual ribosomal subunits dissociate in order to be used again.

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.2.6.2
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PROTEIN SYNTHESIS

2.6.3 Special mechanisms control the accuracy of
protein synthesis

Key Concepts

e The accuracy of protein synthesisis controlled by specific mechanisms at each
stage.

We know that protein synthesis is generally accurate, because of the consistency that
is found when we determine the sequence of a protein. There are few detailed
measurements of the error rate in vivo, but it is generally thought to lie in the range
of 1 error for every 10* - 10° amino acids incorporated. Consderlng that most
proteins are produced in large quantities, this means that the error rate is too low to
have any effect on the phenotype of the cell.

It is not immediately obvious how such a low error rate is achieved. In fact, the
nature of discriminatory events is a general issue raised by severa steps in gene
expression. How do synthetases recognize just the corresponding tRNAs and amino
acids? How does a ribosome recognize only the tRNA corresponding to the codon in
the A site? How do the enzymes that synthesize DNA or RNA recognize only the
base complementary to the template? Each case poses a similar problem: how to
distinguish one particular member from the entire set, al of which share the same
general features.

Probably any member initially can contact the active center by a random-hit process,
but then the wrong members are rejected and only the appropriate one is accepted.
The appropriate member is aways in a minority (1 of 20 amino acids, 1 of ~40
tRNAS, 1 of 4 bases), so the criteria for discrimination must be strict. The point is
that the enzyme must have some mechanism for increasing discrimination from the
level that would be achieved merely by making contacts with the available surfaces
of the substrates.

Figure 6.8 summarizes the error rates at the steps that can affect the accuracy of
protein synthesis.

Special mechanisms control the accuracy of protein synthesis
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Figure 6.8 Errors occur at rates from 10 to 5 x 10 a
different stages of protein synthesis.
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Errorsin transcribing mRNA are rare — probably <107°. Thisis an important stage to
control, because a single mMRNA molecule is translated into many protein copies. We
do not know very much about the mechanisms.

The ribosome can make two types of errors in protein synthesis. It may cause a
frameshift by skipping a base when it reads the mRNA (or in the reverse direction by
reading a base twice, once as the last base of one codon and then again as the first
base of the next codon). These errors are rare, ~10™°. Or it may alow an incorrect
aminoacyl-tRNA to (mis)pair with a codon, so that the wrong amino acid is
incorporated. This is probably the most common error in protein synthesis, ~ 5 X
10°. It is controlled by ribosome structure and velocity (see Molecular
Biology 2.7.15 The ribosome influences the accuracy of translation).

A tRNA synthetase can make two types of error. It can place the wrong amino acid
on itstRNA; or it can charge its amino acid with the wrong tRNA. The incorporation
of the wrong amino acid is more common, probably because the tRNA offers alarger
surface with which the enzyme can make many more contacts to ensure specificity.
Aminoacyl-tRNA synthetases have specific mechanisms to correct errors before a
mischarged tRNA is released (see Molecular Biology 2.7.11 Synthetases use
proofreading to improve accuracy).

This content is available online at http://www.ergito.com/main.jsp?bcs=MBIO.2.6.3
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PROTEIN SYNTHESIS

2.6.4 Initiation in bacteria needs 30S subunits and
accessory factors

Key Terms

A ribosome-binding site is a sequence on bacterial MRNA that includes an initiation
codon that is bound by a 30S subunit in the initiation phase of protein synthesis.

Aninitiation complex in bacterial protein synthesis contains a small ribosome
subunit, initiation factors, and initiator aminoacyl-tRNA bound to mRNA at an
AUG initiation codon.

Initiation factors (IF) (IF in prokaryotes, elF in eukaryotes) are proteins that
associate with the small subunit of the ribosome specifically at the stage of
initiation of protein synthesis.

I F-1isabacterial initiation factor that stabilizes the initiation complex.

|F-2 isabacterial initiation factor that binds the initiator tRNA to the initiation
complex.

| F-3 isabacterial initiation factor required for 30S subunitsto bind to initiation sites
in MRNA. It also prevents 30S subunits from binding to 50S subunits.

Key Concepts
o Initiation of protein synthesis requires separate 30S and 50S ribosome subunits.
o Initiation factors (1F-1,2,3), which bind to 30S subunits, are also required.

e A 30S subunit carrying initiation factors binds to an initiation site on mRNA to
form an initiation complex.

e |F-3 must be released to allow 50S subunits to join the 30S-mRNA complex.

Bacterial ribosomes engaged in elongating a polypeptide chain exist as 70S particles.
At termination, they are released from the mRNA as free ribosomes. In growing
bacteria, the magjority of ribosomes are synthesizing proteins; the free pool islikely to
contain ~20% of the ribosomes.

Ribosomes in the free pool can dissociate into separate subunits; so 70S ribosomes
are in dynamic equilibrium with 30S and 50S subunits. Initiation of protein synthesis
is nhot a function of intact ribosomes, but is undertaken by the separate subunits,
which reassociate during the initiation reaction. Figure 6.9 summarizes the
ribosomal subunit cycle during protein synthesisin bacteria.

Initiation in bacteria needs 30S subunits and accessory factors | SECTION 2.6.4 1
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Figure 6.9 Initiation requires free ribosome subunits. When
ribosomes are released at termination, the 30S subunits bind
initiation factors, and dissociate to generate free subunits. When
subunits reassociate to give a functional ribosome at initiation,
they release the factors.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.4 to view
properly.

Initiation occurs at a special sequence on mMRNA called the ribosome-binding site.
This is a short sequence of bases that precedes the coding region (see Figure 6.16).
The small and large subunits associate at the ribosome-binding site to form an intact
ribosome. The reaction occursin two steps:

¢ Recognition of mMRNA occurs when a small subunit binds to form an initiation
complex at the ribosome-binding site.

¢ Then alarge subunit joins the complex to generate a compl ete ribosome.

Although the 30S subunit is involved in initiation, it is not by itself competent to
undertake the reactions of binding mMRNA and tRNA. It requires additional proteins
called initiation factors (IF). These factors are found only on 30S subunits, and they
are released when the 30S subunits associate with 50S subunits to generate 70S
ribosomes. This behavior distinguishes initiation factors from the structural proteins
of the ribosome. The initiation factors are concerned solely with formation of the
initiation complex, they are absent from 70S ribosomes, and they play no part in the
stages of elongation (for review see 428). Figure 6.10 summarizes the stages of
initiation.

Initiation in bacteria needs 30S subunits and accessory factors
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Figure 6.10 Initiation factors stabilize free 30S subunits and
bind initiator tRNA to the 30S-mRNA complex.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.4 to view

properly.

Bacteria use three initiation factors, numbered 1 F-1, | F-2, and | F-3. They are needed
for both MRNA and tRNA to enter the initiation complex:

¢ |F-3isneeded for 30S subunits to bind specifically toinitiation sitesin mRNA.
¢ |F-2 binds a special initiator tRNA and controlsits entry into the ribosome.

e |[F-1 binds to 30S subunits only as a part of the complete initiation complex. It
binds to the A site and prevents aminoacyl-tRNA from entering (3053). Its
location also may impede the 30S subunit from binding to the 50S subunit
(2391).

IF-3 has multiple functions: it is needed first to stabilize (free) 30S subunits; then it
enables them to bind to MRNA; and as part of the 30S-mRNA complex it checks the
accuracy of recognition of the first aminoacyl-tRNA (see Molecular
Biology 2.6.6 Use of fMet-tRNAf is controlled by IF-2 and the ribosome.

Initiation in bacteria needs 30S subunits and accessory factors
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The first function of IF-3 controls the equilibrium between ribosomal states, as
shown in Figure 6.11. IF-3 binds to free 30S subunits that are released from the pool
of 70S ribosomes. The presence of IF-3 prevents the 30S subunit from reassociating
with a 50S subunit. The reaction between |F-3 and the 30S subunit is stoichiometric:
one molecule of 1F-3 binds per subunit. Thereis arelatively small amount of IF-3, so
its availability determines the number of free 30S subunits.

IF3 controls the ribosome-subunit equilibrium
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Figure 6.11 Initiation requires 30S subunits that carry |F-3.

IF-3 binds to the surface of the 30S subunit in the vicinity of the A site. There is
significant overlap between the bases in 16S rRNA protected by IF-3 and those
protected by binding of the 50S subunit, suggesting that it physically prevents
junction of the subunits (3054). IF-3 therefore behaves as an anti-association factor
that causes a 30S subunit to remain in the pool of free subunits.

The second function of 1F-3 controls the ability of 30S subunits to bind to MRNA.
Small subunits must have IF-3 in order to form initiation complexes with mRNA.
IF-3 must be released from the 30S-mRNA complex in order to enable the 50S
subunit to join. On its release, IF-3 immediately recycles by finding another 30S
subunit.

IF-2 has a ribosome-dependent GTPase activity: it sponsors the hydrolysisof GTPin
the presence of ribosomes, releasing the energy stored in the high-energy bond. The
GTP is hydrolyzed when the 50S subunit joins to generate a complete ribosome. The
GTP cleavage could be involved in changing the conformation of the ribosome, so
that the joined subunits are converted into an active 70S ribosome.

Last updated on January 6, 2004
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PROTEIN SYNTHESIS

2.6.5 A special initiator tRNA starts the polypeptide
chain

Key Terms

Theinitiation codon isaspecial codon (usually AUG) used to start synthesis of a
protein.

N-for myl-methionyl-tRNA (tRNAfMe‘) is the aminoacyl-tRNA that initiates
bacterial protein synthesis. The amino group of the methionine is formylated.

tRNAfMe‘ isthe special RNA that istoinitiate protein synthesisin bacteria. It mostly
uses AUG, but can also respond to GUG and CUG.

tRNAmMet inserts methionine at internal AUG codons.

Key Concepts
e Protein synthesis starts with a methionine amino acid usually coded by AUG.
o Different methionine tRNAs are involved in initiation and el ongation.

e Theinitiator tRNA has unique structural features that distinguish it from all other
tRNAS.

e The NH_ group of the methionine bound to bacterial initiator tRNA is formylated.

Synthesis of all proteins starts with the same amino acid: methionine. The signal for
initiating a polypeptide chain is a specia initiation codon that marks the start of the
reading frame. Usually the initiation codon is the triplet AUG, but in bacteria, GUG
or UUG are also used.

The AUG codon represents methionine, and two types of tRNA can carry this amino
acid. One is used for initiation, the other for recognizing AUG codons during
elongation.

In bacteria and in eukaryotic organelles, the initiator tRNA carries a methionine
residue that has been formylated on its amino group, forming a molecule of
N-formyl-methionyl-tRNA. The tRNA is known as tRNAfMe‘. The name of the
aminoacyl-tRNA is usually abbreviated to fM et-tRNAf (3057).

The initiator tRNA gains its modified amino acid in a two stage reaction. Firgt, it is
charged with the amino acid to generate Met-tRNA ; then the formylation reaction
shown in Figure 6.12 blocks the free NH, group. Aithough the blocked amino acid
group would prevent the initiator from participating in chain elongation, it does not
interfere with the ability to initiate a protein.

A special initiator tRNA starts the polypeptide chain
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Figure 6.12 The initiator N-formyl-methionyl-tRNA
(fMet-tRNAf) is generated by formylation of methionyl-tRNA,
using formyl-tetrahydrofol ate as cofactor.

This tRNA is used only for initiation. It recognizes the codons AUG or GUG
(occasionally UUG). The codons are not recognized equally well: the extent of
initiation declines about half when AUG is replaced by GUG, and declines by about
half again when UUG is employed.

The species responsible for recognizing AUG codons in internal locations is
tRNA we. ThistRNA responds only to internal AUG codons. Its methionine cannot
beformylated

What features distinguish the fMet-tRNA  initiator and the Met- tRNA elongator’>
Some characteristic features of the tRNA sequence are important, as summarized in
Figure 6.13. Some of these features are needed to prevent the initiator from being
used in elongation, others are necessary for it to function in initiation:

A special initiator tRNA starts the polypeptide chain | SECTION 2.6.5 2
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Initiator tRNA has distinct features
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Figure 6.13 fMet-tRNAf has unique features that
distinguish it asthe initiator tRNA.

e Formylation is not strictly necessary, because nonformylated Met-tRNA_ can
function as an initiator, but it improves the efficiency with which the Met-tRNA .
is used, because it is one of the features recognized by the factor IF-2 that binds
theinitiator tRNA (3056).

e The bases that face one another at the last position of the stem to which the
amino acid is connected are paired in all tRNAs except tRNA M. Mutations that
create a base pair in this position of tRNA M allow it to function in elongation.
The absence of this pair is therefore important in preventing tRNA f""e‘ from being
used in elongation. It is aso needed for the formylation reaction (3058).

o A series of 3 G-C pairs in the stem that precedes the loop containing the
anticodon is unique to tRNAf'\"e‘. These base pairs are required to alow the
fMet-tRNA (o be inserted directly into the P site.

In bacteria and mitochondria, the formyl residue on the initiator methionine is
removed by a specific deformylase enzyme to generate a normal NH_ terminus. If
methionine is to be the N-terminal amino acid of the protein, this is the only
necessary step. In about half the proteins, the methionine at the terminus is removed
by an aminopeptidase, creating a new terminus from R, (originally the second amino
acid incorporated into the chain). When both steps are necessary, they occur
sequentially. The removal reaction(s) occur rather rapidly, probably when the
nascent polypeptide chain has reached alength of 15 amino acids.

Last updated on 8-12-2002
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PROTEIN SYNTHESIS

2.6.6 Use of fMet—tRNAf is controlled by IF-2 and the
ribosome

Key Terms

The context of acodon in mRNA refers to the fact that neighboring sequences may
change the efficiency with which a codon is recognized by its aminoacyl-tRNA or
is used to terminate protein synthesis.

Key Concepts

e |F-2 binds theinitiator fM et-tRNA, and allowsi it to enter the partial P site on the
30S subunit.

The meaning of the AUG and GUG codons depends on their context. When the
AUG codon is used for initiation, it is read as formyl-methionine; when used within
the coding region, it represents methionine. The meaning of the GUG codon is even
more dependent on its location. When present as the first codon, it is read via the
initiation reaction as formyl-methionine. Yet when present within a gene, it is read
by Val-tRNA, one of the regular members of the tRNA set, to provide valine as
required by the genetic code.

How is the context of AUG and GUG codons interpreted? Figure 6.14 illustrates the
decisiverole of the ribosome, in conjunction with accessory factors.

Use of fMeHRNAf is controlled by IF-2 and the ribosome
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Figure 6.14 Only fMet- tRNA, can be used for initiation by
30S subunits; only other amlnoacyl -tRNAs ( o o -tRNA) can be
used for elongation by 70S ribosomes.

In an initiation complex, the small subunit alone is bound to MRNA. The initiation
codon lies within the part of the P site carried by the small subunit. The only
aminoacyl-tRNA that can become part of the initiation complex is the initiator,
which has the unique property of being able to enter directly into the partial P site to
recognize its codon.

When the large subunit joins the complex, the partial tRNA-binding sites are
converted into the intact P and A sites. The initiator fM et-tRNA occupies the P site.
and the A site is available for entry of the aminoacyl-tRNA complementary to the
second codon of the gene. The first peptide bond forms between the initiator and the
next aminoacyl-tRNA.

Initiation prevails when an AUG (or GUG) codon lies within a ribosome-binding
site, because only the initiator tRNA can enter the partial P site generated when the
30S subunit binds de novo to the mRNA. Internal reading prevails subsequently,
when the codons are encountered by a ribosome that is continuing to trandate an
mMRNA, because only the regular aminoacyl-tRNASs can enter the (complete) A site.

Accessory factors are critical in controlling the usage of aminoacyl-tRNAs. All
aminoacyl-tRNAs associate with the ribosome by binding to an accessory factor. The
factor used in initiation is IF-2 (see Molecular Biology 2.6.4 Initiation in bacteria
needs 30S subunits and accessory factors), and the corresponding factor used at
elongation is EF-Tu (see Molecular Biology 2.6.10 Elongation factor Tu loads
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aminoacyl-tRNA into the A site).

The initiation factor IF-2 places the initiator tRNA into the P site. By forming a
complex specifically with fMet-tRNA , IF-2 ensures that only the initiator tRNA, and
none of the regular aminoacyl-tRNAS, participates in the initiation reaction.
Conversely, EF-Tu, which places aminoacyl-tRNAs in the A site cannot bind
fMet-tRNA c which istherefore excluded from use during elongation.

An additional check on accuracy is made by IF-3, which stabilizes binding of the
initiator tRNA by recognizing correct base pairing with the second and third bases of
the AUG initiation codon.

Figure 6.15 details the series of events by which IF-2 places the fMet-tRNA
initiator in the P site. IF-2, bound to GTP, associates with the P site of the 30§
subunit. At this point, the 30S subunit carries all the initiation factors. fM et-tRNA .
then binds to the IF-2 on the 30S subunit. IF-2 then transfers the tRNA into the
partial P site.

Initiation is controlled by three factors
IF-1

IF
30S-mRNA complex “,j g

IF2-GTP joins complex IF-2 GTP
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Figure 6.15 IF-2 is needed to bind fMet-tRNAf to the
30S-mRNA complex. After 50S binding, all IF factors are
released and GTP is cleaved.
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PROTEIN SYNTHESIS

2.6.7 Initiation involves base pairing between mRNA
and rRNA

Key Terms

The Shine-Dalgar no sequence is the polypurine sequence AGGAGG centered about
10 bp before the AUG initiation codon on bacterial mMRNA. It is complementary
to the sequence at the 3’ end of 16SrRNA.

Key Concepts

e Aninitiation site on bacterial MRNA consists of the AUG initiation codon
preceded with a gap of ~10 bases by the Shine-Dalgarno polypurine hexamer.

e TherRNA of the 30S bacterial ribosomal subunit has a complementary sequence
that base pairs with the Shine-Dalgarno sequence during initiation.

An mRNA contains many AUG triplets: how is the initiation codon recognized as
providing the starting point for translation? The sites on mMRNA where protein
synthesis is initiated can be identified by binding the ribosome to mRNA under
conditions that block elongation. Then the ribosome remains at the initiation site.
When ribonuclease is added to the blocked initiation complex, al the regions of
MRNA outside the ribosome are degraded, but those actually bound to it are
protected, as illustrated in Figure 6.16. The protected fragments can be recovered
and characterized.

Initiation involves base pairing between mRNA and rRNA
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Figure 6.16 Ribosome-binding sites on mRNA can be
recovered from initiation complexes. They include the upstream
Shine-Dalgarno sequence and the initiation codon.

The initiation sequences protected by bacterial ribosomes are ~30 bases long. The
ribosome-binding sites of different bacterial mMRNASs display two common features:

e The AUG (or less often, GUG or UUG) initiation codon is aways included
within the protected sequence.

¢ Within 10 bases upstream of the AUG is a sequence that corresponds to part or
al of the hexamer.

5"..AGGAGG..3’

This polypurine stretch is known as the Shine-Dalgarno sequence. It is
complementary to a highly conserved sequence close to the 3 ” end of 16S rRNA.
(The extent of complementarity differs with individual mRNAs, and may extend
from a 4-base core sequence GAGG to a 9-base sequence extending beyond each end
of the hexamer.) Written in reverse direction, the rRNA sequence is the hexamer:

3’..Uuccucc..b5’

Does the Shine-Dalgarno sequence pair with its complement in rRNA during
mMRNA-ribosome binding? Mutations of both partners in this reaction demonstrate its

Initiation involves base pairing between mRNA and rRNA
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importance in initiation. Point mutations in the Shine-Dalgarno sequence can prevent
an mRNA from being trandated. And the introduction of mutations into the
complementary sequence in rRNA is deleterious to the cell and changes the pattern
of protein synthesis. The decisive confirmation of the base pairing reaction is that a
mutation in the Shine-Dalgarno sequence of an mMRNA can be suppressed by a
mutation in the [rRNA that restores base paring (see Great
Experiments 4.8 rRNA-mRNA base pairing selects translational initiator regions in
bacteria).

The sequence at the 3 7 end of rRNA is conserved between prokaryotes and
eukaryotes except that in all eukaryotes there is a deletion of the five-base sequence
CCUCC that is the principal complement to the Shine-Dalgarno sequence. There
does not appear to be base pairing between eukaryotic mMRNA and 18SrRNA. Thisis
asignificant difference in the mechanism of initiation.

In bacteria, a 30S subunit binds directly to a ribosome-binding site. As a result, the
initiation complex forms at a sequence surrounding the AUG initiation codon. When
the mRNA is polycistronic, each coding region starts with a ribosome-binding site.

The nature of bacterial gene expression means that tranglation of a bacterial mMRNA
proceeds sequentially through its cistrons. At the time when ribosomes attach to the
first coding region, the subsequent coding regions have not yet even been
transcribed. By the time the second ribosome site is available, trandlation is well
under way through the first cistron.

What happens between the coding regions depends on the individua mMRNA.
Probably in most cases the ribosomes bind independently at the beginning of each
cistron. The most common series of events is illustrated in Figure 6.17. When
synthesis of the first protein terminates, the ribosomes leave the mRNA and
dissociate into subunits. Then a new ribosome must assemble at the next coding
region, and set out to translate the next cistron.

Multiple genes on oneg mRNA initiate independently

Termination tigtio
o < .
&
£ & & = o) o) N
- o
| = | 3
First coding region Second coding region

watext_yeaw GO cor
Figure 6.17 Initiation occurs independently at each cistron in a polycistronic
mRNA. When the intercistronic region is longer than the span of the ribosome,
dissociation at the termination site is followed by independent reinitiation at the next
cistron.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.7 to view properly.
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In some bacterial mMRNAS, trangation between adjacent cistrons is directly linked,
because ribosomes gain access to the initiation codon of the second cistron as they
complete trandation of the first cistron. This effect requires the space between the
two coding regions to be small. It may depend on the high local density of
ribosomes; or the juxtaposition of termination and initiation sites could allow some
of the usual intercistronic events to be bypassed. A ribosome physically spans ~30
bases of MRNA, so that it could simultaneously contact a termination codon and the
next initiation site if they are separated by only afew bases.

Last updated on 5-28-2002
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PROTEIN SYNTHESIS

2.6.8 Small subunits scan for initiation sites on
eukaryotic mRNA

Key Concepts

e Eukaryotic 40S ribosomal subunits bind to the 5’ end of mMRNA and scan the
MRNA until they reach an initiation site.

e A eukaryotic initiation site consists of a 10 nucleotide sequence that includes an
AUG codon.

e 60S ribosomal subunitsjoin the complex at the initiation site.

Initiation of protein synthesis in eukaryotic cytoplasm resembles the process in
bacteria, but the order of events is different, and the number of accessory factors is
greater. Some of the differences in initiation are related to a difference in the way
that bacterial 30S and eukaryotic 40S subunits find their binding sites for initiating
protein synthesis on mRNA. In eukaryotes, small subunits first recognize the 5’ end
of the mRNA, and then move to the initiation site, where they are joined by large
subunits. (In prokaryotes, small subunits bind directly to the initiation site.)

Virtually all eukaryotic mRNAs are monocistronic, but each mRNA usualy is
substantially longer than necessary just to code for its protein. The average mRNA in
eukaryotic cytoplasm is 1000-2000 bases long, has a methylated cap at the 5 *
terminus, and carries 100-200 bases of poly(A) at the 3’ terminus.

The nontranslated 5 * leader is relatively short, usually <100 bases. The length of the
coding region is determined by the size of the protein. The nontranslated 3’ trailer is
often rather long, sometimes ~1000 bases.

The first feature to be recognized during trandation of a eukaryotic mMRNA is the
methylated cap that marks the 5’ end. Messengers whose caps have been removed
are not trandated efficiently in vitro. Binding of 40S subunits to mRNA requires
severd initiation factors, including proteins that recognize the structure of the cap.

Modification at the 5 ” end occurs to amost all cellular or vird mRNAs, and is
essential for their trandation in eukaryotic cytoplasm (athough it is not needed in
organelles). The sole exception to thisrule is provided by a few viral mRNAs (such
as poliovirus) that are not capped; only these exceptional vird mRNAs can be
trandated in vitro without caps. They use an alternative pathway that bypasses the
need for the cap.

Some viruses take advantage of this difference. Poliovirus infection inhibits the
tranglation of host MRNAS. This is accomplished by interfering with the cap binding
proteins that are needed for initiation of cellular MRNAS, but that are superfluous for
the noncapped poliovirus MRNA.

Small subunits scan for initiation sites on eukaryotic mMRNA
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We have dealt with the process of initiation as though the ribosome-binding site is
aways freely available. However, its availability may be impeded by secondary
structure. The recognition of mRNA requires several additional factors; an important
part of their function is to remove any secondary structure in the mRNA (see Figure
6.20).

Sometimes the AUG initiation codon lies within 40 bases of the 5’ terminus of the
MRNA, so that both the cap and AUG lie within the span of ribosome binding. But in
many MmRNASs the cap and AUG are farther apart, in extreme cases ~1000 bases
distant. Yet the presence of the cap till is necessary for a stable complex to be
formed at the initiation codon. How can the ribosome rely on two sites so far apart?

Figure 6.18 illustrates the "scanning" model, which supposes that the 40S subunit
initially recognizes the 5 cap and then "migrates’ along the mRNA. Scanning from
the 5’ end is a linear process. When 40S subunits scan the leader region, they can
melt secondary structure hairpins with stabilities <-30 kcal, but hairpins of greater
stability impede or prevent migration.

mRNA has two features recognized by ribosomes

Fasral® GCCRCCAUGE

Methylated cap:  Ribosome-binding site

| Small subunit binds to methylated cap

o GCCACCAUGE
2 Small subunit migrates o binding site

€ Iy

P il GC@GAU(‘:‘G

3 I leader is long, subunits may form queue

J
e £ GCEBCAUGE

virtznfest www B0 com

Figure 6.18 Eukaryotic ribosomes migrate from the 5’ end of
MRNA to the ribosome binding site, which includes an AUG
initiation codon.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.8 to view

properly.

Migration stops when the 40S subunit encounters the AUG initiation codon. Usually,
although not always, the first AUG triplet sequence to be encountered will be the

Small subunits scan for initiation sites on eukaryotic mMRNA
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initiation codon. However, the AUG triplet by itself is not sufficient to halt
migration; it is recognized efficiently as an initiation codon only when it is in the
right context. The most important determinants of context are the bases in positions
-4 and +1. An initiation codon may be recognized in the sequence
NNNPUNNAUGG. The purine (A or G) 3 bases before the AUG codon, and the G
immediately following it, can influence the efficiency of trandation by 10x. When
the leader sequence is long, further 40S subunits can recognize the 5 ” end before the
first has left the initiation site, creating a queue of subunits proceeding along the
leader to theinitiation site (427; for review see 429).

It is probably true that the initiation codon is the first AUG to be encountered in the
most efficiently translated mMRNAS. But what happens when there is an AUG triplet
in the 5 7 nontranglated region? There are two possible escape mechanisms for a
ribosome that starts scanning at the 5 ” end. The most common is that scanning is
leaky, that is, a ribosome may continue past a non-initiation AUG because it isnot in
the right context. In the rare case that it does recognize the AUG, it may initiate
trandlation but terminate before the proper initiation codon, after which it resumes
scanning.

The vast mgjority of eukaryotic initiation events involve scanning from the 5 ” cap,
but there is an aternative means of initiation, used especially by certain viral RNAS,
in which a 40S subunit associates directly with an internal site called an IRES (for
review see 2242). (This entirely bypasses any AUG codons that may be in the 5*
nontranslated region.) There are few sequence homologies between known IRES
elements. We can distinguish three types on the basis of their interaction with the
40S subunit:

¢ One type of IRES includes the AUG initiation codon at its upstream boundary.
The 40S subunit binds directly to it, using a subset of the same factors that are
required for initiation at 5’ ends (2244; 2245).

o Another is located as much as 100 nucleotides upstream of the AUG, requiring a
40S subunit to migrate, again probably by a scanning mechanism.

o An exceptional type of IRES in hepatitis C virus can bind a 40S subunit directly,
without requiring any initiation factors (2243). The order of events is different
from all other eukaryotic initiation. Following 40S - mRNA binding, a complex
containing initiator factors and the initiator tRNA binds.

Use of the IRES is especialy important in picornavirus infection, where it was first
discovered, because the virus inhibits host protein synthesis by destroying cap
structures and inhibiting the initiation factors that bind them (see Molecular
Biology 2.6.9 Eukaryotes use a complex of many initiation factors)(995).

Binding is stabilized at the initiation site. When the 40S subunit is joined by a 60S
subunit, the intact ribosome is located at the site identified by the protection assay. A
40S subunit protects a region of up to 60 bases; when the 60S subunits join the
complex, the protected region contracts to about the same length of 30-40 bases seen
in prokaryotes.

Last updated on 8-12-2002
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PROTEIN SYNTHESIS

2.6.9 Eukaryotes use a complex of many initiation
factors

Key Terms
tRNAiMQt isthe special tRNA used to respond to initiation codons in eukaryotes.

Key Concepts

o Initiation factors are required for al stages of initiation, including binding the
initiator tRNA, 40S subunit attachment to mMRNA, movement along the mRNA,
and joining of the 60S subunit.

e Eukaryotic initiator tRNA isaMet-tRNA that is different from the Met-tRNA used
in elongation, but the methionine is not formylated.

e elF2 bindstheinitiator Met- tRNA, and GTP, and the complex binds to the 40S
subunit before it associates with MRNA.

Initiation in eukaryotes has the same general features as in bacteria in using a
specific initiation codon and initiator tRNA. Initiation in eukaryotic cytoplasm uses
AUG astheinitiator. The initiator tRNA is a distinct species, but its methionine does
not become formylated. It is called tRNA M, So the difference between the initiating
and elongating Met-tRNAs lies solely in fhe tRNA moiety, with Met- tRNA, used for
initiation and Met- tRNA used for elongation.

At least two features are unique to the initiator tRNA, M in yeast it has an unusual
tertiary structure; and it is modified by phosphorylati on of the 2’ ribose position on
base 64 (if this modification is prevented, the initiator can be used in elongation). So
the principle of a distinction between initiator and elongator Met-tRNAS is
maintained in eukaryotes, but its structural basis is different from that in bacteria (for
comparison see Figure 6.13).

Eukaryotic cells have more initiation factors than bacteria — the current list includes
12 factors that are directly or indirectly required for initiation (for review see 2393).
The factors are named similarly to those in bacteria, sometimes by analogy with the
bacterial factors, and are given the prefix "€" to indicate their eukaryotic origin. They
act at all stages of the process, including:

e forming an initiation complex with the 5” end of mMRNA
o forming a complex with Met-tRNA
¢ binding the mRNA-factor complex to the M et-tRNAi-factor complex

¢ enabling the ribosome to scan mMRNA from the 5’ end to the first AUG

Eukaryotes use a complex of many initiation factors
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e detecting binding of initiator tRNA to AUG at the start site

o mediating joining of the 60S subunit.

Figure 6.19 summarizes the stages of initiation, and shows which initiation factors
are involved at each stage. elF2 and el F3 bind to the 40S ribosome subunit. elF4A,
elF4B, elF4F bind to the mRNA. elF1 and elF1A bind to the ribosome
subunit-mRNA complex (for review see 2840).

Eukaryotic initiation uses several complexes
43S complex MEt?
elF2, elF3 3 I
Met-tRNA; ‘
4E 4&} ‘
o -

5
Cap-binding 48

complex + mRNA 4G ) :

elF4A B.E, G M3
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to 5' end of mMRNA
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at initiation codon
elF2, EIF3
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Figure 6.19 Some initiation factors bind to the 40S ribosome
subunit to form the 43S complex; others bind to mMRNA. When
the 43S complex binds to mRNA, it scans for the initiation
codon and can beisolated as the 48S complex.

Figure 6.20 shows the group of factors that bind to the 5’ end of mRNA. The factor
elF4F is a protein complex that contains three of the initiation factors (for review see
994). It is not clear whether it preassembles as a complex before binding to mRNA
or whether the individual subunits are added individually to form the complex on
mMRNA. It includes the cap-binding subunit elFAE, the helicase elF4A, and the
"scaffolding” subunit elF4G. After elF4E binds the cap, elF4A unwinds any
secondary structure that exists in the first 15 bases of the mRNA. Energy for the
unwinding is provided by hydrolysis of ATP. Unwinding of structure farther along
the mRNA is accomplished by el F4A together with another factor, elF4B. The main
role of elF4G isto link other components of the initiation complex.

Eukaryotes use a complex of many initiation factors | SECTION 2.6.9 2
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Initiation factors bind the 5' end of mMRNA
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elF4G is a scaffold protein
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Figure 6.20 The heterotrimer elF4F binds the 5 * end of
mMRNA and also binds further factors.

elF4E is afocus for regulation. Its activity is increased by phosphorylation, which is
triggered by stimuli that increase protein synthesis, and reversed by stimuli that
repress protein synthesis. el F4F has a kinase activity that phosphorylates el FAE. The
availability of elFAE is aso controlled by proteinsthat bind to it (called 4E-BP1,2,3),
to prevent it from functioning in initiation. elF4G is also a target for degradation
during picornavirus infection, as part of the destruction of the capacity to initiate at 5
’ cap structures (see Molecular Biology 2.6.8 Small subunits scan for initiation sites
on eukaryotic mRNA).

The presence of poly(A) on the 3’ tail of an mMRNA stimulates the formation of an
initiation complex at the 5 ” end. The poly(A)-binding protein (Pablp in yeast) is
required for this effect. Pablp binds to the elF4G scaffolding protein(2309). This
implies that the mRNA will have a circular organization so long as elFG is bound,
with both the 5 and 3 * ends held in this complex (see Figure 6.20) (for review see
439). The significance of the formation of this closed loop is not clear, although it
could have several effects, such as:

o stimulating initiation of trandation;

e promoting reinitiation of ribosomes, so that when they terminate at the 3 ” end,
the released subunits are already in the vicinity of the5” end;

o stabilizing the MRNA against degradation;
e alowing factors that bind to the 3” end to regulate the initiation of translation.

elF2 isthe key factor in binding Met- tRNA. It is atypical monomeric GTP-binding
protein that is active when bound to GTP, and inactive when bound to GDP (see
Molecular Biology Supplement 32.10 G proteins). Figure 6.21 shows that the
elF2-GTP binds to Met-tRNA, (1865). The product is sometimes celled the ternary
complex (after itsthree components elF2, GTP, Met- tRNA)

Eukaryotes use a complex of many initiation factors
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Figure 6.21 In eukaryotic initiation, elF-2 forms a ternary
complex with Met-tRNA.. The ternary complex binds to free
40S subunits, which attach to the 5” end of MRNA. Later in the
reaction, GTP is hydrolyzed when elF-2 is released in the form
of elF2-GDP. el F-2B regenerates the active form.

Figure 6.22 shows that the ternary complex places M et-tRNA_onto the 40S subunit.
This generates the 43S initiation complex. The reaction is independent of the
presence of mRNA. In fact, the Met-tRNA initiator must be present in order for the
40S subunit to bind to mRNA (for review see 435; 438). One of the factors in this
complex is elF3, which isrequired to maintain 40S subunits in their dissociated state.
elF3isavery large factor, with 8-10 subunits.
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Figure 6.22 Initiation factors bind the initiator Met-tRNA to
the 40S subunit to form a 43S complex. Later in the reaction,
GTP is hydrolyzed when elF-2 is released in the form of
elF2-GDP. el F-2B regenerates the active form.

The next step is for the 43S complex to bind to the 57 end of the MRNA.Figure 6.23
shows that the interactions involved at this stage are not completely defined, but
probably involve elFAG and elF3 as well as the mRNA and 40S subunit. elF4G
binds to elF3. This provides the means by which the 40S ribosomal subunit binds to
elFAF, and thus is recruited to the complex. In effect, el F4F functionsto get el F4G in
place so that it can attract the small ribosomal subunit.

43S complex binds to mRNA-factor complex

M iU WA EFE}E[O o

Possible interactions:
elF4G hinds to elF3
mRNA binds elF4G, elF3, and 4035 subunit

Figure 6.23 Interactions involving initiation factors are
important when mRNA binds to the 43S complex.

When the small subunit has bound mMRNA, it migrates to (usually) the first AUG
codon. This requires expenditure of energy in the form of ATP. It is assisted by the
factors elF1 and elF1A. Figure 6.24 shows that the small subunit stops when it
reaches the initiation site, forming a 48S complex.

Eukaryotes use a complex of many initiation factors | SECTION 2.6.9 5
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elF2 and elF3 are released

elF5B mediates joining of 605 subunit

Figure 6.24 elF1 and elF1A help the 43S initiation complex
to scan the mRNA until it reaches an AUG codon. elF2
hydrolyzes its GTP to enable its release together with IF3.
elF5B mediates 60S-40S joining.

Junction of the 60S subunits with the initiation complex cannot occur until elF2 and
el F3 have been released from the initiation complex. This is mediated by elF5, and
causes el F2 to hydrolyze its GTP. The reaction occurs on the small ribosome subunit,
and requires the initiator tRNA to be base paired with the AUG initiation codon
(2839). Probably al of the remaining factors are released when the complete 80S
ribosome is formed.

Finally the factor elF5B enables the 60S subunit to join the complex, forming an
intact ribosome that is ready to start elongation (2241). el F5B has a similar sequence
to the prokaryotic factor IF2, which has a similar role in hydrolyzing GTP (in
addition to itsrole in binding the initiator tRNA).

Once the factors have been released, they can associate with the initiator tRNA and
ribosomal subunits in another initiation cycle. Because el F2 has hydrolyzed its GTP,
the active form must be regenerated. This is accomplished by another factor, elF2B,
which displaces the GDP so that it can be replaced by GTP.

elF2 is a target for regulation. Several regulatory kinases act on the o subunit of
elF2. Phosphorylation prevents el F2B from regenerating the active form. This limits
the action of elF2B to one cycle of initiation, and thereby inhibits protein synthesis
(for review see 2393).

Last updated on 8-12-2002
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PROTEIN SYNTHESIS

2.6.10 Elongation factor Tu loads aminoacyl-tRNA
into the A site

Key Terms

Elongation factors (EF in prokaryotes, eEF in eukaryotes) are proteins that associate
with ribosomes cyclically, during addition of each amino acid to the polypeptide
chain.

EF-Tu isthe elongation factor that binds aminoacyl-tRNA and placesit into the A
site of a bacterial ribosome.

GMP-PCP isan analog of GTP that cannot be hydrolyzed. It is used to test which
stage in areaction requires hydrolysis of GTP.

Kirromycin isan antibiotic that inhibits protein synthesis by acting on EF-Tu.

Key Concepts

e EF-Tu isamonomeric G protein whose active form (bound to GTP) binds
aminoacyl-tRNA.

e The EF-Tu-GTP-aminoacyl-tRNA complex binds to the ribosome A site.

Once the complete ribosome is formed at the initiation codon, the stage is set for a
cycle in which aminoacyl-tRNA enters the A site of a ribosome whose P site is
occupied by peptidyl-tRNA. Any aminoacyl-tRNA except the initiator can enter the
A site. Its entry is mediated by an elongation factor (EF-Tu in bacteria). The
process is similar in eukaryotes. EF-Tu is a highly conserved protein throughout
bacteria and mitochondria, and is homologous to its eukaryotic counterpart.

Just like its counterpart in initiation (IF-2), EF-Tu is associated with the ribosome
only during the process of aminoacyl-tRNA entry. Once the aminoacyl-tRNA isin
place, EF-Tu leaves the ribosome, to work again with another aminoacyl-tRNA. So it
displays the cyclic association with, and dissociation from, the ribosome that is the
hallmark of the accessory factors.

The pathway for aminoacyl-tRNA entry to the A site is illustrated in Figure 6.25.
EF-Tu carries a guanine nucleotide. The factor is a monomeric G protein whose
activity is controlled by the state of the guanine nucleotide (see introduction on
Molecular Biology Supplement 32.10 G proteins):

Elongation factor Tu loads aminoacyl-tRNA into the A site
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Figure 6.25 EF-Tu-GTP places aminoacyl-tRNA on the ribosome and then is
released as EF-Tu-GDP. EF-Ts is required to mediate the replacement of GDP by
GTP. The reaction consumes GTP and releases GDP. The only aminoacyl-tRNA
that cannot be recognized by EF-Tu-GTP is fMet-tRNA,, whose failure to bind
preventsit from responding to internal AUG or GUG codons.

e When GTP s present, the factor isin its active state.
e When the GTP is hydrolyzed to GDP, the factor becomes inactive.
o Activity isrestored when the GDP isreplaced by GTP.

The binary complex of EF-Tu-GTP binds aminoacyl-tRNA to form a ternary
complex of aminoacyl-tRNA-EF-Tu-GTP. The ternary complex binds only to the A
site of ribosomes whose P site is already occupied by peptidyl-tRNA. This is the
critical reaction in ensuring that the aminoacyl-tRNA and peptidyl-tRNA are
correctly positioned for peptide bond formation.

Aminoacyl-tRNA is loaded into the A site in two stages. First the anticodon end
binds to the A site of the 30S subunit. Then codon-anticodon recognition triggers a
change in the conformation of the ribosome. This stabilizes tRNA binding and causes
EF-Tu to hydrolyze its GTP. The CCA end of the tRNA now moves into the A site
on the 50S subunit. The binary complex EF-Tu-GDP is released. This form of EF-Tu
isinactive and does not bind aminoacyl-tRNA effectively.

Another factor, EF-Ts, mediates the regeneration of the used form, EF-Tu-GDP, into
the active form, EF-Tu-GTP. First, EF-Ts displaces the GDP from EF-Tu, forming
the combined factor EF-Tu-EF-Ts. Then the EF-Ts is in turn displaced by GTP,

Elongation factor Tu loads aminoacyl-tRNA into the A site
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reforming EF-Tu-GTP. The active binary complex binds aminoacyl-tRNA; and the
released EF-Ts can recycle.

There are ~70,000 molecules of EF-Tu per bacterium (~5% of the total bacterial
protein), which approaches the number of aminoacyl-tRNA molecules. This implies
that most aminoacyl-tRNAs are likely to be present in ternary complexes. There are
only ~10,000 molecules of EF-Ts per cell (about the same as the number of
ribosomes). The kinetics of the interaction between EF-Tu and EF-Ts suggest that
the EF-Tu-EF-Ts complex exists only transiently, so that the EF-Tu is very rapidly
converted to the GTP-bound form, and then to a ternary complex.

The role of GTP in the ternary complex has been studied by substituting an analog
that cannot be hydrolyzed. The compound GMP-PCP has a methylene bridge in
place of the oxygen that links the B and y phosphates in GTP. In the presence of
GMP-PCP, a ternary complex can be formed that binds aminoacyl-tRNA to the
ribosome. But the peptide bond cannot be formed. So the presence of GTP is needed
for aminoacyl-tRNA to be bound at the A site; but the hydrolysisis not required until
later.

Kirromycin is an antibiotic that inhibits the function of EF-Tu. When EF-Tu is
bound by kirromycin, it remains able to bind aminoacyl-tRNA to the A site. But the
EF-Tu-GDP complex cannot be released from the ribosome. Its continued presence
prevents formation of the peptide bond between the peptidyl-tRNA and the
aminoacyl-tRNA. As a result, the ribosome becomes "stalled" on mRNA, bringing
protein synthesis to a halt.

This effect of kirromycin demonstrates that inhibiting one step in protein synthesis
blocks the next step. The reason is that the continued presence of EF-Tu prevents the
aminoacy! end of aminoacyl-tRNA from entering the A site on the 50S subunit (see
Figure 6.31). So the release of EF-Tu-GDP is needed for the ribosome to undertake
peptide bond formation. The same principle is seen at other stages of protein
synthesis. one reaction must be completed properly before the next can occur.

The interaction with EF-Tu also plays a role in quality control. Aminoacyl-tRNAs
are brought into the A site without knowing whether their anticodons will fit the
codon. The hydrolysis of EF-Tu-GTP is relatively slow: because it takes longer than
the time required for an incorrect aminoacyl-tRNA to dissociate from the A site,
most incorrect species are removed at this stage. The release of EF-Tu-GDP after
hydrolysis also is slow, so any surviving incorrect aminoacyl-tRNAs may dissociate
at this stage. The basic principle is that the reactions involving EF-Tu occur slowly
enough to alow incorrect aminoacyl-tRNAs to dissociate before they become
trapped in protein synthesis.

In eukaryotes, the factor eEF1 o is responsible for bringing aminoacyl-tRNA to the
ribosome, again in a reaction that involves cleavage of a high-energy bond in GTP.
Like its prokaryotic homologue (EF-Tu), it is an abundant protein. After hydrolysis
of GTP, the active form is regenerated by the factor eEF1 3 v, a counterpart to
EF-Ts.

Last updated on 3-21-2002
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PROTEIN SYNTHESIS

2.6.11 The polypeptide chain is transferred to
aminoacyl-tRNA

Key Terms

Peptidyl transferase isthe activity of the ribosomal 50S subunit that synthesizes a
peptide bond when an amino acid is added to a growing polypeptide chain. The
actual catalytic activity is a property of the rRNA.

Puromycin isan antibiotic that terminates protein synthesis by mimicking atRNA
and becoming linked to the nascent protein chain.

Key Concepts
e The 50S subunit has peptidyl transferase activity.

e The nascent polypeptide chain is transferred from peptidyl-tRNA in the P site to
aminoacyl-tRNA in the A site.

o Peptide bond synthesis generates deacylated tRNA in the P site and peptidyl-tRNA
inthe A site.

The ribosome remains in place while the polypeptide chain is elongated by
transferring the polypeptide attached to the tRNA in the P site to the
aminoacyl-tRNA in the A site. The reaction is shown in Figure 6.26. The activity

responsible for synthesis of the peptide bond is called peptidyl transferase.

The polypeptide chain is transferred to aminoacyl-tRNA
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Figure 6.26 Peptide bond formation takes place by reaction
between the polypeptide of peptidyl-tRNA in the P site and the
amino acid of aminoacyl-tRNA inthe A site.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBI0.2.6.11 to view
properly.

The nature of the transfer reaction is revealed by the ability of the antibiotic
puromycin to inhibit protein synthesis. Puromycin resembles an amino acid attached
to the terminal adenosine of tRNA. Figure 6.27 shows that puromycin has an N
instead of the O that joins an amino acid to tRNA. The antibiotic is treated by the
ribosome as though it were an incoming aminoacyl-tRNA. Then the polypeptide
attached to peptidyl-tRNA is transferred to the NH, group of the puromycin.
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Figure 6.27 Puromycin mimics aminoacyl-tRNA because it
resembles an aromatic amino acid linked to a sugar-base
moiety.

Because the puromycin moiety is not anchored to the A site of the ribosome, the
polypeptidyl-puromycin adduct is released from the ribosome in the form of
polypeptidyl-puromycin. This premature termination of protein synthesis is
responsible for the lethal action of the antibiotic.

Peptidyl transferase is a function of the large (50S or 60S) ribosomal subunit. The
reaction is triggered when EF-Tu releases the aminoacyl end of its tRNA. The
aminoacy! end then swings into a location close to the end of the peptidyl-tRNA.
This site has a peptidyl transferase activity that essentially ensures a rapid transfer of
the peptide chain to the aminoacyl-tRNA . Both rRNA and 50S subunit proteins are
necessary for this activity, but the actual act of catalysis is a property of the
ribosomal RNA of the 50S subunit (see Molecular Biology 2.6.19 23S rRNA has
peptidyl transferase activity).

Last updated on 3-25-2002
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PROTEIN SYNTHESIS
2.6.12 Translocation moves the ribosome

Key Terms

Trandocation isthe movement of the ribosome one codon along MRNA after the
addition of each amino acid to the polypeptide chain.

Key Concepts
e Ribosomal trandlocation moves the mRNA through the ribosome by 3 bases.

e Trandlocation moves deacylated tRNA into the E site, peptidyl-tRNA into the P
site, and empties the A site.

e The hybrid state model proposes that trans ocation occurs in two stages, in which
the 50S moves relative to the 30S, and then the 30S moves along mRNA to restore
the original conformation.

The cycle of addition of amino acids to the growing polypeptide chain is completed
by transglocation, when the ribosome advances three nucleotides along the mRNA.
Figure 6.28 shows that translocation expels the uncharged tRNA from the P site, so
that the new peptidyl-tRNA can enter. The ribosome then has an empty A site ready
for entry of the aminoacyl-tRNA corresponding to the next codon. As the figure
shows, in bacteria the discharged tRNA is transferred from the P site to the E site
(from which it is then expelled into the cytoplasm). In eukaryotes it is expelled
directly into the cytosol. The A and P sites straddle both the large and small subunits;
the E site (in bacteria) is located largely on the 50S subunit, but has some contacts in
the 30S subunit.

Translocation moves the ribosome | SECTION 2.6.12 1
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Figure 6.28 A bacterial ribosome has 3 tRNA-binding sites.
Aminoacyl-tRNA enters the A site of a ribosome that has
peptidyl-tRNA in the P site. Peptide bond synthesis deacylates
the P site tRNA and generates peptidyl-tRNA in the A site.
Translocation moves the deacylated tRNA into the E site and
moves peptidyl-tRNA into the P site.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.12 to view

properly.

Most thinking about translocation follows the hybrid state model, which proposes
that translocation occurs in two stages (for review see 2390). Figure 6.29 shows that
first there is a shift of the 50S subunit relative to the 30S subunit; then a second shift
occurs when the 30S subunit moves aong mRNA to restore the origina
conformation. The basis for this model was the observation that the pattern of
contacts that tRNA makes with the ribosome (measured by chemical footprinting)
changes in two stages (934). When puromycin is added to a ribosome that has an
aminoacylated tRNA in the P site, the contacts of tRNA on the 50S subunit change

Translocation moves the ribosome | SECTION 2.6.12 2
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from the P site to the E site, but the contacts on the 30S subunit do not change. This
suggests that the 50S subunit has moved to a post-transfer state, but the 30S subunit
has not changed.

Translocation occurs in two stages
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Figure 6.29 Models for translocation involve two stages.
First, at peptide bond formation the aminoacyl end of the tRNA
in the A site becomes located in the P site. Second, the
anticodon end of the tRNA becomes located in the P site.

The interpretation of these results is that first the aminoacyl ends of the tRNAs
(located in the 50S subunit) move into the new sites (while the anticodon ends
remain bound to their anticodons in the 30S subunit). At this stage, the tRNAs are
effectively bound in hybrid sites, consisting of the 50S E/ 30S P and the 50S P/ 30S
A sites. Then movement is extended to the 30S subunits, so that the anticodon-codon
pairing region finds itself in the right site. The most likely means of creating the
hybrid state is by a movement of one ribosomal subunit relative to the other, so that
translocation in effect involves two stages, the normal structure of the ribosome
being restored by the second stage (444).

The ribosome faces an interesting dilemma at translocation. It needs to break many
of its contacts with tRNA in order to allow movement. But at the same time it must
maintain pairing between tRNA and the anticodon (breaking the pairing of the
deacylated tRNA only at the right moment). One possibility is that the ribosome
switches between aternative, discrete conformations. The switch could consist of
changes in rRNA base pairing. The accuracy of trandation is influenced by certain
mutations that influence aternative base pairing arrangements. The most likely

Translocation moves the ribosome
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interpretation is that the effect is mediated by the tightness of binding to tRNA of the
alternative conformations (440).

Last updated on 3-22-2002
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PROTEIN SYNTHESIS

2.6.13 Elongation factors bind alternately to the
ribosome

Key Concepts

e Tranglocation requires EF-G, whose structure resembles the
aminoacy!-tRNA-EF-Tu-GTP complex.

e Binding of EF-Tu and EF-G to the ribosome is mutually exclusive.

e Tranglocation requires GTP hydrolysis, which triggers a change in EF-G, which in
turn triggers a change in ribosome structure.

Trandocation requires GTP and another elongation factor, EF-G. This factor is a
major constituent of the cell; it is present at a level of ~1 copy per ribosome (20,000
molecules per cell).

Ribosomes cannot bind EF-Tu and EF-G simultaneously, so protein synthesis
follows the cycle illustrated in Figure 151 in which the factors are aternately bound
to, and released from, the ribosome. So EF-Tu-GDP must be released before EF-G
can bind; and then EF-G must be released before aminoacyl-tRNA-EF-Tu-GTP can
bind.

Does the ability of each elongation factor to exclude the other rely on an alosteric
effect on the overall conformation of the ribosome or on direct competition for
overlapping binding sites? Figure 6.30 shows an extraordinary similarity between
the structures of the ternary complex of aminoacyl-tRNA-EF-Tu-GDP and EF-G
(928). The structure of EF-G mimics the overall structure of EF-Tu bound to the
amino acceptor stem of aminoacyl-tRNA. This creates the immediate assumption
that they compete for the same binding site (presumably in the vicinity of the A site).
The need for each factor to be released before the other can bind ensures that the
events of protein synthesis proceed in an orderly manner (928).

Elongation factors bind alternately to the ribosome
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EF-G structure mimics aminoacyl-tRNA
Aminoacyl-tRNA-EF-Tu-GTP
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Figure 6.30 The structure of the ternary complex of
aminoacyl-tRNA-EF-Tu-GTP (left) resembles the structure of
EF-G (right). Structurally conserved domains of EF-Tu and
EF-G are in red and green; the tRNA and the domain
resembling it in EF-G are in purple. Photograph kindly
provided by Poul Nissen.

Both elongation factors are monomeric GTP-binding proteins that are active when
bound to GTP but inactive when bound to GDP. The triphosphate form is required
for binding to the ribosome, which ensures that each factor obtains access to the
ribosome only in the company of the GTP that it needsto fulfill its function.

EF-G binds to the ribosome to sponsor translocation; and then is released following
ribosome movement. EF-G can dtill bind to the ribosome when GMP-PCP is
substituted for GTP; thus the presence of a guanine nuclectide is needed for binding,
but its hydrolysis is not absolutely essential for trandocation (although translocation
is much slower in the absence of GTP hydrolysis). The hydrolysis of GTP is needed
to release EF-G.

The need for EF-G release was discovered by the effects of the steroid antibiotic
fusidic acid, which "jams' the ribosome in its post-translocation state (see Figure
6.31). In the presence of fusidic acid, one round of translocation occurs: EF-G binds
to the ribosome, GTP is hydrolyzed, and the ribosome moves three nucleotides. But
fusidic acid stabilizes the ribosome-EF-G-GDP complex, so that EF-G and GDP
remain on the ribosome instead of being released. Because the ribosome then cannot
bind aminoacyl-tRNA, no further amino acids can be added to the chain.
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Figure 6.31 Binding of factors EF-Tu and EF-G aternates as
ribosomes accept new aminoacyl-tRNA, form peptide bonds,
and translocate.

Translocation is an intrinsic property of the ribosome that requires a major change in
structure (see Molecular Biology 2.6.17 Ribosomes have several active centers).
However, its activated by EF-G in conjunction with GTP hydrolysis, which occurs
before translocation and accelerates the ribosome movement. The most likely
mechanism is that GTP hydrolysis causes a change in the structure of EF-G, which in
turn forces a change in the ribosome structure. An extensive reorientation of EF-G
occurs at translocation (947). Before trandlocation, it is bound across the two
ribosomal subunits. Most of its contacts with the 30S subunit are made by a region
called domain 4, which is inserted into the A site. This domain could be responsible
for displacing the tRNA. After translocation, domain 4 is instead oriented toward the
50S subunit.

The eukaryotic counterpart to EF-G is the protein eEF2, which functions in a similar
manner, as a translocase dependent on GTP hydrolysis. Its action aso is inhibited by
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fusidic acid. A stable complex of eEF2 with GTP can be isolated; and the complex
can bind to ribosomes with consequent hydrolysis of its GTP.

A unique reaction of eEF2 is its susceptibility to diphtheria toxin. The toxin uses
NAD (nicotinamide adenine dinucleotide) as a cofactor to transfer an ADPR moiety
(adenosine diphosphate ribosyl) on to the eEF2. The ADPR-eEF2 conjugate is
inactive in protein synthesis. The substrate for the attachment is an unusual amino
acid, produced by modifying a histidine; it is common to the eEF2 of many species.

The ADP-ribosylation is responsible for the lethal effects of diphtheria toxin. The
reaction is extremely effective: asingle molecule of toxin can modify sufficient eEF2
moleculesto kill acell.

Last updated on 7-21-2003
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PROTEIN SYNTHESIS
2.6.14 Three codons terminate protein synthesis

Key Terms

The amber codonisthetriplet UAG, one of the three termination codons that end
protein synthesis.

The ochre codon isthe triplet UAA, one of the three termination codons that end
protein synthesis.

The opal codon isthe triplet UGA, one of the three termination codons that end
protein synthesis. It has evolved to code for an amino acid in a small number of
organisms or organelles.

M issense mutations change a single codon so as to cause the replacement of one
amino acid by another in a protein sequence.

Prematur e termination describes the termination of protein or of RNA synthesis
before the chain has been completed. In protein synthesisit can be caused by
mutations that create termination codons within the coding region. In RNA
synthesisit is caused by various events that act on RNA polymerase.

A nonsense mutation is any change in DNA that replaces a codon specifying an
amino acid with atrandation-termination codon (UAG, UGA, or UAA).

A stop codon (Termination codon) is one of three triplets (UAG, UAA, UGA) that
causes protein synthesis to terminate. They are also known historicaly as
nonsense codons. The UAA codon is called ochre, and the UAA codon is called
amber, after the names of the nonsense mutations by which they were originally
identified.

Key Concepts
e The codons UAA (ochre), UAG (amber) and UGA terminate protein synthesis.
e In bacteria they are used most often with relative frequencies UAA>UGA>UAG.

Only 61 triplets are assigned to amino acids. The other three triplets are termination
codons (or stop codons) that end protein synthesis. They have casual names from the
history of their discovery. The UAG triplet is called the amber codon; UAA is the
ochre codon; and UGA is sometimes called the opal codon.

The nature of these triplets was originally shown by a genetic test that distinguished
two types of point mutation:

e A point mutation that changes a codon to represent a different amino acid is
called a missense mutation. One amino acid replaces the other in the protein; the
effect on protein function depends on the site of mutation and the nature of the
amino acid replacement.

Three codons terminate protein synthesis | SECTION 2.6.14 1
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e When a point mutation creates one of the three termination codons, it causes
premature termination of protein synthesis at the mutant codon. Only the first
part of the protein is made in the mutant cell. This is likely to abolish protein
function (depending, of course, on how far aong the protein the mutant site is
located). A change of this sort is called a nonsense mutation.

(Sometimes the term nonsense codon is used to describe the termination triplets.
"Nonsense” is realy a misnomer, since the codons do have meaning, abeit a
disruptive onein a mutant gene. A better term is stop codon.)

In every gene that has been sequenced, one of the termination codons lies
immediately after the codon representing the C-terminal amino acid of the wild-type
sequence. Nonsense mutations show that any one of the three codons is sufficient to
terminate protein synthesis within a gene. The UAG, UAA, and UGA triplet
sequences are therefore necessary and sufficient to end protein synthesis, whether
occurring naturally at the end of a gene or created by mutation within a coding
sequence.

In bacterial genes, UAA isthe most commonly used termination codon. UGA is used
more heavily than UAG, although there appear to be more errors reading UGA. (An
error in reading a termination codon, when an aminoacyl-tRNA improperly responds
to it, results in the continuation of protein synthesis until another termination codon
is encountered.)

This content is available online at http://www.ergito.com/main.jsp?bcs=MBI0.2.6.14
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PROTEIN SYNTHESIS

2.6.15 Termination codons are recognized by protein
factors

Key Terms

A release factor (RF) isrequired to terminate protein synthesisto cause release of
the completed polypeptide chain and the ribosome from mRNA. Individual
factors are numbered. Eukaryotic factors are called eRF.

RF1 isthe bacterial release factor that recognizes UAA and UAG as signalsto
terminate protein synthesis.

RF2 isthe bacterial release factor that recognizes UAA and UGA as signalsto
terminate protein synthesis.

RF3 isaprotein synthesis termination factor related to the elongation factor EF-G. It
functions to release the factors RF1 or RF2 from the ribosome when they act to
terminate protein synthesis.

Key Concepts

e Termination codons are recognized by protein release factors, not by
aminoacyl-tRNAs.

e The structures of the class 1 release factors resemble aminoacyl-tRNA-EF-Tu and
EF-G.

e The class 1 release factors respond to specific termination codons and hydrolyze
the polypeptide-tRNA linkage.

e Theclass 1 release factors are assisted by class 2 release factors that depend on
GTP.

e The mechanism is similar in bacteria (which have two types of class 1 release
factors) and eukaryotes (which have only one class 1 release factor).

Two stages are involved in ending translation. The termination reaction itself
involves release of the protein chain from the last tRNA. The post-termination
reaction involves release of the tRNA and mRNA, and dissociation of the ribosome
into its subunits.

None of the termination codons is represented by a tRNA. They function in an
entirely different manner from other codons, and are recognized directly by protein
factors. (Since the reaction does not depend on codon-anticodon recognition, there
seems to be no particular reason why it should require atriplet sequence. Presumably
this reflects the evolution of the genetic code.)

Termination codons are recognized by class 1 release factors (RF). In E. coli two
class 1 release factors are specific for different sequences (927). RF1 recognizes
UAA and UAG; RF2 recognizes UGA and UAA. The factors act at the ribosomal A
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site and require polypeptidyl-tRNA in the P site. The release factors are present at
much lower levels than initiation or elongation factors; there are ~600 molecules of
each per cell, equivalent to 1 RF per 10 ribosomes. Probably at one time there was
only a single release factor, recognizing all termination codons, and later it evolved
into two factors with specificities for particular codons. In eukaryotes, thereisonly a
single class 1 release factor, caled eRF. The efficiency with which the bacteria
factors recognize their target codons is influenced by the bases on the 3’ side.

The class 1 release factors are assisted by class 2 release factors, which are not
codon-specific. The class 2 factors are GTP-binding proteins. In E. coli, the role of
the class 2 factor isto release the class 1 factor from the ribosome.

Although the general mechanism of termination is similar in prokaryotes and
eukaryotes, the interactions between the class 1 and class 2 factors have some
differences.

The class 1 factors RF1 and RF2 recognize the termination codons and activate the
ribosome to hydrolyze the peptidyl tRNA. Cleavage of polypeptide from tRNA takes
place by a reaction analogous to the usual peptidyl transfer, except that the acceptor
is H,O instead of aminoacyl-tRNA (see Figure 6.34).

Then RF1 or RF2 is released from the ribosome by the class 2 factor RF3, which is
related to EF-G (1161; 1162). RF3-GDP bhinds to the ribosome before the termination
reaction occurs. The GDP is replaced by GTP. This enables RF3 to contact the
ribosome GTPase center, where it causes RF1/2 to be released when the polypeptide
chain isterminated (4766).

RF3 resembles the GTP-binding domains of EF-Tu and EF-G, and RF1/2 resemble
the C-terminal domain of EF-G, which mimics tRNA. This suggests that the release
factors utilize the same site that is used by the elongation factors. Figure 6.32
illustrates the basic idea that these factors al have the same general shape and bind to
the ribosome successively at the same site (basically the A site or a region
extensively overlapping with it) (2231; for review see 3050).
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Figure 6.32 Molecular mimicry enables the elongation factor
Tu-tRNA complex, the trandocation factor EF-G, and the
release factors RF1/2-RF3 to bind to the same ribosomal site.

The eukaryotic class 1 release factor, eRF1, is a single protein that recognizes all
three termination codons (2229). Its sequence is unrelated to the bacterial factors. It
can terminate protein synthesis in vitro without the class 3 factor, eRF3, athough
eRF3 is essential in yeast in vivo. The structure of eRF1 follows a familiar theme:
Figure 6.33 shows that it consists of three domains that mimic the structure of tRNA
(2230).

Termination codons are recognized by protein factors | SECTION 2.6.15 3
© 2004. Virtual Text / www.ergito.com



VIRTUALTEXT

erg;to o ‘ Molecular Biology

com

eRF1 mimics tRNA

Domain 2
(aminoacyl end

Domain 3

o
. 2

Domain 1 ™

(anticodon end) a

www.ergito.com

Figure 6.33 The eukaryotic termination factor eRF1 has a
structure that mimics tRNA. The motif GGQ at the tip of
domain 2 is essential for hydrolyzing the polypeptide chain
from tRNA. Photograph kindly provided by David Barford (see

2230).

An essential motif of three amino acids, GGQ, is exposed at the top of domain 2. Its
position in the A site corresponds to the usual location of an amino acid on an
aminoacyl-tRNA. This positions it to use the glutamine (Q) to position a water
molecule to substitute for the amino acid of aminoacyl-tRNA in the peptidyl transfer
reaction. Figure 6.34 compares the termination reaction with the usua peptide
transfer reaction. Termination transfers a hydroxyl group from the water, thus
effectively hydrolyzing the peptide-tRNA bond (and see Figure 6.48 for discussion
of how the peptidyl transferase center works).
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Figure 6.34 Peptide transfer and termination are similar
reactions in which a base in the peptidyl transfer center triggers
a transesterification reaction by attacking an N-H or O-H bond,
releasing the N or O to attack the link to tRNA.

Mutations in the RF genes reduce the efficiency of termination, as seen by an
increased ability to continue protein synthesis past the termination codon.
Overexpression of RF1 or RF2 increases the efficiency of termination at the codons
on which it acts. This suggests that codon recognition by RF1 or RF2 competes with
aminoacyl-tRNAs that erroneously recognize the termination codons (for review see
36). The release factors recognize their target sequences very efficiently (1163).

The termination reaction involves release of the completed polypeptide, but leaves a
deacylated tRNA and the mRNA still associated with the ribosome. Figure 6.35
shows that the dissociation of the remaining components (tRNA, mRNA, 30S and
50S subunits) requires the factor RRF, ribosome recycling factor. This acts together
with EF-G in areaction that uses hydrolysis of GTP. Like the other factors involved
in release, RRF has a structure that mimics tRNA, except that it lacks an equivalent
for the 37 amino acid-binding region (926). IF-3 is aso required, which brings the
wheel full circle to its original discovery, when it was proposed to be a dissociation
factor! RRF acts on the 50S subunit, and IF-3 acts to remove deacylated tRNA from
the 30S subunit. Once the subunits have separated, IF-3 remains necessary, of
course, to prevent their reassociation.
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Figure 6.35 The RF (release factor) terminates protein synthesis by releasing the
protein chain. The RRF (ribosome recycling factor) releases the last tRNA, and
EF-G releases RRF, causing the ribosome to dissociate.

This is a static version of an interactive figure; see
http://www.ergito.com/main.jsp?bcs=MBIO.2.6.15 to view properly.
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PROTEIN SYNTHESIS

2.6.16 Ribosomal RNA pervades both ribosomal
subunits

Key Terms
5S RNA isa 120 base RNA that is acomponent of the large subunit of the ribosome.

5.8S RNA isan independent small RNA present on the large subunit of eukaryatic
ribosomes. It is homologousto the 5 end of bacterial 23S rRNA.

Key Concepts
e Each rRNA has severa distinct domains that fold independently.
e Virtually all ribosomal proteins arein contact with rRNA.

e Most of the contacts between ribosomal subunits are made between the 16S and
23STrRNAs.

Two thirds of the mass of the bacterial ribosome is made up of rRNA. The most
penetrating approach to analyzing secondary structure of large RNAs is to compare
the sequences of corresponding rRNAs in related organisms. Those regions that are
important in the secondary structure retain the ability to interact by base pairing. So
if abase pair isrequired, it can form at the same relative position in each rRNA. This
approach has enabled detailed models to be constructed for both 16S and 23S rRNA.

Each of the major rRNASs can be drawn in a secondary structure with several discrete
domains. 16S rRNA forms four general domains, in which just under half of the
sequence is base paired (see Figure 6.45). 23S rRNA forms six general domains.
The individual double-helical regions tend to be short (<8 bp). Often the duplex
regions are not perfect, but contain bulges of unpaired bases. Comparable models
have been drawn for mitochondrial rRNAs (which are shorter and have fewer
domains) and for eukaryotic cytosolic rRNAs (which are longer and have more
domains). The increase in length in eukaryotic rRNAs is due largely to the
acquisition of sequences representing additional domains (for review see 431). The
crystal structure of the ribosome shows that in each subunit the domains of the major
rRNA fold independently and have a discrete location in the subunit (1670).

Differences in the ability of 16S rRNA to react with chemical agents are found when
30S subunits are compared with 70S ribosomes; also there are differences between
free ribosomes and those engaged in protein synthesis. Changes in the reactivity of
the rRNA occur when mRNA is bound, when the subunits associate, or when tRNA
is bound. Some changes reflect a direct interaction of the rRNA with mRNA or
tRNA, while others are caused indirectly by other changesin ribosome structure. The
main point is that ribosome conformation is flexible during protein synthesis.

A feature of the primary structure of rRNA is the presence of methylated residues.
There are ~10 methyl groupsin 16S rRNA (located mostly toward the 3 end of the
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molecule) and ~20 in 23S rRNA. In mammalian cells, the 18S and 28S rRNAS carry
43 and 74 methyl groups, respectively, so ~2% of the nucleotides are methylated
(about three times the proportion methylated in bacteria).

The large ribosomal subunit also contains a molecule of a 120 base 5S RNA (in all
ribosomes except those of mitochondria). The sequence of 5S RNA is less well
conserved than those of the major rRNAs. All 55 RNA molecules display a highly
base-paired structure.

In eukaryotic cytosolic ribosomes, another small RNA is present in the large subunit.
Thisisthe 5.8S RNA. Its sequence corresponds to the 57 end of the prokaryotic 23S
rRNA.

Some ribosomal proteins bind strongly to isolated rRNA. Some do not bind to free
rRNA, but can bind after other proteins have bound. This suggests that the
conformation of the rRNA isimportant in determining whether binding sites exist for
some proteins. As each protein binds, it induces conformational changesin the rRNA
that make it possible for other proteins to bind. In E. coli, virtually al the 30S
ribosomal proteins interact (albeit to varying degrees) with 16S rRNA. The binding
sites on the proteins show a wide variety of structural features, suggesting that
protein-RNA recognition mechanisms may be diverse.

The 70S ribosome has an asymmetric construction. Figure 6.36 shows a schematic
of the structure of the 30S subunit, which is divided into four regions. the head, neck,
body, and platform. Figure 6.37 shows a similar representation of the 50S subunit,
where two prominent features are the central protuberance (where 5S rRNA is
located) and the stalk (made of multiple copies of protein L7). Figure 6.38 shows
that the platform of the small subunit fits into the notch of the large subunit. Thereis
a cavity between the subunits which contains some of the important sites (for review
see 430; 433; 434).
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Figure 6.36 The 30S subunit has a head separated by a neck
from the body, with a protruding platform.
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Figure 6.37 The 50S subunit has a central protuberance where
5S rRNA is located, separated by a notch from a stalk made of
copies of the protein L7.
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Figure 6.38 The platform of the 30S subunit fits into the notch
of the 50S subunit to form the 70S ribosome.

The structure of the 30S subunit follows the organization of 16S rRNA, with each
structural feature corresponding to a domain of the rRNA. The body is based on the 5
’” domain, the platform on the central domain, and the head on the 3’ region. Figure
6.39 shows that the 30S subunit has an asymmetrical distribution of RNA and protein
(931; 1184). One important feature is that the platform of the 30S subunit that
provides the interface with the