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Introduction

n Despite the 4,000 or so genes in the 
typical bacterial genome, or the perhaps 
25,000 genes in the human genome, only 
a fraction are expressed in a cell at any 
given time. Some gene products are 
present in very large amounts: the 
elongation factors required for protein 
synthesis, for example, are among the 
most abundant proteins in bacteria. 
Requirements for some gene products 
change over time. 
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Introduction
The cellular concentration of a protein is 
determined by a delicate balance of at least 
seven processes, each having several potential 
points of regulation: 
n Synthesis of the primary RNA transcript 

(transcription) 
n Posttranscriptional modification of mRNA 
n Messenger RNA degradation 
n Protein synthesis(translation) 
n Posttranslational modification of proteins
n Protein targeting and transport
n Protein degradation . 3
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Principles of Gene Regulation
n Housekeeping genes: expressed at a more or 

less constant level;
n Regulated gene expression: gene products that 

cellular levels rise and fall in response to 
molecular signals 

n Gene products that increase in concentration 
under particular molecular circumstances are 
referred to as inducible; the process of 
increasing their expression is induction 

n Gene products that decrease in concentration 
in response to a molecular signal are referred to 
as repressible, and the process is called 
repression. 
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RNA polymerase Binds DNA at 
Promoters
n The regulation of transcription initiation 

often entails changes in how RNA 
polymerase interacts with a promoter. 

n Some Escherichia coli genes are 
transcribed once per second, others less 
than once per cell generation. Much of 
this variation is due to differences in 
promoter sequence. 

Regulation of Gene Expression1156

as inducible; the process of increasing their expression is 
induction. The expression of many of the genes encoding 
DNA repair enzymes, for example, is induced by a system 
of regulatory proteins that responds to high levels of DNA 
damage. Conversely, gene products that decrease in con-
centration in response to a molecular signal are referred to 
as repressible, and the process is called repression. For 
example, in bacteria, ample supplies of tryptophan lead 
to repression of the genes for the enzymes that catalyze 
tryptophan biosynthesis.
 Transcription is mediated and regulated by protein-
DNA interactions, especially those involving the protein 
components of RNA polymerase (Chapter 26). We first 
consider how the activity of RNA polymerase is regu-
lated, and proceed to a general description of the pro-
teins participating in this regulation. We then examine 
the molecular basis for the recognition of specific DNA 
sequences by DNA-binding proteins.

RNA Polymerase Binds to DNA at Promoters
RNA polymerases bind to DNA and initiate transcription 
at promoters (see Fig. 26–5), sites generally found near 
points at which RNA synthesis begins on the DNA tem-
plate. The regulation of transcription initiation often 
entails changes in how RNA polymerase interacts with a 
promoter.
 The nucleotide sequences of promoters vary con-
siderably, affecting the binding affinity of RNA polymer-
ases and thus the frequency of transcription initiation. 
Some Escherichia coli genes are transcribed once per 
second, others less than once per cell generation. Much 
of this variation is due to differences in promoter 
sequence. In the absence of regulatory proteins, differ-
ences in promoter sequence may affect the frequency of 
transcription initiation by a factor of 1,000 or more. 
Most E. coli promoters have a sequence close to a con-
sensus (Fig. 28–2). Mutations that result in a shift 
away from the consensus sequence usually decrease 
promoter function; conversely, mutations toward con-
sensus usually enhance promoter function.

KEY CONVENTION: By convention, DNA sequences are 
shown as they exist in the nontemplate strand, with the 
5! terminus on the left. Nucleotides are numbered from 
the transcription start site, with positive numbers to 
the right (in the direction of transcription) and negative 
numbers to the left. N indicates any nucleotide. ■

 Although housekeeping genes are expressed consti-
tutively, the cellular concentrations of the proteins they 

and then in eukaryotic cells. Information about post-
transcriptional and translational regulation is included 
in the discussion, where relevant, to provide a more 
complete overview of the rich complexity of regulatory 
mechanisms.

28.1 Principles of Gene Regulation
Genes for products that are required at all times, such 
as those for the enzymes of central metabolic pathways, 
are expressed at a more or less constant level in  virtually 
every cell of a species or organism. Such genes are often 
referred to as housekeeping genes. Unvarying expres-
sion of a gene is called constitutive gene expression.
 For other gene products, cellular levels rise and fall 
in response to molecular signals; this is regulated gene 
expression. Gene products that increase in concentration 
under particular molecular circumstances are referred to 

FIGURE 28–2 Consensus sequence for many E. coli promoters. Most base substitutions in the 210 
and 235 regions have a negative effect on promoter function. Some promoters also include the UP 
(upstream promoter) element (see Fig. 26–5).

TTGACA TATAAT
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FIGURE 28–1 Seven processes that affect the steady-state concentration 
of a protein. Each process has several potential points of regulation.
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In Bacteria:
n housekeeping genes are expressed consti-

tutively, the cellular concentrations of the 
proteins is strongly influence by interaction 
of RNApolymerase and promoter; 
differences in promoter sequence allow the 
cell to synthesize the appropriate level of 
each housekeeping gene product. 

n nonhousekeeping genes: for these genes 
the regulation involved regulatory proteins

RNA polymerase Binds DNA at 
Promoters

6
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n The sequences of eukaryotic promoters are 
more variable than their bacterial 
counterparts. The three eukaryotic RNA 
polymerases usually require an array of 
general transcription factors in order to bind 
to a promoter. Yet, as with bacterial gene 
expression, the basal level of transcription is 
determined by the effect of promoter 
sequences on the function of RNA 
polymerase and its associated transcription 
factors. 

RNA polymerase Binds DNA at 
Promoters

7
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Transcription Initiation is Regulated 
by Proteins
Three types of proteins regulate 
transcription initiation by RNA polymerase: 
n specificity factors alter the specificity of 

RNA polymerase for a given promoter or 
set of promoters; (es. s subunits in E. Coli)

n repressors impede access of RNA 
polymerase to the promoter; 

n activators enhance the RNA polymerase–
promoter interaction. 

8
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Negative Regulation

Regulation of Gene Expression1158

tectural regulators that bind to intervening sites and 
facilitate the looping of the DNA. Most of the eukaryotic 
systems involve protein activators. The actual interaction 
between the activators and the RNA polymerase at the 
promoter is often mediated by intermediary proteins 
called coactivators. In some instances, protein repressors 
may take the place of coactivators, binding to the activa-
tors and preventing the activating interaction.

Many Bacterial Genes Are Clustered and 
Regulated in Operons
Bacteria have a simple general mechanism for coordi-
nating the regulation of genes encoding products that 
participate in a set of related processes: these genes are 
clustered on the chromosome and are transcribed 
together. Many bacterial mRNAs are polycistronic—
multiple genes on a single transcript—and the single 
promoter that initiates transcription of the cluster is the 

 In eukaryotes, the distance between the binding sites 
of activators or repressors and promoters is bridged by 
looping out the DNA in between (Fig. 28–5). The loop-
ing is facilitated in some cases by  proteins called archi-

(a)  Negative regulation
 Molecular signal causes
 dissociation of repressor from
 DNA, inducing transcription.
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FIGURE 28–4 Common patterns of regulation of transcription initiation. 
Two types of negative regulation are illustrated. (a) Repressor binds to the 
operator in the absence of the molecular signal; the external signal causes 
dissociation of the repressor to permit transcription. (b) Repressor binds in 
the presence of the signal; the repressor dissociates and transcription en-
sues when the signal is removed. Positive regulation is mediated by gene 
activators. Again, two types are shown. (c) Activator binds in the absence 
of the molecular signal and transcription proceeds; when the signal is added, 
the activator dissociates and transcription is inhibited. (d) Activator binds 
in the presence of the signal; it dissociates only when the signal is removed. 
Note that “positive” and “negative” regulation refer to the type of regula-
tory protein involved: the bound protein either facilitates or inhibits tran-
scription. In either case, addition of the molecular signal may increase or 
decrease transcription, depending on its effect on the regulatory protein.
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FIGURE 28–5 The interaction between activators/repressors and RNA 
polymerase in eukaryotes. Eukaryotic activators and repressors often 
bind sites thousands of base pairs from the promoters they regulate. DNA 
looping, often facilitated by architectural regulators, brings the sites to-
gether. The interaction between activators and RNA polymerase is often 
mediated by coactivators, as shown. Repression is sometimes mediated 
by repressors (described later) that bind to activators, thereby preventing 
the activating interaction with RNA polymerase.
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n Repressors bind to 
specific sites on the DNA. 
In bacterial cells, such 
binding sites, called 
operators, are generally 
near a promoter. 

n Repressor binding is 
regulated by a 
molecular signal 
(effector), usually a small 
molecule or a protein, 
that binds to the 
repressor and causes a 
conformational change 

9
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Negative Regulation

n In eukaryotic cells, the binding site for a 
repressor may be some distance from the 
promoter. Binding of these repressors to 
their binding sites has the same effect as 
in bacterial cells: inhibiting the assembly 
or activity of a transcription complex at 
the promoter. 

10
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Positive Regulation

Regulation of Gene Expression1158

tectural regulators that bind to intervening sites and 
facilitate the looping of the DNA. Most of the eukaryotic 
systems involve protein activators. The actual interaction 
between the activators and the RNA polymerase at the 
promoter is often mediated by intermediary proteins 
called coactivators. In some instances, protein repressors 
may take the place of coactivators, binding to the activa-
tors and preventing the activating interaction.

Many Bacterial Genes Are Clustered and 
Regulated in Operons
Bacteria have a simple general mechanism for coordi-
nating the regulation of genes encoding products that 
participate in a set of related processes: these genes are 
clustered on the chromosome and are transcribed 
together. Many bacterial mRNAs are polycistronic—
multiple genes on a single transcript—and the single 
promoter that initiates transcription of the cluster is the 

 In eukaryotes, the distance between the binding sites 
of activators or repressors and promoters is bridged by 
looping out the DNA in between (Fig. 28–5). The loop-
ing is facilitated in some cases by  proteins called archi-

(a)  Negative regulation
 Molecular signal causes
 dissociation of repressor from
 DNA, inducing transcription.
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FIGURE 28–4 Common patterns of regulation of transcription initiation. 
Two types of negative regulation are illustrated. (a) Repressor binds to the 
operator in the absence of the molecular signal; the external signal causes 
dissociation of the repressor to permit transcription. (b) Repressor binds in 
the presence of the signal; the repressor dissociates and transcription en-
sues when the signal is removed. Positive regulation is mediated by gene 
activators. Again, two types are shown. (c) Activator binds in the absence 
of the molecular signal and transcription proceeds; when the signal is added, 
the activator dissociates and transcription is inhibited. (d) Activator binds 
in the presence of the signal; it dissociates only when the signal is removed. 
Note that “positive” and “negative” regulation refer to the type of regula-
tory protein involved: the bound protein either facilitates or inhibits tran-
scription. In either case, addition of the molecular signal may increase or 
decrease transcription, depending on its effect on the regulatory protein.
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FIGURE 28–5 The interaction between activators/repressors and RNA 
polymerase in eukaryotes. Eukaryotic activators and repressors often 
bind sites thousands of base pairs from the promoters they regulate. DNA 
looping, often facilitated by architectural regulators, brings the sites to-
gether. The interaction between activators and RNA polymerase is often 
mediated by coactivators, as shown. Repression is sometimes mediated 
by repressors (described later) that bind to activators, thereby preventing 
the activating interaction with RNA polymerase.
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n Activators provide a 
molecular 
counterpoint to 
repressors; they bind 
to DNA and enhance 
the activity of RNA 
polymerase at a 
promoter 

n Positive regulation is 
particularly common 
in eukaryotes 

11
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DNA-Binding Domains
28.1 Principles of Gene Regulation 1161

each base pair in more than one way, leading to the 
conclusion that there is no simple amino acid–base 
code. For some proteins, the Gln-adenine interaction 
can specify APT base pairs, but in others a van der 
Waals pocket for the methyl group of thymine can rec-
ognize APT base pairs. Researchers cannot yet exam-
ine the structure of a DNA-binding protein and infer the 
DNA sequence to which it binds.

that interact closely and specifically with the DNA. 
These binding domains usually include one or more of a 
relatively small group of recognizable and characteristic 
structural motifs.
 To bind specifically to DNA sequences, regulatory 
proteins must recognize surface features on the DNA. 
Most of the chemical groups that differ among the four 
bases and thus permit discrimination between base 
pairs are hydrogen-bond donor and acceptor groups 
exposed in the major groove of DNA (Fig. 28–9), and 
most of the protein-DNA contacts that impart specificity 
are hydrogen bonds. A notable exception is the nonpo-
lar surface near C-5 of pyrimidines, where thymine is 
readily distinguished from cytosine by its protruding 
methyl group. Protein-DNA contacts are also possible in 
the minor groove of the DNA, but the hydrogen-bonding 
patterns here generally do not allow ready discrimina-
tion between base pairs.
 Within regulatory proteins, the amino acid side 
chains most often hydrogen-bonding to bases in the 
DNA are those of Asn, Gln, Glu, Lys, and Arg residues. 
Is there a simple recognition code in which a particular 
amino acid always pairs with a particular base? The two 
hydrogen bonds that can form between Gln or Asn and 
the N6 and N-7 positions of adenine cannot form with 
any other base. And an Arg residue can form two hydro-
gen bonds with N-7 and O6 of guanine (Fig. 28–10). 
Examination of the structure of many DNA-binding pro-
teins, however, has shown that a protein can recognize 
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FIGURE 28–9 Groups in DNA available for protein binding. (a) Shown 
here are functional groups on all four base pairs that are displayed in the 
major and minor grooves of DNA (see Fig. 8–13). Hydrogen-bond acceptor 
and donor atoms are marked by blue and red disks, respectively. Other 
hydrogen atoms are marked with purple disks, and methyl groups with 

yellow disks. (b) Recognition patterns for each base pair, from left to right, 
are summarized at bottom. The much greater variation in the patterns for 
the major groove gives rise to a much greater discriminatory power in the 
major groove relative to the minor groove.

FIGURE 28–10 Specific amino acid residue–base pair interactions. The 
two examples shown have been observed in DNA-protein binding.
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28.1 Principles of Gene Regulation 1161

each base pair in more than one way, leading to the 
conclusion that there is no simple amino acid–base 
code. For some proteins, the Gln-adenine interaction 
can specify APT base pairs, but in others a van der 
Waals pocket for the methyl group of thymine can rec-
ognize APT base pairs. Researchers cannot yet exam-
ine the structure of a DNA-binding protein and infer the 
DNA sequence to which it binds.

that interact closely and specifically with the DNA. 
These binding domains usually include one or more of a 
relatively small group of recognizable and characteristic 
structural motifs.
 To bind specifically to DNA sequences, regulatory 
proteins must recognize surface features on the DNA. 
Most of the chemical groups that differ among the four 
bases and thus permit discrimination between base 
pairs are hydrogen-bond donor and acceptor groups 
exposed in the major groove of DNA (Fig. 28–9), and 
most of the protein-DNA contacts that impart specificity 
are hydrogen bonds. A notable exception is the nonpo-
lar surface near C-5 of pyrimidines, where thymine is 
readily distinguished from cytosine by its protruding 
methyl group. Protein-DNA contacts are also possible in 
the minor groove of the DNA, but the hydrogen-bonding 
patterns here generally do not allow ready discrimina-
tion between base pairs.
 Within regulatory proteins, the amino acid side 
chains most often hydrogen-bonding to bases in the 
DNA are those of Asn, Gln, Glu, Lys, and Arg residues. 
Is there a simple recognition code in which a particular 
amino acid always pairs with a particular base? The two 
hydrogen bonds that can form between Gln or Asn and 
the N6 and N-7 positions of adenine cannot form with 
any other base. And an Arg residue can form two hydro-
gen bonds with N-7 and O6 of guanine (Fig. 28–10). 
Examination of the structure of many DNA-binding pro-
teins, however, has shown that a protein can recognize 
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here are functional groups on all four base pairs that are displayed in the 
major and minor grooves of DNA (see Fig. 8–13). Hydrogen-bond acceptor 
and donor atoms are marked by blue and red disks, respectively. Other 
hydrogen atoms are marked with purple disks, and methyl groups with 

yellow disks. (b) Recognition patterns for each base pair, from left to right, 
are summarized at bottom. The much greater variation in the patterns for 
the major groove gives rise to a much greater discriminatory power in the 
major groove relative to the minor groove.

FIGURE 28–10 Specific amino acid residue–base pair interactions. The 
two examples shown have been observed in DNA-protein binding.
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DNA-Binding Domains

28.1 Principles of Gene Regulation 1161

each base pair in more than one way, leading to the 
conclusion that there is no simple amino acid–base 
code. For some proteins, the Gln-adenine interaction 
can specify APT base pairs, but in others a van der 
Waals pocket for the methyl group of thymine can rec-
ognize APT base pairs. Researchers cannot yet exam-
ine the structure of a DNA-binding protein and infer the 
DNA sequence to which it binds.

that interact closely and specifically with the DNA. 
These binding domains usually include one or more of a 
relatively small group of recognizable and characteristic 
structural motifs.
 To bind specifically to DNA sequences, regulatory 
proteins must recognize surface features on the DNA. 
Most of the chemical groups that differ among the four 
bases and thus permit discrimination between base 
pairs are hydrogen-bond donor and acceptor groups 
exposed in the major groove of DNA (Fig. 28–9), and 
most of the protein-DNA contacts that impart specificity 
are hydrogen bonds. A notable exception is the nonpo-
lar surface near C-5 of pyrimidines, where thymine is 
readily distinguished from cytosine by its protruding 
methyl group. Protein-DNA contacts are also possible in 
the minor groove of the DNA, but the hydrogen-bonding 
patterns here generally do not allow ready discrimina-
tion between base pairs.
 Within regulatory proteins, the amino acid side 
chains most often hydrogen-bonding to bases in the 
DNA are those of Asn, Gln, Glu, Lys, and Arg residues. 
Is there a simple recognition code in which a particular 
amino acid always pairs with a particular base? The two 
hydrogen bonds that can form between Gln or Asn and 
the N6 and N-7 positions of adenine cannot form with 
any other base. And an Arg residue can form two hydro-
gen bonds with N-7 and O6 of guanine (Fig. 28–10). 
Examination of the structure of many DNA-binding pro-
teins, however, has shown that a protein can recognize 
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FIGURE 28–10 Specific amino acid residue–base pair interactions. The 
two examples shown have been observed in DNA-protein binding.
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in or nearly in the major groove. The Lac repressor has 
this DNA-binding motif (Fig. 28–11).

Zinc Finger In a zinc finger, about 30 amino acid residues 
form an elongated loop held together at the base by a 
single Zn2! ion, which is coordinated to four of the resi-
dues (four Cys, or two Cys and two His). The zinc does 
not itself interact with DNA; rather, the coordination of 
zinc with the amino acid residues stabilizes this small 
structural motif. Several hydrophobic side chains in the 
core of the structure also lend stability. Figure 28–12 
shows the interaction between DNA and three zinc 
 fingers of a single polypeptide from the mouse regula-
tory protein Zif268.
 Many eukaryotic DNA-binding proteins contain zinc 
fingers. The interaction of a single zinc finger with DNA 
is typically weak, and many DNA-binding proteins, like 
Zif268, have multiple zinc fingers that substantially 
enhance binding by interacting simultaneously with the 
DNA. One DNA-binding protein of the frog Xenopus 
has 37 zinc fingers. There are few known examples of 
the zinc finger motif in bacterial proteins.

 To interact with bases in the major groove of DNA, 
a protein requires a relatively small substructure that 
can stably protrude from the protein surface. The DNA-
binding domains of regulatory proteins tend to be small 
(60 to 90 amino acid residues), and the structural 
motifs within these domains that are actually in contact 
with the DNA are smaller still. Many small proteins are 
unstable because of their limited capacity to form layers 
of structure to bury hydrophobic groups (p. 116). The 
DNA-binding motifs provide either a very compact sta-
ble structure or a way of allowing a segment of protein 
to protrude from the protein surface.
 The DNA-binding sites for regulatory proteins are 
often inverted repeats of a short DNA sequence (a pal-
indrome) at which multiple (usually two) subunits of a 
regulatory protein bind cooperatively. The Lac repres-
sor is unusual in that it functions as a tetramer, with 
two dimers tethered together at the end distant from 
the DNA-binding sites (Fig. 28–8b). An E. coli cell usu-
ally contains about 20 tetramers of the Lac repressor. 
Each of the tethered dimers separately binds to a pal-
indromic operator sequence, in contact with 17 bp of a 
22 bp region in the lac operon. And each of the teth-
ered dimers can independently bind to an operator 
sequence, with one generally binding to O1 and the 
other to O2 or O3 (as in Fig. 28–8b). The symmetry of 
the O1 operator sequence corresponds to the twofold 
axis of symmetry of two paired Lac repressor subunits. 
The tetrameric Lac repressor binds to its operator 
sequences in vivo with an estimated dissociation con-
stant of about 10−10 M. The repressor discriminates 
between the operators and other sequences by a factor 
of about 106, so binding to these few base pairs among 
the 4.6 million or so of the E. coli chromosome is 
highly specific.
 Several DNA-binding motifs have been described, 
but here we focus on two that play prominent roles in 
the binding of DNA by regulatory proteins: the helix-
turn-helix and the zinc finger. We also consider a 
type of DNA-binding domain—the homeodomain—
found in some eukaryotic proteins.

Helix-Turn-Helix This DNA-binding motif is crucial to the 
interaction of many bacterial regulatory proteins with 
DNA, and similar motifs occur in some eukaryotic regu-
latory proteins. The helix-turn-helix motif comprises 
about 20 amino acids in two short !-helical segments, 
each seven to nine amino acid residues long, separated 
by a " turn (Fig. 28–11). This structure generally is 
not stable by itself; it is simply the reactive portion of a 
somewhat larger DNA-binding domain. One of the two 
!-helical segments is called the recognition helix 
because it usually contains many of the amino acids that 
interact with the DNA in a sequence-specific way. This 
! helix is stacked on other segments of the protein 
structure so that it protrudes from the protein surface. 
When bound to DNA, the recognition helix is positioned 

FIGURE 28–11 Helix-turn-helix. (PDB ID 2PE5) (a) DNA-binding domain 
of the Lac  repressor bound to DNA (blue and orange). The helix-turn-
helix motif is shown in dark blue and purple; the DNA recognition helix is 
purple. (b) Entire Lac repressor. The DNA-binding domains are light blue, 
and the ! helices involved in tetramer formation are green. The remain-
der of the protein (shades of red) has the binding sites for allolactose. 
The allolactose-binding domains are linked to the DNA-binding domains 
through linker helices (yellow).
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are the leucine zipper and the basic helix-loop-
helix. Structural motifs such as these are the basis for 
classifying some regulatory proteins into structural 
families.

Leucine Zipper This motif is an amphipathic ! helix with 
a series of hydrophobic amino acid residues concen-
trated on one side (Fig. 28–14), with the hydrophobic 
surface forming the area of contact between the two 
polypeptides of a dimer. A striking feature of these ! 
helices is the occurrence of Leu residues at every sev-
enth position, forming a straight line along the hydro-
phobic surface. Although researchers initially thought 
the Leu residues interdigitated (hence the name “zip-
per”), we now know that they line up side by side as 
the interacting ! helices coil around each other (form-
ing a coiled coil; Fig. 28–14b). Regulatory proteins with 
leucine zippers often have a separate DNA-binding 
domain with a high concentration of basic (Lys or Arg) 
residues that can interact with the negatively charged 
phosphates of the DNA backbone. Leucine zippers 
have been found in many eukaryotic and a few bacte-
rial  proteins.

Basic Helix-Loop-Helix Another common structural motif 
occurs in some eukaryotic regulatory proteins implicat-
ed in the control of gene expression during the develop-
ment of multicellular organisms. These proteins share a 
conserved region of about 50 amino acid residues impor-
tant in both DNA binding and protein dimerization. This 
region can form two short amphipathic ! helices linked 
by a loop of variable length, the helix-loop-helix (distinct 

 The precise manner in which proteins with zinc 
fingers bind to DNA differs from one protein to the next. 
Some zinc fingers contain the amino acid residues that 
are important in sequence discrimination, whereas oth-
ers seem to bind DNA nonspecifically (the amino acids 
required for specificity are located elsewhere in the 
protein). Zinc fingers can also function as RNA-binding 
motifs—for example, in certain proteins that bind 
eukaryotic mRNAs and act as translational repressors. 
We discuss this role later (Section 28.3).

Homeodomain Another type of DNA-binding domain has 
been identified in some proteins that function as tran-
scriptional regulators, especially during eukaryotic 
development. This domain of 60 amino acids—called the 
homeodomain because it was discovered in homeotic 
genes (genes that regulate the development of body 
patterns)—is highly conserved and has now been iden-
tified in proteins from a wide variety of organisms, 
including humans (Fig. 28–13). The DNA-binding seg-
ment of the domain is related to the helix-turn-helix 
motif. The DNA sequence that encodes this domain is 
known as the homeobox.

Regulatory Proteins Also Have Protein-Protein 
Interaction Domains
Regulatory proteins contain domains not only for DNA 
binding but also for protein-protein interactions—with 
RNA polymerase, other regulatory proteins, or other 
subunits of the same regulatory protein. Examples 
include many eukaryotic transcription factors that 
function as gene activators, which often bind as dimers 
to the DNA, through DNA-binding domains that con-
tain zinc fingers. Some structural domains are devoted 
to the interactions required for dimer formation, 
which is generally a prerequisite for DNA binding. Like 
DNA-binding motifs, the structural motifs that medi-
ate protein-protein interactions tend to fall within one 
of a few common categories. Two important examples 

FIGURE 28–12 Zinc fingers. (PDB ID 1ZAA) Three zinc fingers (shades of 
red) of the regulatory protein Zif268, complexed with DNA (blue). Each 
Zn2! coordinates with two His and two Cys residues.

FIGURE 28–13 Homeodomains. (PDB ID 1FJL) Shown here are two home-
odomains bound to DNA. In each homeodomain, one of the ! helices 
(purple), layered on two others (dark blue and gray), can be seen protrud-
ing into the major groove. This is only a small part of a larger regulatory 
protein from a class called Pax, active in the regulation of development in 
fruit flies (see Section 28.3).
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are the leucine zipper and the basic helix-loop-
helix. Structural motifs such as these are the basis for 
classifying some regulatory proteins into structural 
families.

Leucine Zipper This motif is an amphipathic ! helix with 
a series of hydrophobic amino acid residues concen-
trated on one side (Fig. 28–14), with the hydrophobic 
surface forming the area of contact between the two 
polypeptides of a dimer. A striking feature of these ! 
helices is the occurrence of Leu residues at every sev-
enth position, forming a straight line along the hydro-
phobic surface. Although researchers initially thought 
the Leu residues interdigitated (hence the name “zip-
per”), we now know that they line up side by side as 
the interacting ! helices coil around each other (form-
ing a coiled coil; Fig. 28–14b). Regulatory proteins with 
leucine zippers often have a separate DNA-binding 
domain with a high concentration of basic (Lys or Arg) 
residues that can interact with the negatively charged 
phosphates of the DNA backbone. Leucine zippers 
have been found in many eukaryotic and a few bacte-
rial  proteins.

Basic Helix-Loop-Helix Another common structural motif 
occurs in some eukaryotic regulatory proteins implicat-
ed in the control of gene expression during the develop-
ment of multicellular organisms. These proteins share a 
conserved region of about 50 amino acid residues impor-
tant in both DNA binding and protein dimerization. This 
region can form two short amphipathic ! helices linked 
by a loop of variable length, the helix-loop-helix (distinct 

 The precise manner in which proteins with zinc 
fingers bind to DNA differs from one protein to the next. 
Some zinc fingers contain the amino acid residues that 
are important in sequence discrimination, whereas oth-
ers seem to bind DNA nonspecifically (the amino acids 
required for specificity are located elsewhere in the 
protein). Zinc fingers can also function as RNA-binding 
motifs—for example, in certain proteins that bind 
eukaryotic mRNAs and act as translational repressors. 
We discuss this role later (Section 28.3).

Homeodomain Another type of DNA-binding domain has 
been identified in some proteins that function as tran-
scriptional regulators, especially during eukaryotic 
development. This domain of 60 amino acids—called the 
homeodomain because it was discovered in homeotic 
genes (genes that regulate the development of body 
patterns)—is highly conserved and has now been iden-
tified in proteins from a wide variety of organisms, 
including humans (Fig. 28–13). The DNA-binding seg-
ment of the domain is related to the helix-turn-helix 
motif. The DNA sequence that encodes this domain is 
known as the homeobox.

Regulatory Proteins Also Have Protein-Protein 
Interaction Domains
Regulatory proteins contain domains not only for DNA 
binding but also for protein-protein interactions—with 
RNA polymerase, other regulatory proteins, or other 
subunits of the same regulatory protein. Examples 
include many eukaryotic transcription factors that 
function as gene activators, which often bind as dimers 
to the DNA, through DNA-binding domains that con-
tain zinc fingers. Some structural domains are devoted 
to the interactions required for dimer formation, 
which is generally a prerequisite for DNA binding. Like 
DNA-binding motifs, the structural motifs that medi-
ate protein-protein interactions tend to fall within one 
of a few common categories. Two important examples 

FIGURE 28–12 Zinc fingers. (PDB ID 1ZAA) Three zinc fingers (shades of 
red) of the regulatory protein Zif268, complexed with DNA (blue). Each 
Zn2! coordinates with two His and two Cys residues.

FIGURE 28–13 Homeodomains. (PDB ID 1FJL) Shown here are two home-
odomains bound to DNA. In each homeodomain, one of the ! helices 
(purple), layered on two others (dark blue and gray), can be seen protrud-
ing into the major groove. This is only a small part of a larger regulatory 
protein from a class called Pax, active in the regulation of development in 
fruit flies (see Section 28.3).
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Protein-Protein Interactions in Eukaryotic Regulatory Pro-
teins In eukaryotes most genes are regulated by activa-
tors, and most genes are monocistronic. If a different 
activator were required for each gene, the number of 
activators (and genes encoding them) would need to be 
equivalent to the number of regulated genes. However, 
in yeast about 300 transcription factors (many of them 
activators) are responsible for the regulation of many 
thousands of yeast genes. Many of the transcription 
factors regulate the induction of multiple genes, but 
most genes are subject to regulation by multiple tran-
scription factors. Appropriate regulation of different 
genes is accomplished by utilizing different combina-
tions of a limited repertoire of transcription factors at 
each gene, a phenomenon referred to as combinato-
rial control.
 Combinatorial control is accomplished in part by 
mixing and matching the variants within a regulatory 
protein family to form a series of different active protein 
dimers. Several families of eukaryotic transcription fac-
tors have been defined based on close structural simi-
larities. Within each family, dimers can sometimes form 
between two identical proteins (a homodimer) or between 
two different members of the family (a heterodimer). A 
hypothetical family of four different leucine-zipper pro-
teins could thus form up to 10 different dimeric species. 
In many cases, the different combinations have distinct 
regulatory and functional properties and function in the 
regulation of different genes. As we shall see, multiple 
regulatory proteins of this kind function in the regulation 

from the helix-turn-helix motif associated with DNA 
binding). The helix-loop-helix motifs of two polypep-
tides interact to form dimers (Fig. 28–15). In these 
proteins, DNA binding is mediated by an adjacent short 
amino acid sequence rich in basic residues, similar to 
the separate DNA-binding region in proteins containing 
leucine zippers.

FIGURE 28–14 Leucine zippers. (a) Compari-
son of amino acid sequences of several leucine 
zipper proteins. Note the Leu (L) residues (red) 
at every seventh position in the zipper region, 
and the number of Lys (K) and Arg (R) residues 
in the DNA-binding region (yellow). (b) (PDB 
ID 1YSA) Leucine zipper from the yeast activa-
tor protein GCN4. Only the “zippered” ! heli-
ces (gray), derived from different subunits of 
the dimeric protein, are shown. The two helices 
wrap around each other in a gently coiled coil. 
The interacting Leu side chains and the con-
served residues in the DNA-binding region are 
colored to correspond to the sequence in (a).

FIGURE 28–15 Helix-loop-helix. (PDB ID 1HLO) The human transcription 
factor Max, bound to its DNA target site. The protein is dimeric; one sub-
unit is colored. The recognition helix (pink) is linked via the loop to the 
dimer-forming helix (light blue), which merges with the carboxyl-terminal 
end of the subunit. Interaction of the carboxyl-terminal helices of the two 
subunits describes a coiled coil very similar to that of a leucine zipper (see 
Fig. 28–14b), but with only one pair of interacting Leu residues (red side 
chains at the right) in this example. The overall structure is sometimes 
called a helix-loop-helix/leucine zipper motif.
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Protein-Protein Interactions in Eukaryotic Regulatory Pro-
teins In eukaryotes most genes are regulated by activa-
tors, and most genes are monocistronic. If a different 
activator were required for each gene, the number of 
activators (and genes encoding them) would need to be 
equivalent to the number of regulated genes. However, 
in yeast about 300 transcription factors (many of them 
activators) are responsible for the regulation of many 
thousands of yeast genes. Many of the transcription 
factors regulate the induction of multiple genes, but 
most genes are subject to regulation by multiple tran-
scription factors. Appropriate regulation of different 
genes is accomplished by utilizing different combina-
tions of a limited repertoire of transcription factors at 
each gene, a phenomenon referred to as combinato-
rial control.
 Combinatorial control is accomplished in part by 
mixing and matching the variants within a regulatory 
protein family to form a series of different active protein 
dimers. Several families of eukaryotic transcription fac-
tors have been defined based on close structural simi-
larities. Within each family, dimers can sometimes form 
between two identical proteins (a homodimer) or between 
two different members of the family (a heterodimer). A 
hypothetical family of four different leucine-zipper pro-
teins could thus form up to 10 different dimeric species. 
In many cases, the different combinations have distinct 
regulatory and functional properties and function in the 
regulation of different genes. As we shall see, multiple 
regulatory proteins of this kind function in the regulation 

from the helix-turn-helix motif associated with DNA 
binding). The helix-loop-helix motifs of two polypep-
tides interact to form dimers (Fig. 28–15). In these 
proteins, DNA binding is mediated by an adjacent short 
amino acid sequence rich in basic residues, similar to 
the separate DNA-binding region in proteins containing 
leucine zippers.

FIGURE 28–14 Leucine zippers. (a) Compari-
son of amino acid sequences of several leucine 
zipper proteins. Note the Leu (L) residues (red) 
at every seventh position in the zipper region, 
and the number of Lys (K) and Arg (R) residues 
in the DNA-binding region (yellow). (b) (PDB 
ID 1YSA) Leucine zipper from the yeast activa-
tor protein GCN4. Only the “zippered” ! heli-
ces (gray), derived from different subunits of 
the dimeric protein, are shown. The two helices 
wrap around each other in a gently coiled coil. 
The interacting Leu side chains and the con-
served residues in the DNA-binding region are 
colored to correspond to the sequence in (a).

FIGURE 28–15 Helix-loop-helix. (PDB ID 1HLO) The human transcription 
factor Max, bound to its DNA target site. The protein is dimeric; one sub-
unit is colored. The recognition helix (pink) is linked via the loop to the 
dimer-forming helix (light blue), which merges with the carboxyl-terminal 
end of the subunit. Interaction of the carboxyl-terminal helices of the two 
subunits describes a coiled coil very similar to that of a leucine zipper (see 
Fig. 28–14b), but with only one pair of interacting Leu residues (red side 
chains at the right) in this example. The overall structure is sometimes 
called a helix-loop-helix/leucine zipper motif.
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Bacterial Genes are Clustered in Operons

n Many bacterial mRNAs are polycistronic—
multiple genes on a single transcript—and the 
single promoter that initiates transcription of 
the cluster is the site of regulation for expression 
of all the genes in the cluster.

n The gene cluster and promoter, plus additional 
sequences that function together in regulation, 
are called an operon; 28.1 Principles of Gene Regulation 1159

site of regulation for expression of all the genes in the 
cluster. The gene cluster and promoter, plus additional 
sequences that function together in regulation, are 
called an operon (Fig. 28–6). Operons that include 
two to six genes transcribed as a unit are common; 
some operons contain 20 or more genes.
 Many of the principles of bacterial gene expression 
were first defined by studies of lactose metabolism in E. 
coli, which can use lactose as its sole carbon source. In 
1960, François Jacob and Jacques Monod published a 
short paper in the Proceedings of the French Academy 
of Sciences that described how two adjacent genes 
involved in lactose metabolism were coordinately regu-
lated by a genetic element located at one end of the 
gene cluster. The genes were those for !-galactosidase, 
which cleaves lactose to galactose and glucose, and for 
galactoside permease (lactose permease, p. 416), which 
transports lactose into the cell (Fig. 28–7). The terms 
“operon” and “operator” were first introduced in this 
paper. With the operon model, gene regulation could, 
for the first time, be considered in molecular terms.

FIGURE 28–6 Representative bacterial operon. Genes A, B, and C are 
transcribed on one polycistronic mRNA. Typical regulatory sequences in-
clude binding sites for proteins that either activate or repress transcription 
from the promoter.
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FIGURE 28–7 Lactose metabolism in E. coli. Uptake and metabolism of 
lactose require the activities of galactoside (lactose) permease and !-
galactosidase. Conversion of lactose to allolactose by transglycosylation 
is a minor reaction also catalyzed by !-galactosidase.

 The study of lac operon mutants has revealed some 
details of the workings of the operon’s regulatory sys-
tem. In the absence of lactose, the lac operon genes are 
repressed. Mutations in the operator or in another gene, 
the I gene, result in constitutive synthesis of the gene 
products. When the I gene is defective, repression can 
be restored by introducing a functional I gene into the 
cell on another DNA molecule, demonstrating that the I 
gene encodes a diffusible molecule that causes gene 
repression. This molecule proved to be a protein, now 
called the Lac repressor, a tetramer of identical mono-
mers. The operator to which it binds most tightly (O1) 
abuts the transcription start site (Fig. 28–8a). The I gene 
is transcribed from its own promoter (PI) independent 
of the lac operon genes. The lac operon has two sec-
ondary binding sites for the Lac repressor. One (O2) is 
centered near position 1410, within the gene encoding 
!-galactosidase (Z); the other (O3) is near position −90, 
within the I gene. To repress the operon, the Lac 
repressor seems to bind to both the main operator and 
one of the two secondary sites, with the intervening 

François Jacob Jacques Monod, 1910–1976

The lac Operon Is Subject to Negative Regulation
The lactose (lac) operon (Fig. 28–8a) includes the 
genes for !-galactosidase (Z), galactoside permease 
(Y), and thiogalactoside transacetylase (A). The last of 
these enzymes seems to modify toxic galactosides to 
facilitate their removal from the cell. Each of the three 
genes is preceded by a ribosome-binding site (not 
shown in Fig. 28–8) that independently directs the 
translation of that gene (Chapter 27). Regulation of the 
lac operon by the lac repressor protein (Lac) follows 
the pattern outlined in Figure 28–4a.
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Lac Operon 
n The lactose (lac) operon includes the genes 

for b-galactosidase (Z), galactoside permease 
(Y ), and thiogalactoside transacetylase (A). 
The last of these enzymes seems to modify 
toxic galactosides to facilitate their removal 
from the cell. Each of the three genes is 
preceded by a ribosome-binding site that 
independently directs the translation of that 
gene. 
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site of regulation for expression of all the genes in the 
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sequences that function together in regulation, are 
called an operon (Fig. 28–6). Operons that include 
two to six genes transcribed as a unit are common; 
some operons contain 20 or more genes.
 Many of the principles of bacterial gene expression 
were first defined by studies of lactose metabolism in E. 
coli, which can use lactose as its sole carbon source. In 
1960, François Jacob and Jacques Monod published a 
short paper in the Proceedings of the French Academy 
of Sciences that described how two adjacent genes 
involved in lactose metabolism were coordinately regu-
lated by a genetic element located at one end of the 
gene cluster. The genes were those for !-galactosidase, 
which cleaves lactose to galactose and glucose, and for 
galactoside permease (lactose permease, p. 416), which 
transports lactose into the cell (Fig. 28–7). The terms 
“operon” and “operator” were first introduced in this 
paper. With the operon model, gene regulation could, 
for the first time, be considered in molecular terms.
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transcribed on one polycistronic mRNA. Typical regulatory sequences in-
clude binding sites for proteins that either activate or repress transcription 
from the promoter.
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 The study of lac operon mutants has revealed some 
details of the workings of the operon’s regulatory sys-
tem. In the absence of lactose, the lac operon genes are 
repressed. Mutations in the operator or in another gene, 
the I gene, result in constitutive synthesis of the gene 
products. When the I gene is defective, repression can 
be restored by introducing a functional I gene into the 
cell on another DNA molecule, demonstrating that the I 
gene encodes a diffusible molecule that causes gene 
repression. This molecule proved to be a protein, now 
called the Lac repressor, a tetramer of identical mono-
mers. The operator to which it binds most tightly (O1) 
abuts the transcription start site (Fig. 28–8a). The I gene 
is transcribed from its own promoter (PI) independent 
of the lac operon genes. The lac operon has two sec-
ondary binding sites for the Lac repressor. One (O2) is 
centered near position 1410, within the gene encoding 
!-galactosidase (Z); the other (O3) is near position −90, 
within the I gene. To repress the operon, the Lac 
repressor seems to bind to both the main operator and 
one of the two secondary sites, with the intervening 

François Jacob Jacques Monod, 1910–1976

The lac Operon Is Subject to Negative Regulation
The lactose (lac) operon (Fig. 28–8a) includes the 
genes for !-galactosidase (Z), galactoside permease 
(Y), and thiogalactoside transacetylase (A). The last of 
these enzymes seems to modify toxic galactosides to 
facilitate their removal from the cell. Each of the three 
genes is preceded by a ribosome-binding site (not 
shown in Fig. 28–8) that independently directs the 
translation of that gene (Chapter 27). Regulation of the 
lac operon by the lac repressor protein (Lac) follows 
the pattern outlined in Figure 28–4a.
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Lac Operon

n P is the promoter for the lac genes, and PI is 
the promoter for the I gene a diffusible 
molecule that causes gene repression 
called Lac Repressor. O1 is the main 
operator for the lac repressor; O2 and O3
are secondary operator sites of lesser affinity 
for the Lac repressor. 

Regulation of Gene Expression1160

 When cells are provided with lactose, the lac operon 
is induced. An inducer (signal) molecule binds to a 
 specific site on the Lac repressor, causing a conforma-
tional change that results in dissociation of the repres-
sor from the operator. The inducer in the lac operon 
system is not lactose itself but allolactose, an isomer of 
lactose (Fig. 28–7). After entry into the E. coli cell (via 
the few existing molecules of lactose permease), lactose 
is converted to allolactose by one of the few existing 
!-galactosidase molecules. Release of the operator by 
Lac repressor, triggered as the repressor binds to allo-
lactose, allows expression of the lac operon genes and 
leads to a 103-fold increase in the concentration of 
!-galactosidase.
 Several !-galactosides structurally related to allo-
lactose are inducers of the lac operon but are not sub-
strates for !-galactosidase; others are substrates but 
not inducers. One particularly effective and nonmetabo-
lizable inducer of the lac operon that is often used 
experimentally is isopropylthiogalactoside (IPTG).

DNA looped out (Fig. 28–8b, c). Either binding arrange-
ment blocks transcription initiation.
 Despite this elaborate binding complex, repression 
is not absolute. Binding of the Lac repressor reduces 
the rate of transcription initiation by a factor of 103. If 
the O2 and O3 sites are eliminated by deletion or muta-
tion, the binding of repressor to O1 alone reduces tran-
scription by a factor of about 102. Even in the repressed 
state, each cell has a few molecules of !-galactosidase 
and galactoside permease, presumably synthesized on 
the rare occasions when the repressor transiently dis-
sociates from the operators. This basal level of tran-
scription is essential to operon regulation.

FIGURE 28–8 The lac operon. (a) The lac operon. The lacI gene encodes 
the Lac repressor. The lac Z, Y, and A genes encode !-galactosidase, ga-
lactoside permease, and thiogalactoside transacetylase, respectively. P is 
the promoter for the lac genes, and PI is the promoter for the I gene. O1 is 
the main operator for the lac operon; O2 and O3 are secondary operator 
sites of lesser affinity for the Lac repressor. The inverted repeat to which 
the Lac repressor binds in O1 is shown in the inset. (b) The Lac repressor 
binds to the main operator and O2 or O3, apparently forming a loop in the 
DNA. (c) (PDB ID 2PE5) Lac repressor (shades of red) is shown bound to 
short, discontinuous segments of DNA (blue and orange).
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An inducer that cannot be metabolized allows researchers 
to explore the physiological function of lactose as a car-
bon source for growth, separate from its function in the 
regulation of gene expression.
 In addition to the multitude of operons now known 
in bacteria, a few polycistronic operons have been found 
in the cells of lower eukaryotes. In the cells of higher 
eukaryotes, however, almost all protein-encoding genes 
are transcribed separately.
 The mechanisms by which operons are regulated 
can vary significantly from the simple model presented 
in Figure 28–8. Even the lac operon is more complex 
than indicated here, with an activator also contributing 
to the overall scheme, as we shall see in Section 28.2. 
Before any further discussion of the layers of regulation 
of gene expression, however, we examine the critical 
molecular interactions between DNA-binding proteins 
(such as repressors and activators) and the DNA 
sequences to which they bind.

Regulatory Proteins Have Discrete 
DNA-Binding Domains
Regulatory proteins generally bind to specific DNA 
sequences. Their affinity for these target sequences is 
roughly 104 to 106 times higher than their affinity for 
any other DNA sequence. Most regulatory proteins have 
discrete DNA-binding domains containing substructures 
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Lac Operon

To repress the operon, 
the Lac repressor seems 
to bind to both the 
main operator and one 
of the two secondary 
sites, with the 
intervening DNA 
looped out. Either 
binding arrangement 
blocks transcription 
initiation. 
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 When cells are provided with lactose, the lac operon 
is induced. An inducer (signal) molecule binds to a 
 specific site on the Lac repressor, causing a conforma-
tional change that results in dissociation of the repres-
sor from the operator. The inducer in the lac operon 
system is not lactose itself but allolactose, an isomer of 
lactose (Fig. 28–7). After entry into the E. coli cell (via 
the few existing molecules of lactose permease), lactose 
is converted to allolactose by one of the few existing 
!-galactosidase molecules. Release of the operator by 
Lac repressor, triggered as the repressor binds to allo-
lactose, allows expression of the lac operon genes and 
leads to a 103-fold increase in the concentration of 
!-galactosidase.
 Several !-galactosides structurally related to allo-
lactose are inducers of the lac operon but are not sub-
strates for !-galactosidase; others are substrates but 
not inducers. One particularly effective and nonmetabo-
lizable inducer of the lac operon that is often used 
experimentally is isopropylthiogalactoside (IPTG).

DNA looped out (Fig. 28–8b, c). Either binding arrange-
ment blocks transcription initiation.
 Despite this elaborate binding complex, repression 
is not absolute. Binding of the Lac repressor reduces 
the rate of transcription initiation by a factor of 103. If 
the O2 and O3 sites are eliminated by deletion or muta-
tion, the binding of repressor to O1 alone reduces tran-
scription by a factor of about 102. Even in the repressed 
state, each cell has a few molecules of !-galactosidase 
and galactoside permease, presumably synthesized on 
the rare occasions when the repressor transiently dis-
sociates from the operators. This basal level of tran-
scription is essential to operon regulation.

FIGURE 28–8 The lac operon. (a) The lac operon. The lacI gene encodes 
the Lac repressor. The lac Z, Y, and A genes encode !-galactosidase, ga-
lactoside permease, and thiogalactoside transacetylase, respectively. P is 
the promoter for the lac genes, and PI is the promoter for the I gene. O1 is 
the main operator for the lac operon; O2 and O3 are secondary operator 
sites of lesser affinity for the Lac repressor. The inverted repeat to which 
the Lac repressor binds in O1 is shown in the inset. (b) The Lac repressor 
binds to the main operator and O2 or O3, apparently forming a loop in the 
DNA. (c) (PDB ID 2PE5) Lac repressor (shades of red) is shown bound to 
short, discontinuous segments of DNA (blue and orange).
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to explore the physiological function of lactose as a car-
bon source for growth, separate from its function in the 
regulation of gene expression.
 In addition to the multitude of operons now known 
in bacteria, a few polycistronic operons have been found 
in the cells of lower eukaryotes. In the cells of higher 
eukaryotes, however, almost all protein-encoding genes 
are transcribed separately.
 The mechanisms by which operons are regulated 
can vary significantly from the simple model presented 
in Figure 28–8. Even the lac operon is more complex 
than indicated here, with an activator also contributing 
to the overall scheme, as we shall see in Section 28.2. 
Before any further discussion of the layers of regulation 
of gene expression, however, we examine the critical 
molecular interactions between DNA-binding proteins 
(such as repressors and activators) and the DNA 
sequences to which they bind.

Regulatory Proteins Have Discrete 
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Lac Operon
Repression of the Lac is not absolute:
n Binding of the Lac repressor reduces the rate 

of transcription initiation by a factor of 103.
n If the O2 and O3 sites are eliminated by 

deletion or mutation, the binding of repressor 
to O1 alone reduces transcription by a factor 
of about 102. 

Even in the repressed state the proteins are 
expressed, presumably synthesized on the rare 
occasions when the repressor transiently 
dissociates from the operators. 
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When cells are provided with lactose, the lac 
operon is induced. An inducer (signal) 
molecule binds to a specific site on the Lac 
repressor, causing a conformational change 
that results in dissociation of the repressor from 
the operator. The inducer in the lac operon 
system is not lactose itself but allolactose, an 
isomer of lactose.
As the repressor binds to allolactose, allows 
expression of the lac operon genes and leads 
to a 103-fold increase in the concentration of 
b-galactosidase. 

Lac Operon
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Lac Operon
What happens to the expression of the lac
operon when both glucose and lactose are 
present? 
n A regulatory mechanism known as catabolite

repression restricts expression of the genes
required for catabolism of lactose, arabinose, 
and other sugars in the presence of glucose, 
even when these secondary sugars are also
present. The effect of glucose is mediated by 
cAMP, as a coactivator, and an activator
protein known as cAMP receptor protein (CRP or 
CAP)
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Lac Operon

CRP is a homodimer (subunit Mr 22,000) 
with binding sites for DNA and cAMP. 
Binding is mediated by a helix-turn- helix
motif in the protein’s DNA-binding domain 
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common regulator is called a regulon. This arrange-
ment, which allows for coordinated shifts in cellular 
functions that can require the action of hundreds of 
genes, is a major theme in the regulated expression of 
dispersed networks of genes in eukaryotes. Other bac-
terial regulons include the heat shock gene system that 

called CAP, for catabolite gene activator protein). CRP 
is a homodimer (subunit Mr 22,000) with binding sites 
for DNA and cAMP. Binding is mediated by a helix-turn-
helix motif in the protein’s DNA-binding domain (Fig. 
28–16). When glucose is absent, CRP-cAMP binds to a 
site near the lac promoter (Fig. 28–17) and stimulates 
RNA transcription 50-fold. CRP-cAMP is therefore a 
positive regulatory element responsive to glucose lev-
els, whereas the Lac repressor is a negative regulatory 
element responsive to lactose. The two act in concert. 
CRP-cAMP has little effect on the lac operon when the 
Lac repressor is blocking transcription, and dissociation 
of the repressor from the lac operator has little effect 
on transcription of the lac operon unless CRP-cAMP is 
present to facilitate transcription; when CRP is not 
bound, the wild-type lac promoter is a relatively weak 
promoter (Fig. 28–17a, c). The open complex of RNA 
polymerase and the promoter (see Fig. 26–6) does not 
form readily unless CRP-cAMP is present. CRP interacts 
directly with RNA polymerase (at the region shown in 
Fig. 28–16) through the polymerase’s ! subunit.
 The effect of glucose on CRP is mediated by the 
cAMP interaction (Fig. 28–17). CRP binds to DNA most 
avidly when cAMP concentrations are high. In the pres-
ence of glucose, the synthesis of cAMP is inhibited and 
efflux of cAMP from the cell is stimulated. As [cAMP] 
declines, CRP binding to DNA declines, thereby decreas-
ing the expression of the lac operon. Strong induction 
of the lac operon therefore requires both lactose (to 
inactivate the lac repressor) and a lowered concentra-
tion of glucose (to trigger an increase in [cAMP] and 
increased binding of cAMP to CRP).
 CRP and cAMP are involved in the coordinated 
regulation of many operons, primarily those that encode 
enzymes for the metabolism of secondary sugars such 
as lactose and arabinose. A network of operons with a 

FIGURE 28–16 CRP homodimer with bound cAMP. (PDB ID 1RUN) Note 
the bending of the DNA around the protein. The region that interacts with 
RNA polymerase is indicated.

FIGURE 28–17 Positive regulation of the lac operon by CRP. The binding 
site for CRP-cAMP is near the promoter. The combined effects of glucose 
and lactose availability on lac operon expression are shown. When lactose 
is absent, the repressor binds to the operator and prevents transcription 
of the lac genes. It does not matter whether glucose is (a) present or 
(b) absent. (c) If lactose is present, the repressor dissociates from the 
operator. However, if glucose is also available, low cAMP levels prevent 
CRP-cAMP formation and DNA binding. RNA polymerase may occasion-
ally bind and initiate transcription, resulting in a very low level of lac gene 
transcription. (d) When lactose is present and glucose levels are low, cAMP 
levels rise. The CRP-cAMP complex forms and facilitates robust binding of 
RNA polymerase to the lac promoter and high levels of transcription.
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n When glucose is absent, CRP-cAMP binds
to a site near the lac promoter and 
stimulates RNA transcription 50-fold. CRP-
cAMP is therefore a positive regulatory
element responsive to glucose levels, 
whereas the Lac repressor is a negative 
regulatory element responsive to lactose. 
The two act in concert. 
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Lac Operon
When lactose is
absent, the 
repressor binds to 
the operator and 
prevents
transcription of the 
lac genes. 
It does not matter
whether glucose is
(a) present or (b) 
absent. 
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common regulator is called a regulon. This arrange-
ment, which allows for coordinated shifts in cellular 
functions that can require the action of hundreds of 
genes, is a major theme in the regulated expression of 
dispersed networks of genes in eukaryotes. Other bac-
terial regulons include the heat shock gene system that 

called CAP, for catabolite gene activator protein). CRP 
is a homodimer (subunit Mr 22,000) with binding sites 
for DNA and cAMP. Binding is mediated by a helix-turn-
helix motif in the protein’s DNA-binding domain (Fig. 
28–16). When glucose is absent, CRP-cAMP binds to a 
site near the lac promoter (Fig. 28–17) and stimulates 
RNA transcription 50-fold. CRP-cAMP is therefore a 
positive regulatory element responsive to glucose lev-
els, whereas the Lac repressor is a negative regulatory 
element responsive to lactose. The two act in concert. 
CRP-cAMP has little effect on the lac operon when the 
Lac repressor is blocking transcription, and dissociation 
of the repressor from the lac operator has little effect 
on transcription of the lac operon unless CRP-cAMP is 
present to facilitate transcription; when CRP is not 
bound, the wild-type lac promoter is a relatively weak 
promoter (Fig. 28–17a, c). The open complex of RNA 
polymerase and the promoter (see Fig. 26–6) does not 
form readily unless CRP-cAMP is present. CRP interacts 
directly with RNA polymerase (at the region shown in 
Fig. 28–16) through the polymerase’s ! subunit.
 The effect of glucose on CRP is mediated by the 
cAMP interaction (Fig. 28–17). CRP binds to DNA most 
avidly when cAMP concentrations are high. In the pres-
ence of glucose, the synthesis of cAMP is inhibited and 
efflux of cAMP from the cell is stimulated. As [cAMP] 
declines, CRP binding to DNA declines, thereby decreas-
ing the expression of the lac operon. Strong induction 
of the lac operon therefore requires both lactose (to 
inactivate the lac repressor) and a lowered concentra-
tion of glucose (to trigger an increase in [cAMP] and 
increased binding of cAMP to CRP).
 CRP and cAMP are involved in the coordinated 
regulation of many operons, primarily those that encode 
enzymes for the metabolism of secondary sugars such 
as lactose and arabinose. A network of operons with a 

FIGURE 28–16 CRP homodimer with bound cAMP. (PDB ID 1RUN) Note 
the bending of the DNA around the protein. The region that interacts with 
RNA polymerase is indicated.

FIGURE 28–17 Positive regulation of the lac operon by CRP. The binding 
site for CRP-cAMP is near the promoter. The combined effects of glucose 
and lactose availability on lac operon expression are shown. When lactose 
is absent, the repressor binds to the operator and prevents transcription 
of the lac genes. It does not matter whether glucose is (a) present or 
(b) absent. (c) If lactose is present, the repressor dissociates from the 
operator. However, if glucose is also available, low cAMP levels prevent 
CRP-cAMP formation and DNA binding. RNA polymerase may occasion-
ally bind and initiate transcription, resulting in a very low level of lac gene 
transcription. (d) When lactose is present and glucose levels are low, cAMP 
levels rise. The CRP-cAMP complex forms and facilitates robust binding of 
RNA polymerase to the lac promoter and high levels of transcription.
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(c) If lactose is present, the repressor dissociates from 
the operator. However, if glucose is also available, low
cAMP levels prevent CRP-cAMP formation and DNA 
binding. RNA polymerase may occasionally bind and 
initiate transcription, resulting in a very low level of lac
gene transcription. 
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common regulator is called a regulon. This arrange-
ment, which allows for coordinated shifts in cellular 
functions that can require the action of hundreds of 
genes, is a major theme in the regulated expression of 
dispersed networks of genes in eukaryotes. Other bac-
terial regulons include the heat shock gene system that 

called CAP, for catabolite gene activator protein). CRP 
is a homodimer (subunit Mr 22,000) with binding sites 
for DNA and cAMP. Binding is mediated by a helix-turn-
helix motif in the protein’s DNA-binding domain (Fig. 
28–16). When glucose is absent, CRP-cAMP binds to a 
site near the lac promoter (Fig. 28–17) and stimulates 
RNA transcription 50-fold. CRP-cAMP is therefore a 
positive regulatory element responsive to glucose lev-
els, whereas the Lac repressor is a negative regulatory 
element responsive to lactose. The two act in concert. 
CRP-cAMP has little effect on the lac operon when the 
Lac repressor is blocking transcription, and dissociation 
of the repressor from the lac operator has little effect 
on transcription of the lac operon unless CRP-cAMP is 
present to facilitate transcription; when CRP is not 
bound, the wild-type lac promoter is a relatively weak 
promoter (Fig. 28–17a, c). The open complex of RNA 
polymerase and the promoter (see Fig. 26–6) does not 
form readily unless CRP-cAMP is present. CRP interacts 
directly with RNA polymerase (at the region shown in 
Fig. 28–16) through the polymerase’s ! subunit.
 The effect of glucose on CRP is mediated by the 
cAMP interaction (Fig. 28–17). CRP binds to DNA most 
avidly when cAMP concentrations are high. In the pres-
ence of glucose, the synthesis of cAMP is inhibited and 
efflux of cAMP from the cell is stimulated. As [cAMP] 
declines, CRP binding to DNA declines, thereby decreas-
ing the expression of the lac operon. Strong induction 
of the lac operon therefore requires both lactose (to 
inactivate the lac repressor) and a lowered concentra-
tion of glucose (to trigger an increase in [cAMP] and 
increased binding of cAMP to CRP).
 CRP and cAMP are involved in the coordinated 
regulation of many operons, primarily those that encode 
enzymes for the metabolism of secondary sugars such 
as lactose and arabinose. A network of operons with a 

FIGURE 28–16 CRP homodimer with bound cAMP. (PDB ID 1RUN) Note 
the bending of the DNA around the protein. The region that interacts with 
RNA polymerase is indicated.

FIGURE 28–17 Positive regulation of the lac operon by CRP. The binding 
site for CRP-cAMP is near the promoter. The combined effects of glucose 
and lactose availability on lac operon expression are shown. When lactose 
is absent, the repressor binds to the operator and prevents transcription 
of the lac genes. It does not matter whether glucose is (a) present or 
(b) absent. (c) If lactose is present, the repressor dissociates from the 
operator. However, if glucose is also available, low cAMP levels prevent 
CRP-cAMP formation and DNA binding. RNA polymerase may occasion-
ally bind and initiate transcription, resulting in a very low level of lac gene 
transcription. (d) When lactose is present and glucose levels are low, cAMP 
levels rise. The CRP-cAMP complex forms and facilitates robust binding of 
RNA polymerase to the lac promoter and high levels of transcription.
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(d) When lactose is present and glucose levels
are low, cAMP levels rise. The CRP-cAMP
complex forms and facilitates robust binding of 
RNA polymerase to the lac promoter and high 
levels of transcription. 
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present to facilitate transcription; when CRP is not 
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form readily unless CRP-cAMP is present. CRP interacts 
directly with RNA polymerase (at the region shown in 
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declines, CRP binding to DNA declines, thereby decreas-
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tion of glucose (to trigger an increase in [cAMP] and 
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FIGURE 28–16 CRP homodimer with bound cAMP. (PDB ID 1RUN) Note 
the bending of the DNA around the protein. The region that interacts with 
RNA polymerase is indicated.

FIGURE 28–17 Positive regulation of the lac operon by CRP. The binding 
site for CRP-cAMP is near the promoter. The combined effects of glucose 
and lactose availability on lac operon expression are shown. When lactose 
is absent, the repressor binds to the operator and prevents transcription 
of the lac genes. It does not matter whether glucose is (a) present or 
(b) absent. (c) If lactose is present, the repressor dissociates from the 
operator. However, if glucose is also available, low cAMP levels prevent 
CRP-cAMP formation and DNA binding. RNA polymerase may occasion-
ally bind and initiate transcription, resulting in a very low level of lac gene 
transcription. (d) When lactose is present and glucose levels are low, cAMP 
levels rise. The CRP-cAMP complex forms and facilitates robust binding of 
RNA polymerase to the lac promoter and high levels of transcription.
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Regulation of Gene Expression in 
Eukaryotes

n Access to eukaryotic promoters is restricted
by the structure of chromatin, and activation
of transcription is associated with many
changes in chromatin structure in the 
transcribed region. 

There are enzymes that promote changes
in chromatine structure:
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state. In addition to the removal of certain acetyl groups, 
new covalent modification of histones marks chromatin 
as transcriptionally inactive. For example, Lys9 of histone 
H3 is often methylated in heterochromatin.
 The net effect of chromatin remodeling in the con-
text of transcription is to make a segment of the chro-
mosome more accessible and to “label” (chemically 
modify) it so as to facilitate the binding and activity of 
transcription factors that regulate expression of the 
gene or genes in that region.

Most Eukaryotic Promoters Are Positively Regulated
As already noted, eukaryotic RNA polymerases have 
little or no intrinsic affinity for their promoters; initia-
tion of transcription is almost always dependent on the 
action of multiple activator proteins. One important 
reason for the apparent predominance of positive regu-
lation seems obvious: the storage of DNA within chro-
matin effectively renders most promoters inaccessible, 
so genes are silent in the absence of other regulation. 
The structure of chromatin affects access to some 
 promoters more than  others, but repressors that bind to 
DNA so as to preclude access of RNA polymerase 

for transcription. During transcription, histone H3 is 
methylated (by specific histone methylases) at Lys4 in 
nucleosomes near the 5! end of the coding region and at 
Lys36 throughout the coding region. These methylations 
facilitate the binding of histone acetyltransferases 
(HATs), enzymes that acetylate particular Lys resi-
dues. Cytosolic (type B) HATs acetylate newly synthe-
sized histones before the histones are imported into the 
nucleus. The subsequent assembly of the histones into 
chromatin after replication is facilitated by histone 
chaperones: CAF1 for H3 and H4 (see Box 24–2), and 
NAP1 for H2A and H2B.
 Where chromatin is being activated for transcription, 
the nucleosomal histones are further acetylated by 
nuclear (type A) HATs. The acetylation of multiple Lys 
residues in the amino-terminal domains of histones H3 
and H4 can reduce the affinity of the entire nucleosome 
for DNA. Acetylation of particular Lys residues is critical 
for the interaction of nucleosomes with other proteins. 
When transcription of a gene is no longer required, the 
extent of acetylation of nucleosomes in that vicinity is 
reduced by the activity of histone deacetylases 
(HDACs), as part of a general gene-silencing process 
that restores the chromatin to a transcriptionally inactive 

TABLE 28–2 Some Enzyme Complexes Catalyzing Chromatin Structural Changes Associated with Transcription
 Oligomeric structure 
Enzyme complex* (number of polypeptides) Source Activities
Histone modification
GCN5-ADA2-ADA3      3 Yeast GCN5 has type A HAT activity

SAGA/PCAF .20 Eukaryotes Includes GCN5-ADA2-ADA3;
    acetylates residues in H3 and H2B

NuA4 At least 12 Eukaryotes EsaI component has HAT activity;
    acetylates H4, H2A, and H2AZ

Histone movement/replacement 
 enzymes that require ATP
SWI/SNF $6; total Mr 2 3106 Eukaryotes Nucleosome remodeling;
    transcriptional activation

ISWI family Varies Eukaryotes Nucleosome remodeling;
    transcriptional repression;
    transcriptional activation in some 
    cases (NURF)

SWR1 family &12 Eukaryotes H2AZ deposition

Histone chaperones that do 
 not require ATP
HIRA     1 Eukaryotes Deposition of H3.3 during 
    transcription

*The abbreviations for eukaryotic genes and proteins are often more confusing or obscure than those used for bacteria. The complex of GCN5 (general 
control nonderepressible) and ADA (alteration/deficiency activation) proteins was discovered during investigation of the regulation of nitrogen 
metabolism genes in yeast. These proteins can be part of the larger SAGA complex (SPF, ADA2,3, GCN5, acetyltransferase) in yeasts. The equivalent of 
SAGA in humans is PCAF (p300/CBP-associated factor). NuA4 is nucleosome acetyltransferase of H4; ESA1 is essential SAS2-related acetyltransferase. 
SWI (switching) was discovered as a protein required for expression of certain genes involved in mating-type switching in yeast, and SNF (sucrose 
nonfermenting) as a factor for expression of the yeast gene for sucrase. Subsequent studies revealed multiple SWI and SNF proteins that acted in a 
complex. The SWI/SNF complex has a role in the expression of a wide range of genes and has been found in many eukaryotes, including humans. ISWI is 
imitation SWI; NURF, nuclear remodeling factor; SWR1, Swi2/Snf2-related ATPase 1; and HIRA, histone regulator A.
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n Eukaryotic cells have both positive and 
negative regulatory mechanisms, 
positive mechanisms predominate in 
all systems characterized so far. Thus, 
given that the transcriptional ground
state is restrictive, virtually every
eukaryotic gene requires activation in 
order to be transcribed. 
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n Third, eukaryotic cells have larger, 
more complex multimeric regulatory
proteins than do bacteria.

n Transcription in the eukaryotic nucleus
is separated from translation in the 
cytoplasm in both space and time. 

35

Regulation of Gene Expression in 
Eukaryotes


