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Gene structure
and expression

The genetic information in an organism comprises many ,' ot _“HT“S““‘”

millions of base pairs of DNA, yet this DNA contains only four [ Llm‘ol‘nmnonteqllllédto

types of base. How is the information contained within DNA [ Raai :
arranged into genes, and how is the cell able to turn a single [ mple molecule have the
gene on or off in response to specific signals’? ablln\ to perform such complicated tasks?

THE STRUCTURE OF DNA
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A computer-generi{ed
model of the stru B
of DNA. The two sugar-
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(blue) run in opposite
directions from each
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C = purple, A = green,
T = orange) are internal
to the backbone and
are held together by
a series of hydrogen
bonds. These are the
only bonds that hold the
two chains together.
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[image: image2.jpg]chains are oriented in opposite directions
and arranged side-by-side like the uprights
of a ladder, with their nitrogenous bases
forming the cross-rungs. Adenine on one
strand is always paired with thymine on the
opposite strand and, similarly, guanine is
always paired with cytosine. Consequently,
one strand is complementary to the opposite
strand, with the two strands or chains being
held together by hydrogen bonds between
adjacent bases (see BIOLOGICAL SCIENCES
REVIEW, Vol. 10, No. 1, pp. 36-38). Finally,
the entire double-chain molecule is coiled
into a double helix.

The DNA in a human cell contains
around 3 billion base pairs coding for all
the genetic information to make a particular
human being. Understanding how all this
information is arranged and coded within
the double-helical structure of DNA is a
huge challenge.

It is estimated that there are probably
100 000 genes coded in our DNA which give
rise to the 100 000 different proteins found
in the body during our lifetime. Converting
the information coded in the DNA base
sequence into proteins requires a complex
read-out system (see BIOLOGICAL SCIENCES
REVIEW, Vol. 4, No. 5, pp. 2-4).

The enzyme RNA polymerase has a crit-
ical role in converting DNA sequences into
corresponding mRNA sequences in a process
called transcription. The mRNA sequences
produced in this way are then read in groups
of three bases (triplet codons) and can be
translated into a particular protein. Each
triplet from the DNA sequence is transcribed
into a triplet of mRNA sequence and codes
for one amino acid within a protein.

GENOMES, GENES AND GENE
EXPRESSION

The total genetic information coded in the
DNA of an organism is defined as the
genome of that organism. Much attention in
the media focuses on the Human Genome
Project — research aimed at providing a
complete blueprint of the human genetic
make-up. However, the genomes of over
40 different organisms have already been

determined, including those of the bacterium -

Escherichia coli, the yeast Saccharomyces
cerevisiae, and the nematode worm Caenor-
habditis elegans (see BIOLOGICAL SCIENCES
REVIEW, Vol. 9, No. 3, pp. 10-13 and Vol. 9,
No. 5, pp. 36-38).

Finding genes within a genome is not as
easy as it might appear. Firstly, the genes
represent only a proportion of the total DNA
sequences, and secondly, in eukaryotic
organisms such as animals and plants, the
genetic information coding for a protein is
not a continuous sequence of DNA but may
be split up into several sections in which the
coding regions (called exons) are separated
by non-coding sequences (called introns —
see Figure 1).

MAY 2000

P

The nematode worm Caenorhabditis elegans — just one of the organisms for which we have
already determined the entire genetic make-up. (x 160)

It may be surprising, but there is no
agreed definition of a gene. Most textbooks
refer to genes as ‘the basic units of heredity,
composed of DNA, and passed from gener-
ation to generation’. Knowledge of DNA
structure, the genetic code and amino acid
sequences in proteins (see BIOLOGICAL
SCIENCES REVIEW, Vol. 8, No. 1, pp. 14-19)
leads us to consider a gene as that DNA
sequence which codes for a specific protein.
However, we know that only a proportion of
the genetic information encoded in the DNA
in a nucleus of a cell is ever used by a cell at
a given time.

There must be control mechanisms to
switch genes on, or switch genes off, and
regulators that can increase or decrease the
amounts of enzymes or other gene products
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needed by a cell. It is now becoming clear
that DNA sequences close to those that
code for a given protein are involved in the
regulation of the expression of that gene.
The question then arises as to whether these
regulatory sequences should be included in
the definition of a gene.

Organisms that metamorphose provide
dramatic illustrations of how this genetic
information must be controlled, such that
only a portion of the genome is expressed
at specific times in their life cycle. Good
examples are caterpillars becoming a butter-
flies or tadpoles becoming frogs. Similar
mechanisms controlling gene expression in
humans must exist, for within our tissues
the proteins produced by a particular type of
cell are quite distinctive — a hair follicle
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Figure 1 Architecture of typical Gene
prokaryotic and eukaryotic genes. Pre mRNA

Prokaryotic genes (top) contain DNA

sequences called the promoter and

operator (P and O) which are the binding sites
for the polymerase and repressors, respectively.
See Figure 2 for an explanation of how these
work. In eukaryotes (bottom), activator proteins
binding to the contol sites direct the polymerase
complex to the start of the gene. Eukaryotic genes
are ususally split into exons (coding regions)
and introns (non-coding regions). The introns
are removed from the RNA sequence before
translation into the protein sequence occurs.

lSpIiCing — introns removed
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Metamorphosis — the changes in
form that are so striking in animals
such as the monarch butterfly (A),
which emerges from a pupa, and
the frog (B), which forms from a
tadpole. These are examples of
gene regulation. The butterfly and
pupa or tadpole and frog, have
identical genes, but some are
expressed in one part of the life
cycle, others in the next.

will produce keratin and a pancreatic cell
will produce insulin. The gene for keratin is
active and the gene for insulin is switched
off in a follicle cell, while in a pancreatic
cell B-keratin is inactive and insulin is
switched on.

The protein (especially enzyme) content
of a cell can also change dramatically
depending on, for example, the availability
of nutrients. This means that not only does
a cell have to decide which genes it needs to
have switched on, and which genes are
switched off, but it also needs the ability to
activate certain genes in response to external
signals. So how does a cell tell what is a
gene and what is not, and how does the cell
turn on a particular gene while at the same
time not affecting the expression of all the
other tens of thousands of genes?

GENE REGULATION —
GENETIC SWITCHES

How are genes recognised and turned on?
Most protein coding genes have the same
overall format (see Figure 1). They start with
a particular triplet of DNA bases (ATG) and
end with what is called a stop signal, again
a triplet of DNA bases (either TGA, TTA or
TAG). The sequence in between will either
directly code for the protein (in prokaryotes)
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or will be split into a series of exons and
introns (in eukaryotes). Transcription of
the prokaryotic gene by RNA polyermase
generates a messenger RNA coding for one
or more proteins (see Box 1) In contrast, the
mRNA transcribed from the eukaryotic gene
needs to undergo a splicing reaction, as
shown in Figure 1, to produce a functional
mRNA.

Although the sequence of bases in the
gene defines the amino acid sequence of the
protein for which it codes, this ‘recipe’ alone
is not enough to direct protein production.
Each gene needs other DNA sequences
surrounding the coding sequences to act as
binding sites for proteins which switch on
the expression of the gene. Expression is a

term that refers to the way the DNA coding
sequence is transcribed to mRNA by RNA
polymerase, after which the mRNA is used
for the production of the protein for which
it codes. The proteins that bind to DNA
sequences around the gene to control gene
expression are called transcription factors
and they act as genetic switches.

Much of our knowledge of genetic
switches is based on the study of simple
organisms like bacteria or the baket’s yeast,
Saccharomyces cerevisiae — a simple uni-
cellular eukaryote with around 6000 protein-
coding genes. A number of basic principles
have emerged from these studies but there
are also differences in the way prokaryotes
and eukaryotes control the expression of
their genes.

The key to gene transcription is the
enzyme RNA polymerase. Whether or not a
protein is made is determined initially by
whether the genetic information is tran-
scribed into an mRNA sequence. Hence the
basic control mechanisms must determine
whether the DNA sequence (promoter
sequence) recognised by RNA polymerase as
its binding site at the beginning of each
coding sequence, is available for binding. If
the promoter site is blocked, or if RNA poly-
merase is prevented from reading out the
DNA sequence from the ATG start codon,
then transcription of the gene cannot occur.

In this way the regulatory proteins — them-
selves the products of other genes in the
genome — must be able to recognise very
specific DNA sequences around individual
genes to exert their control.

In prokaryotes the majority of genes are
active unless specific proteins are present to
turn gene expression off. In contrast, eukary-
otes have evolved mechanisms that require
genes to be switched on, especially in multi-
cellular organisms, where only a selection of
the total genome may be required by a given
cell or tissue.

This means that in prokaryotes most
genes are active by default. That is, they
have RNA polymerase binding sites within
their promoters, and the polymerase will

BIOLOGICAL SCIENCES REVIEW

JAL. COOKE/OXFORD SCIENTIFIC FILMS





[image: image4.jpg]BOX 1 THE LAC OPERON OF ESCHERICHIA COLI

Lactose is a disaccharide in which one molecule of E Repression of the /ac operon

CH,0H
glucose is attached to one molecule of galactose: HO OH
(o] 7
on [~ D]
CH,OH OH Galactose ¢
- Repressor binds to operator
HO O B B-galactosidase / OH TRNA and prevents transcription of
OH OH o —_— l z,yand a
ol CH,0H
OH CH,OH Glucose 0 OH @
Lactose Repressor
The enzymes required for the uptake and e o

metabolism of lactose, including B-galactosidase
(shown above), are controlled by the availability of lactose itself.
The gene encoding p-galactosidase (the lacZ gene) is transcribed as part
of the lac operon (see Figure 2). This operon comprises two control
sites, together with three structural genes coding for enzymes required ¢ ¢
to get lactose into bacterium and then hydrolyse it to glucose and galac- R AN A
tose. The operon is controlled by a regulator gene (i) which codes for a lac mRNA
repressor protein that can interact with the DNA sequence of the oper- ¢ ¢ ¢
ator (A). The promoter site is where RNA polymerase binds, but if the
repressor is present on the operator sequence it prevents the transcrip-
tion of the structural genes. When lactose is present the cells produce a
derivative of lactose which specifically binds to the repressor protein to ¢
form a complex which cannot bind to the operator. Consequently RNA @
polymerase can now bind to the promoter and transcribe the genes (B).

Inducer-repressor
complex

Induction of the /ac operon

B-galactosidase Permease

Transcetylase

Figure 2 Repression
and induction of the
E. coli lac operon.

In this way lactose has induced the synthesis of the enzymes needed for
its metabolism. The z, y and a genes are transcribed to give a single mRNA
which codes for the three enzymes required by E. coli for this process.

recognise and bind to these sequences and
transcribe nearby genes or sets of genes
(called operons). Genes are inactivated by
proteins called repressors which recognise
DNA sequences close to or within the
polymerase binding site and prevent the
polymerase ‘seeing’ particular promoters.
Regulation of gene expression is usually
achieved by altering the DNA binding
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properties of the repressor. A good example
of this type of regulation is found in E. coli,
and the way the enzymes for the metabolism
of lactose are switched on and off, depending
on whether the bacterium has access to
lactose as a source of energy — see Box 1.
Turning genes on and off in eukaryotes
is much more complicated but still depends
on specific proteins binding to DNA

Figure 4 Specific DNA binding
by an activator of transcription.
The protein (blue) makes unique
contacts with the DNA double
helix (red) to allow the activa-
tion of individual genes.

sequences close to the start points of gene
transcription. The RNA polymerase involved
in eukaryotic gene transcription is also much
more complex than its prokaryotic counter-
part. In eukaryotes the enzyme has to be
activated by special proteins called activators
which bind to DNA sequences within the
promoter of a gene. =
Much current research is focused on the
mechanisms involved in genetic switching.
For many years it has been recognised that
mutation in genes coding for proteins can
give rise to severe diseases, such as cystic
fibrosis, sickle cell disease and Duchenne
muscular dystrophy, but now it is appar-
ent that mutations in the DNA control
sequences around genes can also give rise
to diseases. Numerous cancers and other
diseases are caused by mutations within the
promoters and control regions of genes. B
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