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Figure 6.6 Transcription termination
The termination of transcription is sig-
naled by a GC-rich inverted repeat fol-
lowed by four A residues. The inverted
repeat forms a stable stem-loop struc-
ture in the RNA, causing the RNA to
dissociate from the DNA template.
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Figure 6.7 Metabolism of lactose
B-galactosidase catalyzes the hydroly-
sis of lactose to glucose and galactase.
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Repressors and Negative Control of Transcription

The pioneering studies of gene regulation in E. coli were carried out by
Frangois Jacob and Jacques Monod in the 1950s. These investigators and
their colleagues analyzed the expression of enzymes invelved in the metab-
olism of lactose, which can be used as a source of carbon and energy via
cleavage to glucose and galactose (Figure 6.7). The enzyme that catalyzes
the cleavage of lactose (f-galactosidase) and other enzymes involved in lac-
tose metabolism are expressed only when lactose is available for use by the
bacteria. Otherwise, the cell is able to economize by not investing energy in
the synthesis of unnecessary RNAs and proteins. Thus, lactose induces the
synthesis of enzymes involved in its own metabolism. In addition to requir-
ing -galactosidase, lactose metabolism involves the products of two other
closely linked genes: lactose permease, which transports lactose into the
cell, and a transacetylase, which is thought to inactivate toxic thiogalacto-
sides that are transported into the cell along with lactose by the permease.
On the basis of purely genetic experiments, Jacob and Monod deduced the
mechanism by which the expression of these genes was regulated, thereby
formulating a model that remains fundamental to our understanding of
transcriptional regulation.

The starting point in this analysis was the isolation of mutants that were
defective in regulation of the genes involved in lactose utilization. These
mutants were of two types: constitutive mutants, which expressed all three
genes even when lactose was not available, and noninducible mutants,
which failed to express the genes even in the presence of lactose. Genetic
mapping localized these regulatory mutants to two distinct loci, called o
and i, with o located immediately upstream of the structural gene for
B-galactosidase. Mutations affecting o resulted in constitutive expression;
mutants of i were either constitutive or noninducible.

The function of these regulatory genes was probed by experiments in
which two strains of bacteria were mated, resulting in diploid cells contain-
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Figure 6.8 Regulation of
B-galactosidase in diploid E. coli
The mating of two bacterial strains re-
sults in diploid cells that contain genes
from both parents. In these examples,
L J L J it is assumed that the genes encoding
B-galactosidase (the z genes) can be
distinguished on the basis of structural
gene mutations, designated z! and 2%
In an i* /i~ diploid (left), both structural
genes are inducible; therefore, i* is
dominant over i~ and affects expres-
sion of z genes on both chromosomes.
: In contrast, in an o/o"* diploid (right),
Both z' and 7* Z! inducible the z gene linked to o is constitutively
inducible z* constitutive expressed, whereas that linked to 0* is
inducible. Therefore, o affects expres-
sion of only the adjacent z gene on the

ing genes derived from both parents (Figure 6.8). Analysis of gene expres- ~ same chromosome.
sion in such diploid bacteria provided critical insights by defining which
alleles of these regulatory genes are dominant and which recessive. For
example, when bacteria containing a normal i gene (i) were mated with
bacteria carrying an i gene mutation resulting in constitutive expression (an
i~ mutation), the resulting diploid bacteria displayed normal inducibility;
therefore, the normal i* gene was dominant over the i~ mutant. In contrast,
matings between normal bacteria and bacteria with an o° mutation (consti-
tutive expression) yielded diploids with the constitutive expression pheno-
type, indicating that o° is dominant over o*. Additional experiments in
which mutations in 0 and i were combined with different mutations in the
structural genes showed that o affects the expression of only the genes to
which it is physically linked, whereas i affects the expression of genes on
both chromosome copies in diploid bacteria. Thus, in an 0¢/0" cell, only the
structural genes that are linked to o¢ are constitutively expressed. In con-
trast, in an i*/i cell, structural genes on both chromosomes are regulated
normally. These results led to the conclusion that o represents a region of
DNA that controls the transcription of adjacent genes, whereas the i gene
encodes a regulatory factor (e.g., a protein) that can diffuse throughout the
cell and control genes on both chromosomes.

The model of gene regulation developed on the basis of these experi-
ments is illustrated in Figure 6.9. The genes encoding B-galactosidase, per-
mease, and transacetylase are expressed as a single unit, called an operon.
Transcription of the operon is controlled by ¢ (the operator), which is adja-
cent to the transcription initiation site. The i gene encodes a protein that reg-
ulates transcription by binding to the operator. Since i~ mutants (which result
in constitutive gene expression) are recessive, it was concluded that these
mutants failed to make a functional gene product. This result implies that
the normal i gene product is a repressor, which blocks transcription when
bound to 0. The addition of lactose leads to induction of the operon because
lactose binds to the repressor, thereby preventing it from binding to the oper-
ator DNA. In noninducible i mutants (which are dominant over i*), the
repressor fails to bind lactose, so expression of the operon cannot be
induced.

The model neatly fits the results of the genetic experiments from which it
was derived. In i~ cells, the repressor is not made, so the lac operon is con-
stitutively expressed. Diploid i*/i~ cells are normally inducible, since the
functional repressor is encoded by the i* allele. Finally, in 0 mutants a func-
tional operator has been lost and the repressor cannot be bound. Conse-
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Transcription Figure 6.9 Negative control
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quently, o° mutants are dominant but affect the expression only of linked
structural genes.

Confirmation of this basic model has since come from a variety of exper-
iments, including Walter Gilbert's isolation, in the 1960s, of the Jac repressor
and analysis of its binding to operator DNA. Molecular analysis has
defined the operator as approximately 20 base pairs of DNA, starting a few
bases before the transcription initiation site. Footprinting analysis has iden-
tified this region as the site to which the repressor binds, blocking tran-
scription by interfering with the binding of RNA polymerase to the pro-
moter. As predicted, lactose binds to the repressor, which then no longer
binds to operator DNA. Also as predicted, o° mutations alter sequences
within the operator, thereby preventing repressor binding and resulting in
constitutive gene expression.

The central principle of gene regulation exemplified by the lactose
operon is that control of transcription is mediated by the interaction of reg-
ulatory proteins with specific DNA sequences. This general mode of regu-
lation is broadly applicable to both prokaryotic and eukaryotic cells. Regu-
latory sequences like the operator are called cis-acting control elements,
because they affect the expression of only linked genes on the same DNA
molecule. On the other hand, proteins like the repressor are called trans-
acting factors because they can affect the expression of genes located on
other chromosomes within the cell. The lac operon is an example of nega-
tive control because binding of the repressor blocks transcription. This,
however, is not always the case; many trans-acting factors are activators
rather than inhibitors of transcription.

Positive Control of Transcription

The best-studied example of positive control in E. coli is the effect of glucose
on the expression of genes that encode enzymes involved in the breakdown
(catabolism) of other sugars (including lactose) that provide alternative
sources of carbon and energy. Glucose is preferentially utilized, so as long
as glucose is available, enzymes involved in catabolism of alternative
energy sources are not expressed. For example, if E. coli are grown in
medium containing both glucose and lactose, the lac operon is not induced
and only glucose is used by the bacteria. Thus, glucose represses the lac
operon even in the presence of the normal inducer (lactose).

Glucose repression (generally called catabolite repression) is now
known to be mediated by a positive control system, which is coupled to lev-
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Figure 6.10 Positive control of the /ac operon by glucose

Low levels of glucose activate adenylyl cyclase, which converts ATP to cyclic AMP
(cAMP). Cyclic AMP then binds to the catabolite activator protein (CAP) and stim-
ulates its binding to regulatory sequences of various operons concerned with the
metabolism of alternative sugars, such as lactose. CAP interacts with the & subunit
of RNA polymerase to facilitate the binding of polymerase to the promoter.

els of cyclic AMP (cAMP) (Figure 6.10). In bacteria, the enzyme adenylyl
cyclase, which converts ATP to cAMP, is regulated such that levels of
¢AMP increase when glucose levels drop. cAMP then binds to a transcrip-
tional regulatory protein called catabolite activator protein (CAP). The
binding of cAMP stimulates the binding of CAP to its target DNA se-
quences, which in the lac operon are located approximately 60 bases
upstream of the transcription start site. CAP then interacts with the ¢ sub-
unit of RNA polymerase, facilitating the binding of polymerase to the pro-
moter and activating transcription.

Eukaryotic RNA Polymerases and General
Transcription Factors

Although transcription proceeds by the same fundamental mechanisms in
all cells, it is considerably more complex in eukaryotic cells than in bacteria.
This is reflected in two distinct differences between the prokaryotic and
eukaryotic systems. First, whereas all genes are transcribed by a single RNA
polymerase in bacteria, eukaryotic cells contain multiple different RNA
polymerases that transcribe distinct classes of genes. Second, rather than
binding directly to promoter sequences, eukaryotic RNA polymerases need
to interact with a variety of additional proteins to specifically initiate tran-
scription. This increased complexity of eukaryotic transcription presumably
facilitates the sophisticated regulation of gene expression needed to direct
the activities of the many different cell types of multicellular organisms.

Eukaryotic RNA Polymerases

Eukaryotic cells contain three distinct nuclear RNA polymerases that tran-
scribe different classes of genes (Table 6.1). Protein-coding genes are tran-
scribed by RNA polymerase II to yield mRNAs; ribosomal RNAs (rRNAs)
and transfer RNAs (tRNAs) are transcribed by RNA polymerases [ and III.
RN A polymerase I is specifically devoted to transcription of the three
largest species of rRNAs, which are designated 285, 185, and 5.85 according
to their rates of sedimentation during velocity centrifugation. RNA poly-
merase 111 transcribes the genes for tRNAs and for the smallest species of
ribosomal RNA (55 rRNA). Some of the small RNAs involved in splicing
and protein transport (snRNAs and scRNAs) are also transcribed by RNA
polymerase 11T, while others are polymerase II transcripts. In addition, sep-
arate RNA polymerases (which are similar to bacterial RNA polymerases)
are found in chloroplasts and mitochondria, where they specifically tran-
scribe the DNAs of those organelles.

All three of the nuclear RNA polymerases are complex enzymes, consist-
ing of 12 to 17 different subunits each. Although they recognize different
promoters and transcribe distinct classes of genes, they share several fea-
tures in common with each other as well as with bacterial RNA polymerase.
In particular, all three eukaryotic RNA polymerases contain nine conserved
subunits, five of which are related to the &, 8, f#', and @ subunits of bacterial

 Low glucose

TABLE 6.1 Classes of Genes

Transcribed by
Eukaryotic RNA
Polymerases
Type of RNA RNA
synthesized polymerase
Nuclear genes
mRNA I
tRNA 11
rRNA
5.85, 188, 285 I
55 111
snRNA and scRNA 11 and 11
Mitochondrial genes Mitochondrial”
Chloroplast genes Chloroplast”

2 Some small nuclear (sn) and small cytoplas-
mic (sc) RNAs are transcribed by polymerase II

and others by polymerase L.

¥The mitochondrial and chloroplast RNA poly-
merases are similar to bacterial enzymes.




