Gene Expression
Organisms adapt to environmental changes by altering gene
expression. The process of alteration of gene expression has been studied in
detail and often involves modulation of gene transcription. Control of
transcription ultimately results from changes in the interaction of specific
binding regulatory proteins with various regions of DNA in the controlled
gene. This can have a positive or negative effect on transcription.
Transcription control can result in tissue-specific gene expression, and gene
regulation is influenced by hormones, heavy metals, and chemicals. In
addition to transcription level controls, gene expression can also be
modulated by gene amplification, gene rearrangement, posttranscriptional
modifications, and RNA stabilization.
Mammalian cells possess about 1000 times more genetic information
than does the bacterium Escherichia coli. Much of this additional genetic
information is probably involved in regulation of gene expression during the
differentiation of tissues and biologic processes in the multicellular organism
and in ensuring that the organism can respond to complex environmental
challenges.
In simple terms, there are only two types of gene regulation: positive
regulation and negative regulation (Table 39–1). When the expression of
genetic information is quantitatively increased by the presence of a specific
regulatory element, regulation is said to be positive; when the expression of
genetic information is diminished by the presence of a specific regulatory
element, regulation is said to be negative. The element or molecule
mediating negative regulation is said to be a negative regulator or repressor;
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that mediating positive regulation is a positive regulator or activator.
However, a double negative has the effect of acting as a positive. Thus, an
effector that inhibits the function of a negative regulator will appear to bring
about a positive regulation. Many regulated systems that appear to be
induced are in fact derepressed at the molecular level.

BIOLOGIC SYSTEMS EXHIBIT THREE TYPES OF
TEMPORAL RESPONSES TO A REGULATORY SIGNAL
Figure 39–1 depicts the extent or amount of gene expression in three
types of temporal response to an inducing signal. A type A response is
characterized by an increased extent of gene expression that is dependent
upon the continued presence of the inducing signal. When the inducing
signal is removed, the amount of gene expression diminishes to its basal
level, but the amount repeatedly increases in response to the reappearance of
the specific signal. This type of response is commonly observed in
prokaryotes in response to sudden changes of the intracellular concentration
of a nutrient. It is also observed in many higher organisms after exposure to
inducers such as hormones, nutrients, or growth factors.
A type B response exhibits an increased amount of gene expression
that is transient even in the continued presence of the regulatory signal. After
the regulatory signal has terminated and the cell has been allowed to recover,
a second transient response to a subsequent regulatory signal may be
observed.

This

phenomenon

of

response-desensitization-recovery

characterizes the action of many pharmacologic agents, but it is also a
feature of many naturally occurring processes. This type of response
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commonly occurs during development of an organism, when only the
transient appearance of a specific gene product is required although the
signal persists.
The type C response pattern exhibits, in response to the regulatory
signal, an increased extent of gene expression that persists indefinitely even
after termination of the signal. The signal acts as a trigger in this pattern.
Once expression of the gene is initiated in the cell, it cannot be terminated
even in the daughter cells; it is therefore an irreversible and inherited
alteration. This type of response typically occurs during the development of
differentiated function in a tissue or organ.
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Some Features of Prokaryotic Gene Expression Are Unique
Before the physiology of gene expression can be explained, a few
specialized genetic and regulatory terms must be defined for prokaryotic
systems. In prokaryotes, the genes involved in a metabolic pathway are often
present in a linear array called an operon, eg, the lac operon. An operon can
be regulated by a single promoter or regulatory region. The cistron is the
smallest unit of genetic expression. Some enzymes and other protein
molecules are composed of two or more nonidentical subunits. Thus, the
“one gene, one enzyme” concept is not necessarily valid. The cistron is the
genetic unit coding for the structure of the subunit of a protein molecule,
acting as it does as the smallest unit of genetic expression. Thus, the one
gene, one enzyme idea might more accurately be regarded as a one cistron,
one subunit concept. A single mRNA that encodes more than one separately
translated protein is referred to as a polycistronic mRNA. For example, the
polycistronic lac operon mRNA is translated into three separate proteins.
Operons and polycistronic mRNAs are common in bacteria but not in
eukaryotes. An inducible gene is one whose expression increases in
response to an inducer or activator, a specific positive regulatory signal. In
general, inducible genes have relatively low basal rates of transcription. By
contrast, genes with high basal rates of transcription are often subject to
down-regulation by repressors. The expression of some genes is
constitutive, meaning that they are expressed at a reasonably constant rate
and not known to be subject to regulation. These are often referred to as
housekeeping genes. As a result of mutation, some inducible gene products
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become constitutively expressed. A mutation resulting in constitutive
expression of what was formerly a regulated gene is called a constitutive
mutation (Murray et al., 2003).

Analysis of Lactose Metabolism in E coli Led to the Operon
Hypothesis
Jacob and Monod in 1961 described their operon model in a classic
paper. Their hypothesis was to a large extent based on observations on the
regulation of lactose metabolism by the intestinal bacterium E coli. The
molecular mechanisms responsible for the regulation of the genes involved
in the metabolism of lactose are now among the best-understood in any
organism. β-Galactosidase hydrolyzes the β -galactoside lactose to galactose
and glucose. The structural gene for β-galactosidase (lacZ) is clustered with
the genes responsible for the permeation of galactose into the cell (lacY) and
for thiogalactoside transacetylase (lacA). The structural genes for these three
enzymes, along with the lac promoter and lac operator (a regulatory region),
are physically associated to constitute the lac operon as depicted in Figure
39–2. This genetic arrangement of the structural genes and their regulatory
genes allows for coordinate expression of the three enzymes concerned
with lactose metabolism. Each of these linked genes is transcribed into one
large mRNA molecule that contains multiple independent translation start
(AUG) and stop (UAA) codons for each cistron. Thus, each protein is
translated separately, and they are not processed from a single large
precursor protein. This type of mRNA molecule is called a polycistronic
mRNA. Polycistronic mRNAs are predominantly found in prokaryotic
organisms. It is now conventional to consider that a gene includes regulatory
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sequences as well as the region that encodes the primary transcript.
Although there are many historical exceptions, a gene is generally italicized
in lower case and the encoded protein, when abbreviated, is expressed in
roman type with the first letter capitalized. For example, the gene lacI
encodes the repressor protein LacI. When E coli is presented with lactose or
some specific lactose analogs under appropriate nonrepressing conditions
(eg, high concentrations of lactose, no or very low glucose in media; see
below), the expression of the activities of β-galactosidase, galactoside
permease, and thiogalactoside transacetylase is increased 100-fold to 1000fold. This is a type A response, as depicted in Figure 39–1. The kinetics of
induction can be quite rapid; lac-specific mRNAs are fully induced within
5–6 minutes after addition of lactose to a culture; β-galactosidase protein is
maximal within 10 minutes. Under fully induced conditions, there can be up
to 5000 β-galactosidase molecules per cell, an amount about 1000 times
greater than the basal, uninduced level. Upon removal of the signal, ie, the
inducer, the synthesis of these three enzymes declines (Murray et al., 2003).
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When E coli is exposed to both lactose and glucose as sources of
carbon, the organisms first metabolize the glucose and then temporarily stop
growing until the genes of the lac operon become induced to provide the
ability to metabolize lactose as a usable energy source. Although lactose is
present from the beginning of the bacterial growth phase, the cell does not
induce those enzymes necessary for catabolism of lactose until the glucose
has been exhausted. This phenomenon was first thought to be attributable to
repression of the lac operon by some catabolite of glucose; hence, it was
termed catabolite repression. It is now known that catabolite repression is in
fact mediated by a catabolite gene activator protein (CAP) in conjunction
with cAMP. This protein is also referred to as the cAMP regulatory protein
(CRP).
SPECIAL FEATURES ARE INVOLVED IN REGULATION OF
EUKARYOTIC GENE TRANSCRIPTION
Most of the DNA in prokaryotic cells is organized into genes, and the
templates can always be transcribed. A very different situation exists in
mammalian cells, in which relatively little of the total DNA is organized into
genes and their associated regulatory regions. The function of the extra DNA
is unknown. The DNA in eukaryotic cells is extensively folded and packed
into the protein-DNA complex called chromatin. Histones are an important
part of this complex since they both form the structures known as
nucleosomes and also factor significantly into gene regulatory mechanisms.
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