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16 Transcription 
and Translation 

KEY CONCEPTS 

After the enzyme RNA polymerase binds 
to a specific site in DNA with the help of 
other proteins, it catalyzes the production 
of an RNA molecule. The base sequence 
of the RNA produced is complementary 
to the base sequence of the DNA 
template st rand. 

In eukaryotes, genes consist of coding 
regions called exons interspersed with 
noncoding regions called introns. After a 
eukaryotic mRNA is produced, intrans 
must be spliced out. The ends of the 
molecule receive a cap and tail. 

Inside ribosomes, mRNAs are t ranslated 
to proteins via intermediary molecules 
called transfer RNAs. Transfer RNAs carry 
an amino acid and have a three-base-pair 
anticodon, which binds to an mRNA 
codon. The amino acid carried by the 
t ransfer RNA is then added to the 
growing protein via formation of a 
peptide bond. 

A micrograph ,howing trnnscrip1ion :ind tr~n~lation occurring simultaneously in a bacterial cell. 
The yellow lines are strands of DNA, and the red structures are ribosomes. 

Many mutations produce changes in the 
phenotype. 

P
roteins are the stuff of life. They give cells their shape and 
control the chemical reactions tha_t go on insid~ them. No 
one knows exauly how many differenl protems ca.n be 

made in each of your body's cells, but 100,000 is a reasonable 
guess. While some of those 100,000 different pwteins may not 
he manufactured at all in certain rypes of cells, orher proteins 
may be present in quantities ranging from millions of copies to 
fewer than a dozen. If even one of those types of protein is de­
fective, rhe cell may sicken or even die. 

A cell builds the protei.ns it needs from instructions encoded 
in its genome. Chapter 15 explored the basic strategy that cells 
use ro retrieve these instructions and convert them into action 

in the form of proteins. The first step i11 the prOl:t:ss is the tran­
scrip tion of a gene and the production of a messenger RNA, or 
mRNA. The RNA message is a short-lived copy of t he archived 

338 

instructions in DNA. The sequence of ribonucleotides in the 
mRNA is rhcn translated intn a sequence of amino acids. This 

series of events defines the flow of information in the cell: 

DNA 
(informatiOn storage) 

! transcription 

mRNA 
[information carrier) 

! translation 

Proteins 

tapola
Copyright
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The discovery of the relarionsliip between DNA and pro­

teins was one of the great scientific advances of the twentieth 
century. But once the relationship between transcription and 

translation had been finnly established, biologists puzzled 
over how cells actually accomplish the feat of converting ge­

netic information into protein. How do transcription and 
translation work? For example, how does RNA polymi::ra~e:: 

know where to start transcribing a gene and where to end? 
Once an RNA message is produc.erl, how is the linear sequence 

of ribouucleotides translated into che linear sequence of amino 
acids in a protein? 

This chapter explores the experiments that answered these 

questions. In addition to providing a deeper understanding 
of bow cells work, the results summarized here have had a 

~igrrificant impact on biome::clicim: and drug development. 
Many of the antibiotics prescr ibed today work by disrupting 
translation in bacteria that cause disease. In addition, re­

search on tJ·anscr iption and translation set the stage for an 
explosion of work, introduced in Chapters 17 and 18, on 
how rhe expression of specific genes is regulated. Most genes 

are transcribed and translated ooly at certain times or in cer­
tain types of cells. 

Lee's begin by e::xarniuing n:~e::arch on the mi::chanism~ of 

transcription in bacteria aod eukaryotes, then delve imo the 
mechanics of translation. The chapter concludes by examining 
how changes in DNA can lead to changes in protein structure 

and function. 

Non-template strand DNA 

5' 

Template strand 

DNA template 

FIGURE 16. 1 Transcription Is the Synthesis of RNA from a DNA Template 

Chapter 16 Transcription and Translation 339 

16.1 Transcription in Bacteria 
T he first step in converting genetic information into proteins is to 
syothesiz:e a messenger RNA version of the instructions archived 
in DNA. The enzyme RNA polymerase, introduced in Chapters 

14 and 15, is responsible:: for symhe::sizing mRNA. Like thi:: DNA 
polymerases introduced in Chapter 14, RNA polymerase per­

forms a template-directed synthesis in the 5' -+ 3' direction. (Re­

call chat 5' and 3' refe::r to 1:arbous 011 tbe sugar subunit~ of 
ribonuclcotides.) Bue unlike DNA polymerases, RNA polym­

erase does not req uire a primer to begin tianscription. 
Transcription OCCLUS when RNA polymerase matches d1t: 

base in a ribonudeotide triphosphate with the complementa­
ry base in a gene-a section of DNA. Once a matching rt­

bonucleocide is i11 place, RNA polymerase catalyzes the 
formation of a phosphodiester bond between the 3' end of 
the growing mRNA chain and rhe new rihonucleoride. As 
this matching-and-catalysis process continues, an RNA that 
is complementary to the gene is synthesized (Figure 16.1 ). 
Note that only one of che two D NA strands is used as a tem­
plate and transcribed, or "read," by RNA polymerase. The 
strand that is read by the enzyme is called the template 

strand; the other strand is called Lhe non-template strand. Be::­
cause RNA has uracil (U) rather than thymine (T), an ade­
nine (A) in the DNA template strand specifies a fl in che 

complementary RNA strand. 

Biologists reached these conclusions by studying KNA syn­
thesis in cell-free, or in vitro, syscems. Once the basic chemical 

3' 

The reaction catalyzed by RNA polymerase results in the formation of a phosphodiester bond between 
ribonucleotides. RNA polymerase produces an RNA strand whose sequence is complementary to the bases in 
the DNA template. QUESTION In which directlon s RNA synthesized. s· -3' or 3' - 5 ? In whu:h dir,.ctinn •~ 
the DNA template "read"? 
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340 Unit 3 Gene Structure and Expression 

1eaction was llnderstood, an entirely new set of questions 

arose: 

• What docs RNA polymerase look like? 

• Are any other proteins or factors in,,olved in t ranscription, 

or does RNA polymerase act aJone? 

• How docs the enzyme know where t o start trnnscciption on 

the DNA template? 

RNA Polymerase Structure and Function 
To understand the structure of RNA polymernse, researcbers 
have employed tht: te::chniqut: called X-ray crystallography in­
troduced in Chapter 4. Recall that this procedure allows biolo­
gist~ to obtain information about the three-dimensional 

structure of large, complex molecules. 
The most recent models of bacterial RNA polymerase indi-

1.:att: that tht: enzyme is large aod globular aod has se,veral 
prominent channels that run tbrough the interior. The enzyme's 
active sire, where phosphodiester bonds form, is located where 

several of these channels intersect. The active s ite contains a 
strategically placed magnesium atom (Mg2+), which plays a 

qitical rolt: in stabilizing the transition state as the polymeriza­
tion reaction takes place. 

How does this srrucmre correlate with rhe enzyme's fum .. 1:ion? 

It is logical to predict that DNA fits into one of the enzyme's 
channels and tbat the two strands in the double helix separate in­

side the enzyme to expose a single-stranded template at the active 
site. 11 so, how do the enzyme and DNA come together? 

Initiation: How Does Transcription Begin in Bacteria? 
§ Soon after the discovery of RNA polymerase., researchers real­
:~ ized that the enzyme cannot initiate transcription on its own. 

~ Instead, a detachable protein subunit called sigma must bind co 
ERNA polymerase before transcription can begin. RNA polym­
F erase and sigma form what biologists c~II ~ holoen2yme 

("whole enzyme"). A boloenzyme consists of a core enzyme, 

which contains the active site for catalysis, and other .requjred 

proteins (Figure 16.2). 
U RNA polymerase is the core enzyme of this holoenzyme, 

what does sigma do? When researchers mixed R'JA polymerase, 

sigma, and DNA together, they found that tbe holoemyme bound 
tightly co specific sections of DNA. l11ese binding sites were 

namt'.d promoters, becaust: they art: st::etions of DNA where tran­
scription begins. The discovery of promoters suggested tbat 
sigma's function is regulatory in namre. Sigma appeared to be re­

sponsible for guiding RNA polymerase to specific locations where 
transcription sbo1tld begin, Wlut is the nanire of tl1ese specific lo­

cations? What do promoters look like, and what do tbey do? 
David Pribnow offered an initia l answer to these questions 

~ in the mid-1970s. When Pribnow analyzed the base sequence 
~ of promoters from a variety of bacteria and from viruses that 

- infect bactt:cia, be found thar rbe promoters are a ll 40- 50 base 

Holoen2yme 

FIGURE 16.2 The Three-Dimensional Structure of RNA Polymerase 
Bacterial RNA polymerase is a globular enzyme, Sigma is a regulatory 
componen1, and 1he core enzyme contains the active site, 

pairs long and that a particular section in each promoter 

looked similar. This similar segment of DNA had a series of 
bases identical or similar to TATAAT. This six-base-pair se­
quence is now known as the - 1 o box, because it occurs about 

10 bases from the point where RNA polymerase starts tran­
scription. (DNA that is located in the direction that RNA 

polymerase moves <luring trans1.:ription is said to be 
downstream; DNA in the opposite di.rection is said to be 
upstream. Thus, the -10 box is 10 bases upstream from the 

uanscription start site.) Soon after, researchers recogrrized that 
the sequence TTGACA occurred in these same promoters 
abour 35 bast:s upsuearu from the start of the mRNA. T his 
second key sequence is called the - 35 box. 

Follow-up work showed that transcription begins when 
sigma binds to the -35 and -10 boxes (Pigure 16.3, seep 1). 
This is a key point: Sigma, and not RNA polymerase, makes the 

initial contact with DNA that starts transcription in bacte ria. 
This finding supports the hypothesis that sigma is a regulatory 

protein. Sigma tells RNA polymerase where and when to start 
synthesizing RNA. 

Once sigma binds to a promoter, rhe DNA belix opens and 

creates two strands of single-stranded DNA. As shown in step 2 
of Figure 16.3, the template strand is threaded through a chan­

nel char leads ro rhe activt: sitt'. inside RNA polymerase. 
Monomers known as ribonuclaosida ~iphosphates, or NTPs, 
enter a channel at the bottom of rhe enzyme and diffuse to the 

active site. When an incoming NTP pairs with a complementa­
ry base on the template strand of DNA, RNA polymerization 

hegins. The reaction c.atalyzed by RNA polymerast: is exergonic 
aL'ld spontaneous because NTPs have so much potential energy, 
owing to their thr.ee rhosphate groups. As step-~ of Figure 16.3 
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Promotel" Non-template 
-.15 hox -1 O box strand 

CTc{i:fM~TTAATCATCGAACTA<ij_TAT~TAGTACGC 
................. '•,, ... , t ,./ 

Upstream · ' ' 
DNA 

Downstream 
DNA 

1. Initiation begins 
Sigma binds to 
promoter region 
of DNA. 

Template strand 

Non-template strand 

continues 
Sigma opens the 
DNA helix; 
transcription begins. 

3. Initiation is 
complete 
Sigma releases; 
mRNA synthesis 
continues. 

Downstream 
DNA 

FIGURE 16.3 In Bacteria, Sigma Plays a Key Role in Initiating 
Transcription 
When sigma attaches to RNA polymerase, the holoenzyme is able to 
bind to the -35 box and the - 10 box of a promoter. Once it has 
bound to a promoter, sigma opens the DNA helix and threads the 
template strand through the enzyme's active site. When transcription 
Is under way, sigma disengages from RNA polymerase. EXERCISE 

ircle and label RNA polymerase's active site. 
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shows, sigma is released once RNA synthesis is under way. The 

initiation phase of transcription is complete. 
Recent work has shown that most bacteria have several 

types of sigma proteins, each with a distinctive structure and 
function. Escherichia coli has seven diHcrent sigma proteins, 
for example, while Streptomyces coelicolour has more than 60. 
Each of these proteins binds to promoters with slightly differ­
ent DNA base sequences. Although all promoters have a 
- 10 hox and a -3.5 box, rhe sequences within each box vary 
somewhat. T hese variations in DNA sequences affect the abili­
ty of different sigma proteins to bind. As a result, each type of 
sigma protein allows RNA polymerase to bind to a different 
cype of gene. The identity of the sigma protein in the RNA 
polymerase holoenzyme determ.inc::s which types of genes will 
be transcribed, Thus by controlling which sigma proteins are 
active, bacterial cells control which genes are expre.ssed, 

Elongation and Termination 
During the elongation phaso ot transcription, RNA polymerase 
moves :ilong rhe DNA template in the 3' -5' direction of the 
cemplate strand, symhesizing RNA in the 5' --> 3' direction. In 
the interior of the enzyme, a group of projecting amino acids 
called the enz;yme's zipper helps open che daub.le heluc at the 
upstream end, and a nearby group of amino acids caUed the 
rudder helps steer the remplare and non-template strands 
through channels inside the enzyme. Meanwhile, the enzyme's 
active site catalyzes the addition of nucleotides to the 3' end of 
the growing RKA molecule at the rate of about 50 nucleotides 
per second. 

Note that during the dongacion phase of uanscription, 
three prominent channels or grooves in the enzyme are filled. 
Double-stranded ONA goes into and out of one groove; 
r ibonuclcoside triphosphates enter another; and the growing 
RNA strand exits to the rear. In chis way, the enzyme's struc­
ture: correlates closely with its furiction. 

Transcription ends with a termination phase. In most cases, 
cransc:ription stops whtn RNA polymerase reaches a screrch of 
DNA sequence that functions as a t ranscript ion termination 
signal. The bases that make up the termination signal code for a 
stretch of RNA with an unusual property; As soon as it is syn· 
thesized, the RNA sequence folds back on itself and forms a 
short dollble helix that is held together by complementary base 
pairing. The secondary structure that results is called a hairpin 
(see Chapter 4). The formation of tbe hairpin srrucmre is 
thought to disrupt the interaction between RNA polymerase 
and the RNA transcript, resulting in the physical separation of 
the enzyme and iLS product. 

To summarize, transcription begins when sigma binds to the 
promoter at the stan of a gene. Once binding occurs, RNA 
polymerase begins to synthesize mRNA. Transcription ends 
when a termination signal at the end of the gene le::ids co the 
formation of a hairpin in the mRKA, disrupting the transcrip­
tion complex. 
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16.2 Transcription in Eukaryotes 
The data reviewed in Section 16.1 escabljshed how transcrip­
tion occurs in bacteria. Huw do these results compare with re­

search on the mecharusm of transcription in eukaryotes? What 

similarities and differences have come to light? 
Om: uI tile first conclusions about transcription in eukaryotes 

is tbat it is similar to bacterial transcription in an important re­
spect: RNA polymera~e does not bind direa.ly to promoter ~e­

quences by itself. Instead, proteins that came to be called basal 
trallscription factors initiate eukaryotic transcription by matching 

tbe enzyme with the appropriate p romott:r region in DNA. The 
function of basal transcription factors observed in eukaryotes is 

analogous to the function of rhe sigma proteins in hacteria. 

The discovery of basal transcription factors emerged from 
studies with cell-free, or fn vitrn, systems. Tbe basic approach 

was m purify R.i,A polymerase &om human cells, add tem­
plate DNA, and analyze the RNAs that were produced. But in 
early experiments, researchers found that RNA polymerase 

began. copying at random locations on the template DNA in­
stead of specifically at promoter regions. 1n adrution, when 

RNA polymerase was alone, both strands of the DNA were 

transcribed instead of just one. This obsen·ation inspi.red the 
bypotbesis that eukaryotic cells must conrain sigma-like pro­

teins that are required for normal tra11,Scription. To test th.is hy­
pothesis, biologists added proteins isolated from human cells 

co the cell-free reaction system. By a1.kling om: o r a !ew proceins 
at a time and recording which ones enabled RNA polymerase 
to bind to promoters and correctly transcribe the template 

strand, researchers were gradually able to characterize the suite 
of proteins that came to be called basal transcription factors. 

Follow-up work confirmed several important distinctions 

about how transcription works in bacteria and eukaryotes: 

• In bacteria a single sigma protein binds to a promoter and 
initiates transcription, but in eukaryotes many basal tran­

scription fauors an: required tu initiate tra.uscriptiou. 

• Eukaryotes have three distinct rypes of RNA polymerase (ab­
breviated Ri'-iA pol) instead of just one. As Table 16.1 
shows, Rt~A pol I, pol Il, and pol m each transcribe a dis-

TABLE 16.1 E\.lkaryotic RNA Polymerases 

Name of Enzyme 

RNA polymerase I 
(RNA pol I) 

RNA polymerase II 
(RNA pol II) 

RNA polymerase Ill 
(RNA pol Ill) 

RNA pol II and 
RNApol 111 

Type of Gene Transaibed 

Genes that code for most of the large 
RNA molecules (rRNAs) found in 
ribosom es (see Section 16.3) 

Protein-coding genes (produce mRNAs) 

Genes that code for transfer RNAs (see 
Sectioll 16.4). and genes that code for 
one of the small RNA molecules (rRNAs) 
found in ribosomes 

RNA molecules found in snRNPs (see 
Section 16.2) 

crete class 0f R..~A. Only RNA pol II transcribes the genes 
that code for proteins. Stated another way, RNA pol II pro­

duces mRNA. RNA pol 1, in contrast, rnake5 the large RNA 
molecules that are found in ribosomes. RNA pol DI manu· 
facmres hath the small RNAs that are fo1md in ribosomes 

and the molecules caUed transfer RNAs, which are required 
for translation. Box 16.1 explains how research on toxic 

mushrooms led tu the discovery that eukaryotes have thm:: 
different RNA polymerases. 

• Although eukaryotic genomes contain promoters that signal 
where tronscription should begin, just as bacteria do, the 

promoters in eukaryotic D>-"A are much more d iverse and 
complex than bacterial promoters. Many of the cukaryotic 
promoters recognized by RNA polymerase TI include a 

unique sequence called tbe TATA box, located 30 base pairs 
upstream of the transcription start site. Some of the promot­

ers recognized by pol II do nor concain a TATA box., howev­
er. In addition, RNA pol 1 and pol DI interact witb entirely 
different promoters. 

The overall message of this research is that the molecular 
mechanisms involved in transcription are much more complex 

in eukaryotes thai1 in bacteria. An even u1ore striking contra5t 
between bacterial and eukaryotic gene e..-xpression emerged 
when researchers discovered chat eukaryotic genes do not con­

sist of one cont inuous DNA sequence that codes for. a produce, 
as do bacterial genes. Instead, the regions of eukaryotic genes 

that code for proteins come in pieces that are separated by hun­
dreds or many thousands of intervening DNA bases. Although 
these intervening bases are part of the gene, they do nut code 

for a product. 

The Startling Discovery of Eukaryotic Genes 
in Pieces 
When researchers realized that the protein-coding regions of 

eukaryocic gen~ an:: inn:rrupced by stretches of noncu<ling 
DNA, it became clear that tbe nature of the gene and informa­

tion processing are different in bacteria and eukaryotes. In eu­

karyotes, tbc conversion of information in DNA sequences to 
mRNA sequences does not occur directly. To make a functional 

mRNA, cukaryotic cells must dispose of certain sequences in­
side genes and then combine the separated coding sections into 

an integrated whole. 
What sort of data would provoke such a startling claim? To 

answer this question, consider work that Phillip Sharp and col­

leagues carried out in the late 1970s to determine how DNA 
templates are transcribed. They began one of their experiments 
by heating DNA rnulecult::; enough tu brt:ak the hydrogen 

bonds between complementary bases. This treatment separated 
the two st rands. The single-stranded DNA was then incubated 
with the mRNA encoded by the sequence. The team's idea was 
to promote base pairing berween the mRNA and the single-
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Toxins and Transcription 

Although w ild mush.rooms can be deU­

cious, dining on certain species may be 
lethal. roe example, in late summer and 

fall the reproduccive struccures of the 
death cap mushroom (Amanita phal­
loides) appear in forests, fields, and 

backyards in North America and Europe 
(Figure 16.4). The death cap is a mong 

FIGURE 16.4 The Death Cap Mushroom 
These mushrooms contain the toxin 
a-amanit in, which at low concentrations 
poisor.s the eukaryotic enzyme RNA 
polymerase II. QUESTION State .i h)pothcsis 
to explain why the orese1ce of 11-amanitin 
increases the fitnes; of death c;,p mushrooms. 

------
the most poisonous of a.11 mushrooms. 

Worldwide, it is thought to account for 
90 percent of mushroom poisoning 

clc::aths. Eating a single cltatb cap can kill 
a healthy adult. 

The active agent in death caps is a 
toxin called a-amanitio. By happen­
stance, researchers who were iovestigac­

iug cx-amaoiLin's mode of action made a 
crucial discovery about transcription in 
eukaryote~. The researchers observed 

that mRNA synthesis stopped when cu­
karyotic cells were treated with low 

concentrations of cx-amauitw . The 
production oi other types of RNAs­
specifically, transfer RKAs (tR~As) and 
ribosomal RNAs (rRNAs)-cootinued, 
however. At very high concentra tions 
of the toxin, tRNA production also 

stopped but transcription of rRNA genes 

continued. These ubservatiuns eventual­
!)' led to the discovery tha t euk aryotes 

have three RNA polymerases, eacb 

with a distinct role in che transcription 
of mRNA, tRNA, and rRNA. Low con­

centrations uf a-amanitin inhibit 

RNA polymerase II, which ~,nthesizes 
mRNAs. As a result, low concentrations 

of the toxin ha lt protein synthesis. High 

concentrations of this poi5on block 
RNA polymerase ill, which synthesizes 

tR.J'\!As. RNA polymerase I is not affect­
ed by a-amaniti.n at any concentration. 

Toxins such as a-amanitin are useful 
in research on uanscripcion and uansla­

tion for the same reason that knock-ouc 
mutations, which completely disable 

genes, arc useful in genetics. To,_i_ns allow 
researchers to understand what happens 

wbeo a molecule 01 a partiwlar stage in 
a process does not work. This is sim.ilar, 

in concept, to lea rning how a car works 
by removing a part or a system and care­
fully recording the machine's response; 

or to learning how the brain works by 
studying the behavior of people whose 
brains have been damaged in specific, 
quantifiable ways by accidents. Toxins 
and knock-out mutations pro·vide a mo­

lecular dissecti11g kit. They let biologists 
explore the intricacies of cell function by 
inactivating key componems. 

stranded DNA. Under these conditions, the resea.rch team ex­
pected the mRNA to form base pairs with the DNA sequences 
that act as the template for its synthesis. When the researchers 

examined the DNA-RNA hybrid molecules with the electron 
microscope, however, they observed the structure shown in 

Figure 16.Sa. lnstead of matching up exactly, parts of the DNA 
formed loops. As Figure 16.5b shows, Sharp and his co­

workers interpreted these loops as stretches of nucleotides that 
are present in the DNA template strand but are not in the cor­
responding mRNA. 

(a) Micrograph of DNA-RNA 
hybrid 

(b) Interpretation of micrograph (c) Genes and RNA t ranscripts differ in length. 

a 
lntron Exon 

-- : - - ?""•••■t::::::::::::::;::i111 
Size of gene (DNA) 

Size of RNA transcript 

FIGURE 16.5 The Discovery of Noncoding Regions of DNA 
(a) Electron micrograph of single-stranded DNA that is bonded via 
complemi.ntary basi. pairing to the mRNA it encodes. (b) Researchers' 
interpretation of the photograph in part [a). The loops represent regions 
of DNA that do not have an equivalent sequence in the mRNA. These 
intervening regions are "extra" DNA compared with the sequences in 
the mRNA. (c) Because eukaryotic genes contain both introns and exons, 
these genes are much larger than the corresponding mature mRNA. 
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Tu make sense of thest: aod o ther findings, Shatp's group 
and a ream headed by Richard Roberts proposed that there is 
not a one-to-one correspondence between the nucleotide se­

q ut:m:t: of a eukaryoti1,; gem:: and its mRNA. By analogy, eu­

karyotic genes do not carry messages such as "Biology is my 
favorite course of aU time." Instead, eukaryotic genes carry 

messages ,hat rea.d some,hing like "Bioh1Je1Tpon tJ1Xo8wype­

-yw11<To<f,yeveuogy is my favor apew,eppv1Treo/3,f,11ovxo&vy.d­

ite course ofo.v8riaweTo/3eu'TT AixecroyeT17epa.U time." Tbe sec­
tions uf nonco<ling sequt:n1,;e must be removed from the mRNA 
before it can carry an intelligible message to the translation ma­
chinery. 

When it became clear that the genes-in-pieces hypothesis 
was correct, Walter Gilbert suggested that regions of euk.aryot­
ic genes that are parr of the final mRNA he referred to a,~ exons 

(because they are exp.ressed) and the w1translatcd stretches as 
introns (because they are intervening). Introns are sections of 

genes rhat are not represented in the final mRNA product. As a 
result, eukaryotic genes are much larger than their correspond­

ing mature RNA transcripts (Figure 16.Sc, page 343). 

Exons, lntrons, and RNA Splicing 
Tbe transcription of eukaryotic genes by RNA polymerase 
generates a primary RNA t ranscript tbat contains both the 

exon and intron regions (Figure 16.6a). As transcription pro­

ceeds, the intrans are removed from the growing mRNA 
strand by a process known as splicing. In this phase of infor­
mation processing, p ieces of the primary transcript are re­
moved and the remaining segments arc joined together. 
Splicing occurs while transcription is still under way and re­

sults in an rnRNA that wmains an un interrupted genetic 
message. 

Figure 16.6b provides more detail about how intrans are 

removed from genes. In the case illustrated here, splicing is 
catalyzed by a complex of proteins and small RNAs known as 
small nucJe3 r rihonucleoproteins, or snRNPs (pronounced 

"snurps"). The process begins when snR1'.11's bind to specific 
sequences on the primary RNA transcript that define the 

exon-inrron boundaries. Onn: the initial ~nRNPs are in place, 
other snRNPs arrive to form a multipart complex called a 
spliceosome. Recent data have shown that the spliceosomes 

found in human cells contain about 145 different proteins 
and RNAs, making them the most complex molecular ma­

chines known. Once the spliceosorne forms, the inrron forms 
a loop with an adenine ribonucleotide at its base (seep 1, 
Figure 16.6b). The loop breaks when the 2' hydroxyl group 

on the adenine attacks a phusphodiesrer bond at the 5 ' end of 
the Lntron. 

Once the initial Cllt in the RNA is made, the free 5' end ofche 

intron becomes attached to the adenine nucleotide and forms a 
"la.riat" of RNA (step 2, Figure 16.6b). Then the free 3' end of the 
first exon reacts with the 5' end of the serond exon. This reaction 

(a) Noncoding reg ions must be removed f rom RNA transcripts. 

lntron 1 lntron 2 
DNA 3' - ....... _ -5' 

Promoter Exon 1 

Primary RNA transcript 5' 

Spliced transcript 5' 

(bl snRNPs ARE THE EDITORS. 

Primary 
RNA 

5' --
Exon 1 ~ lntron 

u 

D 

D 

Exon 1 Exon 2 

Exon 2 Exon 3 

3' 

1, Several snRMPs and 
proteins assemble to 
torm a spliceosorre. 
The 2' hydroxyl group 

3' 

on an adenine nucleofde 
(A) attacks the 5' end of 
the intron, breaking RMA. 

2. The 5' end of lhe 
lntron becomes attached 
to the A nucleotide, 
forming a loop of RNA. 
The free 3' end of one 

3' exon attacks the 5' end 
of the other. 

3. The 3' and 5' ends 
of adjacent exons bond 
covalently, releasing the 
intron (which will then 
degrade). 

FIGURE 16.6 Intrans Are Spliced Out of t he O riginal mRNA 
(a) RNA polymerase produces a primary RNA transcript that contains 
exons and introns. Subsequent processing generates a mature 
transcript. (b) snRNPs are responsible for the splicing reactions that 
take place in the nucleus of eukaryotes. 
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S'cap Coding region o1 rnRNA Poly (A) tail 

FIGURE 16.7 In Eukaryotes, mRNAs Are Given a Cap and a Tail 
Eukaryotic mRNAs have a cap consisting of a molecule called 
7-methylguanylate (symbolized as m7G) bonded to three phosphate 
groups; the tail is made up of a long series of adenine residues. 

3' 

breaks the 3' end of the iocron and covalently joins the cwo exons 

imo a contiguous coding sequence (step 3, figure J 6.66). Splicing 

is now complete. Tn most cases, the excised intro□ is degraded to 

ribonucleoride monophospbatC5. 

Current data suggest that both the cutting and rejoining 

reactions rhar occur during splicing are catalyzed by RNA 
molecules in the spliceosome. Recall from Ch11pter 4 that 

R.,A molecules with catalytic ability are called ribo2ymes. 

In eukaryotes, ribozymes p lay a key role in the production 

of proteins. 

Other Aspects of Transcript Processing: 
Caps and Tails 
Intron splicing is not the only way that primary mRNA tran­

scripts an: prou=ssed i.11 t:ukaryolt:s. As soou as the 5' end of a 

eukaryotic rnRNA emerges from RNA polymerase, enzymes 
add a structure called the 5' cap (Figure 16.7i. The cap consists 

of the molecule 7-metbylguanylate and three phosphate groups. 

When transcription is complete, an enzyme cleaves the 3' end 

of most mRNAs, and mher em.ymes add a long t:racr of 
100-25 0 adenine nucleotides. This sequence is known as the 
poly (A) tail. 

Noc long after rhe ca[)S and tails on eukaryotic mRNAs 
were described, evidence began to accumulate that they pr o­

tect mRNAs from degradation by ribonucleases and that they 

enhance the efficiency of translation. For example, experimen­

tal mRNAs that have a cap and a tail last longer when they arc 

introduced into cells than do experimental mRNAs that lack a 

cap, a Lail, or both a l:ap and a tail. The mRNAs with ..:aps and 
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tails also produce more proteins than do mRNAs without 

caps and tails. 

Recent work has shown why che cap and tail are so critical 

to mRNAs. The 5' cap serves as a recognition signal for the 

translation machinery, and the poly (A) tail exrends the life 

span of an mRNA by protecting the message from degradation 

by ribonucleases in the cytoplasm. 

✓CHECK YOUR UNDERSTANDING 

Transcription occurs when RNA polymerase catalyzes the 
5' -+ 3' synthesis of an RNA molecule. RNA synthesis is driv­
en by the potential energy stored in nucleotide trip hos­
phates and is based on matching complementary base pairs 
to the sequence in a template DNA strand. Table 16.2 sum­
mari2es some of the similarities and differences observed in 
transcription in bacteria versus eukaryotes. You should be 
able to diagram (1) how transcription initiation, e longation, 
and termination occur in bacteria and eukaryotes and 
(2) how mRNAs are processed in eukaryotes. 

16.3 An Introduction to Translation 
In translation, the sequence of bases in a messenger RNA mole­

cule is converted into a sequence. of amino acids in a polypeptide. 

The genetic code specifies the relationship between the bases of a 

triplet codon in rnRNA and the amino acid it codes for (see 

Chapter 1.5). But bow are the amino acid.~ a~semhled inm a 
polypeptide according to the information in me5sengcr RNA? 

Studying how translation occurred in cell-free systems 

proved ro be an exrremely productive approach rn answering 

this question. Once in vitro translation systems had been devel­

oped from human cells, E. coli, and a variety of other organ­

isms, ir became clear char rhe basic mechanisms of translation 

are fundamentally the same throughout the tree of life. The se­
quence of events thar occurs during protein synthesis is similar 

io bacteria and eukaryotes. 

TABLE 16.2 Comparing Transcription in Bacteria and Eukaryotes 

Aspect 

RNA polymerase 

Promoter structure 

Protein(s) involved in 
contacting promoter 

RNA processing steps 

Bacteria 

One 

Typically contains a - 35 box and a 
- 10 box 

Sigma; different versions o' sigma bind 
to different promoters 

None; translation occurs while 
transcription is still under way 

Eukaryotes 

Three; each produces a different class of RNA 

Complex and variable; often indudes a TATA box 
-30 from start of gene 

Many basal transcription factors 

E><tensive; several processing steps occur in nucleus 
before RNA is e><ported to cytoplasm for translation: 

1. Enzyme-catalyzed addition of 5' cap 

2. Splicing (intron removal) by spliceosorne 
3. Enzyme-catalyzed addition of 3' poly (A) tail 
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(a) In bacteria, t ranscription and translation are tightly coupled. 

Ribosome transla1es 
mRNA as it is being 
synthesized by RNA 
polymerase , 

(bl In eukaryotes, transcription and translation are separated 
in space and time. 

! 

.i ~~·~: 

l Translation 
in cytoplasm 

Protein 
-~ - - ,¢ 

Ribosomes Are the Site of Protein Synthesis 
The first quesrion that biologists answered about translation 
concerned where it occurs. The answer was inspired by a siin­
ple observation: There is a strong, positive correlation between 
the number of small cellular structure, known as ribosomes in a 
given type of cell and the rate at which that cell synthesizes pro­
teins. For example, immature human red blood cells divide rap­
idly, synthesi1.e millions of copies of the protein hemoglobin, 
and contain large numbers of ribosomes. In contrast, the same 
cells at maturity have low rates of protein synthesis :.:ind very 
few ribosomes. Based on this correlation, investigators pro­
posed thatribosomes are the site of protein synthesis in the ceU. 

To test this hypothesis, Roy Britten and collaborarors did a 
pulse-chase experiment similar in design to experiments intro­
duced in Chapter 7. Recall that the goal of a pulse-chase exper­
iment is to label a population of molecules as thty are bc::ing 
produced. The location of the tagged molecules is then fol­
lowed through time. The tagging is done by supplying a pulse 

5' end of mRNA 

FIGURE 16.8 Trariscription and Translation Occur 

Simultaneously in Bacteria but Not in Eukaryotes 
(a) In bacteria, ribosomes attach to mRNA transcripts 11nd begin 
translation while RNA polymerase is still transcribing the DNA 
template strand. (b) In eukaryotes, mRNA transcripts are 
processed inside the nucleus before they are exported to the 

cytoplasm. There, they are translated by ribosomes. EXERCISE 
In h~cteria, many ribosnmes att~ch to an rriRNA transcript at the 

~omc time- so many copies of the protein product are made 
simultaneously. Add two ribosomes to the longest mRNA 
transcript in pan (a). alo119 with the protein each is producing. 

of radioactive atoms that are incorporated into the molecule as 
iris being synthesized, followed by a chase of unlabc::le<l atoms . 
Britten's group wanted to label amino acids with radioactive 
atoms and then track the molecules as translation occurred. 

The biologists began by feeding a pulse of radioactive sulfate 
( Jjso. - l) to growing cultures of E. coli. They expected the cells 
to incorporate the radioactive sulfur into the amino acids me.­
thionine and cysteine-which contain sulfur (see Chapter 3)­
and then into newly synthesized proteins. Fifteen seconds after 
adding the radioactive sulfate, the researchers "chased" the 
label by adding a large excess of nonradioactive sulfate to the 
culture medium. The chase vastly reduced the incorporation of 
radioactive suJfur into proreins. If rhe ribosome hypothesis was 
correct, then the radioactive signal should be associated with ri­
bosomes for a short period of ti.me. Later, all of the radioactivi­
ty shuukl be founJ iu proteins i.udependently of tl1e ribosomes. 

This is exactly what the researchers found. Soon after the 
pulse of labeled sulfate ended, the radioactive acorns were 
found iu free amino acids or in ribosomes. Later, all of the ra­
dioactive atoms were found on completed proteins. Based on 
these data, biologists concluded that proreins are synthesized at 
ribosomes and then released. 

About a decade after the ribosome hypothesis was con­
firmed, elecrron micrographs like this t:hapter's opening phoro• 
graph showed bacterial ribosomes in action. The images 
confirmed that, in bacteria, ribosomes attach to mRNAs and 
begtn synthesizing proLei.ns even before transcription is l:Om­
plete (Figure 16.8a). Transcription and translation can occur 
concurrently in bacteria becau~e there is no nuclear envelope to 
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separate the two processes. 1n bacteria, transcription and 

translation are physically connected. But in eukaryotes, 
mRNAs are spliced in the nucleus and r.hen expor ted to the 
cytoplasm. Once RNA messages are outside the nucleus, ribo­

somes atrach to rhem and begin tran~latiun (Figun: 16.Sb). 1n 
eukaryotes, transcription and translation arc separated in 

cime and space. 

How Does an mRNA Triplet Specify an 
Amino Acid? 
During tran~latiun, genetic i.nformation is converted from nu­
cleic acids to proteins. In effect, the hereditary instructions are 
translated from one distinctive chemical language into another. 

The discovery of tb.e genetic code revealed that each tr iplet 
codon in mRNA specifies a particular amino acid in a protein. 

How does rhis conversion happen? 
One early hypothesis was that mRNA codons and amino 

acids interact directly. The proposal was that tbe bases in a par­

ticular coJ011 wc:re complementary i.11 shape or charge co tl1e 
side group of a particular amino acid (Figure 16.9a). But F ran­
cis Crick p ointed out that the chemistry involved didn't make 

(a) Hypot hesi5 1: Amino acids interact directly witfi 
mRNA codon:,. 

Amino 
acids 

mRNA 

(b) Hypothesis 2: Adapter molecules hold amino acids and 
interact with mRNA codons. 

Amino 
acids 

Adapter 
molecules 

mRNA ~ (j 

'---r" '----T-' '----T-' ---r 
Codon Codon Codon Codon 

FIGURE 16.9 Two Hypotheses for How mRNA CodoM Interact 
with Amino Acids 
(a)An early hypothesis sugge5ted that amino acids and mRNA 
codons interact directly. (bl The adapter-molecule hypothesis 
pr~dicts that mRNA c-::idons do not interact directly with the amino 
acids being added to a growing polypeptide. Instead, an 
intermediary adapter molecule carries an amino acid and aligns it 
with the appropriate mRNA codon. 
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sense. For example, how could the n ucleic acid h~~es internet 

with a hydrophubk amino acid side group, which d oes not 

form hydrogen bonds? 
Crick proposed an a lternative hypothesis. As Figure 16.9h 

shows, he suggesred that some sort of adapter molecule holds 
amino acids in place while interacting directly and specifically 

with a codon in mRNA via hydrogen bonding. Jn essence, 

Crick predicted t he existence of a chemical go-between that 
produced a physical connection benveen the two types of mol­

ecules. Crick, as it turns our, was right. 

16.4 The Role of Transfer RNA 
Crick's adapter molecule was discovered by accident. Biologists 

were crying tu work out a ct:ll-free prnteiu syn thesis sy~tem de:· 
rived from mammalian liver cells and had discovered that ribo­
somes, m.RNA, amino acids, ATP, ::ind a molecule cal.led 

guanosine rriphosphate, OJ GTP, had to be present for t(ansla­
tion to occur. (GTJ> is similar to ATP but contains guanosine in­
stead of adenosine. ) These resulrs were logical-ribosomes 

pro,·idc the catalytic machinery, mRNl\s contribute the mes­
sage to be translated, amino acids are the building blocks of 

prott:ins, and ATP and GTP supply potential eoc:rgy to <lrivt: the 
endergonic polymerization reactions responsible fo r forming 
proteins. 'Bur in addition, a cellular fraction that coorni.ned a 
previously unknown type of Ri'-JA turneJ out to be indispensa­

ble. I£ this type of RNA is missing, protein synthesis does not 
occur. What is this mysterious RNA, and w hy is it essential to 

translation? 
The novel class of R.NAs eventually became known as 

transfer RNA (tRNA). The role of tRNA in translation was a 
mystery until some researchers happened to add a radioactive 
amino acid-leucine--to an in vitro protein synthesis system. 

Tb.e treat111e11t was actually done as a u..mtrul fur an unrelated 
exper iment. To the researchers' amazement, some of the ra­
dioactive leuci.ne attached to tRNA molecules. Follow-up ex­

periments showed that the attachment of an amino acid to a 
tRNA requires an input of energy in tbe form of ATP. A tRNA 

mult:cule that becomes covalently linked tu an amino acid, s uch 
as any of the molecules observed in the lucky experiment, is 
called an aminoacyl tRNA. More recent research has shown that 

enzymes called aminoacyl tRNA synthetases are responsible for 
catalyzing the addition of amino acid s to tRNAs. For each of 
the 20 major amino acids, there is ~ different aminoacyl syn­
thetase and one or more tRNAs. Figure 16.10, page 348, sum­
marizes how amino acids are transferred from aminoacyl tRNA 

synrherases to tRNAs. 
Wbat bappens to the amino acid that is carried by an 

aminoacyl tRNA? Biologists who tracked the fate, over time, of 

radioactive leucine molecules that were attached to tRNAs dis­
covered cbat the amino acids arc transferred from aminoacyl 
cR.i~As to proteins. The data that support this conclusion are 
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HOW AMINO ACIDS ARE LOADED ONTO tRNAs 

Aminoacyl tRNA 
synthetase specl11c 
to leucine 

P AMP 
I 

enzyme 
complex 

Amlnoacyl tRNA 

1. Active site on aminoacyl 
tRNA synthetase binds ATP 
and amino acid. Each 
arninoacyl tRNA synthetase 
is specific to one amino acid. 

2. Reaction leaves AMP and 
amino acid bound to enzyme; 
two phosphate groups 
released. "Activated" amino 
acid has high potential energy. 

3. The activated amino acid 
is transfP.rrerl from tRNA 
sy11thela~e Lu l11e IRNA 
specific to that amino acid. 
The molecule that results is 
an aminoacyl tRNA. 

4. The aminoacyl tRNA is 
now ready to participate in 
translation. 

FIGURE 16.10 Aminoacyl tRNA Synthetases Load Amino Acids 
onto the Appropriate tRNA 
An aminoacyl tRNA synthetase-in this case, for leucine-becomes 
activated in a reaction that requires ATP. Activated aminoacyl tRNA 
synthctascs transfer an amino acid to a tRNA, producing an 

aminoacyl tRNA. 

shown Ln Figure 16.11 . The graph's message is that radioactive 
amino acids are lose from tRNAs and incorporated into 
polypeptides synthesized in ribosomes. These results inspired 
the use of transfer in tRNA's name. The experiment al~o con­
famed that aminoacyl tRNAs act as the inte[preter in the trans­
lation process. rRNAs are Crick's adapter molecules. 

Connecting Structure with Function 
Transfe r RNAs serve as the chemical go-hetweens rhar ::i l low 

amino acids to interact with an mRNA template. Bur precisely 
how does this connection occur? 

I 

Question: Are amino acids that are attached to tRNA 
molecules transferred to proteins? 

Hypothesis: Aminoacy1 tRNAs transfer amino acids to 
growing polypeptides. 

Null hypothesis: The amino acids held on tRNAs are not 
involved in protein synthesis. 

Experimental setup: 

mRNA­
Ribosomes-

tRNA 

1. Attach radioactive 
leucine molecules to 
tRNAs. 

2. Add these aminoacyl 
tRNAs to in vitro 
translation system. 
Follow the fate of the 
radioactive amino acids. 

Prediction: Radioactive amino acids will be found in 
proteins. 

Prediction of null hypothesis: Radioactive amino acids will 
not be found in proteins. 

Results: 

0 

Radioactive amino acids 
start attached to tRNA 

- ------
Radioactive amino acids 
are rapidly incorporated 
into protein 

Protein 
0 

- ._..,_ _____ _::IR.::.N.::..A-41 

5 10 15 20 
Time [minutes) 

Conclusion: Aminoacyl tRNAs transfer amino acids to 
growing polypeptides. 

FIGURE 16.11 Experimental Evidence That Amino Acids Are 

Transferred from tRNAs to Proteins 

This question was answered by research on tRNA's molecu­
lar strucrure. The initial studies established the sequence of nn­

cleotides in Yarious tRNAs, or whar is termed their primary 
structure. Transfer RNAs are relatively short, ranging from 75 
tu 85 nucleotides in lengtb. When biologists studied the pri­
mary sequence closely, however, they noticed that certain parts 
of the molecules can form secondary srrucrures. Specifically, 
some of the bases in the tRNA molecule can form hydrogen 
bonds with complementary bases in a different r egion of the 
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(a) Secondary structure of tRNA 

3' 

Luop~ consist 
of unpaired 
bases 

C 
C 

5' 

Stems are created 
~ by hydrogen bonding 

- between complementary /,J base pairs 

FIGURE 16.12 The Structure of Transfer RNA 
(a) The secondary structure of tRNA resembles a cloverleaf. 
(b) I' amino acids are attached to the 3' end of a tRNA wit~ on 
anlicodon app,opriale for thal amino acid, t hen the tRNA 
anticodon will form a complernemary base pair with the mRNA 
codon. (c) Recent data indicate that tRNAs have an L-sh~ped 
tertiary structure. 

same molecule . .As a result, the entire tRNA molecule could a~­
sume the cloverleaf shape illustrated in Figure 16.12a. The 
stems in the cloverleaf are produced by complementary base 
pairing between different portions of the 01olccule, while the 
loops consist of single-stranded RNA. 

Two aspects of this secondary scrucrure proved espet:ially in­
teresting. The CCA sequence at the 3' end of the molecule of­
fered a binding sire for amino acids, while the triplec on a loop 
on the opposite end of tbe cloverleaf could serve as an anti­
codon. An anticodon is a set of three nucleotides that forms 
base pairs with the mRNA codon. Figure 16.12b depicts an 
early model of how the anticodon of a tRNA connects an 
mRNA codon with the appropriace amino acid. 

This model had to be modified, however, when X-ray 
crystallography studies revealed the cert iary structure of 
tRNAs. Recall from Chap ter 3 that the tertiary strucnuc of a 
molern le is defined by the three-dimensional arrangemenr of 
its atoms and is usually a product of folding. Accordi.ng to 
rhe X-ray crystallography data, the cloverleaf structure folds 
over lo produc,;: an L-shaped molt:cuk (Figur<:: 16.12c). All of 
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(b) Early model of tRNA function 

Amino Ser 
acid 

3' 

5' 

Binding site for 
amino acid 

Serine anticodon V 
Binding site for 
mRNAcodon 

5' ._ ________ ,,,_u_,,c.,,A _____ _ 

rnRNA '---v-' 
Serine codon 

3' 

(c) Revised model incorporating tertiary structure of tRNA 

Amino acid 
attached to 
3'end 

5' 

Hydrogen -.;J"';::-"lllL 
bonds 

3' 
Anticodon 

(; 

/ A 
Codon 

rnRNA 

the tRNAs in a cell have rhe same L-shaped scrucrnre, bur 
each has a distinct anticodon and attached amino acid. Tbe 
tertiary strnctnre of rRNAs is importanr because ir resulrs in 
a precise separation between the anticodon and the artached 
amino acid. As we' ll see, this separation is key co the posi­
tioning of cht: a mi110 acid and the anticuJon in Lhe ribosome. 

How Many tRNAs Are There? 
Wbeo research succeeded in characterizing all of the different 
types of rRNAs available in cells, a paradox arose. According 
to the genetic code introduced in Chapter 15, the 20 amino 
acids found in proteins are specified by 61 differenr mRNA 
codons. Instead of containing 61 different tRNAs with 61 dif­
ferent anticodons, though, most cells contain only abour 40. 
How can all 61 mRNA w<luns in the genome be translated 
with only two-thirds of the tRNAs required? 

To resolve thi~ paradox, Francis Crick proposed wha1 is 
known as the wobble hypothesis. To understand hjs logic, recall 

from Chapter 15 that many amino acids are specified hy more 
than 011e cu<lon. Further, rocollect Ll1ac codons for the same 
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amino acid tend to have the same nucleotides at the fust and 

second positions but a different nucleotide at the third position. 

For example, both of the cudous CAA and CAG code for Lhe 
amino acid glutamine. (Codons are alway, written in the 
5' -+ 3' di.rection.) Surprisingly, experimental data have shown 

that a tRNA with an anricodon of GUU can base pair with both 
CAA and CAG i.n rnRNA. (Anticodons are always written in the 

3'-+ 5' direction.) The GUU anticodon matches the fost two 

bases (C and A) in both codons, but the U in the third position 
forms a nonstandard base pair with a Gin the CAG codon. 

Crick proposed that inside the ribosome, cRNAs with noo­
staodard base pairing at the third position can still bind sue 
cessfully to an anticodon. I f so, it would allow a limited 

flexibility, or "wobbling," in the base pairing. According to 
the wobble hypothesis, a nonstandard base pair in the third 

position-such as G-U-is acceptable as long as it does not 

change the amino acid for which the codon codes. 
Follow-up research has shown that certain tRNAs are es­

pecially prone co pairing witb mon; than one mRNA co<lon. 
T hese tRNAs have a nitrogen-containing base called mosine 
in the third position of their anticodon. (Inosine is derived 

from adenine by a chemical modification that occurs after 
the tRNA is produced.) During protein syntb.esis, an inosine 

in the amicodon can base pair with a A, U, or C in an mRNA 
codon. For example, the tRNA with the amicodon CAI car­
ries the amino acid lencine and binds to fom of the six 
codons that specify leuci11e: CUA, CUC, CUU, an<l UUA. 

(The UUA is possible because the G in the anticodon some­
times pairs with 1J in the mRNA. This interaction between 

(a) Ribbon model of ribosome during translation 

Large 
subunit 
(50S in 

bacteria) 

Small 
subunit 
(30S 1n 

bacteria) 

tRNA in 
E site 

tRNA in 
P site 

tRNA in 
A. site 

FIGURE 16.13 The Structure of the Ribosome 

ancicodons and codons is one of the only known exceptions 

to the standard base-pairing rules. ) In this way, "wobble" in 

the third position uf a i.:odon allows just 40 or so tRNAs to 
bind to all 61 mRNA codons. 

16.5 Ribosomes and the Mechanism 
of Translation 

Duriog translation, the sequence of bases in an RNA message is 
converted to a sequence of amino acids iu a polypeptide. The 

conversion bcgiru; when the anticoduu of a tRNA tbat carries 
an amino acid binds to a codon in mRNA. The conversion is 
complete when a peptide bond forms between that amino acid 

and the growing polypeptide chain. 
.Both of these events occur inside a ribosome. Biologists have 

known si.nce the 1930s that ribosomes comain a considerable 
amount of protein along with a great deal of ribosomal RNA 

(rRNAJ. When high-speed centrifuges became available, re­

searchers found that ribL>somes coul<l also be separated into 
two major substructures, called the large subunit and small 
subunit. F.ach subunit consists of a complex of RNA molecules 

and protei.ns. For example, the large subunit in E. coli contains 
two different rRNA molecules and 34 proteins. More recent 

work has shown that the small subunit holds the mRNA in 

place during translation and that peptide bond formation takes 
place in the large su bnnit. 

The tlu:ee-dimensional model of the ribosome .io Figure 16.13a 
shows how all of the molecules and reactions required for 
translation fir together. Note that during protein symhesis, 

(b) Diagram of r ibosome during translation 

mRNA 

The Eslte/ 
holds a tRNA 
that will exit 

Growing polypeptide 

The P site holds 
the tRNA with 
growing polypeptide 
attached 

The A site 
holds an 
aminoacyl 
tRNA 

(a) During translation. three tRNAs line up side by side inside the ribosome. (b) Different events occur at each 
of the three sites inside the ribosome where tRNAs are found. EXERCISE Circle ar1d label the active site in 
the ribosome. 
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three distinct tRNAs are lined up inside the rihosome. All three 

are bound to their corresponding mRNA codon at the base of 
the structure. The tRNA that is on the right (colored red) in the 

figure carries an amino acid. This tRNA's position in the i:ibo· 
some is ca.llcd the A site, for acceptor or aminoacyl. T be tRNA 
tbat is in the mi.ddle (green) holds the growing polypeptide 

chain and occupies the P site, for peptidyl, inside the r ibosome. 

(Think of "P" for "peptide-bond formation.") The left-hand 
(yellow) tRNA no longer has an amino a<.:i<l attached and is 

about to leave the ribosome. ft occupies the ribosome's E site, 
for exit. Figure 16.H b summarizes what happens ro each 

tRNA inside Lhe ribosome. Because all tRNAs have the same 
secondary and tertiary structure, they all fit equally well in the 
A, P, and F. sites. 

The ribosome is a molecular machine that synthesizes pro­
teins in a three-step sequence, 

1. An aminoacyl tRNA diffuses into the A site; its anticodon 

binds to a codon in mRNA. 

2. A peptide bond forms between the amino acid held by the 
aminoacyl tRNA in tht: A site; and the exis1ing polypeptide, 

which is held by a tRNA in the P site. 

3. The ribosome moves ahead, and all th ree tRNAs move one 
position down the line. The tRNA in the E site exits; the 
tRNA in the P site rnovt:s to tht: E sitt:; and the tRNA tJ\ the 

A site switches to the P site. 

The protein that is being synthesized grows by one amino acid 
each time this three-step sequence repeats. T he process occurs 

up to 20 times per second in bacter ial ribosomes and about 2 
times per second in eukaryotic ribosomes. 

INITIATING TRANSLATION IN BACTERIA 

Ribosome 
binding 

site 

5'CG 

Small subunit 
of ribosome 

Aminoacyl 
tRNA 
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This introduction to how tRNAs, mRNAs, and ribosomes 
~ 

interact during p rotein synthesis leaves a number of key ques- g 
tions unanswered, however. How du mRNAs and ribosomes ~ 
get together to start the process? Once protein synthesis is i· :, 

under way, how is peptide bond formation catalyzed inside the 

ribosome? And how does pro1eiJ1 synthesis conclude when the 
ribosome reaches the end of the message? Let's consider each 

question in turn. 

Initiation 
To translate an mRNA, a ribosome must begin at a specific point 
in the message, translace cht: mRNA up Lo the message's ceruuna­

tion codon, and then stop. Biologists caU these three phases of 
protein synthesis initiation, elongation, and termination, respec­

tively. Ooe key co understanding initiation is to recall, from 
Chapter 15, that the codon AUG is found near the 5' end of all 

mRNAs and codes for rhe amino aci<l methionine. The presence 
of this start codon is an aspect of initiation that is common to 

both bacteria and eukaryotes. 
Figure 16.14 shows how translation gets under way in bac­

teria . The process begins when a section of rRNA in the small , 

subunit of a ribosome binds co a complementary sequence on 7""" 
an mRNA. The mRNA region is called the ribosome binding 
site or Shine-Dalgarno s0quence, after the biologists who 

discovered ic. The site is about six nucleotides upscream from 
the AUG start codon. It consists of all or part of the bases 

5 ' AGGAGGU 3' . The complementary sequenct: in the rRNA 
of the small subunit reads 3' UCCUCCA 5'. T he interaction 
between the small subunit and the message is mediated by pro­

teins called init iation factors. In eukaryotes, initiation factors 
bind to the 5' cap on mRNAs and guide it to the ribosome. 

Large 
subunil of 
ribosome 

3' 

1. Ribosome binding site sequence 
binds to a complementary sequence 

2. Initiator aminoacyl tRNA binds 
to start codon. 

3. Large subunit of ribosome binds. 
Translation begins. 

in the small subunit of the ribosome, 
with the help of protein initiation factors. 

FIGURE 16.1 4 The Initiation Phase of Translation In Bacteria 
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ELONGATION OF POLYPEPTIDES DURING TRANSLATION 

1. Incoming aminoacyl tRNA 2. Peptide bond formation 3. Translocation 
Ribosome moves down mRNA. The 
tRNA attached to polypeplide chain 
moves into P site. The A site Is empty. 

New tRNA moves into A site, where 
its anticodon base pairs with the 
mRNAcodon. 

The amino ac'd attached to the tRNA 
in the P site is transferred to the 
tRNA in the A site. 

FIGURE 16.15 The Elongation Phase of Translation 

Once the Sh.ine-Dalgarno sequence has attached to the small 
ribosomal subunit, an aminoacyl tRNA bearing a modified form 
of methionine called N-formylmethionine (abbreviated (-met) 
binds to the AUG start codon. Initiation is complete when the 
large subunit joins th.e complex. l;X;'hen the ribosome is com­
pletely assembled, the tRNA bearing /-met occupies the P site. 

To summarize, initiation is a three-step process in bacteria: 
(1) The mRNA binds to the small subunit of the ribosome, 
(2) the initiator aminoacyl tlU\A binds to the start codon, and 
(3) the large subunit of the ribosome completes the complex. 

It's important to note that in bacteria a single mRNA may 
contain several start codons, termination codons, and ribosome 
bim.ling sites and thus code for st:veral Jistim:t proteins. Such 
mRNAs are said to be polycistronic. ln polycistronic messages, 
an AUG start sequence near the .5' end of the mRNA is fol­
lowed by a termination signal farther along, which in turn is 
foUowed by an AUG start sequence for a second protein and 
then a secood termination signal, and so on. 

Elongation 
At the start of elongation, the E and A sites in the ribosome are 
empty of tRNAs. As a result, an mRNA codon is exposed at 
the base of tbe A sire. As step 1 in Figure 16.15 illustrates, 
elongation proceeds when an aminoacyl tRNA binds to the 
codon in the A site via complementary base pairing between 
anticodon and codon. 

When a tRNA occupies both rhe P site and A sire, rbe amino 
acids they hold are pbced in the ribosome's active site. This 
is where peptide bond formation-the essence of protein 

synthesis-occurs. Peptide bond formation is considered one of 
the most important reactions that takes place in cells, because 
manufacturing proteins is among rhe must fumlarneutal of all 
cell processes. The question is, how does it happen? 

Is the Ribosome an Enzyme or a Ribozyme? Because 
ribosomes contain both proteins and RNA, researchers had 
argued for decades over whether the active site consisted of 
protein or RNA. Tbe debate was not resolved until the year 
2000, when researchers completed rhree-dimensional mod­
els that were detailed enough to view the structure of the ac­
tive site. These models confirmed that the active site consists 
entirely of rtbosomal R~A. Based on these results, biologists 
are now convinced that protein synthesis is catalyzed by 
RNA. The ribosome is a ribozyme-not an enzyme. 

The observation that protein synthesis is catalyzed by RNA 
is important, because it supports the RNA world hypothesis in­
troduced in Chapter 4. Recall that proponents of this hypothe­
sis claim that life began with RNA molecules and that the 
presence of DNA and proteins in cells evolved later. If the RNA 
world hypothesis is correct, then it is logical to observe that the 
production of proteins is catalyzed hy RNA. 

Moving Down the mRNA What happens after a peptide 
bond forms? Seep 2 in Figure 16.15 shows rhat when peptide 
bond formation is complete, the polypeptide chain is trans­
ferred from the tR.t~A in the P site ro the amino acid held by 
the tRNA in the A site. Step 3 shows the process called 
translocation, which occurs when the ribosome moves down 



Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 551 of 653

Chapter 16 Transcription and Translation 353 

4. Incoming aminoacyl tRNA 5. Peptide bond formation 6. Translocation 
Ribosome moves down mRNA. The 
tRNA attached to polypeptide chain 
moves into P site. Empty tRNA from 
P site moves to E site, where tRNA is 
ejected. The A site is empty again. 

New tRNA moves into A site, whore 
its anticodon base paire with the 
mRNAcodon. 

The polypept ide chain attached to 
the tRNA in the P site is transferred 
to the !RNA in the A Site. 

the mRNA in the 5'--" 3' direction. Translocation does sever­
al things: It moves the empty tRNA intu the E siLe; it moves 

the tRNA containing the growing polypeptide into the P site; 
and it opens the A si te and exposes a new mRNA codon. If 
the E. site is occupied when translocation occurs, the tRNA. 

there is ejected into the cytoplasm. 
The tluee seeps in elongation-(1) arrival of aminoacyl 

tRNA, (2) peptide bond formation, and (3) translocation­

repeat down che lengrh of che mRNA. By adding specific mole­
cules to in vitro translation systems, researchers have 
confumed that each elongation cycle depends on an input of 

energy from several GTP molecules as well as assistance from 
proteins called elongation factors. Further, recent three­

dimensional models of ribosomes in various stagt:s uf the Lrans­
lation sequence show that the machine as a whole is highly 
dynamic during the process. The ribosome constantly changes 

shape as tRNAs come and go and catalysis and translocation 
occur. Its structure changes in conjunction with its multipart 

fw.1ctiun: coordinating imerauion~ bttwi:t:n tRNAs and an 

mRNA, and catalyzing peptide bond formation. 
Electron microscopy has also confirmed that once elongation is 

under way, additional ribosomes bind to the start site in the same 
message and initiate translation. As this process continues, strings 

of ribosomes called polyribosomes assemble along an mRNA. 
Each ribosome synthesizes a copy of the protein (Figure 16.16). 
Even though it may take a m inute or more for a single ribosome 

to produce a large polypeptide, the presence of polyribosomes can 
quicken the overall pace of protein producrion. Polyribosomes are 
observed routinely in both bacteria and eukaryotes. 

Termination 

Huw J uc:s protei11 sy11Lhesis end? To answer this question, re­
call from Chapter 15 that the genetic code includes three stop 

codons: UAA, UAG, and UGA. In most cells, no arninoacyl 
t RNA bas an anticodon that binds to these sequences. When 

ff?h 
1 
5' end of transcript 

Ribosomes 
31 end of transcript 

FIGURE 16.16 Polyrlbosomes 
In both bacteria and eukaryot..s, many ribosomes synthesize proteins 

from the same mRNA at the same time. The resulting structures are 
called po lyribosomes. 
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rrnnslocation opens the A sire and exposes one of the stop 
codons, a protein called a release factor fills the A sice 
(Figure 16.17). Release factors are proteins that fit tightly 

into the A site because d1eir size, shape, aod electrical charge 
are extremely similar co the same properties in a tRNA. Re­
lease factors do not carry an amino acid, however. When a 
release factor occupies the A site, the active site catalyzes the 
hydrolysis of the bond linking the tRNA in the P site with the 
polypeptide chain. This rc:aaiun frets t he: pulypepti<lc, an<l it 
is released from the ribosome. The ribosome then separates 
from the mRNA, and the two rihosomal suhunits dissociate. 

The subunits are ready to attach to the start codon of anoth­
er message aod stare translation anew. 

Post-Translational Modifications Proteins are not fully 
formed and functional when termination occurs. From earlier 
cbapte(s, it should be clear that most proteins go through an 
extensive series of processing steps, collectively called post­
translational modification, before they are ready to go co work 
in a cell: 

• Rei.:all from Chapter 3 that a protein's function depends on 
its shape and that a protein's shape depends on how it folds. 
Folding actually begins during elongation, long before te1-
mination occurs and ribosomes disassemble. Although it 
occurs spontaneously, in the sense that no energy input is 

TERMINATION OF TRANSLATION 

\ 

required, folding is frequemly speeded up by proteins called 
molecular chaperones. Recent data have shown that, in some 
bacteria, chaperone proteins actually bind to the ribosome 
near the "tunnel" where the growing polypeptide emerges 
from the ribosome. This result suggests tbat folding occurs 
as the polypeptide is emerging from the ribosome. 

• Chapter 7 pointed out that many eukaryotic proteins are 
extensively modified after they are synthesized. For exam­
ple, small chemical groups may be added to proteins in the 
organelles called the rough endoplasmic reticulum and the 
Golgi apparatus. Sorne proteins receive a sorting signal chat 
serves as an address and ensures that the molecule will be 
carried to the correct location in t he cell. Certain proteins 
are also augmented with sugar or Lip id groups that are criti­
cal for normal functioning. 

• Many proteins ace altered by enzymes that add or remove 
a phosphate group. Phosphorylation (addition of phos­
phate) and dephosphorylation (remoYal of phosphate) of 
proteins were introduced in Chapter 3 and Chapter 8. Re­
call that because a phosphate gronp has two negative 
charges, adding or remoYing a phosphate group causes 
major changes in the shape and chemical reactivity of pro­

teins. These changes have a dramatic effect on rht: protein's 
activity- often switching it from an inactive state to an ::ic­
tive state or vice versa. 

1. When translocation opens 1he A site 
and exposes one of the slop codons, a 
protein called a release factor fills the A 
site. The release factor catalyzes 1he 
hydrolysis of the bond llnKlng the tRNA 
in 1he P site with the polypep1ide chain. 

2. The hydrolysis reaction frees tne 
polypeptide, which is released from the 
ribosome. The empty iANAs are released 
either along with the polypeptide or when 
the ribosome dissociates following release 
of the polypeptide. 

3. The ribosome then separates from the 
mRNA, and the 1wo ribosomal subunits 
dissociate. The subunits are ready to 
attach to the start codon of another 
message and start translation anew. 

FIGURE 16.17 The Termination Phase of Translation 
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The overall message is that the manufacture of a completely 
functional protein depends not only on translation in the ribo­

some hut also on a wide array of other molecules and events 

that take place throughout the cell. 

✓cHECK YOUR UNDERSTANDING 

In bacteria, lranslation begin5 when the ribosome binding site 
on an mRNA binds to an rRNA sequence in the small subunit 
of the ribosome. The initiator aminoacyl tRNA binds to the 
start codon in the mRNA, and the large subunit of the ribo­
some attaches to the small subunit to complete the ribosome. 

In l,oth bacteria and eukaryotes, polypeptides elongate 
when the appropriate aminoacyl tRNA enters the A site. A 
peptide bond forms between the amino acid held by that 
tRNA in the A site and the polypeptide held by the tRNA in 
the P site. The ribosome then moves down the mRNA one 
codon, and the process occurs again. Translation ends when 
the ribosome reaches a stop codon. You should be able to 
(1) diagram a ribosome during transl.:ition initiation, elonga­
tion, and termination; (2) label each major structure in the di­
agrams; and (3) describe the function of each major structure. 

16.6 The Molecular Basis of Mutation 
This chapter has focused on how the in.formation in DNA is tran­
scribed to RNA and then translated into a functioning prorein. 

Althoughbiologists continue to work on issues such as how 
basal transcription factors in eukaryotes interact with RKA 
polymerase and how ribosomes change shape d uring transla­
tion, tbe molecular mechanisms responsible for information 
flow in tbe cell, from DNA to RN A to proteins, are now con­

sidered fairly well understood. 
Before we go on to consider how transcription and transla­

tion are regulated in bacteria and eukaryotes ill the next two 
chapters, it will be helpful to tie togethe1 some major points 
covered in the last three chapters hy anaJyzing the molecular 

Base-pair mismatch 
(error in replication) ~ 

3' 
A A 9 J G & 

'r ~ G A C ·c G 
5' 

Original DNA 
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basis of mutation. A mutat ion is any change in an oq;anism's 

DNA. It is a change in a cell's information archive-a change in 

its ge11orype. What arc the consequences of mutation? 
The moleeular machinery introduced in tbis chapter faithful­

ly transcribes and rranslares murations in DNA stque::m:es. The 

result is the production of novel types of proteins. In this way, 
changes in DNA lead to changes in molec11les that affect the or­

ganism's phenotype. 
Figure 16.18 shows how a common type of mutation occurs. 

Tf DNA polymerase misrakenly inserts the wrung base as it syn­
thesizes a new strand of DNA, and if proofreading by DNA 
polymerase and the mismatch repair system fail to correct the 
mismatched base, a change in the sequence of bases in DNA re­

sults. A single base change such as th.is is called a point mutation. 

What happens when point mutations are rranscribe<l and 
translated? To answer this question, consider the first point 

mutation ever described. T his mutation occurs in the human 
gene for the prntein hemoglobin. Recall that hemoglobin is 
abundant in red blood cells a nd that i.t carries oxygen to t issues. 

Figure 16.19a, page 356, shows a small section of DNA se­

quence from the normal gene for hemoglobin, along with the 
same sequence from the mlltant allele found in individuals 
who suffer from sickle-cell disease. The mutant form has a 

thymine in place of an adenine at the second position in the 

sixth codon spt:cified by this gen t. A glanct: back aL the genet­
ic code in Chapter 15 confirms why this point mutation is sig­

n ificant: During protein synthesis, the mm:ant codon specifies 
valine instead of glutamic acid in the amino acid chain of he 
moglobin. Point mutations that cause changes in the amino 

acid sequence of proteins are called missense mutations or 
rep lacement mutations. lo the case of hemoglobi.n, the single 

change in primary strucmre causes the protein co crystallizt 

when oxygen levels in the blood arc low. When hemoglobin 
crystalli7.es, it ,~uses red blood cells to become sickle shaped 

(Figure 16.19b). The misshapen cells get stuck in blood ves­
sels, so nea1by cells are starved for oxygen. T he result is in­

tt:u~e pain and anemia. 

DNA 
replication 

FIGURE 16.18 Unrepaired Misti,kes in DNA Synthesis Lead to Point Mutations 
QUESTIO N Why is it logical that the type of mutation illustrated here s termed c point mutation? 
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(a) DNA point mutation can lead to a different amino acid sequence. (b) Phenotype 

=-1111111111111111,IIII 
Amino acid 
sequence Hlslfj:lina 

Normal 
- Normal red b lood cells 

DNA 
sequence 1111111111111111,1111 
Amino acid 
sequence 

Mutant - Sickled red blood cells 

FIGURE 16.19 Sickle-Cell Disease Results from a Point Mutation in the Gene for Hemoglobin 
(a) These normal and mutant genes that code for hemoglobin differ by a single nucleotide. The 
sequences shown are j ust a small portion of the gene. (b ) The mutution in part (n) chnnges the primary 

sequence of the gene product. The change in amino acid sequence causes hemoglobin molecules to 
crystallize when oxygen levels in the blood are low. As a result, red b lood cells sickle and get stuck in 
small blood vessels. EXERCISE The mRNA codon GUG spedies the valine at the start (lef:) of this 
protein. Label the template strar.d and the non-template strand of DNA, and indicate their 5' and 3' 
ends. 

Missense mutations such as that found in the sickling allele 
c.an be deleterious, meaning they reduce an individual's fitness­

the ability to survive and reproduce. But misseuse mutations 
ma)' also be beneficial. For example, the sickling allele confers 
a fitness advantage in regions of the world where the liie­
t:hJt:att:niug disease malaria is comiuu11. The advantageous d­
fect is possible because the parasite that causes malaria infects 
red blood cells. If an individual has one normal hemoglobin al­

ltlt: an<l une sickling allele, red blood cells LhaL become infected 
with the parasite tend to sickle while others function normally. 
The deformed cells are quickly destroyed by the body, eliminat­
ing the parasitic cells inside the blood cells. As a result, individ­
uals who have one copy of the mucan.c gene have lower parasite 
loads and tend to be much bealthier than people who have two 
normal copies of the gene. 

ln contrast to having a negative or positive effect on tbc 
organism, many point mutations have virtually no effect at 
all. To understand why, suppose chat at the next site in rhe 
hemoglobin gene of Figure 16.19 (the third position in the 
same sixth codon), a thymine had been subsrituted for the cy­

tosine. This point mutation would have no consequence. 
Why? Both GA.A, and GAG specify glutamic acid. l.n this 
case, the amino acid sequence of the gene product does not 

change eveu though the DNA sequence is altered due to mu-

ration. This type of alteration in the base sequence is called a 
silent mutation. Silent .mu tations are said tO be neutral in rheir 

effect on an individual's fitness . It is possible for point muta­
tions to be silent and neutral with respect to fitness because 
of the redundancy in the genetic code. 

The take-home message from 1.his analysis of hemoglobin, 
sickle-cell disease, and malaria is simple: It is possible for point 
mutations to be deleterious, beneficial, or neutral. Figure 16.20a 
summarizes 1.he types of poi.nt mutat ions that have been docu­
mented and reviews their consequences for the amino acid se­
quences of proteins. 

In addit ion to documenting various typt:s of point muta­
tions, biologists study mutations that involve larger-scale 
changes in the composition of chromosomes. Chapter 9 in­
tro<luct:d the phenomena called polypluiJy am.I am:uploidy, 

which involve changes in the number of chromosome com­
plements present and the addition or deletion of a chromo­
some, respectively. Just as point mutations are caused by 

random errors made by DNA polymerase, chromosome 
changes result from chance mistakes in the partitioning of 
chromosomes drning meiosis or mitosis. ln addition, er rors 

that occur in crossing over during propbase of meiosis I 
(Chapter 12) can lead ro gene duplications or deletions, as il­
lustrated in Figure 16.20h. Finally, when accidental breaks in 
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(a) Types of point mutations 

Definition Example 

Original DNA sequence _____ _ 

Original polypeptide~ 

Silent 

Missense 
(Replacement) 

Nonsense 

Frameshift 

Change in nucleotide that 
does not change amino 
acid specified by codon 

Chanqe in nucleotide that 
changes amino acid specified 
by codon 

Change in nucleotide that 
results in early stop codon 

Addition or deletion of a 
nucleotide 

(b) Other types of mutations 

Gene 
duplication 

Cnromosome 
inversion 

Definition 

Addition of a small chromosome 
segment due to an error during 
crossing over at meiosis I­
homologs do not align 
correctly 

Change in a chromosome 
segment when DNA breaks 
in two places, flips, and 
rejoins 

~ -... ---' Tyr I !STOPI 
I 

-----■ I TyrH SerHAla HSerHThrl 

Example 

:~AJ' Genes ~B :

1
1 I: 1: 

C B ¢ C 1□ C 

D C D C D 
D D 

Mutant 

FIGURE 16.20 A Mutation 15 a Change in an Organism's DNA 
(a) Point mutations in DNA produce an array of effects on the amino acid sequences of proteins, ranging 
from no change to extensive change. (b) Many mutations involve large-scale changes in the composition 

of chromosomes. In addition to gene duplication and chromosome inversions, Chapter 9 introduced 
polyploidy (multiple chromosome complements), trisomy (additional chromo5omes), and aneuploidy (loss 
or gain of a chromosome). 

Consequence 

Change in genotype but no 
change in phenotype 

Change in primary structure 
of protein 

Premature termination­
polypeptide is truncated 

Reading frame is shifted­
massive missonse 

Consequence 

Produces an e><tra copy or deletion 
of one or more genes. Families of 
related genes arise by gene 
duplication. 

Changes gene order along 
chromosome. Other types of 
chromosome breaks can lead to 
deletion or addition of chromosome 
segments. 

chromosomes occur, rbe chromosome segments may become 

flipped and rejoin-a phenomenon known as a chromosome 

invarsion (figure 16.20b). 

When changes in an organism's genocype are transcribed 
and translated, they may result in changes in its phenotype. [n 

rhis way, mmations produce m:w allele~ and new tra its. At the 

level of populations, mutations furnish the heritable variation 
that Mendel and Morgan analyzed and that makes evolution 

possible. At che level of individuals, mutations can cause dis­
ease or death or lead to increases in fitness. 
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ESSAY Antibiotics That Poison the Ribosome 

Antibiotics are molecules that kill bacteria or slow their growth. 
Since their initial discovery by biomedical rese::ir.cber.s in the 
1930s, their use has saved tens of millions of human lives that 
were threatened by bacterial infections. lt is no exaggeration to 
claim chat the er.a 0£ modern medicine hega.n with the wide­
spread availability of inexpensive antibiotics. 

(11) Erjthromycin binds to ribosomes and plugs the exit tunnel 
for the polypeptide. 

(b) Mode of action of some antibiotics that poison translation 

Antibiotic Mode of Action 

Chloramphenicol Binds at the active site in the 
large subunit of ribosome 

Clindamycin Binds to A and P sites and 
prevents correct positioning of 
tRNAs 

Erythromycin, carbomycin A, Plugs the tunnel where growing 
clarithromycin, roxithromycin, polypeptide exlls ~bosome 
splramycln, tylosln, azithromycin 

Puromycin Enters A site and bonds to 
growing l)olypeptide, but 
blocks add~ion of more arnino 
acids 

Spectinomycin Inhibits translocation of 
ribosome 

Streptomycin. parmomycln Binds to the small subunit of 
ribosome and prevents accurate 
reading of the mRNA 

Tetracycline Prevents aminoacyl tRNAs from 
entering A site in ribosome 

FIGURE 16.21 Many Antibiotics Work by Disrupting Translation 
in Bacteria 
([a) "Structural basis for the interaction of antibiotics with peptic:lyl 
transferase centre in eubacteria: by SchlJenz,an et al." Figure 5 in Nature 
(2001) 413: 814-821 by Schluenzen et al.I 

Many of the antibiotics that physicians prescribe today are 
produced naturaUy by soil-dwelling fungi. These organisms 
compete with bacterial celh foe space and resources. For a fun­
gus, the ability to synthesize antibiotics is an adaptation that 

Recent research 
on antibiotics 
has focused on 
two seemingly 
distinct topics: 
the evolution of 
bacteria that 
resist them and 
the molecular 
mechanism of 
drug action. 

helps individuals destroy com-
petitors and increase their access 
to nutrients. Antibiotics are 
weapons in chemical warfare that 

has gone on among competing 
soiJ-dweUing organisms for mil­

lions of years. Pharmaceutical 
companies still search for new an­
tibiotics by studying naturally oc­
curring fungi in the soil. 

Recent research on antibiotics 
has focused on two seemingly dis­
tim:t topics: the evolution of bac­
teria that resist chem and the 
molecular mechanism of drug ac­
tion. Ant ibiotic resistance is the 

ability to grow and reproduce ef­
ficienrly in an environment con­

taining antibiotics. But as often happens Ln biological science, 
efforts to answer questions that seem unrelated produce closely 
connected answers. 

How are evolutionary and molecular studies linked? Early 
research showed that several medicaUy important antibiotics 
work by inhibiting rra11Slatio11 in bacteria l cells. Io the presence 
of cert:lin drugs, bacterial ribosomes stop working, protein syn­
thesis ceases, and the targeted cell dies. Fortunately, bacterial 
and eukaryotic ribosomes are different enough at the molecular 
level that ribosome-poisoning antibiotics tend not to disrupt 
protein synrhesis in humans. This is why antihiorics chat target 
bacterial ribosomes have few side effecis when administered to 
humans as a drug. 

Tu see huw evolutiunary and molecular studies of ribosomes 
intersect, consider the latest tbree dimensional models of bacte­
rial ribosomes from bacteria treated with the antibiotic eryth­
romycin. As Figure 16.21a shows, the drug binds to d1e twm el 
where growing polypeptide chains leave the ribosome. When 
erythromycin hind~ to thi~ sire, it inhibits translation and kills 
the cell. A number of bacterial strains have evolved resistance 
co this antibiotic, however. ·when researchers analyzed the 
structrue of ribosomes from drug-resistant populations of bac­
teria, they found that the ribosomes contained novel amino 
acids and rRNA sequences at the site where erythromycin 
binds. The altered amino acids and bases make erythroroycin 
much less likely to bind to the ribosome. As a result, the drug 
no longer inhibits translation effectively. 
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Similar studies have now been <lurn: on a wi<le array of 
antibiotics. The results have documented the binding sire 
and mode of act ioo of many commonly prescribed drugs 

(figure 16.216). In ma□y cases, investigators have also been 
able to confirm that drug-resistant strains of bacteria have 
mutations precisely at these binding sites. 

To make sense of these findings, biomedical researchers 

acknowledge that murations are conscamly creating varia­
tions in the makeup of ribosomes within bacterial popula­
tions. The resea tchers hypothesize that extensive use of 

antibiot ics has led to intensive natural selection for cells 

with mutations that make chem resistant to one or more 
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drugs. In areas where antibiotic use is widespread, the mu 
tant bacteria have higher fitness and come to dominate their 

population. 
Antibiotic resistance is now so pervasive among d isease­

ca □sing bacteria that some physicians claim rhat we:; havt: en­
tered a post-antibiotic era. Researchers and physicians have 
already spent several decades in a race co develop new antihi­

otics that are effective against drug-resistant strai.ns of bacteria. 

Research on ribosome structure and the mechanisms of transla­
rion has taken 011 an urgt:nt tune. The more we know about the 

molecular mechanisms of protein synthesis, the better we can 

nin the race against drug-resistant bacteria. 

CHAPTER REVIEW 

Summary of Key Concepts 
The instructions for making and operating a cell are archived 
iu DNA, transcribed into messenger RNA1 and then translat­
ed into protein. 

After the enzyme RNA polymerase binds ro a specific site in 
DNA with the help of other proteins, it catalyzes the produc­
tion of ao RNA molecule. T he base sequence of the RNA pro­
duced is complementary to the base sequence of the DNA 
template strand. 

Early experiments established that RNA polymerase begins 
transcription by bindjng to promoter sequences in DNA. In 
bacteria, this binding occurs in conjunction with a regulatory 
protein called sigma. Sigma recognizes particular sequences 
within pcornoters that are located 10 bases and 35 bases up­
stream from the start of the actual genetic message. These 
binding sites ensure that the correct DNA strand is tran· 
scrihed in the cnrrecr dire.:tinn. Eukaryoric promoters are 
more complex and variable than bacterial promoters, a11d in­
teract witb many more transcription factors. 

\Veb Tutorial 16.1 Transcription 

In eukaryotes, genes consist of coding regions called exons in­
terspersed with. noncoding regions called introns. After a eu­
karyotic mRNA is produced, imcons must be spliced out. The 
ends of tbe molecule receive a cap and tail. 

After transcripciun of a eukaryocic mRNA is compkte, sever­
al key events occur. Stretches of noncoding RNA called in­
trons are spliced our by complex molecular machines called 
spliceosomes, a "cap" signal is added to the 5' end, and a poly 
(A) rail is added to the 3' end. Experiments with modified 
mRNAs established chat both the 5' cap and the poly (A) tail 
serve as recognition signals for the translation machinery and 
protect the message from degradation by riboaucleases. 

Inside ribosomes, mRNAs arc translated to prntcins via inter­
mediary moleculc:;s caUcu rramfor RNAs. Transfer RNA;; 

rnr ry an amino acid and have a chree-hase-pair anricodon, 
which binds to an mRNA codon. The amino acid carried by 
the rransfer RNA is then added to the growing protein via 
formation of a peptide bond. 

Experiments with radioactivdy labeled amino acids con­
firmed thar ribosomes a re rhe sire of prorein synchesis, and 
that transfer RKAs (tJ:L"As) serve as the chemical bridge be­
tween the RNA message and the polypeptide product. tRNAs 
have a prt:c.lictt:c.l secondary structure that resernblt:s a clovt:r· 
leaf and an L-sh.aped tertiary srructure. One Jeg of the L con­
tains the anticodon, which forms a base pair with the mRNA 
codon, while the other leg holds the amino acid appropriate 
for rbat codon. Because imprecise pairing-<Jr "wobbling"­
is allowed in tbe third positions of anticodons, only about 40 
different tRNAs are required to translate the 61 codons that 
code for amino acids. 

Through intensive study of ribosome structu.re and func­
tion, researchers established that the process of elongating a 
polypeptide involves rhree seeps: (1) an incoming aminoacyl 
lRNA occupies a position u1 the ribosome called the A site; 
(2) the growing polypeptide chain is transferred from a pep­
tidyl tRNA in the ribosome's P site to the amino acid bound 
to the tRNA in the A site, and a peptide bond is formed; and 
(3) rhe ribosome is translocatt:d to the nt:xt co<lou on the 
mRNA, accompanied by ejection of the empty tRNA from the 
E site. Recent data on the three-dimensional structure of the 
ribosome has confumed that peptide bond formation is cat­
alyzed by a rihozyme, nor an enyzme. 

While translarjon is in progress, proteins fold into rheir 
three-d imensional conformat ion ( tertiary structure), some­
times with du: aid of chaperone proteins. Some proteins 
are targeted to s1)ecific locations in the cell by the presence 
of signal sequences, v.•bile ochers remain inactive until 
modified by p hosphorylation or the removal of certain 
amino acids. 

Wch Tumrial 16.2 Translation 
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Many mutations produce changes in the phenotype. 

-W'hen mutai:iuns ui.;1,;ur iu DNA, the altered sequences an: 
faithfully transcribed and translated into gene products that 
are part of the organism's phenotype. Depending on the loca­
tion and type of alteratiuo in DNA au<l its impact on tlu: re-

Questions 

Content Review 

1. How did the A site of the ribosome gee ii:s name? 
a. It is where amino acids are affixed co tRNAs, producing 

aminoacyl tRNAs. 
b. It is where the amino group on the growing polypeptide chain is 

available for peptide bond formation. 
c. It is the site occupied by incoming aminoacyl tRN ,\s. 
d. It is SLmounded by t<·hdices o f r ibosomal proteins. 

2. How did the P site of the ribosome get its name? 
a . It is where the promoter resides. 
b . It is the site when: peptide buad formation take::s pla<..e::. 
c. h is w here peptidyl cRKAs reside. 
d . It is the sire where tbe growine pol:rpepride chain is phosphorylated. 

3 . What is a molt:L.:ular diapt:rout:? 
a. a protein that recognizes the promoter and guide.~ the binding of 

RNA polymerase 
b. a protein that activates or deactivates another protein by adding 

or removing a phosphate group 
c. a protein that is a component o f the large ribosomal subunit and 

that assists with peptide bond formation 
<l. a iJCULeru that helps newly translated proteins fold iuto 1lieir 

proper three-dimensional configuration 

4. The three types of RNA polymerase found in eukaryotic cells tran­
sc.tibt: <lifiercnt typt:S of v;~llc:;, What J ut:,; RNA pul.ymecase II produce? 
a. rRNAs 
h. tRNAs 
c. mRNAs 
d. spliceosomes 

Conceptual Review 
1. Explain the rel::irionship among eni<aryotic promoter sequences, 

basal transcription factors, and RNA polymerase. Explain the rela­
tionship among bacter ial promoter sequences, sigma, nnd RNA 
polymerase. 

2. According to the wobble rules, the correct amino acid can be added to 
a growing polypeptide chain even if the third base in an mRNA codon 
does not correctly match the corresponding base in a tRNA anticodon. 
How do the wobble rules relare to the redundancy of the genetic code? 

3. Why docs splicing occur in eukaryotic mRNAs? Where doe.s it 
occur, and how are sn.RNPs involved? 

suiting RNA or protein produce, a mutation can he beneficial, 
deleterious, or neutral w ith respect to fitness. Mutations pro­
duce novel proteins and RNAs. They are the source of the 
her itable variation chat makes evolution possible. 

5. What is an anticodon? 
a. the part of an RNA mess:1ge th:it signals the termination of 

translation 
b. the part of an RNA message that signals the start of translation 
c. tbe part of a tRNA that binds to a complementary codon in mRNA 
d. the part of a tRNA that accepts an a mino acid, via a reaction cat­

alyzed by LRNA syntb~L;is~ 

6. Which of the following questions about transcription was not an­
swered by the discovery of the -:35 and - 10 sequences in bacter,­
al promoters? 
a. Does RKA polymerase act alone to initiate transcription, or are 

other proteins involved? 
I:>. How do sigma prote ins bind to RNA polymerase? 
c. How does RNA polymerase "know" where to initiate 

transcription? 
d. I-low does RNA polymerase "know" which strand of DNA acts 

a~ the tcraplatd 

4. Sketch the structure of a tRNA molecule. Label the anticodon and 
the CCA sequence where amino acids bind. Explain how a tRNA in­
teracts with tRNA syothetase. Sketch rhe structure of nn aminoacyl 
tR.'°A. Explain how an aminoacyl tRNA interacts with au mRNA in 
the ribosome. 

5. Explain the sequence of events that occurs during translation as a 
protein elongates by one amino acid. At each step, .specify what is 
happening in the ribosome's A site, P sire, a nd E site. 

6. What evidence supports the hypothesis that peptide bond formation 
is catalyzed by a r ibozymc? 
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Group Discussion Problems 

1. The 5' cap and poly (A) tail that are attached to eukaryotic mRNAs 
appear LO help the message last longer by protecting it from degra­
dation by ribonudea~t:s. But why is an enzyme such as a 1ibonucle­
aie in the cell in the first place? What function would an enzyme that 
destroys messaees serve? 

2. Look back ar Figure 16.1, which shows the: formation of a phus­
phodiesrer bond during RNA polymeriz.ation. Then study the 
sttllcntre of the nucleotide shown below, called cordycepin. If 
cordycepin triphosphare, which has three phosphate groups bonded 
co the 5' hydroxyl group in the figure, is added to a cell-free tran­
scription reaction, the nucleotide is added onto the growing RNA 
chain. This observation confirms that s:,nthcsis occurs by the addi­
cion of monomers in the form of triphusphatc:s to the 3' c:ml of the 
growing chain. Briefly explain why. Be sure to describe rhe expect­
ed result if syn the~is occurred at che S' end of the polymer. 

HO 

Answers to Multiple-Choice Questions 1. c; 2. b; 3. d; 4. c; 
5. c; 6. d 

www.prenhall .com/frccman 1s )Ollr rcsourn· for rhe followin~: 
\Veli Turorab: Online Quizzc~ mid orh~r Online Stud}' Guidl· 
n1ate .. ials; AnS\,'l'f1:, to l oneeptual Rc,·1e-,\• Qul:',tions; 'oliH1no<; to 
Group Discu-,i,,n Probl~m,; Ans\\ er~ ro Figure C.,.1ption Question, 
nnd F.xcrciscs; ,md Addit onal Rtc,1din~s ,·rd Rescarcli . 
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3 . Carl Woese has determined the nucleotide sequence of rRNA mole­
cules from a diverse array of organisms and compared them with 
each other. According to his data, certain portions of the rRNAs in 
che large subunit are very similar in all orga11isms. To make sense of 
this result, Woese suggests char the conserved sequences have an im­
portant functional role. His logic is rhat these comerved sequences 
are so important to eel.I function chat any changes in the sequence 
cause death. Woese also claims that the existence of the conserved 
sequences supports other data indicating that peptide bond forma­
tion is catalyicd by the large rRNA, not by ribosomal proteins. Ex­
plain the thinking bc::hind h.is claim. 

4. Recent work has revealed why c.--amanitin inhibits transcription by 
RNA pol II. Structural models show that a ·aman.itin binds to a site 
inside the enzyme:, l.,ut 1101 to tht: a~ti vt: site;: itsdf. Based u11 the 
model of bacterial RNA polymerase in Figure 16.2, predict where 
<Y-~m~nit in hi11ds ~nd why it inhih its t r~nscription. 



Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 560 of 653

17 Control of Gene 
Expression in Bacteria 

KEY CONCEPTS 

Changes in gene expression allow bacterial 
cells to respond to environmental changes. 

Gene exp ression can be controlled at 
three levels: transcription, translation, or 
post-translation (protein activation). 

Transcriptional control can be positive or 
negative. In the case of the genes for 
lactose metabolism in E. coli, posit ive 
control occurs when a regulatory protein 
binds to DNA and increases the 
transcription rate. Negative control occurs 
because another regulatory protein must 
be released before transcript ion can occur. 

Many regulatory proteins b ind to specific 
sites in DNA. Because different regulatory 
proteins have different amino acid 
sequences, they bind to different DNA 
sequence~. 

The red mounds in this micrograph are human intestinal cells; the yellow structures are bacteria. 
In tre intestine, the nutrie nts availab e to bacteria co nstantly change. Tliis chapter explores how 
changes in gene expression help bacteria respond to environmental changes. 

I
magine waiting anxiously to hear the opening lines of a 
wonderfully melodjc symphony, played by a renowned or­
chestra. The crowd applauds as the celebrated conductor 

wm~~ unstage, then h ushes as he cakes the podium. He cocks 
the baton; the musicians raise their instruments. As the baton 
comes down, every instrument begins blariJ1g a different tune at 
full volume. A tuba plays "Dixie"; a violinist renders "In-A­
Gadda-Da-Vida'' : and a cellist begins Mexico's national an­
them. A snare drum lays down beats for "Baby Got Back" 
while the bass drum simul:ues the cannons in the " 1812 Over­
ture." Instead of music, there is pandemonimn. The conductor 
staggers off stage, clutching his heart. 

A rncophony like this would result if a bacterial cell 
"played" all its genes at full volume a ll the time, The Escher­
ichia coli cells living in youI gut right now have over 4300 
gene~. Tf all of those genes were expressed at the fastesi possible 
362 

rate at all times, the E. coli cells would stagger off the stage, 
too. But this does not happen. Cells are extremely selectjve 
about which genes are expressed, in what amounts, and when. 

This chapter explores how bacterial cells cuntrul. the activity 
of their genes. Gene expression is said to occur when a protein 
or other gene product is synthesized and is active in the cell. 

Umlerscan<ling huw cells regulate gene expression is a funda­

mental issue in biological science, for two reasons. First, bacte­
ria are the mosc abundant organisms on Earch, and they occupy 
vi rni:ci lly every habitat known. ln many cases, bacterial cells are 
able to grow and reproduce successfully becai:1se they respond 
rapidly ro dramatic changes in temperaCUie, pH, light, competi­
tors, and nutrients. Changes in gene expression give bacteria 
rhe abiliry ro cope with rhese cypes of environmental ch:cinge. 
Second, questions about bacterial gene expression have enor­
mous practical significance. For example, biologists are trying 

tapola
Copyright
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cu understa11d which genes are ex-pressed when disease-causing 
bacteria culm1ize a person and start an infection in the hope 
tliar drugs can be developed that alter the expression of key 

genes. llacterial cells are also used cuuuoerciaUy to mam1fac­
rurc imponant products such as human insulin and growth 
hormone. Efficient use of bacteria depends nn a solid under­

stam:liag of how rrauscription and translation are regulated. 
Understanding gene expression is fundamental to our under­

standing of Ii fe. This chapter's goal is co inuoduce key concepts 
in cbe regulation of gene expression. Let's begin by reviewing 
some of the environmental challenges that bacterial cells face 

and rhen explore how these orgauisms meet them. 

17.1 Gene Regulation and 
Information Flow 

Bacteria are found in virtually every habitat on Earth, from boil­

ing hot spriJigs tu alpine snowfields and from the open ocean LO 

crel'ices miles underground. The millions of baccerial species ex­
isting todl!y have evnlved a bewildering variery of ways to solve 

a central p roblem of living: obtaining the .materials and energy 
required for growtb and reproduction. Although some bacteria 

specialize by using just one typ<:: of fou<l, tbt: vast wajurity of 
species are able to switch amo ng several different sources of car­
bon and energy, according co which nutrients are available in 

the cnvuonment at the time. T he fundamental question ad­
dressed in this chapter is how this switch.mg occurs. Each type of 

nucriem requires a different membrane rranspon prutein ro 
bring the nutrient molecule inro the cell and a different suite of 
enzymes to process it . How does .a b::icrerial cell rurn some genes 

on and others off so that it can take advancage of a lternative 
food sources? More generally, how do bacteria regulate gene ex­
pression so char a cell makes only the p roducts that ir needs? 

As a case study, we CJ<plorc the strategics of Escherichia coli. 
These cells can use a w ide array of carbohydrates to supply the 
carbon and energy they need. The carbohydrates are in yow: 
food. As your diet changes from day to day, tbe availability of 

differenr sugars in your intesrine5 varies. Precise conuol of gene 
expression gives E. coli the ability co respond to these changes 
in its environment ::ind use the differenr sugars. 

To appreciate why precise control Ol'er geue expressiou is so 
important to these cells, it is critical to rea lize that bacteria can 
be packed an inch thick along your intestinal walls. The organ­

isms rcprcscot many different species that arc competing for 
space and nutrients. For a cell to survive and reproduce in t his 
environm ent, it must use resources efficieutly-parti.culady re­

sources that provide energy and carbon compounds. For exam­
ple. recall from Chapter 4 that carbohydrates are polymers 
made up of simple sugars and from Chapter 9 that carbohy­
drates provide ceUs with energy and chemical building blocks. 

ucherichia coli is capable CJf rm:tabolizing a wide variery of 
carbohydrates. But it would be energetically wasteful for E. coli 
10 produce ::ill o f t he e1nymes required to process all of the var-
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ious carbohydrates all. of the time. lrmead, ir is logical tu pre­
dict that the cnz;ymes being produced match the sugars that are 

available at a given time. Efficient use of resources, via tight 

co.nuol over gene expression, is crirical i1 cells are going to be 
able to compete successfully for space and nutrients. 

On the basis of t his reasoning, cranscriprion and rranslarion 

of individual genes in bactcr.ia should be triggered by specific 
signals from the environment, such as the presence of specific 

sugars. Did yuu d[i.nk milk at your last meal, or car french fries 
and a candy bar? Each type of food contains different sugars. 
Each sugar should induce a different response by the E. coli 

cells in your intc:stine. Just as a conductor needs m regulate the 
orchestra's musicians, cells need to regulate which proteins they 

produce at any given time. 

Mechanisms of Regulation-an Overview 
Gene expression can be controlled at any step berween the syn­
thesis of R~A and the a(..1:ivacion of the final gene product. 
Three steps occur as information £lows from DNA to proteins, 
represented by arrows in the following expression: 

DNA - mRNA - prorein - activated protein 

The arrow from DNA to RNA represents transcription- the 
making of messenger RNA (mRNA). The arrow from RNA to 

protein represents translation, in which r ibosomes read the in­
formation in mRNA and use that infor mation to synthesize a 

protein. The arrow from protein to activated protein represents 
post-translationa l modilications-including folding, addition 
of carbohydrate or lipid groups, or perhaps phosphorylation. 

How cai1 a bacterial cell const:rve ATP and amino acids by 
avoiding the production of proteins that are not needed at a 
parricular cime? A look at the flow of information from D NA 

to protein suggests three possible mechanisms: 

1. Tbe cell could avoid making the mRi.~As for particular en­
lymes. Jf rhere is no roRN A, then r ibosomes cannor make 

the gene product. For example, various regulatory proteins 
affect the ability o f RNA polymerase to bind to a promot­

er aud iu..itiatt: trcwscriptiun. Gc::ues that are controlled i.u 
this way are said to undergo transcriptional control: 

DNA --}(-+ 1nfu~A----'> protein----'> activated protein 

2. U the mRNA for an enzyme has been transcribed, the cell 
might have a way to prevent the mRNA from being trans­

lated .into protein. Mecbanisms that airer the length of time 
an mRNA survives before it is degraded by ribonucleases, 
that affect transl::ition iniciation, or that affect elongation 

factors and other p roteins during the translation process 
are forms of translational control: 

DNA - mRNA ~ protein""' acrivared prnrein 
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Onset of 

DNA 

·~ 
Protein activation or inhibition 
{tly chemical modification) 

Translational control 

FIG URE 17, 1 Gene Expression Can Be Regulated at Three Levels 
Although this chapter focuses on how regulatory molecules affect the ability of RNA polymerase to initiate 
transcription, translational and post-translational controls also occur in bacteria. 

3. Chapter 16 pointed out that some proteins are manufac­
tured in an inactive form and have to be activated by chem­
ical mcxlificatiun, such as tbe a<lc.litiun of a phuspbate 
group. This type of regulation is post-t ranslational control: 

DNA - mRNA-+ protein ~ activated protein 

Which of these three forms of control occur in bacteria? 
Tbe short answer to th.is question is "all of the above." As 
Figure 17.1 shows, many factors affect how much acrive pro­
tein is produced from a particular gene. Transcriptional con­
trol is particularly important due to its efficiency- it saves the 
most energy for the cell, because it stops the process at the 
earliest possible point. Translational control is advantageous 
because it allows a cell to change quickly which proteins are 
produced. Post-translational conrrol is significant as well, and 
it provides the most rapid response of all truee mechanisms. 
Amung these 1m:chanism~ uf gene regulation, there is a clear 
trade-off between the speed of response and the conservation 
of ATP, amino acids, and other resources. Tran.~criptional 
control is slow but efficiem in resource use. Post-translational 
control is fast but energetically e."<pensive. 

Although th.is chapler focuses almost exclusively 011 

mechanisms of transcriptional control in bacteria, it is im­
porram t0 keep in mind that both translationa l and post­
translationa l controls occur in these organisms. It's also 
important to recognize that some genes-such as those that 
code for the enzymes required for glyculysis- are t.ran­
scribed all the t ime, or constitutively. But the expression of 
ocher genes is regulated, meaning rhat they may be induced 
or repressed. Finally, it is critical to realize that gene expres­
sion is not an ~ll-or-none proposition. Genes are not just 
"on" or "off"- instead, the level of expiession is highly 
variable. What factors determine how much a parricufar 
gene is expressed at a particular time? 

Metabolizing Lactose-A Model System 
As Chapters 13 through 16 have shown, many of the fuoda­
mental advances in genetics have been achieved through the 
analysis of a modd system. Stuc.lying the inh.eritance uf m:<l 
shape in garden peas revealed the fundamental patterns of gene 
transmission. Exploring t ranscription in vi.ruses and E. coli led 
to the discovery of RNA polymerase, transcription factors 
(such as the sigma proteins), and promoters. ln studies of gene 
regulation, the key model system has been the metabolism of 
the sugar lactose in E. coli. 

Jacques Monod, Franc;ois Jacob, and many colleagues in­
troduced lactose metabolism in E. coli as a rnodel system dur­
ing the 1950s and 1960s. Although they worked with a single 
species of bacterium, their results h.ad a profound effect on 
chinking about gene regulation in all organisms. Some derails 
turned out to be specific co the E. coli genes responsible for 
lactost: metabulism, but many of Munod and Jacob's results 
are universal. 

Escherichia cnli can use a wide variety of sugars for ATP 
production, via glycolysis and the electron transport chain or 
via fermentation. These sugars also serve as a raw material in 

the synLliesis of amino acids, vitamins, anc.l ocher wmplex cum­
pounds. Glucose is E. colt's preferred carbon source, however, 
meaning that ir is the source of energy and cHbon atoms rhat 
the organism uses most efficiently. This observation is logical, 
because glycolysis begins with glucose and is tbe main pathway 
for the pruductiun of ATP. Lactose, rhe sugar found in milk, is 
also used by E. coli, but only when glucose supplies arc deplet­
ed. Recall from Chapter 5 that lactose is a disaccharide made 
up of one molecule o.f glucose and one molecule of galactose. 

To use lactose, E. coli must first transport the sugar into the 
c;e]I. Once lactuse is inside the cell, E. coli can break the sugar 
down into glucose and galactose by means of the enzyme 
/3-galactosidase. The glucose released by this reaction is used 
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directly via glycolysis; other enzymes convert rhe galactose to 

an intermediate in the glycolytic pathway. 
Ju the early 1950s, bLologists discovered that E. coli produces 

high levels of /3-galactosidase only when lactose is present in the 

environment. If lactose LS absent, lictlt: /3-galactusi<la:;c is synche­
sized. Because lactose appears to induce the production of the 
enzyme that breaks itself down, researchers proposed that lac­
rose ic;df regulates the gene for f:3-galactosidase. Ylore formally, 
the hyporhesis was that lactose acts as an inducer. An inducer is 

a molecule that stimulates the expression of a ~pedfic gene. 
In the late 1950s Jacques Monod investigated how the pres­

ence of glucose affects the regulation of the /3-ga lacrosidase gene. 
Would E. wli produce high levels of /3-galactosidase when both 
glucose and lactose were present in the surrounding environ­

menr? Figure 17.2 summarizes rhe expt:rimcntal approach by 

Queltlon: E. coli produces ~-galactosidase when 
lactose is present. Does E. coli produce 13-galactosidase 
when both gh.icose and lactose are present? 

Hypothesis: E. coli does not produce j:S-galactosidase when 
glucose is present, even if lactose is present. (Glucose is the 
preferred food source.) 

Alternative hypothesis: E. coli produces ~-galactosidase 
whenever lactose is present, regardless of the presence or 
absence of glucose. 

Experimental setup: 
lreatment 1 freatment3 

Treatment2 

fi:ii};;,~~" 
Prediction: ~-Galactosidase will be produced only in 
treatment 3. 

Prediction of alternative hypothesis: ~-Galactosldase will 
be produced in treatments 2 and 3. 

Results: 
Treatment 1 

No 
~-galactosidase 

\\ 

n-eatment2 

No 
~-gatactosidase 

I'§ 
E. coli doe:; nut produce 
p-galactosidase if glucose 
is present 

Treatment3 

High production of 
13-galactosidase 

Cal_tduslon: Glucose prevents the expression of the gene 
u P-galactosldase. The presence of lactose without glucose 
s11mulates the expression of that gene. 

FIGURE 17.2 Glucose Affects tl,e Regulation of t l,e 
8-Galactosidase Gene 
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which Monod fowid that the answer was no. This meant chat 

,B-galactosidast: production is induced by the availability of lac­
tose, but only when glucose is unavailable. The key observa­

tions can be summarizer! :is follows: 

• Cells grown on glucose only: no /3-galactosidase production 

• Cells grown on glucose + lactose: no ,B-galactosidase 

production 

• Cells grown on lactose only: ,B•galactosidase production 

Monod teamed up with Franr;ois Jacob to investigate cxacr­

ly how lactose and glucose regulate tbe genes responsible for 

lactose metabolism. Rest:ar(;h uu how these geues are regu­
lated opened a window on bow genes in all organisms are con­
trolled. Research on tliis sysrem is sriU continuing, snme 50 years 

later. 

17.2 Identifying the Genes Involved in 
Lactose Metabolism 

To understand how E.coli controls production of /3-galactosidase 

aud the membrane transport protein chat brings lactose into the 
ceU, Monod and Jacob first had to find the genes thar code for 

these proreins. To do this, they employed the same cactic used 
in the pioneering studies of DNA replication, tra11scription, and 
translation reviewed in earlier chapters: They isolated and ana­

lyzed mutant individua ls. ln this case, their goal was to find 
E. coli cells that were not capable of metabolizing lactose. Cells 
thar cao'r use lactose musr lack either ,B-galacrosidase or the 
lactose-transporter protein. 

Finding mutants witb respect to a particular trait was a two­

step process. The researcher~' first ~tep was to generate a large 
number of ind ividuals with mutations at random locations in 
their genomes. To produce mutant cells, Mnnod and o thers ex­
posed E. coli populations to X-rays, UV light, or chemicals that 
damage DNA and increase mutation rates. The second step is 

to screen the mutants co £.ind individuals with dt:ft:<:t~ in tht: 
process or biochemical pathway in question-in this case, de­
fects in lactose metabolism. A technique rhat a Hows researchers 

to identify individuals with a particular type of mutation is 
called a screen. 

Mouod and colleagues were looking for cells rbac cannot 
grow in an environment that contains only lactose as an energy 
source. Normal cells grow well in this environment. How could 
the researchers select cells on tbe basis of lack of grov,th? 

Screening Mutants-Replica Plating and 
Indicator Plates 

Replka plating and growth on indicator plattS were key tech­
niques in the search for mutants with defects in lactose me­

tabolism. Replica plating begins with spreading rnutagenized 
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bacteria on a plate that is filled with gelatinous agar containing 
glucose, as illustrated in Figure 17 .3. This plate is known as the 
master plate. The hacte.ria are then allowed to grow, so that each 
cell produces a single colony. (A bacterial colony consists of a 
large number of identical cells that are descended from a single 
cell. ) Next, a block covered with a piece of sterilized velvet is 
pressed onto the master plate. Because of the contact, cells from 
each colony on the master plate are transferred to t he velvet. 

Then the velvet is pressed onto a plate containing a medium that 
differs from that of the master plate by a single compone.nt. For 
instance, in Figure 17.3, the second medium has only lacrose as 
a source of carbon and energy. Cells from the velvet stick to the 
plate's surface, producing an exact copy of the colonies on the 

master plate. This copy is called the replica plate. AlteJ these 
cells grow, an investigator can compare the colonies that thrive 
on the replica plate's medium with thme on the master plate. Tn 

this case, colonies that grow on the master plate but that are 
missing on the replica plate represent mutants deficient in lac­
tOse metabolism. By p icking thi:~e particular colonies from t.he 
master plate, researchers build a collection of lactose mutants. 

Mooed a lso used an alternative strategy based on ind icator 

plates, where mutants with metabolic deficiencies are observed 
directl>'· Consider what happens when mutagenjzed bacteria 
are grown on agar places c.:omaining lactost:: and an: rhrn 
sprayed with a solution containing the colorless compound 
ONPG ( o-nitrophenyl-/3-D-galactoside ). ONPG consists of 
two -subw1its-a galactose molecule and a molecule cal led 
o-nitrnpbenol-that a re joined by the same {3-1,4 g lycosidic 
linkage char joins the galactose and glucose subunits of lacrose. 
Consequently, ONPG acts as an alternative substrate for 

REPLICA PLATING 

,8-galactosidase. Wheu Lhe enzyme deaves O~-PG, galactost: 
and o-nitrophenol are released. T his is significant, because 
o-nitrophenol is intensely yellow. When colonies e.xposed to 
ONPG tum yellow, it means that they have {:l-galactosidase ac­
tivity. Colonies that stay white are unable to cleave ONPG, 
meaning they have a defect in the enz;yme or its production. 

Different Classes of Lactose Metabolism M utants 
The initial mutant screen yielded the tl1ree types of mutants 
summarized in Table 17.1. in one clas5, the mutant cells were 

unable to cleave ONPG even if lacrose was present inside the 
cells to induce production of the {:l-galactosidase protein. The 
investigators concluded that these mutants must lack a func­
tioning version of the {:l-galaclosidase protein-meaning the 
gene that encodes ,8-ga lactosidase is defective. Tllis gene was 
designated lacZ, and the mutJint ::illele lacz-. 

ln the second class of mutants, the eel.ls failed to accumulate 
lactose inside the cell. In contrast, the concentration of lactose 
in wild-type cells is about 100 time~ chat of lact0se in the sur­
rounding environment. To interpret this result, Jacob and 
Monod hypothesized that the m utant ce!Js bad defective copies 
of the membrane protein responsible for transporting lactose 
into the cell. Tltis protein was identified and named galactoside 

permease; tbt:: grnc that t:n<.:odes it was <le~ignate<l lacY. 
The third and most surprising class of mutants did not reg­

ulate expression of /3-galactosidase and galactoside permea~e 
normalJy. for example, when these mutant cells were grown 
on lactose alone and then sprayed with ONPG, they turned 
yellow just as normal cells do. But if they were grnwn uo a 
medium that contained glucose but no lact0se, they still turned 

Mutant 
E. CO!i 
cells 

One £. coli cell grows 
to produce a colony c:::::!> 

~c> 
Master plate Master plate 

1. Grow a master plate of 
mutagenized E. coli colonies on 
complete medium (contains 
glucose as energy source). 

2. Press velvet-covered 
block against master 
plate. Some cells from 
each colony transfer 
from plate to b1oc1<. 

FIGURE 17 .3 Replica Platin9 Is a Technique for Identifying Mutant Cells 

Replica plate 

3. Press block against a 
replica plate containing 
only lactose as an energy 
source. Location of cells 
on master plate and replica 
plate are an exact match. 

Absence 
of colony 

Replica plc1ting, used here to isolate mutant E. coll cells with a deficiency in lactose metabolism. There are two 
keys to this technique: (1) Thi:, location of colonies on the master plate and replica p late must match exactly, 
and (2) the media in the two plates mus1 differ by just one iype of component. QUESTION How would yo1., 

alter t11is protoccil to isolate mutant cells with a deficiency in the en.<yrnes ""•lui,.,d to synthesize t,yptophan? 

Replica plate 

4, After incubation, cells 
that can use lactose as 
energy source grow into 
colonies. Pick cells on 
master plate that are not 
on replica plate. These 
cells are unable to 
metabolize lactose. 
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TABLE 17.1 Three D istinct Types of Mutants in Lactose Metabolism of E.coli 

Mutant Phenotype Interpretation Jnf,ured Genotype 

Cells cannot cleave ONPG even if lactose 
is present as an inducer. 

No /3-galactosidase; gene for {:l-galactosidase is defective. Call this 
gene /acZ. 

Cells connot accumulate lectose inside 
the cell. 

No membrane protein (galactoside permease) required for import of 
lactose; gene for galactosidc pormoase is defective. Call this gene /acY. 

lacY-

ONPG is cleaved even if lactose is 
absent (no inducer). 

Constitutive expression of /acZ and /acY; gene for regularory protein 
that shuts down /acZ and /acY is defective-it does not need to be 
induced by lactose. Call this gene /ad. 

yellow afLer being sprayed with ONPG. Normal cells, in con­

trast, do not produce /3-galaccosidase under these conditions. 

Normal cells remain white when grown on glucose and then 

sprayed w ith ONPG. 
Cells that are abnormal because they r roduce a product at a ll 

times are called const itut ive mutants. Unlike normal cells, their 

product is always part of the cell's constitution. The gene that 

!Ilutated ro produce constitutive 13-galactosidase expn:~iou was 
named lac!. The use of "[" was appropriate because these mu­

tants did not need an inducer to express /3-galaccosidase or 
galactoside permease. Recall that, in normal cells, the expression 

of these genes is induced by the presence of lactose. Bur in cells 

wicb a mutaur form of lacl (lacr mutants), gene expression oc­

curred with or without lactose. This meant that lacr mutancs 

have a defect in gene regulation. In these mutants, the gene re­

mains "on" when it shot1ld be turned off. 
Based on these observations, it is logical to infer that the 

normal product of the lacl gene prevents the transcription of 

lacZ and lac Y when lactose is absent. Hecause lactose acts as an 

inducer for the production of t3-galac:cosidasc, it is reasona blc:: 

to expect that the /acl gene or gene product interacts with lac­

tose in ~ome way. (Later work shnwed char the inducer is a de-

Regulatory 
1unction 

Regul~ 
~ 

rivative of lactose called allolactose. For the sake of h.istorical 

accuracy and simplicity, however, th.is discussion refers to lac­

tose itself as the inducer.) 

Several Genes Are Involved in 
Metabolizing Lactose 
Jacob and Monad had succeeded in identifying three genes in­

volved in lacLose metabolism: lacZ, lacY, and Lael. They bad 
concluded that lacZ and lacY code for proteins involved in the 

metabolism and import of lac:cose, while lacl is respunsiblt: fur 
some sort of regulatory function. The /acl gene or gene product 

repressed the expression of lacZ and lacY in the :ih~ence of lac­

tose, but when lactose was present, the opposite occurred­

transcription of /acZ and lac Y was induced. 

When J a1:ob and Monod followed up on these experiments 
by mapping the physical location of the three genes on E. co/i's 

circular chromosome, they found chat the genes are close to­

gether (Figure 17.4 ). This was a crucial result, because it 

suggested that both Lacz and lacY might be controlled by 

lacT. Could one regulatory gene manage more than one 

protein-encoding gene? lf so, how does facl actually work? 

And why <lo lactose am.I gluLusc:: have opposite effects un it? 

Cleaves lactose to Membrane transport 
glucose and galactose protein-imports lactose 

/acZ p\t /7 roduct 

Section of E. coli 
chromosome ~ww~ vvv~uu~~~~V'l 

·----------••. _______ tac I lacZ ---~'.:_:, •. -······-····-· ------~- ---·2 >-""""'~'-Obsorvations about regulation ··--.. ----= 
of /acZ and /acY: ·-·-- -------. __ >)____ _ __ ., .. -------~lucose ----- Plasma membrane 
(1) Laci prolein and glucos" shut ---._ • 

down transcription of ' Lactose 
/acZ and /acY. E. coll / ..... 

• (2) Lactose induces transcription b Galactose Galactoslde 
o1 /acZ and /acY. Chromosome 

R GURE 17.4 The lac Genes Are in Close Physical Proximity 
Early experiments on lactose use in E.coli identified the lac/, /acZ. and /acY genes, documented the 
function of their protein products, and mapped their locations on the E. coli chromosome. 

perrnease 
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17.3 The Discovery of the Repressor 

In principle, there a.i:e two ways t ha, transcription can be reg11• 

lated: via positive control or negative control. Positive control is 
in effect when something must be added for transcription to 

ocrnr; negative control is in effect when something muse be 

taken away for transcription to occur. In starting up a car, pos· 
itive control occurs when you step on the gas pedal, meaning 

chat you add fuel; negative comrol occurs when the parking 
brake is set. Ir turned out that the lacZ and lac Y genes in E. coli 

are controlled by both a gas pedal and a parking brake-chat is, 

they arc under positive control and negative control. 
T he hypothesis that the /acZ and /acY genes might be under 

negative couu:ol origi.uate<l with u:u S:1.ilard in Ll1e late 1950s. 
Szilard suggested to Jacques Monod that the lac! gene codes for 
a product that represses transcription of t he lacZ and lar.Y genes. 

Recall from Section 17.2 that, in lacr mutants, the production 

(al Repressor p re 5ent (normal /ad gene) 
Lactose absent • 
No transcription occurs 

of /3-galactosidase and galactuside pt:rrm:ase is constitutive, even 
if lactose is not available. Szilard proposed that regulation fails 
because the LacI+ protein-which normally prevents enzyme 

synthesis-is inactive. Stated another way, the lacl gene pro· 
duces an inhibitor that exerts negative control over the lacZ and 
/acY genes. This rranscription inhibitor was called a repressor 

and was thought to bind directly to DNA near or on the pro­
moter for the lacZ and JacY genes (Figure 17.Sa). To explain 

how the prt:~t:nce of lactust: triggers Lranscriplion u1 normal cells, 
Szilard and Monod proposed tbat lact0se interacts with the 

repressor in a way that makes the repressor release from its 

binding site (Figure 17.5b). The idea was that lactose induces 
transcription by removing negative control. Lactose releases 

the parking brake. As Figu.re 17.Sc shows, it was logical co 
observe that constitutive transcription occurs in /acr mutants 

because a functional repressor is absent-the parking hrake is 

broken. 

t Repressor molecule 
synthesized 

~~~ 
Jae!+ 

(b) Repre ssor present (normal lad g e ne) 
Lactose p resent; binds to repressor 

RNA polymerase 
bound to promoter 

Lactose-repressor complex TRANSCRIPTION BEGINS 
cannot bind to DNA ~e ~ mRNA ~-Gatlactosidase I Ptermease I 
as inducer) 

Transcription occurs (lactose acts t Repressor / J'\"\.~ 

~ ~ uf/Afllll-1 ~ vv~ 
lac/~ 

(c) No repressor p resent (mutant /acI gene) 
Lactose present or absent 
Transcription occurs 

Lactose-repress or 
complex 

No functional 
repressor synthesized 

FIGURE 17 .5 The Hypothes is of Negative Cont rol 

RNA polymerase 

lac)' 

TRANSCRIPTION BEGINS 
mRNA ~-Galactosidase j Perrnease 

t t ~ wwww 
/acY 

bound to promoter 

The negative-control hypoth.,sis maintains (a) that transcription of genes involved in l~ctose use is normally 
blocked by a repressor molecule that binds to DNA on or near the promoter for /acZ and lac'(. (b) that lactose 
induces transcription of /acZ and lacY by interacting with the rapressor, and (c) that, when a functional 
repressor is absent, transcription proceeds. 
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How could (esearchers assess these hypotheses? T his was 

ao rrivial task. But in a sec of brilliant experiments, each of 
rhc predictions of the negative-control hypothesis was tested 

and confirmed. The key studies were based on creating£. coli 
cells that were diploid for the genes invol1•ed in lactose me­

cabolism. For example, consider an experiment that begins 

with cdls that are haploid and have the genotype 
r lacz+tacY1". These cells lack the hypothesized repressoc but 

have normal copies of the gt:nes for /3-galactosidast: or galac­
wsidc pcrmcase. As predicted by the hypothesis of negative 
control, they produce /3-galactosidase constitutively. But whac 

happens when these cells are made diploid by the addition of 
DNA with the genotype 1➔ lacz- JncY ? The second set of genes 

code5 for a fuuctiuuing copy of the repressor, but noc of 
,8-galactosidase or galactoside permease. Once the cells are 
made diploid, /3-gal~cmsidasc producrion declines and then 

stops. This result supports the hypothesis that the reprcssor 

codes for a protein that s11uts down transcription. As predict­
ed, rbe repressor i5 the "parking brake" on transcription. But 
if an inducer such as lacrose is added to these diploid cells, 

{:1-galactosidase activity concinues. This resulc supports the 
hypothesis that lactose removes the repressor-it releases the 

parking brake. Stated another way, lact0~e acts a.s an inducer 
by removing negative control. 

The lac Operon 
Jacob and Monod sununanzed the results of their experunents 

wir.h a comprehensive model 0£ negative control chat was pu_b­
lished in 1961. In essence, their experimental data had con­
firmed the hypotheses il lustrated in Figure. 17 . .5. One of their 

key conclusions was that the genes for j3-galactosidasc and 
galactoside permease are controlled together. To capture this 

poi.nt, they COLned the term operon for a set of coordinately reg­

ulated bacterial genes that are transcribed together into one 

mR..'-JA. Logically enough., the group of genes involved in lac­
tose metabolism was termed the lac: cperon. 

Three hypotheses are central to tbe Jacob-.lVlonod model of 

lac operon regulation: 

1. The facZ and lacY genes are adjacent and arc transcribed 
into one mR.,A initiated from the single promoter of the 

lac; ope.con. As a result, the expressiou of these two genes is 
coo1·dina ted. 

2 . The repressor is a protein encoded by lac[ that binds to 

DNA and prevents transcription of lacZ and laeY. The 
binding site for the repressor is a section of ONA in the lac 
operon caJJed the operator. Jacob e1nd .Monod proposed 
that lacI is expressed constitutively and that its product 
(rhe repre.~~nr) prevent~ mrnscription hy blocking RNA 

polymerase from making contact with the promoter. 

3. The inducer (lactose) interacts directly with the repressor 
by binding ro ir. As a resulr, 1he repressor changes shape in 

Chapter 17 Control of Gene Expression in Bacteria 369 

a way that causes it to drop off the DNA strand. T ran- ;} 

so-iptiuu is then a ble to proceed because RNA polymerase i, 

can access the promoter. Recall from Chapter 3 that this [ 

form of control over protein funcrioo is called allusleric ~ 
regulation. Wben allostericregulation occurs, a small mol- a 
ecule binds directly to a protein and causes it to change ics :, 
shape and activity. \Vhen tbe inducer binds to the reprcssor, 

negative control ends. 

Testing the lac Operon Model 
Did Jacob and Monod "get ic right" ? After their model of neg­
ative control was published, Jacob and Monod confirmed the 

existence of tbe operator. They did chis by finding E. coli mu­
ta.nts that expressed lacZ constitutively yet had normal forms 
of cbe repressoL ]n these new mutants, the repressor protei11 

was unable to function because the nucleotide sequence of 
the operator wa., altered. In 1967 Walter Gilbert and Benno 
Miiller-Hill were able to tag copies of the repressor protein 
with a radioactive atom. Their experiments showed th.at the re­
pressor physically binds to the DNA sequences of the operatoc 

This result confirmed th.it the operator is not a protein or an --=: 
RNA JJruduc.1:, buc instt:atl is part of the DNA sequence of the I 
lac operon. 

The only major modiJicarion of the o rigina l lac operon 
model is based on tbe recent recognition that the repressor docs 
not physically block RNA polymerase from contacting the pro­

Ul0Ler, as Jacob and Monod had proposed. lnsread, the repres· 
sor prevents th.e RNA polymerase holoenzyme from opening 
rhe DNA helix once that enzyme has bound to the promoter. A5 
a result, the template strand cannot be threaded through the 

enzyme's active site so that transcription can begin. 
ln addition, a third gene of the lac operon, lacA, was dis­

covered after tl1e origina,l model of negative control was pub­

Jjsbe<l. The lacA grne is tightly linked to facY and lacZ and is 

transcribed as pa.rt of the same mRNA strand that carries lacZ 
and lac¥. The gene codes for the enzyme transacecylase, which 
transfers acctyl ( CH3COO- ) groups to ,8-galactoside sugars. 
The protein's function is protective in nature: The acerylarion 

step allows sugars that cannot be metabolized to be exported 
from the cell instead of accumulating to dangerous levels with­

in tht: ct:11. 
An m RNA li.ke rhe one produced by the lac operoo is 

known as a polycistronic mRNA. Polyclstronlc mRNAs con­

tain more tban one protein-encoding segment. In most cases, 
bacterial genes that a.re transcribed as a polycisrronic mRNA 

code for products devoted to a .co=on end, such as tbe lacZ 
and lacY products required for lactose metabolism. Similarly, 

the polycistronic trp (pronounced " trip") uperon in E. coli 
consists of five genes, each of which is required for different 
steps in rhe synthesis of the amino acid rryptophan. The trp 
operon is also under negative control- but with a twist ex­
plained in Box 17.1, page 370. Biologists interpret the poly­

cistronic structure o f many bacterial genes as an adaptation 
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Almost Parallel Worlds: Similarities and Contrasts in Control of 
the trp and lac Operons 

The genes in the lac operon code ior pro­
teins that are responsible for breaking 

down a compound in the cell, lacrnse. 
Logically enough, the expression of 
these genes de.pends Oil the presence of 

lactose, the compound chat is to be bro­
ken down. When the inducer, a lactose 

derivative, binds ro the repressor, the re­
pressor comes off the operator and tran­
scription begins. 

Now imagine how a cell would regu· 

late an operon that is responsible for 
synthesizing a molecule instead of break­

ing it down . In this case, the cell should 
stimulate gene expression when the mol­

ecule is absent but should reduce tran­
scription when the molecule is present. 

To see how cells accomplish this task, 
let's explore how E. coli regulates the trp 
operon--a set of five cotranscribed genes, 

each of which is required for the synthesis 
of the amino acid tryptopban. 

If RNA polymerase binds to the pro­
moter for the trp operon and begins 
transcription, all five r:rp operon genes 
are transcribed and translated together. 
Once translation is complete, the synthe­

sis of tlyptopban commences. 

The trp operon is under negative con­
trol. Tr has an operator sequence char 
overlaps the promoter, and a repressor 
protein that binds to the operator to pre­

vent tra11scription-as in the lac operon. 
In the trp operon, tryptophan binds 

to the n:pressor tu regulate transcrip­
tion, just as allolactose binds to the lac 
operon's repressor ro regulate tran­
scription. There is a crucial difference 
in the two systems, however. If trypto­

pban binds to the repress01~ it means 
that tryptopban is present in t he cell 
and transcription should nor proceed. 

Tbis is exactly what biologists observe; 
l\s Figure 17.6a shows, the trp repres­

sor binds operatOr DNA anJ exercs 
negative control only when the reprcs­
sor is complexed with tryptophan. 

When tryptophan is absent, the repres­

sor does not bind to the operator and 
che operon is expressed consticucively 
{Figure 17.6b). This is exactly the op­
posite of how the presence of lactose af­
fects the lac repressor. And it makes 
perfect sense for the trp operon: Bacter­

ial cells will have higher fitness if the 
operon is transcribed when t ryptophan 

levels are low but shut down when 
tryptophan is abundant. 

lo addition to offering a new twist on 

negaci1re control, the trp operon has pro­
vided other fascinating insights Ulto gene 
regulation. EJ<perimeots have revealed 

that negative control in the trp operon is 
supplemented by a regulatory mecha-

rusrn called attenuation. Attenuation 

works like a dimmer switch, because 
it superimposes fine-tuned control on 

what would otherwise be a simple on-off 
system. In the case of t he trp operon, the 

dinMer is sensitive to tryptophan levels. 
When tryptophan levels are high, attenu­

ation causes transcription to terminate 
early in the operon. When tryptophan 

levels are low, transcription proceeds 
through the entire operon. Attenuation 

t hat is based on amino acid concentra­
tion is seen in many other operons de­

voted to amino acid synthesis. 
After considering how the lac and trp 

operoas are regulated in E. coli, it's diffi­

cult not to have new respect for "sim­

ple~ forms of life. Bacteria may be small 
and unicellular, but they perform fantas­
tically complex, finely controlled chem­

istry. Even the simplest cells are 
marvelous machines. 

(a) When tryptophan is present, transcription is blocked. 

RNA polymerase 
bound to promoter 

✓ Tryptophan 

(b) When tryptophan is absent, transcription occ~. 

~N~merase _ .. ____ ____ ... .. . .. ...... . .. . ,.____ ~ ~ 
RNA polymerase 
bound to promoter 

FIGURE 17 .6 The trp Operon Is under Negative Control 
(a) When tryptoph.in is present, it binds to a repressor protein. The tryptophan-repressor 
complex binds to the operator and shuts down transcription, which ends t he synthesis of 
tryptophan. (bl The trp operon contains five cooing genes. 

that increases the efficiency of gene expression. By binding to 
one promoter, regulatory proteins can control the expression 
ol several genes that are requfred for the samt: process. Puly­
cistronic mRNAs are common in bacteria but rare or nonex­
istent in most eukaryotes. 

The Impact of the lac Operon Model 
Regulation of the lac operoo provided an immensely impor­
tant model system in generics, pardy because aspects of the 
model tllrned out to be important in many other species, 
genes, and operons. For example, follow-up work has 
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shown that numi::rous bacterial genes are under negative con­
trol via repressor proteins. Even more important, the lac 

operon model introduced the idea that gene expression is 
regulated by physical contact between specific regions in 
regulatory proteins and specific regul::itory sites in D NA. 

Stared another way, the model iutroduced the idea that gene 
expression could be modified by proteins that bind directly 

tn reg11 latory sequences in DNA. Publication of the lac oper­
on model was a watershed event in the history of biological 
science. Its impact on thinking about gene regulation is hard 

to overestimate. 
As elegant as the model presented i11 Fignre 17.5 is, however, 

something is missing. Where docs glucose fie in? This is the 
final clement of the regulatory system for lactose metabolism. 
As it turns out, it is also the element that is based on positive 

contrnl of transcription. 

✓CHECK YOUR UNDERSTANDING 

Negative control occurs when something must be taken 
away for transcription to occur. The lac operon repressor 
exerts negative control over three protein-coding genes 
by binding to the operator site in DNA near the promoter. 
For transcription to occur, an inducer molecule (a deriva­
tive of lactose) must bind to the repressor, causing it to re­
lease from the operator. You should be able to (1] explain 
why it is logical to observe that a molecule derived from 
lactose induces transcription of the lac operon; (2) dia· 
gram the lac operon, showing the relative positions of the 
operator, the p romoter, and the t hree p rotein-coding 
genes; and (3] show what that operon looks like in the 
presence and absence of lactose. 

(a) Catabolism ---Larger reactant molecule 
Enzyme 

(b) Catabolite repression of the Jae operon 

HOCH2 OH 

HO 0 X 
~-Galactosidase 

OH HOCH2 

Lactose t 
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17.4 Catabolite Repression and 
Positive Control 

When glucose is present in the environment, transcription of the 

lac operon is reduced. This is true even when lactose is avail­
able to induce J3-galactosidase expression. Given that glucose 

is Lhe preferred c;irl,011 source, thi~ aspect of cont.rol over the lac 
operon is logical. Glucose is produced when }3-galactosidase 
cleaves lactose. When glucose is present, it is not necessary 
for the cell to cleave lactose and produce still more glucose. 

Recall from Chapter 9 chat biologists use the term 
catabolism to refer to reactions chat break larger molecules into 

simpler subunits. Tbe hydrolysis of lactose inco its glucose and 
galacrose subunits is an example of cataholism (Figure 17.7a). 

In many cases, operons tbat encode catabolic enzymes a rc in­
hibited when the end product of the reaction, che eatabolite, is 
abundant. This form of end-produce i.nhibition is catabolite re­

pression. ln the case of the lac operon, g lucose is the catabolite. 
When glucose is abundant in the cell, rranscription of the lac 
opcron is decreased by catabolite repression (Figure 17.7b). 

How does glucose prevent expression of the lac operon> 
An answer co this question began co emerge when researchers 
discovered a second major control element in the lac operon. 

This regulatory switch consists of a DNA sequence known as 
the CAP binding site, whicb is located just upstream of the lac 
promoter, and a regulatory p rorein called catabolite activator 

protein (CAP), which binds to this DNA sequence. 
To understand how CAP works, notice that not all promoters 

an: creatt:u equal. Strong prumott:rs allow efficient initiation of 
transcription by RNA polymerase; weak ones support much 

le.ss efficient initiMion of trnnscription. The lac promoter is 
weak. But when the CAP regulatory protein is bound to the 

-Smaller product molecule 
(a catabolite) 

OH 

Oalactose 

-Smaller product molecule 
(a catabolite) 

OH 

Glucose 
j 

Presence of glucose ~ 
(a catabolrte) represses / Y 
production of f}-galactosldase 

FIGURE 17 .7 Catabolito Repression Is a Mechanism of Gene Regulation 
(a) A generalized example of cat~bolism. (b) Catabolite repression occurs when one of Lhe small product 
molecules represses the production of the enzyme responsible for the reaction. In the case of lactose 
metabolism, the production of f.l-galactosidase is suppressed when glucose is present. 
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(a) When cAMP is present, it binds to CAP. The 
cAMP-CAP complex binds to DNA at t he CAP 
site and increases binding of RNA polymerase 
to promoter. Transcription occurs frequently. FREQUENT TRANSCRIPTION 

~ w-w...._.,.,....,,,.,... 

site 

(bl When cAMP is absent, CAP does not bind to 
DNA. RNA polymerase does not bind the 
promoter efficiently, and transcription occurs rarely. 

RNA polymerase bound 
tightly to promoter 

INFREQUENT TRANSCRIPTION 

~ -Wlill~D'lill~ 

/acY /acA 

RNA polymsase bound 
toosely to promoter 

FIGURE 17 .8 Positive Control of the lac Operon 
{a) Wnen g lucose levels in an£. coli cell are low, cAMP is produced. cAMP then interacts with CAP to 
increase transcription of the lac operon. (b) When g lucose is abundant, cAMP is rare in the cell and 
positive control does not occur. 

CAP site just upstreaLJ1 of the lac prornoLer, the prOLein imeracLS 
with RNA polymerase in a way that allows transcription to 

begin much more frequently. CAJ> binding greatly strengthens 
the lac promoter. In this way, CAP exerts positive cont.ml of the 
lac operon. When CAP is active, transcription increases. 

Researchers also discovered that CAI', like the repressor pro­
tein, is aJlostericaUy regulated. CAP changes shape when the 

regulatory rnolt:wle cydk AMP (cAMP) binds Lo it. Only when 
cAMP is attached to it can CAP bind to DNA (Figu_re 17.8a). 

The same type of allosteric regulation goes on with the repres­
sor and aUolactose duxing negative control, except that the re­
pressor binds to DNA only in the absence of the inducer. 

During positive control, the CAP-cAM.P complex binds to the 
CAP binding site. As long as a repressor isn't bound to the op­

erator, the complex iucJeases the efficiency of transcription. 1£ 
no cAMP is bound to CAP, then CAP has a conformation that 
does not allow binding tu the CAP site (Figure 17.Sb ). 

How Does Glucose Influence Formation of the 
CAP-cAMP Complex? 
Where does the elusive molec11le glucose fit into this scheme? 

Glucose's role in positive contr0.l 0£ the lac operon is indi.rect. 
More specifically, it is mediated by the influence that glucose 
has ou the coucentraLion of cAMP. Glucose levels ouLside the;: 
cell and cAMP levels inside the cell are inversely related. When 
extracellular glucost: cunceorraciom are high, inu-acellular 
cM1P concentrations are low; when extracellular glucose con­
centrations are low, intracellular cAMP concentrations are 
high. This seesaw is driven by the enzyme adenylyl cyclase, 
whicb produces cA.i'vlJ> from ATP (Figure 17.9a). Adenylyl cy­
clase's activiry is inhibited by extracellular glucose. To see the 
consequences of this fact, imagine a sinrnrion in which glucose 
is abundant outside the cell (Figure 17.9b). In this state, adeuy-

lyl cyclase activity is low. Therefore, c.A1\1P levels inside the cell 
are low. CAP is not in a CAP-cA.i\.1P complex, so it does nor 

have the conformation rbat allows it to bind to the CAP site 
and stimulate lac operon transcription. Conversely, wben tile 

extracellular concentrn.tion of glucose is low, there is an in­

crease in the intracellular level of cA.MP. In this case, the CAP­
cAMP complex forms, binds to the CAV site, and allows RNA 

polymerase to initiate trauscriptiun dficie;:ntly. As long as the 
repressor is not bound co the operator, transcription of the lac 
operon is initiated frequemly and laccose can be employtxl as 
an alternative energy souxce. 

It is important to note th:1r the CAP-cA..lvrP .~ystem influences 

many genes in addition co the lac operon. CAI' sites arc found 
adjacent to the promoters for several operons that are required 

for the metabolism of sugars oLher than glucose. When glucose 
Levels fall and cA.NlP concentrations rise, the effect on gene reg­
ulation is similac to ringing an alarm be.LI. In rei;ponse;: to the 
a larm, genes that eocode enzymes required foi: the use of lac­
tose, maltose, glycerol, and other food sources may he turned 

on- but only if the metabolite of a particular operon is avail­
able to the cell. Conversely, cAMP levels are low wben gluco~e 

supplies are adequate. In this case, the genes for these enz-ymcs 
are expressed only at low levels even when the appropriate 
met.abolite is pn:scnt. 

Figure 17.10 summarizes how positive control and negative 

control combine to regulate che lac operon. The general mes­
sage of thjs figure is that interactions among rcgula tory cle­
ments produce finely tuned control over gene expression . 
Because positive and negative control elements are supetim­

posed, E. coli fully activates the genes for lactose metabolism 
only wben lactose is avajlable and glucose is scarce or absent. 
I n this way, control over gene expression increases the ability of 

Lllese cells LO compete, grow, and reproduce efficiently. 
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(al Glucose inhibi ts the activity of the enzyme adenylyl cyc:lase, which produces cAMP from ATP. 

ATP Cyclic AMP Two phosphate 
groups 

0 0 0 
11 II II 

-o-P-O-P-0-P-O-CH, 
I I I -
o- o- o-

OH OH 

Adenylyl 
dase 

~ 
Glucose inhibits 
this enzyme 

H--H 
+ 

(b) The amount of cAMP and the rate of t ranscription of lac operon are inversely related to the concentration of glucose. ....... 
•->.• - . 
IF HIGH 

glucose 
concentration 

• 
IF LOW 

glucose 
concentration 

~~ 
INACTIVE 

adenylyl cyclase 

~-::~ 
~~~~~ 

ACTIVE 
adenylyt cyclase 

•• 
LOW 
cAMP 

••••• -i::•~· . ,. .... ~, 
HIGH 
cAMP 

CAP 

~ 
CAP does not 
bind to DNA 

cAMP 

CAP 

~ 
CAP-cAMP complex 

b inds 1o DNA 

Infrequent transcription 
of lac operon 

(Cell continues to use 
glucose as energy source.) 

Frequent transcription 
of lac operon 

(Cell uses lactose 
if lactose is present.) 

FIGURE 17.9 Cyclic AMP (cAMP) Is Synthesi2ed When Glucose Levels Are low 

GIUcose HIGH 

Lactose LOW 

RNA polymerase bound 
to lac! promoter 

Glucose HIGH 

Lactose HIGH 

Glucose LOW 1 
Lactose HIGH 

FIGURE 17.10 An Overview of Lactose Use 

RNA polymerase bound 
loosey to promoter 

INEREQU_ENT TRANSCRIP-TLON 

INFREQUENT TRANSCRIPTION 

FREQUENT TRANSCRIPTION 
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✓CHECK YOUR UNDERSTANDING 

Positive cont rol occurs when something must be added for 
transcription to occur. CAP exerts positive control over the 
lac operon by binding to the CAP site and increasing the 
transcription rate. CAP can bind only when it is complexed 
with cAM P- a signaling molecule indicating that glucose 
levels are low. You should be able to (1) diagr.im what the 
operon looks like when cAMP levels are low and high and 
(2) explain how positive control and negative control inter­
act. based on the presence or absence of glucose and 
lactose. 

17.5 The Operator and the Repressor­
an Introduction to DNA-Binding 
Proteins 

Tbe insighcs that biologists gained from studying the /r1c operon 
proved to be relevaut to many other genes and species. f o r ex­

ample, transcription of bacterial and eukaryotic genes is either 
constinuive or comro!Jed. When regulnion ocmrs, it is negative, 

positive, or based on a combination of negative and positive fac­
tors. Negative control is based on repressor proteins, such as tbe 
lacl product, whereas positive conu ol depends on craascripcion 
activator proteins, such as CAP. 1.n both bacteria and eukaryotes, 

as in the lac operon, it is particularly common for genes to be reg­
ulated by a <.:ombination of several control systems. Catabolite 

repression is a lso e.'<tCemely common. 
Currently, biologists w ho are interested in gene reguhnion 

are r.rying to understand how DN A-binding proteins such as 

CAP and the repressor can control transcription. Precisely how 
do t hese proteins interact with DNA? How do small regulatory 
molecules such as cM 1P and lactose induce changes in the con­

formation of these large D NA-binding proteins? Once again, 

DNA Footprinting 

investigators are using the lac operon as a model system tliat of­
fe rs insights applicable to all cells. 

Before ta king a detailed look at the repressor and operator, let's 

step back and think about what is required for a DNA-binding 
protein to control transcription. Fii-st, the protein must bind to a 
specific DNA sequence associated with a specific geoe or operon. 

Often an inv~ugator's first task is to identify what that sequence 
is. Second, the protein's sttuctuie must allow ic to bind DNA, in­
teract with a regulatory molecule such as cAMP or lactose, and a£. 
feet RNA polymerase. What structural featwes make each of these 
functions possible? As it turns out, the lac operon's operator DNA 

sequence and repre.ssor protein stmcture have fe;im res rh::it are 

common to many regulatory ele.i1lents in bacteria and eukaJ:)'Otes. 

Finding t he Operator 
To understand how die lac repressor coutrols transcription, a 
logical first seep is to identify tbe DNA sequences it targets: 
t he operator. Ry mapping mutant~ with defects in the opera­

tor, researchers were able to confirm that the target site is just 
downstream from the promoter. But what is the actual DNA 
sequence? 

[nvcstigators use a technique called DNA footprinting to 
find a.nd characterize the sequences targeted by DNA-binding 

proteins. DNA foolpriutiug was used to characLerize the first 
p romoter ever discovered (.see Chapter 16); the technique is ex­
p la inr.d in detail in Rox 17.2. 

Footprinting experimencs with the lac cepressor yielded 
two new discoveries. hrst, the lac operon actually contains three 

sires where die repressor prorein may bind. As Figure 17.12a 
shows, these sites are called 0 1, 02, and 0 3. When the reprcssor 

protein is bound to DNA, the protein simultaneously binds 0 1 

and oue of the two other uperators. This fiuding required a 
modification of the original Jacob-Monod model, wh_icb pro­
posed the existence of a single operator. Second, all three 

ONA footprinting is used to characterize 

DNA sequences rhar are bound by regu­

latory proteins. Researchers begin a 
footprinting study by o btaining DNA 

from a rcgioll of interest-the lac operon 
of£. coli.., for example. Then they gener­
ate many copies of the sequence, using 
techniques introduced in Chapter 19. 
The ide-ntical DNA fragments are then 
radioactively labeled at one end (see step 1 
of Figure 17.11). Once labeling is com­

piece, half of the fragments are mixed 
with the DNA-binding protein being 
srudied-in this c::ise, the repressor-and 

half are left without the D NA-binding 

protein (step 2). Both sets of fragments 
are then treated with a nuclease-an 
enzyme chat cleaves DNA in random 

locations. The concentration of nucle­
ase is so low and the exposure time is so 

shorr, however, chat most fragments 
are never cut; those that are cut are cut 
just once. As step 3 shows, the nuclease 

treatment produces a population of 
DNA fragments of d ifferent lengths. Lo 
the sample conrai.ning rhe DNA-binding 
protein, the binding site is protected 
from the nuclease. 

The DNA fragments produced by the 

nuclease treatment are separated by gel 
electrophoresis and visualized via auto­
radiogra ph)' 1see C:hapter 1) or ocher 

techniques. As step 4 shows, the sample 
witb the repressor lacks any cuts aod 

thus a.ny fragments in the segment that 
was pwtected by chat protein. The gap 
in the series of fragments is rhe "foot­

print '' of a DNA-binding protein. By 
a ligning the footprinted region with the 

gene's DNA sequence, researchers c;rn 

identify the nucleotide sequence of the 
binding site. 
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DNA FOOTPRINTING 

FIGURE 17.11 DNA Footprinting Allows Researchers 
to Identify Sites Where Proteins Bind 

(a) Multiple 
binding sites 
for repressor 

~ "Upstream' 

lac! feel 
promoter 

Largest 
fragments 
(cut far 
from label) 

Smallest 
fragments 
(cut c lose 
to label) 

CAP 
site 

----

"Footprint" 
No cuts 
occurred 
in the DNA 
region 
protected 
by the 
repressor. 
This region 
must be 
the operator. 

o, 

, ... ~ .. ~ .. -------, ______ 

------------------
{b) Sequence at 0 1 is symmetrical. 5' A A T T G 

3' T T A A C 

FIGURE 17.12 Operator Sequences 

T G A G C 
A C T C G 

G 
C 
' I 

G A 
C T 

T A A 

A T T 

Plane of (approximate) symmetry 

C A 

G T 

(a) The lac operon contains three operator sequences, called 0 1, 0 2 , and 0 3 , where the repressor can bind. A 
repressor simultaneously binds 0 1 and either 0 2 or 0 3• (b) Many sequences targeted by DNA-binding proteins are 
symmetrical. In this example, al l but three bases are identical on the two sides of t he plane of symmetry. 

A 

T 

1. Generate fragments 
from the DNA region 
of interest, such as 
the lac operon of 
E. coli. Attach 
radioactive label to 
end of fragments. 

2. Divide fragments 
into two samples. 
Add repressor protein 
to one sample. The 
repressor will bind l o 
the operator. 

3. Cut fragments 
with nuclease to 
produce fragments 
of different lengths. 
Repressor protects 
operator DNA from 
nuclease cleavage. 

4. Load fragments 
into two lanes in a 
gel. Sort by size via 
electrophoresis. (The 
fragments with a 
radioactive atom 
will be visible.) 

A DNA sequencing 
reaction can be 
used to determine 
the sequenoe of the 
•footprint.• 

"Downstream•~ 

lacY /acA 

·----. 
T A 3' 
A T 5' 
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operators have a similar DNA sequeoce that has an unusual 
characteristic: It contains an axis of symmetry. To understand 
whar an axis of symmerry in DNA is, look ar the Ot sequencf' 

shown in Figure 17.12b (page 375) . Note that if the sequence 
were rotated 180°, it would be little changed. This cype 
of symrm::try is known as two-fold rotational symmetry or 
dyad symmetry. Follow up work showed that the nucleotide 
sequences recognized by many DNA-binding proteins have 
two-fold rotational symmetry. 

Now that we've examined the operator, we need to consider 
the repressor. How does this DNA-binding protein recognize 
specific sequences along the double helix? In particular, why is 
two-fold rotational symmetry important? 

DNA Binding via the Helix-Turn-Helix Motif 
Like other proteins, the lac operon's repressor resembles a hand 
tool in one important respect; Botl1 have distinct regions or 
parts. Consider a screwdriver, which consists of a handle, a 
shaft, and a blade. Each of these pans has a distinctive chree­
dimensional structure and function. Proteins also bave regions or 
part~, ca lied domains, that have a distinctive three-dimensional 
structure and function. Just as screwdrivers of various shapes 
and sizes all have a handle, shaft, and blade, it is common to ob­
serve che same domain in proreins of various shapes and sizes. A 
domain that is observed in many different proteins is known as 
a motif. Each discrete screwdriver has a handle domain, a shaft 
domain, and a blade domain. As a group, screwdrivers are char­
acterized by a handle motif, a shaft motif, and a blade motif. 
The handle and shaft morifs are also found i.n hammers and 
socket w renches, but the blade motif is unique to screw-

(a) Helix-turn-helix motif of DNA-binding protein 

FIGURE 17.13 Helix-Turn-Helix Motifs in DNA-Binding Proteins 

drivers. Hundreds of different motifs bavt: been characterized 
in proteins. 

When investigators analyzed repressor proteins from differ­

ent bacteria, they discovered that many of the bacteria con­
tained the domain illusuated in t ·igure 17. 13a. This structure is 
a helix-tum-helix motli. As its name indicate~, ir consists of rwo 
a-helices connected by a short stretch of amino acids tbat forms 
a tum. Pl:tysical models that were constructed during the 1980s 
suggested that the hc:li.x.-turn-bdix n:gion is rhe section of the 
repressor tl:tat binds to DKA. This hypothesis was later sup­
pnrred by structural smdies based on X-ray crystallography. 

To see how a helix-turn-helix domain works, recall from 
Chapter 4 that the exterior of the D.\/A double helix has a minor 
groove and a major groove (Figure 17.13h). A protein that has a 

helix-turn-helix domain can bind to DNA because one of the he­
lices interacts with the sugar-phosphate backbone of a DNA 
strand while the other helix binds co the base pairs iu die major 
groove (Figure 17.13c). DNA does not have to become single 
stranded for the helix-cum-helix domain of the repressor co bind 
to the operator. This observation holds for nearly all proteins 
that recognize specific sequences of double-stranded DNA. 

The section of the hdix-tu.m-hd ix domain that binds inside 
the major groove is called the recognition sequence. The amino 
acid sequence of this section is crucial, hecause specific sequences 
of amino acids bind co specific sequences of DNA. Each type of 
regulatory protein with a helix-turn-helix motif has a unique se-
4.uem;e of amino acids in its recognition sequence. As a resu.lt, 
each of these regulatory proteins binds to a unique regulatory 
sequence in DNA. In many cases, precise control over gene 
expression is based on a precise chemical interactions between 

(bl Grooves of DNA 

Minor 
groove 

Major 
groove 

(c) Recognition sequence of 
helix-tum-helix motif b inds to 
DNA sequences in major groove. 

QUESTION The r>"rt of a h .. 1,x-turn-helix motif that nteracts direct,y with DNA is called the recognition 
seouence. Why7 
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the amino a1,;iJ ~equence in a recognition sequence and the DNA 
sequence in the major groove of a regulatory site. 

Biologists used X-,ay crysrallography m document the pre­

cise way chat the lac repressor binds to the DNA of the opera­
tor. Consider the structure of the repressor alone, shown in 

Figure 17.14a. Nore that the prmein consisLs of four identical 
polypeptide chains, and that four helix-tum-helix domains 
project from the main body of the molecule. When researchers 

analyz:ed the structure of the repressor while it was bound to 
the operator sequence, they confirmed that each of these helix­
turn-hdix moti.fs bimls operntor DNA inside tht: major groove. 

Now recall that the operator essentially is composed of two 
symmetrical halves. Each half of the operamr sequence is 
bound by one of the repressor's helix-turn-helix motifs. The 
major grooves in the operator and the recognition helices of the 
repressor can pai.r up in this way because the operator is sym­
metrical and because the repressor consists of identical poly-

(a) Structure of repressor protein 

Helix-turn-he ix---:-'!:~ 

Hinge helix -

One polypeptide Four polypeptides 

(c) Interaction of inducer and repressor 

Hel1X-turn-helix 

Hinge helix 

Chapter 17 Control of Gene Expression in Bacteria 377 

pepti<le5 Lbat are flipped 180° with respect to each other. In ad­
dition, because the repressor contains four helix-tum-helix do­
mains and rwo of rhe four bind per operator, a coral of two 

operators can be bound simultaneously by one rcprcssoL When 
this occurs, a loop of DNA is created between 0 1 and whichev­
er other operator (02 or 0 3) is boun<l (Figure 17.14b). This 
type of DNA looping is observed at many other bacterial pro­
moters a nd at virtually all eukaryotic promoters. 

Inducer 
molecules 

~ 

(b) DNA binding of repressor 

Reprcssor protein 

FIGURE 17.14 How Does the Repressor Interact with the Operator and the Inducer? 
(a) The repressor is a complex of four polypeptides, each a product of the llld locus. (b) The repres5or 

protein has four helix-turn-helix motifs to bind DNA at 0- and either 0 2 or 0 3• (c) "Hinge helices" in the 
repressor exist only when the inducer is not present (left). When the inducer binds to the repressor, the 
hinge helices relax and cause the protein to fall off the operator DNA (right). 
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How Does the Inducer Change the Repressor's 
Affinity for DNA? 
Negative control of the lac operon occu.rs when the reprcssor 

binds to the operator. In this state, the heLix-rurn-helix motifs of 
the n:pressor are arrached co DNA. Even though RNA polym­

erase can bind to the promoter nearby, the enzyme cannot open 

the double helix and begin transcription. This physical interfer­

ence is typical uf how nt:~ative regulawrs work. Positive n:gula­
tors, in contrast, work by stabiLizing the interaction between 

RNA polymerase and the promoter. 
Negative control comiuues as long as the repressor is bound 

to DNA. But when lactose is present, the repressor dissociates 

from the operator. How does the inducer affect the repressor in 
a way that disrupts DNA binding? 

To answer this question, researchers analyzed the three­

dimensional structure of the n:pressor when it was bound to a 
molecule called WTG, which acts as an inducer in the lac sys­

tem. Their data showed that IPTG binds ar locations in the 

middle of the rcprcssor and chat it produces an important 
change in the shape of the protein near the heliic-turn-heli..x do­

mains. To see chis change i.J1 shape, compare the left and r ight 
sides of Figure 17.14c (page 377). The diagram on the left sum­

marizes the repressor's shape without the inducer. Pay attention 

to the strucmrcs labeled hinge helices near the helix-turn-helix 
motifs. T he hinge helices lock the DNA-binding motifs i.nto 
place when they contact the operator. As the diagram on the 
right shows, however, the hinge helices uncoil when IPTG or 
the inducer hinds tO che repressor. As a result, the two DNA­

bi.nding regions can't bind to the operator at the same time, and 
the protein releases from the site. 

The "unhinging" of the hinge helices that occurs in the lac 
repressor turns out to be a unique mechanism for changing the 

activiry of a regulatory protein. Srill, several general lessons 

emerge from the study of chis repressor. First, the shape and ac­
tivity of a protein may change when a small molecule binds to 

it. Allustt:ri1.: shifts like that observed in the lac repressor occur 
in thousands of different proteins. Second, key clements in 

transcriptional control are regulated at the post-translational 

level. For example, the repressor protein is always presem be­
cause it is transcribed and translated constitutively at low lev­
e l~. "When a rapid change in lac operon activity is required, ir 

does not occur via changes in the transcription or translation of 
the repressor. Rather, the activity of the already translated pro­

tein i1; altered. In vm:ually all cases, che activiry of key rngulato­
ry prnteins is controlled by post-translational modifications. 

Future Directions 
Now that biologists Ll!lderstand the physical basis of negative 
control and induction, what does the future hold? One promis­

ing line of research is focused on how the activity of many genes 
and operons is coordinated. For example, suppose that an 
E. coli cell in your gut is faced with starvation. Does it adjust the 

activity of hundreds or even thousands of its genes in order to 
survive? If so, how a.re changes in gene expression coordioated 

throughout the genome? Because biologists have a fairly solid 

understanding of how individual genes and operons are regulat­
ed, the nurent challenge is 10 explore how multiple genes and 

operons are controlled in a way that increases the fitness of bac­
terial cells. Answering these questions may be important to our 
understanding of how certain bacteria ace able to sustain info.:­

tions that threaten human bcaltb wd how some bacterial 
species are able to detoxify pollutants by using them as food. 

Chapter 19 introduces some techniques that biologists use to 
study coordinated changes in gene expression. 

ESSAY Control of Gene Expression in Bacterial Pathogens 
A staggering number of bacter ia are living in and on your body 
right oow. To give just one example, the number of bacterial 
cells in your mo urh at this moment far exceeds the number of 

people who have ever lived, including tbc world's current pop­
ulation of more than 6.4 billion. Virnially all of these bacteria 

are commensal- meaniug they live in association with their 
host without causing harm. 

As you know, however, a few bacterial species can cause dis­
ease. H ow are certain bacteria a ble to invade and harm us? 
How are dise~se-causing bacteria, or pathogens, transmitted 

from person to person? And bow can bacterial infections be 
controlled or prevented? In many cases, the answers depend on 

an understanding of bow the expression of key genes is con­
trolled. To drive this point home, consider Vibrio cholerae, the 
causative agent of cholera (Figure 17.15). 

Cholera is a dise.'.lse characterized by watery diarrhea that, if 
untreated, can lead ro dehydration and death. The disease is 

currently most prevalent LU Africa aod Asia, where 5 million 
cases occur each year. Because V: cho/1->rae is transmitted from 
person to perso□ when diarrhea from a□ infected individual 
contaminates drinking water, cholera occurs primarily in re­

A staggering 
number of 
bacteria are 
living in and on 
your body right 
now. 

gions with poor sanitation. 

Vibrio cholerae is extraordi­
narily flexible regarding the habi­

tats it occupies. For example, 
near the confluence of the Ganges 

and Brahmaputra Rivers in the 

Bengal region of India and 
Bangladesh, V. choleme can be 

found as tree-swimming cells, in­
side two different euka.ryotes, in 

dense l:iyers coating rocks and other underw~ter surfaces, and 

inside hur:nans. In the Bengal, most incidences of human infec­
tion occur during an outbreak that coincides with the end of 
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FIGURE 17 .1 S Vibrio cholerae, the 
Bacterium That Causes Cholera 
[©Dr. o .. nnis KunkelN isuals Uni mited]. 

the monsoon raiJlS in October and November each year. Th.is 
observation suggests that environmental signals trigger V. chol­

erae's yearly emergence as a human pathogen. 
\'Qbat genes allow V. cholerae co act as a human pathogen, 

and how are these genes regulated? Once it is ingested by a peJ:­

so11, V. cho/erae confronts an envi.ronme11t that is markedly dif­
ferent from its other habitats. In fact, most of the ingested 
bacteria are killed in the harsh, acidic environment of the stom­
ach. The few that survive enter the small intestine, where they 
encounter a thick layer of mucus that protects the intestinal 

ct:lls. Then, i11 u:sponsc co a ~till-unknown signal in tht envi­

ronment, major changes in V. cholcrac gene expression occur. 
The new proreins rhar are produced allow V. cholerae cells to 

move through the mucus layer and make contact with tbe in­
testinal cells. Each invading cell rben produces a short, hairlike 

projection called a pilus, which allows the V. cholerae u:.11 to at­
tach to an intestinal cell. The proteins required to create this 
structure result frnm the c0<1rdinately regnlatecl transcription of 
pilus-specific genes. 

Once the bacterial cells have at.cached to intestinal cells, 
V. dwforae begins to manufa~Utre and secrete a toxin composed 

~ 
ToxR protein 
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of two different polypeptide chains. When intestinal cells take 

up the toxin, a devastating chain of events occurs. T he roxi.n ac­
tivates a host protein that stimulates human adenylyl cyclase. 
Massive amonncs of cAMP are produced in response, resulting 

in a flow uf c 1- ions from the affecLed intestinal cells into the 
center (lumen) of the small intestine. Water follows by osmosis. 

The result is the warery cllarrhea sympmmaric of cholera. 

Although the diarrhea can be fatal to the hose, it increases 
the fitness of V. cholerae cells in environments where human 

sanitation is bad. Becaust: V. cholerae cdls are shed in diarrhea, 
they can enter drinking-water supplies iJ systems for t ransport­

ing and processing human sewage me in poor repair or nonex• 

iscent. In th.is way, V. d,olerae cells that induce diarrhea are 
efficiently transmitted to new hosts. Vibrio cholerae cells that 
have a lleles responsib le for diarrhea have higher fitness rhaa do 

V. cholerae cells that lack these alleles. 
The genes that encode the pilus proteins a.od cholera toxin 

are under the control of regulatory genes called the Tox (for 
toxin) loci. As Figure 17.16 shows, ToxR produces a transcrip• 

rion facmr rhar responds m a signal in the incesrinal environ· 

rnent. When the ToxR protein is activated, it stimulates 
transcrip tion of the ToxT gene. The ToxT product, ToxT, is a 

DNA-bimliug prutein that activate:; transcription of several 
genes required for infection, inclllding the genes that encode the 
cholera toxin subunits. These genes are called ctxA and cr:xB. 
As you might suspect, they are part of a polycistronic operon. 

Biologists are currently trying to translate research on gene 

regulation intu bt:tter tuol~ for fighting cholera. For example, 
blocking the activity of the ToxR or ToxT proteins should pre­
vent disease. This hypothesis has been supported by the obser­
vation that ToxR- mutants are harmless. Researchers are now 

attempting to develop drug.s that prevent ToxR from binding 
the sigual molecule, that stop ToxR frum activating ToxT, or 
that prevent ToxT from contacting DNA. 

The axiom "knowledge i~ power" ~pplies here: Although 

drugs like those proposed earlier are not yet available, reseaxcb 
on gene regulation has provided several novel and p romising 

drug rargers. 

0 
00 (Inactive) 

/ ToxT protein ~ 

~ TRANSCRIPTION ACTIVATION 

[14'qMp~~ 
ToxR protein ToxT gene ... 

(active) 

TIIANSCRIPTID\J ACTIVJJICIN 

ctxA ctxB 
... and other genes required for 
pilus formation and toxin production 

FIGURE 17.16 In the Cholera Bacterium, the Genes Required for Infection Are Regulated 
QUESTION Biologists have not been .:ihl@ to ider,tify thA sign.:iling molecule that triggers the cascade of 
events shown here. What properties must this molecule have? 
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CHAPTER REVIEW J., 
Summary of Key Concepts 

Changes in gene expres.~ion allow hacterial cells to respond tO 

environmental changes. 

Transcription in bacteria is constitutive or inducible. Consti­
tutive expression occurs in genes whose products are required 
at all ti.mes, sud1 as genes that t:m:o<le glycolycic enzymes. Ex­
pression of most genes is induced by environmental signals, 
however, so gene products are produced on demand. 

Precise regulation over gene expression is important to 
bacterial cells. For example, some species switch between djf­

ferent food sources to take advantage of the nutrients current­
ly available in their environment. Efficient use of nutrients is 
beneficial because cells are usually competing for access to re­
sources. In the intestinal bacterium E. coli, foe example, 
changes in gene expression a Uow cells to use lactose as a food 
source when glucose is not avai lable. 

Gene ex pression can be controlled at three levels: traa.scrip­
rioo, translation, or post-translation (protein activation). 

Among the three levels of gene regulation, there is a trade-off 
between the speed of response to changed conditions and the 
efficient use of resou rces. In post-translational control, for ex­
ample, the change in gene ex;pression is extremely fast but de­
mands a considerable investment of resources to make aod 
regulaLe the protein in quest.iou. 

Transcriptional control can be positive or negative. In the case 
of the genes for lactose me tabolism in E. coli, positive control 
occurs when a regulatory protein binds to DNA and increase.~ 

Questions 

Content Review 

1. Genes for enzymes in glycolysis arc expressed constirutivdy. Why? 
a. Thc,r ex:prcssion is controlled at thi-ce levels: cramcriptional, 

transiational, and post-cramlational. 
b. Glycolysis o<,;<,;urs at all timts, ~u they need ro synthesize ATP­

producing enzymes consramly. 
c. Transcription is activated only in response to signals indicating 

that ATP supplies are low. 
d. They do not need co be expressed when ferment,.tion inste,,d of 

cellular re~pirnri()n is {)CCtJrring. 

2. Why do researchers frequently begin a search for mutants by expos­
ing orgarnsn\S ro UV light or X-rays? 
a. The treatment causes mutants to turn yellow. 
b. The treatment triggers gene expression. 
c. The neatment exposes constitutive mutants. 
d. The nearment increases the mutation rate by damaging DNA. 

3. What is the goal of a generic screen? 
a. co identify individuals that have mutations in genes that are re­

quired for a particubr process 
b. to produce a large number of mutant individuals, which can lacer 

be analyzed in detail 
c. to determine whether the mutntions carried by particular individ­

u:1ls are in protein-coding genes or regulatory clements 
d. co determine the fitness or viability of mutant individuals 

the transcription rate. Negative cont rol occurs became anoth­
er r egulatory protein must be released before transcription 
can occur. 

Protein-coding genes involved in lactose metabolism arc nor­
mally rranscribed at low levels because a repressor protein 
binds to a DNA sequence-the operato.r-near their promoter. 
But when present, lactose binds to the reprcssor and induces a 
coafonnatioual chauge that cause~ tht: rt:pn:ss01 co fall off the: 
operator. Rapid transcription of the lac loci does not begin, 
however, unless glucose is also lacking. When glucose is 
scarce, cAMP levels r ise in the cell. This is important because 
the regulatory protein CAP undergoes a conformational change 
when it is bound to cAMP. The CAP-cAMP complex binds to 
a control sequence near the lac promoter and increases tran­
~criptiun by facilitating binding by RNA polymerase. 

Web Tutorial r.1 The l,1c Opcron 

Many regulatory proteins bind to specific sites io DNA. Be­
cause different regulatory proteins have different amino acid 
sequences, they bind to <lifft:rent DNA sequences. 

The regulatory proteins involved in negative control and posi­
tive control are often aUosterically regulated, meaning chat they 
have the ability to switch between two different conformations 
in response co binding a small molecule-often a nutrient or 
product affected by the gene being regula,ed . The change in 
conformation a ffecrs rhe protein's ability to bind to DNA. 

4. Why are the genes in\'olved in lactose metabolism considered to be an 
011t:ro11? 
a. They occupy adjacenr locations on the E. coli chromosome. 
b. They have a similar function. 
c. They are all required for nonnal cell function. 
d. They are uadcr tbe control of the same promoter. 

5. What is catabolitc rep rc$sioo? 
a. a rnecfomism that turns off 1he syutb~sis of euzywes responsible 

for catabolic reactions wherr the product is presem 
b. a mechanism chat rnrns off rhe synthesis of enzymes responsible 

for cacabolic reactions when the product is absent 
c. repression that occurs because of allo~reric ch:mge.~ in a regnla­

tory protein 
cl. repression that occurs because o f allosteric changes in a DNA 

sequence 

6. What is a helix-rum-helix moci1? 
a. a prorein domain involved in folding into the active conformation 
b. a protein domain involved in induction 
c. a protein domaia involved in DNA binding 
d. a protein domain involved in camlysis 
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Concept ual Review 

I. Explain the difference becv.·een positive and negative control over 
transcription. Why is ir adv:mtageous for the lac operon in E. coli to 

be under both positive control and oeglltive control? What would 
happen if only negative control occurred/ What would happen if 
only positive control occurred? 

2. ln F.. wli, rising levels of cAtvLP can be a considered a starvation sig­
nal. Explain. 

3. Explain 1ht: role of po~t-tran~lational comrol in the:: lac opt:ron. 

Group Discussion Problems 

1. You are inter~ce<l in u~iug l.,.,<.:1eria to metabolize wa~te~ at an old 
chemical plant and convert them into harmless compounds. You 
find bacteria that are able to tolerate high levels of the to)cic com­
pouncis toluene and henzene, and you suspect that it is due to the 
ability of the bacteria to break these compounds into Jess-toxic 
products. If that is true, these toluene- and benzene-resistant strains 
will be valuable for deaning up toxic sites. How could you find out 
whether these bacteria have enzymes tbat allow them to metabolize 
toluene? 

2. Assuming that the bacteria you examined in Group Discussion l'rob­
lem 1 do have an enzymatic pathway to break down toluene, would 
you predict that tbe genes involved arc constitutively expressed, 
under positive control , or under negative control? Why? What ex­
periments could you conduct to test your hypothesis? 

3. The lad mutants are constitutive became the repressor fails to rec­
ognize and bind to the operator region. Other repressor mutants 
have been isolated that are ca.lied Lac15 mutants. These repressor 
proteins continue to bind to the operator, even in tbe presence of tbe 
inducer. How would this mutation affect the function of the lac 
operon? Specifically, how well would Lacl5 mutants do in an enyi­
ronmeot that lias lactose as its sole sugar? 

4. X-gal is a colorless, lactose-like molecule that can be split into two 
fragments by /3-galactosidase. One of these product molecules is 
blue. The following photograph is a dose-up of E. coli colonies 
growing in a mediu m that comains lacto~. 

Answers to Multiple-Choice Questions 1. b; 2. d; 3. a; 4. d; 
5. a; 6. C 

www.prenhall.com/frecmnn ,~ your resour-:c for the foll,nvini;: 
Web Tutorials; Online QLl- ✓~c, anJ other Online Srndy Guide 
nJLeriJh; Answers m Con-.cptual Rc,icw Quc,r·ons, S<>ltrion, to 
Group Discu,sion Problem,; Amw~r, to h~urc C,1p1i1111 Quc,tiom 
,rnJ E,e,.:isc,; and AdJi1ional Reading~ ~nd ResearLh. 
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4. CAP is also known as the cAMP-recepror protein. Why? 

5. Explain how the lac repressor binds to DNA. Then explain the rela 
cionsh.ip betwecu the two-fold rotational symmetry of the operator 
am! tht: four-part ~1Tucture of the repressor protein. 

6. The galacrose released wben ,8-galaetosidase cleaves lactose enters 
the glycolytic pathway in E. coli once a series of enzyme-catalyzed re­
actions has converted d1e galactose to glucosc-6-phosphate. W'hy, 
then, is glu<.:os~, not lat.to~, the preferred sugar in E. coli? 

Draw a line to three colonies whose cells have functioning copies of 
/3-galactosidase. Draw a line to three colonies whose cells have mu­
tations in the lacZ locus or in one of the genes involved in regulation 
of the /acZ. Suppose you could analyze the sequeucc of the 
,8-galactosidase gene from each of the mutant colonies. How would 
these data help you distinguish which cells are structural mutants 
and which are regulatory mutants? 
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18 Control of Gene 
Expression 
Eukaryotes 

KEY CONCEPTS 

Changes in gene expression allow 
eukaryotic cells to respond to changes in 
the environment and cause distinct cell 
types to develop. 

In eukaryotes, DNA is packaged with 
proteins into complex structures that must 
be opened before transcript ion can occur. 

In eukaryotes, t ranscription can be initiated 
only when specific proteins bind to the 
promoter and to regulatory sequences 
that may be close to the promoter or far 
from it. 

Alternative splicing allows a sing le gene 
to code for sever;il different products. 

Cancer can develop when mutations 
disable genes that regulate cell-cycle 
control genes. 

A eukaryotic cell's DNA being transcribed. Tne horizontel strand in the middle o~ 1he m·crograph 
is DNA; the yellow strands above and below it are rnRNAs. 

I
n bacteria, precise regulation of genes is essential for cells 
to respond to changes in their environment, as Chapter 17 
indicared . Tn Escherichia coli, the genes that are required 

to irnpon and cleave lactose arc rapidly expressed only when 
the cells have to rely on lactose as a source of energy­
meaning glucose is ahsent and lacrose is present. Vihrio cholerae 

can live in a wide array of environments, but the genes that 
allow the cells to infect a human are expressed only when che 

cells find themselves inside someone's small intestine. 
Unicellular eukaryotes face similar challenges. Consider the 

yeast Saccharomyces cerevisiae, which is used extensively i11 the 
production of beer, wine, and bread. ln natw·e, the cells Live on 

the skins of grapes and other frujts. In t he wild, variation in 
temperature and humidity can be high. In addition, the sugars 

thar a rc available to the cells change dramatically i,n type and 
concentration as the fruit that they are living on ripens, faJls, 

and rots. For yeast cells Lo grow an<l reproduce efficiently, gene 
expression bas to be modified in.response to these envi.ronmen-

382 

ta! changes. Further, the offspring of a cell that lived on a grape 
may be blown to a nearby orchard and take up residence on an 

apple. The geni::s that are expresse<l in the cells of grapes versu~ 
those el\.l)rcsscd in the cells of apples vary markedly. 

The cells that make up multiceUular eukaryotes face an even 
greater chalii::nge. Consider that, al one time, your body con­
sisted of a single cell- a fertilized egg. Now you ho.ve trillions 
o f cells, each of which has a specialized strucmre and function. 

Yuu ha v~ heart muscle cells, lung cells, nerve cells, skin ce lls, 
and so on. Even though these cells look :ind behave very differ­
ently, e~ch of them contains the same genes. Your bone cells a re 

different from your blood cells not because they contain differ­
ent genes, but because they express djfferent genes. Your bone 
cells have blood cell genes-rhey just don't transcribe them. 

How is it possible for the cells inside your body to express 
unique secs of genes? The answer is that your cells respond to 
changes in their environment, ju~, as bacteria and wticellular eu­

karyotes do. But instead of responding to the presence of mole-

tapola
Copyright
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cules such as glucose or lactose in the external environment, your 

cells respond to the presence of sign::i ls from other cells-from ::in 

internal envirvmnent. As a hnman being or an oak tree deYelops, 

cells that ate located in different parts of the organism are ex­

posed ro differenr signal~. As a resulr, they express different genes. 

Differential gene expression is responsible for creating different 

cell types, arranging them into tissues, and coordinating their ac­

tivity ro form the multicellular society we call an individ ual. 

H ow docs all this happen? Unit 4 explores the nature of the 
signals that tr igger the formation of rn.uscle, oone, leaf, and 

flower cells in multiceUular organisms. Here we need to focus 

on what happens once a eukaryotic cell receives a signal. Let's 

begin by snrveying the various ways that gene expression can be 

controlled and then plunge into a detailed look at key points in 
gene regulation. The chapter closes with a look at how break­

downs in the co11trol of gene expression t:an help trigger cancer. 

18.1 Mechanisms of Gene Regulation­
an Overview 

Like bacteria, eukaryotes can comrol gene expression at the 

levels of transcription, translation , and post-translation (pro­

rein acrivarion or inaccivarion). Bur as Figure 18.1 shows, cwo 

additional levels of control occur in eukaryotes as genetic infor­

mation flows from DNA to proteins. T he first level involves the 

DNA-protein complex at the rop of the figu(e. In eukaryotes, 

DNA is wrapped around proteL11s to create a protein-DNA 

complex called chromatin. EL1karyotic genes have promoters, 

just as bacterial genes do. Before transcription can begin in eu­

karyotes, DNA near the promoter must be released from t ight 

imeraction~ with prvtein~ ~o tbar RNA polymera~e;: t:an make 

contact with the promoter. To capture this point, biologists say 

that chromatin remodeling must occur prior to transcription. 

The second level of regulation that is unique to eukaryotes in­

volves RNA processing-the steps required to produce a mature, 

prot:e;sed mR..'-JA from a primary RNA transcript, the preliminary 

result of transcription. Recall &om Chapter 16 that introns have to 

be spliced out of primary transcripts. In some cases, carefully or­

chestrated altecacions in the splici11g pattem U(;Cur. Wheu the splic­

ing events in a particular primary RNA transcript change, a 

different message emerge~. The a ltered message, in turn, leads to 

the production of a different product. 

H ow many of the five potential control points shown in 

Figure 18.1 are at:rually used? In all cells, every one of chem ii; 
employed at certain times. The primary focus of chis chapter is to 

explore three of t h.ese key transition points: (1) control of pack­

ing DNA into chromatin (control over chromaLin remodeling), 

(2) control of transcr iption, and (3) control of RNA processing. 

Tu appreciate the breadrh and complexity of gene regulation 

in eukaryotes, let's follow the series of events that occurs as an 

embryonic cell responds to a developmental signal. Suppose a 

molecule arr ives that :spe;:t.:ifie;::s thi:: pwdU<.:tiou of a m uscle­

specific protein. What happens next? 
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A & •• __. J/11 WI _,. • ,,11...-. 
'f:-:~':'~":'"::-~ 

Nucleus D Chroma1in 
(DNA-pro1ein complex} 

1. Chromatin remodeling 

2. Transcription 

3. RNA processing 

~ "Open" DNA 

Primary transcript 
(pre-mRNA) 

Cap·--~Tail 
Mature mRNA 

I Cytoplasm 

mRNA I 
4. Translation 

5. Post-translational B 
modttication (folding,~ 
transoort, activation 
of protein) 

espan varies) I 
RNA I 

Active protein 

FIGURE 18.1 In Eukaryotes, Gene Expression Can Be Controlled 
at Many Different Steps 
Numerous steps occur during protein synthesis in eukaryotes. Each 

step provides an opportunity for regulation of gene expression. 
EXERCISE Pl.:icc and label ;; hori2ont.:il line $Och th.it mcch;;nisms 
of transcriptional control fal, above the line dnd med,anisns of pose• 
trnnscriptional control fall below it 

18.2 Eukaryotic DNA and the 
Regulation of Gene Expression 

1£ the arrival of a sig11ali11g molecule from outside d1e cell is going 

to result in the transcription of a particular gene, the DNA around 

the target gene must he drasrjcally remodeled. To appreciate why, 
consider that a typical cell in your body contains about six billion 

base pairs of DNA. Lined up end to end, these nucleotide pairs 

would form a double helix abour 2 m (6.5 feet) long. But the 

nucleus that holds this DNA is thinner than a sheet of paper. 

In eukaryotes, DNA is packed inside tbe nucleus so tightly that 

ThA polymi:rase cau'r acce;s ic. Part of this padung is done by 
supercoiling- meaning the DNA double helix is twisted 011 itself 
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many times, just as in bacter ial chromosomes (see Chapter 7). The 
supercoiled DNA found in bacteria does not need to be altered ex­
tensively before it can be rranscribed, however. EukaryoLic DNA 
is different-it bas to undergo a series of significant physical 
changes before transcription can rnke place. T he reason is char su­

percoiling is just part of the packing system found in eukaryotes. 

Chromatin Structure 
The first daca on the: physical nature of eukaryo1ic DKA were 

published in the early 1900s, when chemical analyses estab­

lished rhar eukarymic DNA is inrimately associated wirh p ro­
teins. Later work documented that the most abundant 
DJ\"A-associated proteins belong to a group called the his-tones. 

Tu 1be 1970s electron miuographs like the oue in Figure 18.2a 
revealed that the protein-DNA complex, or chromatin, bas a 

regular structure. In some preparations for electron microscopy, 
chromati.n actually looked like beads on a string. The "beads" 
came to be called nucleosomes. More details emerged in 1984 
when researchers determined the three-dimensional structure of 
eukaryotic DNA by using X-ray crystallography (a technique in­

troduced in Chap ter 4). The X-ray cryscaJlographic data indicat­

ed that each nucleosome consists of DNA wrapped almost twice 
around a core of eighr hisrone proteins. As Figure 18.2b indi­

cates, between each pair of nudeosomes there is a "linker" 
stretch of DNA associated with a histone called H1 . 

The intimate association between DNA and histones occurs 
in part because DNA is negatively charged and histones are 

positively charged. D NA has a negative charge because of its 
phosphate groups; histones are positively charged because they 

contain many lysine ~nd/or arginine residues (see Chapter 3). 
More xecent work has shown that there is another layer of 

complexity in eukaryotic D~A. As Figure 18.2c indicates, Hl 

h iscones interact with each other and with histones in other nu­

cleosornes to produce a tightly packed structure. Based on its 

width, chis structure is called tht: 30-nanometer fiber. (Recall 
that a nanometer is one-billionth o f a meter and is abbreviated 
nm.) Often, .,0-nm fibers are packed into still larger structures, 

which organize DNA inside the nucleus. 
The elaborate strucrure of chromatin does more than just pack­

age DNA imo the nucleus. Chromatin structure has profound im­
plications for the control of gene expression. 'Io drive this point 

home, wn~ider tht: 30-nanoructer fiber illustrated in Figure 18.2c. 
If this tightly packed stretch ot DNA contains a promoter, how can 
RNA polymerase bind to it and initiate transcription? 

Evidence that Chromatin Structure Is Altered 
in Active Genes 
Once the nuclcosomc-based structure of chromatin was estab­
lished, biologists hypothesized that the close physical inter­
action between DNA and histones must be altered for RNA 
polymerase to make contact with DNA. More specifically, biolo­

gists hypothesized that a gene could not be transcribi::d until the 
chromatin near its promoter was remodeled. T he idea was that 
tht: l,hwmatin rnust be relaxed or decondensed for RNA 

(a) Nucleosomcs in chromatin 

(b) Nucleosome structure 

DNA ---......__ 

H1 protein 
attached to 
" linke~' ONA 
and nJcleosorre 

(cl 30-Nanometer fiber 

! 
k-30 nm -.I 

FIGURE 18.2 Chromatin Has Several Levels of Structure 

(a) Electron micrograph of chromatin, showing that bead-like 
strncbirl!s, called nucleosomes, are linked by short stretches of DNA. 

(b) X-ray crystallographic data rev.oaled that nucleosomes consist of 
DNA wrapped around a core of eight histone proteins. The linker 
DNA is associated with a porticular histone called H 1. (c) A model of 

the structure of the 30-nanometer fiber. It proooses that H 1 proteins 
form a core in the center of the f iber. Each ball here represents a 
group of eight histones, to make the overall structure of the 
30-nanometer fiber clearer. 

polymerase to bind to t he promoter. If so, then chromatin re­
modeling would represent the first step in the control of eu­

karyotic gene expression. Two types of srudies have provided 
strong support for this hypothesis. 

The first rype of evidence comes from studies wirh the enzyme 

DNasc, which cuts DNA at random locations- DNase cannot cut 
DNA efficien tly if rhe molecule is tighrly complexed with his-
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DNase assay for chromatin structure 

Condensed chromatin 
(with histones} 

Condensed chromatin 

Open DNA 
{few histones) 

fl Treatment w ith ij ONase I 

Degraded DNA 

FIGURE 18.3 ONa,e Cannot Cut Intact Co nden""d Chromatin 
DNase is an enzyme that cuts ONA at random locations. 

rones. As Figure 18.3 shows, tbe enzyme works effectively only if 
DNA is in the "open" configuration. Harold Weintraub and 
Mark Groudine used this observation to test the hyporhesis rhar 
the DNA of actively transcribed genes is in an open configura­
tion. They performed the test by comparing the structu.re of chro­
matin in two gent:l> of the ~ame L:cll type: the ,6-glouin a11d 
ovalbumin genes of chicken blood celJs. /3-Globin is a protein 
char is parr of the hemoglobin found i.u red blood cells; oval­
bumin is a major protein of egg wh.ite. In blood cells, the /3-globin 

gene is transcribed at high levels. The ovalbumin gene, in con­
rrast, is not transcribed at all. After treating blood cells with 

DNase and then analyzing the state of the /3-gJobin and ovalbu­

rnin genes, the researchers found that DNa~e c;ut up the ,6-globi.J1 
gene much more readily than the ovalbumin gene. They inter­

preted this finding as evidence that chromatin in blood cells was 

in an open configuratiou at the /3-globin gene but closed at the 
ovalburnin gene. Analogous studies using DNase on different 

genes and in different cell types yielded similar results. 
The second type of evidence in support of the chromatin-re­

modelj_ng hypothesis comes from sludies of mutant brewer's 
yeast cells that do not produce the usual complement of bis­
rones. Researchers found that many yeast genes char are nor­

mally ncYcr transcribed arc instead transcribed at high levels at 
all times i.n these mutant ceIJs. To interpret this fi.nding, biolo­
gists hypothesized that the lack of histone proteins prevented 

the assembly of normal cbromatin. If the absence of normal 
histone-DNA i.nterac;tion~ promut~ aaru;uiptiun, tht:11 the pres­
ence of normal histooe-DNA interactions must prevent it. 

Taken together, the data suggest that the normal or defaulc 
state of eukaryoiic genes is to be turned off. If so, then gene ex­
pression depends on chJ'Omatin being opened up in the pro­

moter region. 

How Is Chromatin Altered? 
Although much remains to be learned about how chromatin is 

opened up prior to transcription. researcl1ers have made impor-
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tant progress recently, One key finding is that cwo major types 
of protein are involved in modifying ch roma rin strucrure. One 

group of proteins creates structures called chromatin-remodeling 

complexes, which reshape chromatin through a series of reac­

t ions that are dependent on ATP. It is nor known exactly how 

these ATP-dependent enzymes work, however. The second type 
of chromatin-modifying protein works by ;idding 5mall mole­

cules such as acetyl (CII.iCOOH) or methyl (CH3) groups 
to b.istones. These processes are known as acetylat ion and 

methylation, re.speuively, 
Figure 18.4 shows how the enzymes called histone acetyl 

t ransferases (HATsJ affect cbromarin srruccure. HATs acerylare 
the positively charged lysine residues in histones. When a HAT 
adds an acetyl group to selected histones, the number of posi­

Live charges on the histones is reduced. The result is less elec· 
trostatic attraction between histones and the negatively charged 

DNA. The association between nudeosomes an<l DNA is loos­
ened and the chromatin decondenses. 

Fignre 18.4 ~ lso shows how chromatin is '' recondensed" by 

a group of en,:ymes called histone deacetylases (HDACs), wb.icb 
remove the acetyl groups added by HATs. Histone deacetyfase 

ac;tiv ity reverses rhe effects of acecylation, returning chromatin 
to its default condensed state. If HATs are an on switch for 
aanscription, HDACs are the off switch. 

What happens once a section of DNA is opened up and ex 
pmed to RNA polymerase? fn hacteria, t he rrotein sigma hinds 

to RNA polymerase and allows it co contact the promoter. Then 
transcription begins if any required positive regulators, such as 
CAP, axe in place and negative regulawrs, such as thereprcssoz; 
are absent. Does anything similar happen jn eukaryotes? 

Condensed chromatin ~. ~. ~ ~-~ ~ ~-~ ~ ~ -----------------------. . . . . . - - . . -. 

Decondensed chromatin 

FIGURE 18.4 Chroma tin Decondensation and Condensation Are 

Driven by Histone Acetyl Transferases and Histone Decicetylases 
Histone acetyl transferases (HATs} cause chromatin to decondense, 
and histone deacatylases (HDACs) cause itto condense. EXEROSE 

In decondensed chrorratin, e3ch nucl,wsome has an acetyl gro,;p 
attached to it. Indicate this by adding • Ac" to se~eral nucleoso1110::. 111 

the bottom part of the drnwinq. 
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✓CHECK YOUR UNDERSTANDING 

Eukaryotic DNA is wrapped t ightly around histones, forming 
nucleosomes, which are then coiled into dense structures 
called 30-nm fibers. Before transcription can begin, the chro­
matin (DNA-protein complex] must be relaxed by chromatin­

remodeling complexes and HATs so that RNA polymerase 
can contact the promoter. You should be able to (1) draw 
and label the structure of a nucleosome and a 3D-nm fiber 
and explain t heir function, and (2) compare and contrast the 
structure of DNA in bacteria versus that in eukaryotes. 

18.3 Regulatory Sequences 
and Regulatory Proteins 

Chapter l 6 introduced the promoter-the site in DNA where RN.A 

polymerase bind5 to initiate transcription. Eukaryotic promoters 
arc located about 30 nucleotides upstream of the point where RNA 

polymerase begins transcription. Many comain a specific base se­
quence, known as-a TATA bo><, where a sigma-like protein binds and 

allows RNA polymerase to contact DNA. Based on their position 
aud function, eukaryotic promoters arc much like bacterial pro­

moters. Recall &om Chapter 16 that bacterial promoters may vary 
in_ sequence and bind diffcrcut types of sigma proteins. Eukaryotic 

genes that are o:anscribed by RJ.'-l"A polymerase II also have pro­
moters that vary in seque.nu:, but all eu.karyuti<.; promoters a.re 

bound by tbe same protein: the TATA-binding protein (TBP). 

[f e11k::1ryoric genes have promorers that interact with the 

same promo ter-binding protein, how can transcription be con­
trolled? The answer lies in interactions between reguJatory pro­

teins and regulatory sequences. Euka ryotic regulatory proteins 
are analogous to E. co/l's CAP and the repressor protein ana­

lyzed .in Chapter 17. Regulatory sequences are sections of DNA 
that a.re involved in controlling the activity of genes, similar to 

the CAP sitt: aml upe::ratoxs inuoduct:d in Cl1aptt:r 17. 

As it rurns out, some regulatory sequences Found in eukary­
otes are very similar to those observed in bacteria. Others are 
radically different. Let's take a closer look. 

Promoter-Proximal Elements 
The first regulatory sequences in eukaryotic DNA were discov­

e red in the late 1970s, when Yasuji Oshima and co-workers de­
veloped an important model system to study control of gene 

expression in eukaryotes. Much as Fran1co.is Jacob and Jacques 
Monod had focused on lactose metabolism in E. coli, Osh.i.roa's 

team set out to understand how yeast cells control the metabo­
lism of the sugar galactose. When gaJactose is absent, yeast cells 

produce tiny qna.ntities of the enzymes required to metabolize 
it. But when galactose is present, transcription of the genes en­
coding these e11zymt:s increases by a factor of 1000. 

Oshima and co-workers focused their early work on mu­
tants that wcct: unable ro use galactose. The ream's first m ajor 

result was the discovery of mutant cells rbat failed to produce 

any of the five enzymes required for galacrose metabolism, even 

if gala<.;tose was present. To interpret this observa tion, they hy­
pothesized that the cells bad a knock-out (loss-of-function) mu­

tation that complet.ely disabled a regulatory protein. Like CAP, 
this hypothesized protein was thought to cxe1t positive control 
over the five genes. T he team called the gene GAL4 and the 
protein produce GAL4. (hl S. cerevisi1ie, the names of genes are 
written in fujJ caps and italicized. As in other species, gene 

names are italicized but protein names a re not.) 

This hypothesis was supported when other researchers isolat­
ed the regulatory protein and found that it has a DNA-binding 

domain, analogous to the hdix-tu.rn-heliK motif introduced in 
Chapter 17. T he domain binds to a 20-base-pai.r stretch of DNA 
locattx.l just upstream from the promoter for the five genes chat 
GAIA reguJates. The location and st ructure of this regulatory se­

quence are comparable to those of the CAP binding site in the lac 
operon of E. coli. Similar regulatory sequences have now been 
found in a wide array of eukaryotic genes and specie;;. Because 

such sequences are located close to the promoter and bind regu­
latory proteins, they are termed promoter-proximal elomgnts. 

As Figur~ 18.5 shows, promoter-proximal elemt:ot~ are iust 
upstream from the promoter and the gene's start site; the exons 
a nd imrons rhat make up the actual gene are fanher do\;\'tl· 

stream. Unlike the promoter itself, promoter-proximal clements 
have sequences that are unique to specific genes. In this way, 

they furnish a mechanism for eukaryotic cells to exert precise 
control over transcription. 

TI1t: discovt:ry uf positivt: control aml promoter-proximal el­
ements provided a satisfyi.ng parallel between gene reguJation 

i□ bacteria and in eukaryotes. Th.is picture changed, however, 
when researchers discovered a new class of eukaryotic DNA 
regulatory sequence~-sequences nnlike anything in hacteria. 

Enhancers 
Susumu Tonegawa and colleagues made a discovery that may 
rank as the most startling in the history of research o n gene ex­
pression. Tonegawa's group was exploring how human immune 

system cells regulate the genes involved in the production of anti­
bodies. Antibodies are proteins that bind to specific. sites o n 

other molecuJes. In your immune system, antibodies bind to 
viruses and bacteria and mark them for destruction by other 

Proioter r Start ~ite 

~ tj'~ "" ~ I Exon lnlron Exon lntron Exon 
Promoter-proximal 
element 

FIGURE 18.5 Promoter-Proximal Elements Regulate the 
Expression of Some Eukaryot ic Genes 

All eukaryotic genes have promoters, the sites where RNA polymerase 
initially is in contact with ,he gene. Exons and introns are not drciwn to 
scale throughout this chapter. They are typically very large compared 
with promoters and promoter-proximal [regulatory) elements. 
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cells. The antibody gene that the researchers were working with 
is broken into many introns and cxons. lntrons arc DNA se­
quences spliced out of the p.rimary mRNA mmscripr; exons are 

regions of eukaryotic genes that are included in the mature RNA 

once splicing is complete. The biologists used techniques that 

will be imroduced in Chapter 19 to place copies of an intwn in 

new locations and had found that , when they p laced the intron 

close to a gene, the gene's cranscripcion rare increased. Based on 
this observation, Tonegawa and co-workers hypothesized that 
the intron contained some sort of regulatory sequence. 

To test this hypotl1c::sis, the:: biologists performed what is now 
considered a classic experiment (Figure 18.6). The protocol was 

simple in concept: Starring with a human antibody-producing 

gene that included an intron flanked by tv.·o cxons, as shown in 

step 1 of Figure 18.6, the team removed different portions of the 

irnson and observed whed1cr u-anscription of the gene still took 
place. The researchers used enzymes to cut out specific pieces of 

the inrron in multiple copies of ilie gene (step 2) and to ligate the 

resulting sections bacl< together (step 3). Each of the modified 
genes was missing a different section of the Lntron. Then the team 

Question: Can a regulatory sequence in DNA be located far from the promoter? ----
Hypothesis: A regulatory sequence exists far from the promoter of an antibody-producing gene-in an intron. 

Alternative hypothesis: Regulatory sequences are located close to the promoter-not in introns or in other distant sequences. 

Experimental setup: Antibody-producing gene 

Noncoding ~ -- . . . - 1 ~ Noncod1ng flankingregion · ~~~ 
Promoter Exon intron Exon flanking region 

Enzyme 

#\\6~ 
Promoter 

f t,-r~ 

~f., .. , '""''"" 
~~~ 

Normol human 
antibody-producing 

cell 

Promoter Exon 

2 

Control mouse 
cell (no gene 

inserted) 

tntron Exon 

~ 

3 

Intact gene 
[as in call 1) 

in mouse cell 

4 

Modified genes 
in mouse call 

Prediction: Transcription will be reduced when part of the intron is deleted. 

Prediction of alternative hypothesis: Transcription will not be affected by deleting part of the intron. 

1. An antibody-producing 
gene In humans has a 
large intron. 

2. Use enzymes to cut out 
specific sections of the 
intron. (Several sections were 
cut out-only one example 
is shown.) 

3. Use an enzyme to 
put DNA fragments 
back together. 

4. Introduce intact or 
modified genes into 
mouse cells, which do 
not normally prod.Jee 
this protein. Different 
types of modified genes 
are missing different 
portions of the intron. 

I Results: 

Amount of antibody l 
I mRNA produced Genes that have a specific section of 

~/ intron deleted are not transcribed 
~---,----2..-,---3~1 --~4~ 

Condusion: The deleted part of the intron must contain a regulatory sequence that is required for transcription. 
Thus, regulatory sequences in DNA may be located far from the promoter-in this case, in an intron. 

FIGURE 18.6 Evidence That Enhancers Are Required for Transcription 

QUESTION Why did :he researc~ers assess mRNA production in human cells that did not receive a modifico or intact gene? 
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Enhancer 
,---'-, 

ProToter r Start site 
Enhancer 
~ 

~,(~ 

Enhancer 
,---'-, 

Promoter-proximal 
element 

Exon 

FIGURE 18.7 Enhancers Are Far from the Genes They Regulate 

lntron Exon lntron Exon 

Eukaryotic genes often h;ive more than one enhancer. Enhancers can be located either 5' or 3' to the gene 
they regulate or in introns and can be located tens of thousands of base pairs away from the promoter. 

inst!rted different versions of tb.e geoe into mouse cells, which do 

ooc normally concain the amibody-producing ge11e. Some mouse 
cells received norma l copies of the gene; some received copies of 
che gene missing different portions of the inrron; some received no 

gene (step 4). Finally, the researchers analyzed rhe mRNAs that 
were pcoduced and compared them with mRNA from a normal 

human cell aml from mouse cell~ rhat rt:et:ivt:<l the normal gene. If 
their hypothesis was correct and a regulatory sequence was locat­
ed inside the intron, then some of rhe modified genes shou)d lack 

that sequence. Transcription should be reduced in genes lacking 
the regulatory sequence. 

As the "Results" of Figure 18.6 ~hows, some of the molli­
fied copies of the gene were not transcribed at all. The message 
is clear: The gene is not minscrihed if terta in _parts of the in ­

tron are missing. Tonegawa and co-workers proposed that the 
intron conrains a regulatory sequence that is required for 
transcription ro be activated. 

This result was remarkable for two reasons: (1) the regulato­
ry sequence was thousands of hases away from the promoter, 

and (2) it was downstream of the promoter instead of upstream. 
Regulatory elements that are far from the promoter are termed 
enhancers. Follow-up work has shown J1at enhancers occur i_n 
all eukaryotes and that they have several key charactenstjcs: 

• Enhancers can be more rhan 100,000 bases away from the 
promoter. They can be located in introns or in untranscribed 
5' or 3' sequences flanking the gene (see Figure 18.7). Re­

searchers have yet to find enhancers located in exons. 

• Like promocer·proximal dernents, many types of enhancers 
exist. Different genes are associated with different enhancers. 

• Enhancers can work even if their normal 5' _,. 3' orientation 

is flipped. 

• Eoha111:ers can work even if they an: moved co a uew loca­
tion in tbe vicinity of the gene, on the same. chromosome. 

Enhancers are regulatory sequences that are unique ro eu­

karyotes. In addition, eukaryotic genomes contain regulatory 
sequences thar are simil~r in structure to enhancers but oppo­

site in function. These sequences are silencers. When silencers 
are acrive, they sbur down transcription. 

Once enhancers and silencers bad been chararn:rized, ir was 

clear that they represented a type of regulatory sequence that 
worked very d ifferently than promoter-proximal elements did. 

For example, there was good evidence tbat GAL4 and other 

types of regulatoqr protci.os bind ro promoter-proximal elements 
and interact directly with TBP or RNA polymerase. These ioter­
acrionR sr:lbil ize , binding and promote transcription. Bur how 

could a regulatory sequence that is distant from the promoter 
help initiate transcription? 

How Do Enhancers Work? 
An experimenr rh::ir followed up on Tonegawa's work with anti­

body-producing genes supported the hypothesis that enhancers 
are binding sites for proteins that regulate transcription. As 
Figure 18.8 shows, n:st:an:hers wt the t:nbarn.:er sequence Crom 

an anribody-produci.ng gene and spliced it itlto copies of the gene 

that codes for the protein /3-globin. When this modified gene 
was inserted into antibody-producing cells, which normally do 
not express the gene for {3-globin, the {3-globin mRNA was 

pro<luced . This result suggtlstli that anriboJy-produciDg cells con­
tain some factor that interacts specifically with the antibody­
producing gene's enhancer ro induce transcription. Follow-up 

work showed that tbc factor is a regulatory protein. Enhancers 
are regulatory sequences where regulatory proteins bind. 

Ily analyzing mutant yeast, fruit flies, and roundworms that 
have defects in the exp.ression of particular genes, biologists 

have idenrified a large number of regulatory proteins chat bind 
to enhancers and silencers. This research program has sup­
ported one of the most ge.neral conclusions about gene regula­
tion in eukaryotes: In multicellular species, different types of 

celJs express different genes because they contain different reg­

ulatory proteins. These regulatory proteins, in cum, are pro­
duced in response to signals that arrive from other cells ea.rly 
in embryonic development. For example, a signaling molecule 

might arrive at a cell early in development and trigger the pro· 
duction of regulatory proteins that are specific to muscle tells. 

Because the regulatory proteins bind to specific enhancers and 
silencers and promoter-proximal elements, they trigger the 

production of muscle-specific proteins (Figure 18.9). l f no 
" become a muscle cell" signal ar rives, then no muscle-specific 
regulatory proteins are produced and no inuscle-speci_fic gene 

expression takes place. 

To summarize, differential gene expression is bused on the 
production of specific regularory proceins. Eukaryoric genes a re 
turned on when specific regulatory proteins bind to enhancers 
and promoter-proximal elements; the genes are turned off 
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Question: What is the role of enhancers in gene expression? ----------------~--~---
Hypothesis: Enhancers are binding sites for regulatory proteins that activate transcripiion. 

Null hypothesis: Enhancers are not binding sites for regulatory proteins that activate transcription. 

Experimental setup: 
Antibody-producing gene S 

Exon lntron . Exon ~ 
Enhancer ~-globin gene 

·~~ 

Modified DNA 

~ hancer + ~-globin) \ 
Control DNA 

/(~-globin only) 

rv 

~ .. + +--~-~~ 
1. Use an enz:yme to cut the enhancer out 
of the intron of the antibody-producing gene. 

2. ln~ert enharu;er near coding 
sequence for f3-globin gene. 

3. Insert monrfied J',-globln oene or a r.ontrol (unmodified) 
~-globin gene into antibody-producinQ cells, which usually 
do not express ~-globin. 

Prediction: ~-Globin mRNAs will be produced in the cells wil h enhancer present but not in the control. 

Prediction of null hypothesis: ~-Globin mRNAs will not be produced in either group of cells . 

Results: 

Amount of ~-globln 1 
mANA produced _ 

~ -~,-------~, --
Enhancer present Enhancer absent 

Conclusion: Antibody-producing cells must contain a factor that interacts specifically with the enhancer for the 
antibody-producing gene and results in transcription. 

FIGURE 18.8 E'llidence That Enhancers Are Involved in Tissue-Specific Expression of Genes 
Researchers anached the enhancer sequence from an antibody-producing gene to the coding sequence for 
the f.l-globin gene. The altered gene was expressed in antibody-producing cells, which normally do not 

produce J3-globin. 

EXTRACELLULAR SIGNALS TRIGGER CELL-SPECIFIC GENF EXPRESSION. 

Regulatory proteins 

1. Signal arrives at cell with message: 
' Become a muscle cell. • • 

2. Regulatory proteins are produced 
in respons:1 to s gnal. 

• 

~P. 3. Regulatory proteins bind to regulatory sites in DNA, 
triggering expression of musc•e-cell-specific genes. 

Promoter-proximal 
element TRANSCRIPTION 

Cell 

t,; ~~~✓~ ' 1i.1:: ... rwr.1 .. ~ . ~ ~,6~~ ,€1\.~ .tW 
Enhancer lntron Exon lntron Exon Enhancer 

Promoter RNA 
Gene for muscle-specific protein 

polymerase 

FIGURE 18.9 Why Are Certain Proteins Produced Only in Certain Types of Cells? 
Signaling molecules from outside the cell trigger the product ion or activation of cell-specific regulatory proteins, w hich 

then influence transcription by binding to enhancers, silencers, or promoter- proximal elements in DNA. 
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when regulatory proteins bind to silencers. Distinctive regulato­
ry proteins are what make a muscle cell o muscle cell and a 
bone cell a bone cell. 

H ow do the interactions between regulatory proteiJ1S and 
DNA seq11ences control transcription? As we'll see in the next 

section, the initiation of rranscription is a marvelously complex 
process in eukaryotes. It requires the coordinated activity of 

many types of proteins interacting with each other and a va,:i­

ery of DNA sequences. 

✓CHECK YOUR UNDERSTANDING 

Eukaryotic genes have regulatory sequences called promot­
er-proximal elements close to their promoters and regulato­
ry sequences called enhancers or silencers far from their 
promoters. You should be able to (1) explain the logic of the 
experiment that led to the discovery of an enhancer in an in­
tron, and (2) compare and contrast regulatory sequences in 
the DNA of bacteria versus those in eukaryotes. 

18.4 Transcription Initiation 

After several decades of nsearch, many quesrioas i-emain 
about how transcription is initiated in eukaryotes. It is clear, 
however, char rwo hrnad classes of proteins interact with reg­

ulatory sequences at the start of transcription: ( 1) regulatory 

transcription factors and (2) basal transcription factors. 
Regulatory transcription factors are proteins Lha1 Lind to en­
hancers and promoter-proximal elements. These transcrip­
tion factors ::ire responsible for the expres~ion of particular 

~ genes in particular cell types and at particular stages o f de-

! .. 
~ 
::, 
w 
.5 

velopment. Basal transcription factors, in contrast, interact 

witb rhe promoter. Basal trauscriprion factors musr be 
present for transcription to occur, but they do not provide 
much in the way of regulation. TBP is a basal transcription 

a factors that is common to a ll genes. Other basal transcrip-·~ :e tion factors are specific to promoters recognized by RNA 
.f polymerase [, II, or LU. 
C 
,2 In addition, proteins called coactivators are involved in start-
,§ 
0 ing transcription. Co~ctivarors do not bind to DNA. Instead 
~ they link the proteins involved in initiating transcription­
m i!: regulato.ry transcription factors and basal transcript ion factors. 

Figure 18.10 summarizes the currenl model for how Lran­
scription is initiated i.n eukaryotes. The first step is the binding 
of regulatory transcription factors to DNA; these facrors recruit 
chromatin-remodeling complexes and histone acetyl transferases 
(HATs). The result is chromatin remodeling, a loosening of the 

chromatin structure. Once the ch.romatin-remodeliug complexes 
and HATs are in place, they open a broad swath of chromatin 
that includes tl1e promoter region (step 2). 

'"""'"r Once chromatin's grip is relaxed, other regulatory rran-
scription faccurs can bind enhancers and promoter-proximal 

elements. When chese regulamry transcription factors are 

bound to DNA, they interact with basal transcription factors. 
Rec::iuse enhancers are located far from the promoter, the regu­

latory transu·iption factors are normally far from the basal 
transcr iption factors. For the two secs of proteins to make con­

tact, DNA has to loop out and away from the promoter, as 

shown in Figure 18.10 (step 3). When aU of the basal tran­
scription factors have assembled at the promoter in response 

tu imeraccions with regulatory transcription facrors and co­
activators, they form a multi-protein machine called the 
basal transcription complex. The basal transcription complex 

then "recrn.its" RNA polymerase Il su that transcript.ion t:an 

begin (step 4 ). 

Figure 18.11 provides a closer look at the basal transcrip­

tion complex as it is assembled at the promoter. Construction 
of the complex begins when TBP binds to the TATA box. [n a 

multistcp process, as many as 60 otht:r proteins then as~embli:: 
around the DNA-bou.nd TBP. The assembly process depends 

on interactions wi.th regulatory rranscription factors that 

are bound to enhancers, silencers, and promoter-proximal 
elements; the result is the formation of a basal transcrip tion 

complt:x: that t:an position RNA polymerast: II in a way that 
initiates transcription. Compared with the situation in bacteria, 
where just 3 ro 5 proteins may interact at the promoter to ini­

tiate transcription, the state of affairs in eukaryotes is remark­
ably complicated. 

Cu.rrendy, biologists are focused on understanding exactly 
how regulatory and basal transcription factors interact to 
control the formation of the basal mrnscrjption complex. 

Given the number of different proteins involved, progress 
may be slow. Progress is important, however, for transcription 

initia tion lie~ at the heart of gene expression. Careful regula­
tion of transcripcion is critical not only to the development of 
embryos but also to the daily life of eukaryotes. Right now, 

cells throughout your body are starti.ng and stopping the tran­
scription of specific genes in response to signals from nearby 
and d istant cells. As rhe environment inside and outside your 

body continually changes, your cells continual.ly change 
which genes are being transcribed. 

✓CHECK YOUR UNDERSTANDING 

Transcription initiation is a rnultistep process that begins when 
regulatory transcription factors bind to DNA and recruit pro­
teins that open chromatin. Interactions between regulatory 
transcription factors and basal transcription factors result in 
the formation of the basal transcription complex and the ar­
rival of RNA polymerase at the gene's start site. You should 
be able to compare and contrast the sigma proteins and regu­
latory proteins observed in bacteria with the basal and regula­
tory transcription factors found in eukaryotes. 
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THE ELEMENTS OF TRANSCRIPTIONAL CONTROL: A MODEL 

Regulatory transcription factor 

Exposed 
DNA 

Chromatin remodeling 
complex 

~ 

•, 1. Regulatory transcription 
\. factors recuit chromatin-

' remodeling complex and 
\ HATs. Chromatin 

\~::~.denses. 

............ 

Exon lntron Exon lntron Exon 
Promoter-proximal Promoter ~--------....,...--------~ 
element Gene for muscle-specific protein 

~ 
Exon 

Exon lntron 

Gene for muscle-specific protein 

lntron 

RNA polymerase II 

~ 
Exon 

FIGURE 18.10 The Elements of Transcriptional Control: A Model 

According to the currently accepted model, transcription is initiated through a series of steps. 

Basal transa-iption complex 

2. When chromatin 
decondenses, a region of 
DNA is exposed. including 
the promoter. 

3. Regulatory transcription 
factors recruit proteins oi 
the basal transcription 
complex to promoter. 
Note looping DNA. 

4. RNA polymerase and 
the basal transcription 
oomplex join to form the 
init iation complex; 
transcription begins. 

Basal transcription factors Other basal transcription factors 

FIGURE 18.11 Many Proteins 
Interact at the Start Site for 
Transcription 

Basal transcription factors associate 
with TBP when it b inds to the 
promoter. The basal t ranscription 
comp lex also includes other basal 
transcription factors and RNA 
polymerase II. 

associated with TBP 

Promoter-proximal 
element 
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18.5 Post-Transcriptional Control 
In the process of regulating gene expression, chromatin re­

modeling and uanscription an; just the start of the story. 
Once an mRNA is made, a series of events have to occur if the 
final prod uct is going to affect the cell. Eacb of these events 

offers a n opportunity to regulate gene expression, and each is 

used in some cells at least some of the time. Control points in· 
elude splicmg mRNAs in various ways, altering the rate at 
wnich translation is initiated, and modifying the life sp3n of 

mRNAs and proteins after translation has occurred. Let's 
consider each in turn. 

Alternative Splicing of mRNAs 
Intrans are spliced out of primary RNA transcripts while the 

message is still inside the nucleus. The mRNA that results from 
splicing consists of sequences that are encoded by exons and 
are protected hy a cap o n the 5' end and a long poly (A) tail on 

the 3' end. Recall &om Chapter 16 that splicing is accom· 
plished by the molecular machines called spliceosomes. What 
that chapter did nor mention, however, is that splicing prov ides 

an opportunity for the regulation of gene expression. 
D uring splicing, changes in gene expression are possible be· 

cause selected exons, as well as introns, may be removed. As a 

result, the same primary RNA transcript can yield mature, 

processed mRNAs with several different combinations of tran­
scribed exons. This is imporrant, because, if the sequence of ri• 

bonudeotides in the marure mRNAs ca.o vary, tbe::n tbt: 
polypeptides translated from those mature mRNL\s can also 
vary. When the same p rimary RNA transcript is spliced in di£-

(a) Tropomyosin gene 

El\oras 

(b) Processed mRNAs 

Skeletal muscle 

Smooth muscle 

ferent ways to produce different marure mRNAs and thus dif­
ferent proteins, a lternative splicing is said to occur. 

To see how a!Lernative splicing works, wnsi<le;:r the wusde­

cell protein tropomyosi.u. The tropomyosin gene is cKprcsscd in 
both skeletal muscle and smooth muscle, which are distinct 

muscle types. (Skeletal rnusc!t: is re~ponsible for moving your 
bones; smootb muscle lines many parts of your gut and certain 
blood vessels. The two types of muscle are composed of dis• 

ti□ct types of muscle cells.) As Figure 18.12a shows, rhe pri• 

mary transcript from tbe tropomyosin gene contains 14 ex:ons. 
In skeletal muscle and smooth muscle cells, different subsets of 
rhe 14 exons are spliced together rn produce two different me,­

sagesfor translation (Figure 18.12b). Each mature mRNA con· 
tains information from a different combination of exons. As a 
result of altern::uive splicing, rne rropom yosin proteins found in 

these two cell types are distinct . One of the reasons that skele· 
to! muscle and smooth muscle are different is that they contatn 

differenr types of rroromyosin. 
Alternative splicing is controlled by regulatory proteins that 

bind to mRNAs in the nucleus and interact with spliceosomes. 
When cells that are destined to become skeletal muscle or 

smooth muscle are developing, they receive sigaals leading to 
the production of specific proteins that are active in the regula­
tion of splicing. Instead of transcribing different versions of tbe 

tropomyosi.n gene, the cells splice Lhe same primary RNA tran­
script but in different ways. 

Although alternative splicing of RNA was viewed as a cu• 

riosity until about a decade ago, attitu<lt:~ have changed. Alter· 
native splicing is now considered to be a major mechanism in 
the control of gene expression in multicellular eukaryotes. In 

~"1 nio ~ ,~ 

"-~_/"' 

lratrons 

FIGURE 18.12 Alternative Splicing Produces More than One Mature mRNA from the Same Gene 
(a) The tropomyosin gene has a large series of e><ons and introns. The purple exons are found in 
skeletal muscle tropomyosin, and the blue eKons are found in smooth muscle tropomyosin. The 
orange exons are found in the tropomyosin of both types of muscle cel ls. (b) In skeletal and 
smooth muscle cells, alternati"e splicing leads to the production of distinct mature mRNAs for 
the tropomyosin protein. 
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fruit flies, for example, the gene that determines gender is tran­
scribed into tbe same primary RNA transcript in both males 

and females. A cascade of regulated splicing in femaJcs u.lti­
mately results in the production of a protein called doublesex, 
which represses the transcription of male-specific genes. fn 

males, au alternarive series of splicing events results in a version 
of rhe doublesex protein that represses the transcription of 

female-specific genes. 
Alternative splicing makes it possible t0 produce more than 

one protein from a single gene. Before the importance of alter­
native splicing was recognized, a gene was considered to be a 

nucleotide sequence that encodes a single protein or RNA. 
Now genes have to be thought of as DNA sequences that a re 

capRhle nf di recting -rhe production of one or more related 
polypeptides or R.KAs. As a result, the number of proteins that 
an organism can produce far exceeds the number of genes it 

bas. For example, at least 35 percent of humaa genes undergo 
alternative splicing. Although the human genome contains an 
estimated 40,000 genes, the number of different proteins that 

your u:lb can produce is believed to be between 100,000 and 

1 million. 
The ctirrenr record holder for the number of mR.i"1As de­

rived frow one gene is the Dscam gene in che fruit fly 
Drosophila melanoga.ster. The products of this gene are in­
volved in guiding_ growing nerve cells within the embryo. Be­

cause the priwary transcript is spliced into auout 38,000 
distinct fo rms of mRNA, the Dscam gene can produce about 
38,000 different products. Researchers are testing the hypothe­

sis that particular combinations of D~carn proteins allow pa1-

ticula1 nerve cells to connect to each other in the fly's brain. 
Current research on alternative splicing is focused on 

two topics: (1) understanding how regulatory proteins coo­
rrol the process and (2) documenting the extent to whicb al­
ternative splicing enriches the genetic information stored in 

a genome. Stay tuned. 

Translational Control 
Once splicing is complete and processed mRNAs are exported 

to rhe cytoplasm, several new regularory mechanisms come 
into play prior to translation. The following examples illus­
trate the array of mechanisms that inEluence the riming or ex­

tent of cranslacion: 

• T he life span of an mRNA in tbe cell can vary. For example, 
rhe mR.J'\!A for casein-the major protein in milk-is pro­

duced in the mammary gland tissue of female mammals. 
Normally th.is mRNA has a half-life of just over 1 hour, and 

little casein protein is produced. But w hen a female mouse is 

lactating, regulatory molecules increase the mRNA's half-life 
to 28.5 hours-leading to a huge increase in the production 

of casein prorein. 
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• ln many species of animals, eggs are loaded wirh mRNAs 
that are not translated until fertilization occurs. The pro­

teins produced from these messages are involved in di­
recting the early development of the embryo, so they are 

not needed until fertilization is complete. Translation of 
the mRK As in the egg can be prevented wben a regulato­
ry protein binds to them, or when the message's cap or 

tai l is modified. 

• The overall ra te of translation in a cell may s low or stop io 

response to a sudden increase in temperatute or infection 
by a virus. The slowdown occurs because regulatory pro­
teins add a phosphate gronp to a protein that is part of the 
ribosome. As we have pointed out in earlier chapters, 
phosphorylation frequently leads to changes in the shape 
and chemical reactivity oi proteins. In the case of the 

1,Jhosphorylated _.ribosomal protein, the shape change 
slows or p1events translation. For the celJ, this dramatic 
change in gene expression can mean the difference be­

tween life and death. I[ the danger is due co a sudden w­
crease in ambient temperature, sh utting down translat ion 
prevents the production of improperly folded polypep­

tides; if the insult is a virus, the cdl avoiJs manufactur ing 
viral proteins. 

Post-Translational Control 
Control of gene expression may continue even after transla­

tion oi.;cu.rs and a protein product is complete. Recall &om 
Chapter 17 that, in bacteria, mechanisms of post-translational 
regulation are important because they a llow the cell to re­
spond ro new conditions rapidly. The same is true for eukary­

otes. Instead of waiting for transcription and translation to 
occur, the cell can respond to altered conditions by quickly ac­
ti vat iug or inactivatiug existi□g proteins. Regulatory mecha­
nisms occurring late in the flow of information from DNA to 

RNA to protein involve a trade-off between speed and re­
source use, however, because trauscripriun anu translation re­
quire energy and materials. 

A group of regularory t ranscription factors that is found 
i.u mammals is called s ignal transducers and activators of 

transcription (STATs) and provides a good ex::imple o f post­
t ranslational control. STATs partici.pate in several signal 

transduction pathways. Recall from Chapter 8 that 
signal transduction pathways are interact ions that convert 
a signal at the cell surface into a response by rhe cell. [n 

white b lood cells, STAT activity results in increased cell 

growtb and cell division. 
In white blood cells, STATs normally reside in the cyto­

plasm as single polypeptide chains . In tbis form, rhe STATs 
aie inactive. But a chain of events is triggered when a signal­

ing molecule binds ro ~nd activates a receprnr on che cell 
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surface (Figure 18.13a). The activated 1·eceptor adds a phos­
phate to a STAT polypeptide chain, triggering the formation 
of a d imer (a 11nit made of rwo part.s). The activated STAT 
dimer then moves into the nucleus, binds to an enhancer, 
and activates transcription (Figure 18.13b). The STAT re­
mains active umil the phosphate is removed by another reg· 
ulatory protein. At this point, the two polypeptide chains 
con,e ::ipa.rt and are transported back to the cytoplasm. 

Phosphorylation is a very common mechanism of post· 
translational control over gene expression, particularly in signal 
transduction pathways. It is only one of several post· 
translational control mechanisms that have been document­
ed, however. The activi ty of ::i protein may also be modified 
by folding or by enzymes that cleave off a portion of the 1nole­
cule. But no matter what the mechanism, post-translational 
comrol is currelatecl with particularly rapid chauges io gene 
expression. 

(a) Growth signal activates STAT protein. 

Nudeus 

,r- Cell-surface receptor 

Inactive STAT protein 

=--,--, 
(two single polypeptide chains) 

AGti'lated STAT protein 
(dimer of two polypeptide chains) 

Transcription activated 

FIGURE 18.13 STATs Activate Trenscription efter They Are 
Phosphorylated 
(a) A series of events, begihning \Nith the birding of a signaling 
molerule to a cell-surface receptor, leads to the phosphorylation of 

STAT proteins. This causes two STAT polYPeptide chains to join, forming 
i>n 11ctivated dimer. (b) Activated STAT proteins move to the nudeus, 
bind to DNA, and activate the transcription of selected target genes. 

A SO-Year Retrospective: How D oes Gene 
Expression in Bacteria and in Eukaryotes Compare? 
For about five decades, biologists have bee□ studying how gene 
expression is conuoUed. Almosr as soon as they knew thar in­
formation in DNA is transcribed into RN/\ and then translated 
into proteins, researchers began asking questions about how 
that flow of iuformation is regulated. Early studies OD bacteria 
established the existence of promoters, the structure and func­
tion of regulatory proteins and regulato1y sequences, and the 
principles of positive control and negative control. More recent 
work has highlighted the importance of chrom:itin structure 
and alternative splici11g in eukaryotes. 

What are the fundamental differences in how gene expres­
sion is regulated in bacteria and eukaryotes? Biologim puint to 
fow: primary differences, two of which involve levels of cont-rol 
that exist in eukaryotes but not in hacte.ria: 

1. Packaging The chromatin structure of eukaryotic DNA 
muse be opened in order for TBP, the basal transcription 
complex, and RNA polymerast: to gain access to gene5 and 
initiate transcription. A key insight here is that, because 
eukaryotic DNA is packaged so tightly, the defaulr state of 
cranscripcion in eukaryotes is off. In contrast, the default 
stace of transcription in bacteria, with their supercoiled 
DNA and freely accessible promoters, is on. 

2. Altematiue splicing Prior to translation, primary tran­
~cripts in eukaryotes must be spliced- an event that does 
not occur in bacteria. The fundamental consequence is that 
the one-co-om:: correspondence between th ~ m1mbt:r uf 
genes and the nwnber of gene products observed in bacce­
ria is not seen in eukaryotes. Instead, each eukaryoric gene 
may code for one to thousands of distinct products. 

3. ComplP.xity Transcriptional control is much more com­
plex in eukaryotes than in bacteria. The function of sigma 
proteins in bacteria is analogous to tbe role of the basal 
trauscripLion complex iu eukaryotes. LikewLse, the func­
t ion of CAP, the repressor, and other regulatory proteins is 
analogous to che role oi regulacory rrnnscription factors in 
eukaryotes. But the sheer number of eukaryotic proteins 
involved in regulating transcription-and the comp.lexity 
of their interactions-dwarfs those in bacteria. 

4. Coordinated e:,cpression In bacteria, genes that are involved 
in the same cellular response arc organized into operons con­
trolled by a single promotei:. Because their polycistronic 
mRNAs are translated mgether, several proteins are pro­
duced tn a coordinated £ash.ion. In conttasr, operons are rare 
in eukaryotes. In these organisms, genes thac are physically 
scattered can be expressed at the same time because a single 
set of regulatory transcription factors can trigger the tra n­
scription of several genes. For example, muscle-speclfic genes 
found on several different chromosomes can be ttanscribed 
in response co the same muscle-specific regulatory transcrip-
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tion factor. ln this way, eukaryotes coordinate the expression 

of fonctiona lly related genes. 

To explain why these differences exist, biologists point to a 

fundamental contrast between Lmicetlular and multiceUular in­

dividuals. [n both types of organisms, cells have to respond to 
environmental changes in an approprjatc way. Bactei:ia and 

yeast cells change gene expression co respond co changes in the 

availability of sugars and other nutrients; your muscle cells 
change gene expression in response to changes in remperarure, 

the availability of oxygen and sugars, arid general activity. But 
in addition, the cells of multicellular orgarusrns have to differen­
tiate as an individual develops. Changes in gene expression are 
responsible for the differentiation of muscle cells, bone cells, 

leaf cells, and flower cells in response to signals from otht:r cdls. 
The need for each cell type to have a unique pattern of gene ex­

pression is thought to be the reason why control of gene expres­
sion is so much more complex in eukaryotes than in bacteria. 

One of the two great frontiers in research on gene expres­

sion is tu w1derstand how· developmental signals prnduce cell­
specific geoe expression in multicellular organisms. The other 

major frontier is to understand how certain defecrs in gene reg­
ulation result in U11co11trolled cell growth and the suite of ms­
eases called cancer. 

18.6 Linking Cancer with Defects 
in Gene Regulation 

Normal regulation of gene expression results ln the orderly de­

velopment of an embryo and appropriate responses to environ­
mental changes. Abnormal reg1tlat1on of gene expression, in 
comrast, can lead co developmemal abnormalities and d iseases 
such as cancer. Hundreds of distinct cancers exist. These ms­
eases are enormously va ria hie regarding the t issues chey affect, 

their rate of progression, and their outcome. Because the un­
derlying defects, symptoms, and co11seque.nces are so diverse, 

cancer is not a single disease but a family of related diseases. 
Cancers are related because they all result from uncontrolled 
cell growth. 

From this perspective, the fundamerical questiori in cancer 
biology is a simple one: What causes uncontrolled ceU 
growth? The short answer is rhat each type of cancer is 
caused by a different set of defects that lead to uncontrolled 

cell growth. The longer and more accurate answer is based 
on two key obse rvations. first, recall from Chapter 11 that 

cancer results from defects in the proteins t.bat control the 
cell cycle. Second, cancer is associated with mutations that 
knock out key genes. For example, Chapter 14 linked the 
cancer-causing dtsorder xeroderma pigmcntosum and hered­

itary nonpolyposis colorectal cancer with defects in DNA re­

pair. This association supports the hypothesis that increased 
mutation rates are involved in t r iggering cancer. The hy­
pothesis i,s alsu supported by c:he ob~t:rvation that people 
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who have been exposed co mutagens-that is, n1diarion or 

chemicals that induce mutation-have an increased risk of 
developing cancer. For example, cancer rates were extremely 

high in rhe tens of thousands of people who were exposed to 
massive doses of radjation from che atomic bombs dropped 

on H iroshima and Nagasaki, Japan, at the end of World 

War IL The link betweell mutation and cancer is so strong 
that suspected chemical carcinogens (cancer-causing com­

pounds) are firsc reseed by tht:ir ability to cause mutations 

in bacteria. 
The fund3mer\t31 question of cancer biology comes into 

sharper focus once the role of cell-cycle regulators and mutation 
is acknowledged. Now we can ask, Which genes, when mutated, 

disrupt tht: cell cycle and trigger uncontrolled cell growth? 
Intensive research over the past two decades has shov.'11 thar 

many cancers are associated wich murarions in regulatory cran· 
scription factors or regulatory sequences in DNA. These muta­
tions lead to cancer when they affect one of n,vo clasSt'...S of 

genes: (1) genes that stop or s]ow the cell cycle, and (2) genes 
t11at trigger cell growth and division by initiating specific phas­

es iu Lue cell cycle. 
Genes that stop or slow the cell cycle a.re caUed tumor 

suppressor genes. Their produces prevenc the cell cycle from 

progressing Ulllc'ss specific signals indicate that conditions arc 
right for moving forward with mitosis and cell division. Jf a 

mutation msrupts normal function of a tumor suppressor gene, 
then a key "braken on the cell cycle is eliminated, 

Genes that encourage cell growth by criggering speciiic phases 
in the cell cycle are called proto-oncogenes ("first-ca,icer-genes"). 
In normal cells, prot0-oncC1genf',s are reqnired to initiate e:ich 

phase in the cell cycle. They are active only when conditi.ons are 
appropriate foe growth, however. In cancerous cells, defects in 

the regulation of prom-oncogenes cause these genc:s to stimu­
late growth at all times. ln cases such as this, a mutation has 

cunvt:rtecl tht: proto-oncogeoe i□to an oncogene-an aUele that 
proll).otes cancer development. 

To gain a deeper understanding of how defe.cts in gene ex· 

prcssion can lead to cancer, lcr us consider two examples from 
recent research. The first, the p53 gene, illustrates how problems 
with regulating rumor suppressor genes can lead to uncon­
trolled cell growth. The second, S'lAT mutations, demonstrates 

how defects in regulatory tramcriprion factors can lead tu tht: 
constant activation of proto-oncogenes, constant cell growrh, 
and nimor formation. 

p53- Guardian of the Genome 
The gene that is most often defective in human cancers codes 

for a regulatory u anscripcion facror. This gene is called p53, 

because the protein it codes for has a molecular weight of ap­

prnxim::i tely .B kilodaltons (53,000 daltoos, or 53,000 amu­

see Chapter 2). DNA sequencing studies have revealed that 
mutant, nonfunctional forms of p53 are found in over half of 
a ll human cancers. 
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Wbat is the link between a loss of p53 protein activity and 
callcer? A key observation suggested an answer to this ques­

t ion: When researchers exposed normal, noncancerous 
human cells to lN radiation, levels of p53 protein inueai:;eu 

markedly. Recall from Chapter 14 that UV radiation dam­
ages DNA. Follow-up studies confirmed that there is a close 

correlation between DNA damage aml the amount of p53 in 
a cell. In addition, analyses of the protein's structure showed 

that it contarns a DNA-binding domain. 
These observations Ln~pire<l the hy~othesis that p53 is a 

transcription factor that serves as the master brake on the cell 
cycle (Figure 18.14a).1n this model, p53 is activated after DNA 

uamage occurs. The hypothesis contends chat d1e activated pro­
tein binds to the enhancers of genes that arrest the cell cycle. 

Once the cell cycle is arrested, the cell has time to repair its 

DNA before continuing to grow and divide. 
Recent research has shown that this model of p53 function 

is correct in almost every detail. For example, consider the re­

sults of studies based on X-ray crystallography. The three­
dimensional models generated by this technique confirmed that 
p.53 binds directly to DNA (Figure 18.14b). rn addirfon, re­

searchers who mapped the location of mutations that make 

p53 defective found that virmally all of the cancer-causing mu­
rations were located in p53's DNA-binding site (see che gray re­

gions of Figure 18.146). This observation supports the 
hypothesis that defective forms of the proteirt can't birtd to en-

(a) p53 MODE OF ACTION 

Damaged bases 

1. ONA damage. 

2. p53 increases. 

3. p53 binds to DNA 
(not in same region lhat 
is damaged). 

4. Transcription of 
genes that arrest cell 
cycle or lead to call 
death. 

hancers. Further, investigators have doc11mented that one of the 

genes induced by p53 encodes a protein that binds Lo the cycliu­
Cdk complexes introduced in Chapter 11. Binding by this pro­

tein prevents rhe cyclin-Cdk complexes from triggering M 
(mitosis) phase in the cell cycle. 

Recent research has also shown that when a cell's DNA is 
extt:nsively damaged and cannot he repaired, p53 activates the 

transc.ription of genes that cause the cell to take its own life via 

apoptosis (see Chapter 11) . .But if mutations in the p53 gene 
make the protein produce inacdve, then damaged cells are nor 

shut down or killed. They continue to move through the cell 
cycle, except now they are likely to contain many mutations be­
ca use:: uf tbe DNA <lamagt: che::y have left unrepaired. lf these 
mutations create oncogenes or inactivate genes for tumor sup 
pressors, the cells have taken a key step on the road co cancer. 

To summarize, p53 functions a~ a twnor suppressor gene. It 
prevents cancer onset by stopping the cell cycle when DNA is 
damaged. When p53 is functioning normally, mutations that 

produce oncogcnc5 are repaired or diminated before uncon­
trolled cell growth can begin. Th.e role of p53 in preventing 
c;incer is so funclamenr::i\ that bio.logists call this gene "the 

guardian of the genome." Currently, research on the p53 pro­

teirt is forging ahead on two fronts: Biologists are striving to 
identify more of che genes that are regulared by this protein and 

to find molecules that could act as anticancer drugs by mimick­
ing p53's shape and activity. 

(b) DNA-binding domain of p53 

Cancerous cells 
have mutations in 

AM~-:::;,, these regions, 
where DNA 
binding occurs 

FIGURE 18.14 p53 ls a DNA-Binding Protein That Acts as a Tumor Suppressor 
(a) Summary of t he current model for p53's mode of action. (b) Ribbon model showing the DNA-binding 

domain of p53. In cancer paticn1s, the amino acids in the gray portions of the molecule are often different 
than the normal versions. QUESTION Why would ~ub~lituting one amino acid for another at one of the 
locations highlighted tr part (bl affect a prote n's ability to oind :o DNA? If the model 11 part (a) ,s correct, 
what happens whPn p53 cannot bind to ONA efficiently? 
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STAT Mutations in Cancer 
The family of transcription activators called STATs is another 
type of protein implic.ated in cancer. Recall from Section 18.5 
that, i.u several types of cells, STATs activate genes tbac promote 

cell growth in response to signals from outside the cell. Io nor­
ma 1 cells, STATs must be phosphorylated before they can bind 
to regulatory sequences in DNA and activate transcription. But 

in some human cancers, STATs bind to DNA all the time, or 
constitutively-noc just when they are phosphorylated. When 
this happens, STATs constantly stimulate cell growth and divi­
sion. These observations suggest that mutations can convert 

STATs into oncogenes. 
Wbat type of mutations could turn STATs into oncogenes? 

To answer this question, recall that the activated form of a STAT 
is a dimer-a combination of two polypeptides. For a dimer to 
form, an amino acid residue at the point of contact betvveen the 

two STAT proteins must be phosphorylated (Figu(e 18.15a). 
These observations inspired a hypothesis that STATs tttxo 

into oncogenes if mutations ca Lise them to form dimers without 

{al Normal STAT3, phosphorylated 

Phosphorylation links 
two monomers ---~ 
together, forming an '-~ 
activated dimer 

(cl Consequences for 
t ranscription rate 

"' 8- 75 
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0 C ... :, 
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being phosphorylatcd-that is, without being stimulated by a 
normal growth signal. More specifically, researchers suggested 

that if muracions caused cysteine rc::sidues tu bt: substitutt:<l in 
the portion of the protein where dimer formation takes place, 

then disulfide bonds m ight form between STAT3 monomers, 

crearing constitutively activated t.limers (Figure 18.15b j. 
To test this hypothesis, researchers created mutant ver­

sions of the STAT3 protein with cysteines in the appropriare 

location. The researchers expressed the protein in normal 

(control) cells and analyzed the amount of protein produced 
by a gene regulated hy STAT.1 . Compared with cells with 

normal STAT3 proteins, the cysteine-containing mutant cells 
produced 10 times as much of the target gene product 
(Figure 18. 15c}. This observation was consistent wirh the 
biologists' prediction that cysteine mutants form dimers and 
bind co DNA consticutively. 

To coo.fu:01 their result, the biologists injected mice either 
witb cells that expressed cysteine-mutant STAT3 or with ceUs 
that expressed normal STAT3. After just four weeks, aU of the 

(b) Experimental STAT3, with cysteines at binding si te 
for dimer formation 

Disulfide bonds link two 
monomers together. forming 
an activated dimer 

Cystelna mutants form dimers 
spontaneously and bind to 
DNA constitutively, causing an 
abnormally high transcription 
rate 

~~ 
< 0-'--- --------

Control Normal Mutant 
DNA STAT STAT 

FIGURE 18.1 S Generating a Cancer-Causing Mutation Experimentally 

(a) Phosphorylated sections of STAT3 proteins bind to one another, forming a dimer. (b) Substitution of 
cysteines at the locations shown In red result In the formation of disulfide bonds between STAB proteins. As 
a resu lt , the STAT proteins are activated at all times. (c) Histogram showing the transcriptional activity of a 

gene that is normally activated by STAT3. The data come from cel ls that received either a control DNA (a 
gene that does not encode a transcription activator), a normal STAT3 gene. or a copy of the cysteine-mutant 
version of the STAT3 gene. 
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mice that had been injected with mutant 1:db haJ <lt:vdoped tu­
mors at the site of injection. In contrast, none of the mice that 

had been injected with normal cells showed evid ence of tumors, 

evt:11 aftt:r i::ight weeks. 
These experim ents have an impo1tant message: Any muta­

tion that constitutively forms di.mer;: of STAT proteim cau~es 

constitutive activation of STAT target genes. As a result, these 
mutations set the stage for cancer. AJJ even more global message 

i~ that constant activation of a regulatory transcription factor 
can lead to cancer. Cancers originate with mutations that dis­
rupt the normal regulation of cell-cycle control genes. 

✓CHECK YOUR UNDERSTANDING 

Cancer is associated with mutations and w ith loss of control 
over the cell cycle. These two observations are connected, 
because mutations can cause cancer when they occur in 
genes that are involved in regulating cell-C';cle control 
genes. For example, when a protein that activates the cell 
cycle is activated constitutively because of a mutation in a 
regula tory gene, then uncontrolled cell growth may occur. 
You should be able to expla in why knock-out (loss-of­
function) mutations in p53 occur in so many cancers. 

ESSAY Fly Eyes and Other Strange Tales of Gene Regulat ion 

Imagine a 1950s-vintage science-£icrion movie. As thunder 
cracks and Lghtning flashes, a mad-eyed scientist working in 
the bowels of a sinister-looking laborarory inseru a mouse gene 
into a fruit fly's genome. The next day, the scientist cackles w ith 
delight as she discovers eyes sprouting in bizarre locations on 

the fly. B LlL t hen the fly escapes. lt mates with a t1ormal fly and 
sires offspring with hundreds of eyes. Thanks to tbei.r remark­
able 360° vision, no predator or flyswatter can stop the little 

monsters. C louds of them soar off, bent on global domination. 
Preposterous? A team of not-so-mad-eyed scientists has inserted 

a monse gene into fruit flies and observed the formation of eyes 

on the adult fly's legs, antennae, and torso (Figure 18.16). The 
gene in question is a regulatory transcription factor. When the 

gene product binds to enhancers, it secs off a casca<le of gt:m: 

expression events that are required for eye development. 
\'(i'alter Gehring and colleagues were first to isolate and char­

acterize the gene involved. It wa5 caUed eyeless, because it was 

Fly eye 

Fly leg 

FIGURE 18.16 Eyeless Encode!; a Transcription Factor That 
Induces Eye Development 

When Drosophila embryos a re miide to express the eye/e55 gene in 
cells that gave rise to the legs, adults develop with eyes on their legs. 

originally djscovered as a mutant aUe)e that causes fues to devel­
op without eyes. When Gehring's ream created Drosophila em­

bryos that expressed the norma l form of the gene in locations 

that naturally give rise to appendages, eyes developed on the legs 

When eyeless is 
activated in leg 
cells, the leg cells 

and antennae. This result under­

scores an importaut conclusion; 

During d evelopment, the fate of 
a cell depends on the activity of 

regu.latory transcription factors. 
. , When eyeless is activated in leg 

gwe rtse to eyes. cells, che leg cells give rise to eyes. 

When the researchers looked for genes in other organisms that 
were similar to eyeless in DNA sequence, the team found them in a 

w ide array of species. Consider a mousi:: gene called Small Eye or 
pax6, which is similar in sequence to eyeless. The name Small Eye 
was inspired hy the observation that a mutant allele of this gene 

leads to reduced eye development. Because eyeless and Small £,ye 
are similar m srrucrure and function, Gehring hypothesized that 

tliey an: homologous-chat the geoes are descended from a similar 
gene in a common ancestor of flies and mice, which, according to 
the fossil record, lived some 550 million years ago. To test this hy­

pothesis, Gehring inserted the mouse gene inco Drosophila em· 
bryos. Small £ye induced the development of fly eyes essentially 

anywhere in cbe embryo that it was e:,cpressed .. He goc the same re­

sult when he insened a squid gene that was similar to eyeless. 
What does this tell us about bi.ology? First, it is reasonable 

to conclude that eyeless, Small Eye, and .likt: gt:nes in other 

species are similar in strucrure and function because they are 
homologous. Second, these regulatory t ranscription factors and 

their recognition sequences in D~A have been so conserved 
that the proteins are nearly interchangeable among organisms 

separated by .550 million years of evolution. Third, one key reg­
ulatory transcrLption factor can unleash a cascade of responses 
that results in a structure as complex as an eye. Fourth, the 

same starting point--ex:prcssion of the eyeless gene-can lead 
to very dillerenr ends, depending on the context. In flies, tlte 
mouse gene Small Eye leads to a fly eye, not a mouse eye. 



Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 597 of 653

Chapter 18 Control of Gene Expression in Eukaryotes 399 

CHAPTER REVIEW 

Summary of Key Concepts 

Changes in gene expression allow eu.karyotic ceUs to respond 
to changes in the environment and cause distinct ceU types to 
develop. 

Ln -a muJticellular eukaryote, different types of cells arc radi­
cally different in size, shape::, anti functiou-t:ve::n though they 
have the same DNA. Cells are different not because they have 
different genes but because they express different genes. 

Iu embryos, eel.ls begi.11 expressing specific genes in re­
sponse to signals from orher ce lls . Because different cells 
receive different signals, one cell might begin expressing 
muscle-specific genes while a nearby ccU expresses bone­
specific genes. Onct: ct:lls mature::, tl1ey c:uminut: to re::ce::ive 
signals that are released by other cells and that carry informa­
tion about changes in the enviro1m1ent. fn response, changes 
in gene expression may occur. 

Jn borh emhryonic cells and mature cells, several types of 
changes in gene expression may occur. The transcription of 
specific genes may be initiated or repressed, rnRNAs may be 
spliced in difft:rent ways tu p[o<lucc a <liffe::n:ut pro<luct, the Life 
span of specific mRNAs may be extended or shortened, and 
the life span or activity of particular proteins may be altered. 

In eukaryotes, DNA is packaged with proteins into complex 
structures that must be opened before transcription can ocCllr. 

Eukaryoric DNA is wrapped around histone proteins to form a 
bead-like nucleosome, whjch is then coiled i.nto 30-nm fibers 
and higher-order chromatin structures. Transcription cannot 
be initiated unril the Lnreracrion berween DNA and hiscones in 
chromatin is rela:xed. These changes depend on the acetylation 
of histenes and tbe action of chromatin-remodeling complexes. 

In eukaryotes, transcription can be initiated only when specif­
ic proteins bind to Lhc promotcc and to regulatory sequeoces 
that may he clo~e to the prnmoter or far from it. 

Regulatory transcription factors are proteins that bind ro 
regulatory sequences caUed enhancers and silencers, which 

Questions 

Content Review 
1. Whar is chromatin? 

a. the proteiu core of the nucleosome, wh:ich coosist5 of histoncs 
b. the 30-nm fiber 
c. theDNA-prorein complex found in eukaryote, 
d. the histone and non-histone proteins in eukaryotic nuclei 

2. What is a tumor suppressor? 
a. a i;e11c a~~ociat.e<l with tumor formation when its pro<lu~t due:~ 

not function 
b. a gene associated w i[h rumor fonnarion when its product func­

tions norm::illy 
c. ::i gene that accelerates the cell cycle and leads to unconrcolled 

cell growth 
d. a gene that codes for n transcription factor involved in mmor 

formation 

a re ofreo located at a distance:: from ilie:: geue in question, or to 
promoter-proximal sequences near the start of rh e coding 
sequence. T he first regulatory transcription factors tbat bind 
tu DNA recruit proteins that loosen the bistones' grip on tbe 
gene, making the promoter accessible to b:is;:il rrnnscription 
factors. Interactions between regulatory and basal transcrip­
tion factors lead to the formation of the basal transcription 
complex. Once chis large, multi-protein complex is inracc, RNA 
polymerase is recruited to the site and [ranscription begins. 

Web TutoriaJ I$. l Transcription Initiation in Eukaryote, 

Alternative splicing allow5 a single gene to code for 5everal 
different products. 

Once a message has been transcribed, several other regularory 
events come into play. Alternative splicing allows a single 
locus to produce more than one mRNA and more than one 
prote::iu. ,\,lt:cha11i~ms of post-trau~lat.iona.1 control, such as cbe 
activation of transcription factors by phosphorylation, trigger 
rapid responses to signals from outside the cell. 

Cancer can develop when mutations disable genes that regu­
late cdl-cycle control genes. 

The cell cycle is controlled by specific genes. But H mutations 
alter rhe regulatory sequences of cell-cycle conrrol genes or 
the genes for their regitlatory transcription factors, chen un­
controlled cell growth and tumor formation may result. For 
example, the cell-cycle regulator p53 is responsible for stop­
ping the cell cycle when DNA is damaged. If p53 is mutated in 
a way that prevents it s protein product from binding to DNA, 
then the cell cycle is not arrested and the damaged DNA is not 
repaired-leading to mutations. tf the mutations alter genes 
that control the cell cycle, such as STAT genes, cancer may 
occur. Mutant STAT proteins that promote cancer bind to 
DNA at alJ rimes and trigger the expression of genes that acti­
vate the cell cycle, leacling to uncontrolled cell growth. 

3 . Which of tbe followtng statements about enhancers is correct? 
a. They contain a unique base sequence called a TATA box. 
b. They are locaced onl)' in 5' •flanking regiom. 
c. They a re locaced only in inrrons. 
d. They are found in a variety of locations and are functional in any 

orientMion. 

4 . In eukaryutt:5, why arc certain genes e,xpressed mtly in certain rypes 
of cells? 
a. Regulatory transcription factors vary from cell to cell. 
h. The promoter sequence v~ries from cell to cell. 
c. The location of enhancers varies from cell to cell. 
d. The type of RNA polymerase varies &om cell to cell. 
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5. What is alternative splicing? 
a. the phosphorylation events that lead to different types of post­

translational regulation 
b. mRNA pnx:e5si11g esc::m, that lead to different combinations of 

exons being spliced together 
c. folding events th,it Je,id to proteins with alternative conformations 
d. action by regulatory proteins that leads ro changes in the life 

span of an mRNA 

Conceptual Review 

1. Compare at1d contrast (a) enhancers and the CAP stte; (b) promoter­
proximal elements and the la& operon operator; (c) basal transcrip­
tion factors and sigma; and (d) eukaryotic promoters a nd bacterial 
promoters. 

2. Why does chromatin need to be "remodeled" for transcription to 
occur? Why was it logical to observe chat Dl\A protein interactions 
ca11 be loosct1ed by the addition o f acctyl groups to histoncs? 

3. Compare and contrast (a) enhancers and silencers; (b) promoter­
proximal clements and enhancers; (c) transcription factors and 
coactivators; and (d ) regulatory transcription factors and basal 
cca11scrip1ion fac1ors. 

Group Discussion Problems 

1. Histone proteins have been extremely highly conserved during evo­
lu t.iuu. The hi,tones iound in fruit flies and huma t1s, for example, 
are nearly idem ical in amino acid sequcn<.:c::. Offer ~ll explan«lion for 
this observation. (Hint: What are the consequences of a mutation in 
a histone?) 

2. Cancers are most common in tissues where cell division is common, 
such as blood cells and cells in the linit1g of the lungs or gut. Why is 
this observation logical? 

_,. T.evels of pH protein in the cyto plasm increase after DNA dam­
age. Design an experiment ro clerermine whe ther this increase is 
due to increased transcription of the p53 gene or to activation of 
preexisting p53 proteins via a post-translational mechanism such 
as phosphorylation. 

Answers to Multiple-Choice Questions t. c; 2. a; 3. d; 4. a; 
5. b; 6. d 

www.prcnhall.com/frecman b 1·our re~onrcc ior the following: 
Web Turorials: Online Quizm, .md ud1e1 Online Study Gui<le 
mareri,1b: ,\nswerb ro Conceprual Rc1·ie\\ QucMirn1b: SolLtio,,b to 

Group Di,cussicm Problems; Answers to Figure Caption Question~ 
and Fxercise,; ancl Addirion~I Reading~ ~ncl R,·~~arch. 

6. What types of proteins biod to promoter-proximal elements? 
a . the basal transcription complex 
b. the basal t ranscription complex p lus RNA polymerase 
c. basal transcription factors 
d. regulatory transcription factors 

4. Explain the logic behind the experiment by Tonegawa and collengues 
that was respo11sible for the discovery of enhancers. Which treatments 
in the c:i..-perimcnt served as controls, and what did they control for? 

S. \Vhen the human genome was first sequenced, researchers estimated 
that only about 30,000 genes were present. Previously, most investi­
gacors expected that chc human genome held at least 100,000 genes. 
Explain how alternative splicing can explain the discrepancy be­
tween Lhc vbserve<l and pre<lil.,c<l numl,ers of geues. 

6. Explain why mutations in regulatory proteins and regulatory se­
quences can lead to loss of control over the cell cycle and the devel­
opment of cance1. Lidude a specific example. 

4. The frequency of cancer was elevated in individuals who were ex­
posed to the nuclear bombs that were dropped on Japan in World 
War IL How are these data related to the observation that individu­
als who experience severe sunburn or deep tanning are more likely 
to develop skin cancer? 
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