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Group Discussion Problems 
I. 11,c 5' cap and poly (Al mil th:ir are ~ltached 10 eukaryotic mRNAs 

appe.u to help the mess.1ge last longer by protecting It from dq;ra• 
d,rion by ribonudcasrs. But wh)' is •n enzyme such as a rihonuclc· 
asc in _the cell in the fiist place? Whor func;1io11 would an enzyme that 
destroys mess3ges serve? 

2. look back at Figure Hi. I, which shows the formation of a phos• 
phodiester bond during RNA polymerization. Then muly the 
structure of the nucleotide shown hclow, called corJycepin. If 
cordyccpin rriphosphatc, which has three phosphate groups bonded 
to the S' hydroxyl group in the figure, is added to a cell-free tran• 
scription reaction, the nudrotide is added onto the growing RNA 
chain. This observation confirms that synthesis occurs by the addi• 
tion of monomers in the form of triphosphates to the J' end of the 
growing d1ain. Briel!)' explain wh)', Be sure to describe the expect• 
ed re-suit if synthesis occurred at the 5' end of the pol)'mer. 

Answers 10 Multiple-Choice Questions I. c; 2. b; 3. d; 4. c; 
·s. c; 6. d 
www.prcnhalLcom/l'rccrm1n 1:. ~ our ri·, ourf r lor the inllowrn e,: 
\\'cl, Tu111rbh; Online Qulllt> and ulhtr 011l 111 r 'in11l i < i1111I,· 
m:Hrria li; :\rhwcr, to C,rnccptu.11 Review Q11c..,tiur1.~; Sulu1 iom :11 
Gn·1u r DiKII:i!lmn Proh1tm,; An,""\,.(',.... ro h ~u rc- C .. ,prmn Qm:~1ion, 
.mJ buost:'>; !ll1d AJJ m11 nal R,.,d,ni;, and l! c.sr.ird,. 
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3. Carl Woesc has determined the nucleotide sc,quence of rRNA mole­
cules from a divcne array of organisms and compared them with 
each other. According 10 his data, certain portions of the rRNAs in 
the large subunit arc very similar in all organism;. To make sense of 
this resulr, w~ suggests that the consc:rvcJ sequences h3ve an im• 
portam functional role. His logic is that thc,c conserved sequences 
arc so important to cdl function that any changes in the sequence 
cau«: death. Woese also claims that the existence of the con«:rved 
scequrnccs supports other data indicating that peptide bond forma• 
1ion i, catalyzed bi• the large rRNA, cot by ribosomal protein,. Ex• 
plain the thinking heh ind hi~ claim. 

4. Recent work has revr,led why a-amanitin inhibits transcriprion hy 
RNA pol II. Stn1ctural models show that a -amanitin binds to a site 
inside the enzyme, but not ro the active site itself. Ba«:d on the 
modd of bacterial RNA polymerase in Figure 16.2, predict where 
n•amanitin binds and why it inhibits transcription. 
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17 Control of Gene 
Expression in Bacteria 

KEY CONCEPTS 

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

Gene expression 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, positive 
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 transcription can occur. 

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

1h,:: 1e d ri-, ,=, .,nd5 1r ;h,!, 11'' .::r o a r.1ri h .HL' h .Jm,1; 1n1c:, : r ., 1 er= ' ; ~1-- c:> ye' .:i ,•, s i · u :-~ :.J"C' ':. J rc b .:: :-: e ~,.:i 

l ri th e 1nh :'O:l 1ne t i• .? riu 1r ,,"'nt: i\· l liio lr : o b1ch:.'" t.1 CCMt t1rd; cnt1r=3 e Tl-!. c:·,.,p t -:.> • e• r:: ~ ·e s h e·: ,• 
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I
mai:inc waiting anxious!)' tu hear th,· opcnini: lines of a 
wonderfully melodic symphony. plarcd br a rtnown,·d or­
chcma. The crowd applauds as the cclchratcd conductor 

comes onsiagc, then hushes as he takes the podium. He cocks 
the h;uon: the musicians rai~c thdr instruments. As the hatnn 
come, dnwn, e\'err irmrumem hci;ins hlarini: a different tune at 
full rnlumc. A rnha plays "Dixie": a ,·iolinisr renders "ln-A­
Gadda-lh-Vida": and a cellist begins ~lcxicn's n,uimral an­
them. A snare drum lars down beat s for "Uabr Got llack" 
while the has< drum simulates the cannons in the "1812 O,·cr­
turc." Instead of mu sic, there is pandemonium. The conductor 
stai:i:ers off sra~e, durd,ini: his heart, 

A cacophony like this would result if a b,tet,·rial cell 
"played" all its i;cnc, at full \'olume all the rime. The F.stlJt•r­
icl,i" coli cells li\'inf: in your i:ut right now ha\'e m-cr 4300 
genes. If all of rhmc genes were cxpr«sed ar the fastest po"ible 
362 

rate 31 all tim,·s, the E. coli cells would sta~cr off the stai:c, 
too. llut this docs not happen. Cells arc extreme!)' sdecti\'e 
ahuut which Aenes :ire exprrssrd, in what amoums, and when. 

This chapter explores how hacterial cells control the acti\'ity 
of their gcnl'S, Gene expression is said to cxcur whc:n 3 protein 
or other i;cne product is S)'nthesiud and is a"i"e in the cell. 

Understandini: how cells rei:ulate i:ene expression is a funda­
mcmal is~m.• in hiolngical scicncc, for two rea sons. Fin,1, bactc· 
ria arc the most abundJnt organisms un F~1nh, and they occupy 
\'irtually c,·cr)' habit .It known. In man)' c:iscs, bacterial cdls arc 
able to grow and reproduce successfullr l>ccausc they respond 
rapid Ir to dramatic changes in temperature, pH, lighr, competi­
tors, and nutricnr~. Chan~es in Acne expression gin~ bacrrria 
the abilit)' to cope with these types of en\'ironmcntal change. 
Second, questions about bacterial i:cnc expression ha\'c enor­
mous practical sii;nifkance. For example, hiologists arc trying 
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m undersiand which genes arc expressed when disease-causing 

bacteria colonize a person and start an infection in the hope 

1ha1 drugs can be del'eloped that alter the expression of key 

I genes. Baccerial cells are also used commercially 10 manufac­

ture important products such as human insulin and growth 

hormone. Efficient use of bacteria depends on a solid under­

standing of how transcription and translation arc regulated. 

Understanding gene expression is fundamental IO our under­

standing of life. This chapter's goal is to introduce kcr conccpls 

in the regulation of gene expression. Let's begin hr rel'iewing 

some of the cm·ironmcntal cha Henges 1ha1 hacterial cells foce 

nnd then explore how these organisms meet them. 

17.1 Gene Regulation and 
Information Flow 

Bacteria are found in \'inually every habitat on Earth, from boil­

ing hot springs to alpine snowfields and from the open ocran 10 

crCl'ices miles underground. The millions of bacterial species ex­

isting toda)' ha,·e e,·oh·ed a bewildering variety of ways IO sol\'e 

a central problem of li,·ing: ohtaining th~ materials and cnerg)' 

required for growth and reproduction. Although some bacteria 

sp«ializc by using just one type of food, the vast majority of 

sp«ies arc able 10 switch among sc,·eral different sources of car­

bon and energy, according to which nutrients are available in 

the environment at the time. The fundamental qnestion ad­

dressed in this chapter is how this switching occurs. Each rype of 

nutrient requires a different memhranc transport protein 10 

bring the nutrient molecule into the cell and a different suite of 

enzymes 10 process it. How does a bacterial cell tum some genes 

on and others off so that it can take adl'anrnge of alternative 

food sources? i\-lore gencrall)•, how do bacteria regulate gene ex­

pression so that a cell makes only the products that it needs? 

As a case study, we explore the strategics of Escherichia coli. 
These cells can use a wide arra)' of carbohydrates to supply the 

carbon and energy they need. The carbohydratrs arc in rour 

food. As your diet changes from day to day, the availability of 

different sugars in your intestines varies. Precise control of gene 

expression gh·es E. coli the abilit)' 10 respond to these changes 

in its environment and use the different sugars. 

To appreciate why precise control over gene expression is so 

important 10 these cells, it is critical to realize that hacreria can 

be packed an inch thick along your intestinal walls. The ori:an­

isms rcprc~cnt many different species 1ha1 arc competing for 

space and nuiricnts. l'or n cell to survive and reproduce in this 

environment, it must use resources cfficiently-particulnrlr re­

sources that provide cnergr and carhon compounds. For rxnm­

ple, recall from Chapter 4 1ha1 carhohydratcs arc polymers 

made up of simple sugnrs and from Chapter 9 that carbohr• 

dratcs provide cells with energy and chemical building blocks. 

Esc/,erichia coli is capable of 111ernholizinA a wide ,·.11ie1y of 

carbohrdra1es. But it would he cnergc1icallr wasteful for f:. cnli 
10 produce all of the enzymes required to process nil of the var-
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ious carhuhrdrates all of the time. Instead, i1 is logical to pre­

dict that the enzymes hcing produced match the sug.,rs that arc 

available at a given time. Efficient use of resources, ,·in 1ii:h1 

comrul o,·cr gene expression, is cri1ical if cells are i:oini: to he 
a hie to compete succcssfull)' for space and nutrients. 

On the ha sis of this reasoning, transcription and translation 

of individual i:cnes in hactcria should be tri~ered hr specific 

signals from the environment, such a, the presence of specific 

sugars. Did ) 'OU drink milk a1 your last meal, or car french frie> 

and a candy har? Each type of food contains different sugars. 

F.1ch sugar should induc< a differrnt rcsponst hy the E. coli 
cells in )'Our intestine. Just as a conductor nerds to rei:ulatc the 

orches1ra's musician,, cells need to regulate which protei ns the)' 

produce at any given time. 

Mechanisms of Regulation-an Overview 
Gene expression can he controlled at an)' step between the S)'n• 

thesis of RNA and the ac1iva1ion of the final gene product. 

Three steps occur as information flows from DNA to proteins, 

represented br arrows in the following expression: 

DNA ..... mRNA ..... protein ..... ac1i,·a1cd protein 

The arrow from DNA 10 RNA represents transcription-the 

making of messenger RNA (mRNA). The arrow from RNA to 

protein represents translation, in which ribosomes read the in­

forma1ion in mRNA and use thar information ro srmhesize a 

protein. The arrow from protein to acti,·ared protein represents 

pos1-1ransla1ional modifications-including folding, addition 

of carbohydrate or lipid groups, or perhaps phosphorylation. 

How can a bacterial cell conserve ATP and amino acids by 

avoiding the production of proteins that arc not needed at a 

particular rime? A look at the flow of information from DNA 

to protein suggests three possible mechanisms: 

I. The cell could avoid making the mRNAs for particular en­

zymes. If there is no mRNA, then ribosomes cannot make 

the gene product. For example, various regulatof)' proteins 

affect the ahilif)' of RNA polrmcrasc to hind to a promot­

er and initiate transcription. Genes that arc controlled in 

this war arc said to undergo tr•nscription1l control: 

DNA - mRNA ..... protein ..... ac1i,·a1cd protein 

2. If the mRNA for an cnZ)'lllC has been transcribed, the cdl 

mii:ht have a war to prcl'cnt 1hr mRNA from hcing m111s­

la1ed into protein. McchJnisms th.11 alter the length of time 

an mRNA survil'cs before it i~ dei:radcd hy rihonude:1scs, 

1ha1 affect translation initiation, or that affrct rloni:•tion 

foc1urs and other proteins tlurini: the 1ran,IJ1ion process 

arc forms of tr1nsl1tion1I control: 

DNA - mRNA - protein-:- ac1i,·J1cJ protein 
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364 Unit 3 Gene Structure and Expression 
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Translational control 

FIGURE 17 .1 Gene Expression Can Be Regulated at ThrH Levels 
Although th is chapter focuses on how regulatory molecules affect the ability of RNA polymerase 10 initiate 
transcription. translat ional and post-translational controls also occur in bacteria . 

3. Chapter 16 pointed out that some proteins arc manufac­
tured in an inacti\'c fonn and ha\'c to be acti\'ated hr chem­
ical modification, such as the addifion of a phosplute 
group. This rype of regulation is post-translational control: 

DNA _. mRNA _. protein ~ acri,·ated protein 

Which of these three forms of comrol occur in hacteria? 
The short answer to this question is Mall of the abo\'e.~ As 
Figure 17.1 shows, many factors affect how much acri,·e pro• 
tcin is produced from a p:micubr gene. Transcriptional con• 
trol is parricularl)' imporrant due to its efficiency-it sa\'CS the 
most energ)' for the cdl, hccausc it stops the process at the 
earliest possible point. Translational control is ad,·amagcous 
hec:rnse it allows a cell to chani;c quicklr which proteins are 
produced. Post-translational control is significanr as well. and 
it prm·ides the most rapid response of all three mechanisms. 
Among rhese mechanisms of gene regulation, there is a clear 
rradc-off herween rhc speed of response and the conscr\'ation 
of ATP, amino acids, and orhcr resources. Transcriprional 
control is slow but cfficienr in resource use. Posr-rranslational 
control is fast but energericallr expensive. 

Although this chapter focuses almost cxclusi\'el)' on 
'mechanisms of transcriptional control in hacrcria, it is im­
porrant to keep in mind that borh rranslarional and post· 
1ransla1ional controls occur in these organisms. It's also 
imporranr 10 recognize that some genes-such as those that 
code for the enzymes required for glycol)·sis-:irc tran­
scribed all the rime, or constitutively. But the expression of 
mhcr genes is regulated, meaning that they ma)" he induced 
or repressed . Finally, i1 is cri1ical to realize that gene expres­
sion is nor an all-or-none proposition. Genes arc nor just 
"on" or "off"- instead, the IC\·d of expression is highly 
variable. What factors determine how much a parricular 
gene is expressed at a particular rime? 

Metabolizing Lactose-A Model System 
As Chapters 13 through 16 have shown. many of the funda­
mental ad\'ances in generics ha,·e been achie\·ed through the 
analysis nf a model sys1cm. Srud~·ing the inheritance of seed 
shape in garden peas re\'ealed the fundamental patterns of gene 
transmission. Exploring transcription in viruses and E.. coli led 
to the discm·cry of RNA polrmerasc, transcription factors 
(such :is rhe sigma proteins), and promoters. In studies of gene 
regulation, the key model system has been the metabolism of 
the sugar lactose in E. coli. 

Jacques Monod, Fran\ois Jacob, and many colleagues in­
troduced lactose metabolism in E. coli as a model sysrem dur­
ing the 1950s and 1960s. Although they worked with a single 
species of hacrerium, their results had a profound effect on 
thinking about gene regulation in all organisms. Some derails 
mrned our 10 be specific 10 the E. coli genes responsible for 
lal1ose metabolism, hut many of Monod :ind Jacob's results 
are uni,·ersal. 

F.scbericl,ia coli can 11Se a wide variety of sugars for ATP 
producrion, \'ia glrcolysis and the electron transport chain or 
\·ia ferment:ition. These sugars also serve as a raw material in 
the synthesis of amino acids, \'it:imins, and or her complex com­
pounds. Glucose is E. co/,"s preferred carhon source, howc\'er, 
meaning rhar it is the source of energy and carbon atoms rhar 
the organism USl"S most efficiently. This observation is logical, 
because glycolysis begins with glucose and is the main pathway 
for the production of ATP. Lacrose, the sugar found in milk, is 
also used by E. coli, bur uni>· when glucose supplies are depler­
ed. Recall from Chapter 5 that lactose is a disaccharide made 
up of one molecule of glucose and one molecule of galacrose. 

To use lactose, E. coli must first transport the sug:ir into the 
cell. Once l:icrosc: is inside the cell, £. coli can break the sugar 
down into glucose and galacrose by means of the enzyme 
t3-galac1osidase. The glucose released by this reaction is 11Scd 
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directl)' via gl)'col)'sis; other enzymes com·en the galactnse to 

i I an intermediate in the glycol)'tic pathwar. 

In the early 1950s, biologim discovered that F.. coli produces 

high Je-·els of /3-galactosidase nnlr when lactose is present in the 

environment. If lactose is absent, little /3-galactosid.1se is srnthe­

sized. Because lactose appears to induce the production of the 

enzyme that breaks itself down, researchers proposed rhat lac­

rose itself regulates rhe gene for /3-galactosidasc. ~lore formally. 

rhe hypothesis was rhar lactose acts as an inducer. ,\n inducer is 
1 a molecule thar stimulates the expression of a specific gene. 

In rhe late I 950s Jacques ~fonod invesrigared hnw rhe pres• 

ence of glucose affects rhe regulation of the /l-galacrosidase gene. 

Would E.coli produce high le,•cls of /3-galac-iosidase when horh 

glucose and lactose were present in rhe surrounding environ­

ment? Figure 17.2 summarizes rhe experimental approach hr 

Question: E. coli produces jl-galactosidase when 
lactose is present. Does £ coli produce 1!-galactosidase 
when both glucose and lactose are present? 

Hypothesis: £ coli does not produce IJ-galactosldase when 
glucose Is present, even If lactose is present. (Glucose is the 
preferred food source.) 

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

Experimental setup: 
Treatment 1 Treatment3 

Prediction: ll-Galactosidase will be produced only In 
treatment 3. 

Prediction of alternative hypothesis: ll-Galactosidase will 
be produced In treatments 2 and 3. 

Results: 
Treatment 1 

No 
p-galactosidase 

t;\ 
' 

Treatment2 

No 
P-galac1osidase 

4 
E. coli does nol produce 
11-galactosldase ii glucose 
1s presen1 

Treatment3 

High produclion of 
p-galactosldase 

Conclusion: Glucose prevents the expression of the gene 
for l}-galactosldase. The presence of lactose without glucose 
stimulates the expression of that gene. 

FIGURE 17.2 Glucose Affects the Regulation of the 
P-G1l1cto,idue Gene 
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which Monod found that rhc answer was no. Thi, meant rhar 

/3-~alactosida>t· production i, induced h)' rhe availability of lac­

tose, hur nnly when gluco,e is unavailable. The ke)' observa ­

tions can he summarized as follows: 

• Cells grown on gluco,e onlr: no /3-g:1 lactmiJase prnJuction 

• Cells grown on glucose + lactose: no /l·f:alactrnidase 

production 

• Cdls grown on lactose only: /3-galactosidase production 

Monod teamed up with Fran~ois Jacob rn investigate exact­

Ir hnw lactose and i;lucose regulate rhe genes responsible for 

bcrnse metabolism. Research on how these i;ene< are re~u­

lated opened a window on how genes in all organism, arc con­

trolled, Research on rhis system is still continuing, some 50 years 

later. 

17 .2 Identifying the Genes Involved in 
Lactose Metabolism 

To understand how E coli controls production of /3-galacrosidase 

, and rhe membrane transport protein rhar brings lactose into rhe 

cell, Monod and Jacob first had ro find the genes rhar code for 

these proteins. To do this, ther employed rhe same tactic used 

in the pioneering studies of DNA replication, transcription, and 

rranshuion reviewed in earlier chapters: They isolated and ana­

lrzed mutant individuals. In rhis case, rheir goal was to find 

E. coli cells rhat were 1101 capable of meraboli,ini: lactose. Cells 

that can't use lactose must lack either /l-i:alacrosidase or rhe 

lactosc·transponcr protein. 
Finding mutants with respect to a plnicul.u trlit w.ts a two­

step process. The researchers' first step was ro generate a large 

numher of individuals with mutations ar random locations in 

their genomes. To produce mutant cells, Monod and others ex­

posed E.coli populations to X-rays, UV light, or chemicals thar 

damage DNA and increase mutation rares. The second step is 

to screen the mmants ro find individuals wirh defects in rhc 

process or biochemical pathway in question-in this case, de­

fects in lactose metabolism. ,\ technique that allow, resc-Jrchers 

rn idcnrif)' indi,·iduals with a particular 11·pe of mutJtion is 

called a screen. 

Monod and colleague, were looking for cells that cannot 

grow in an cn\·ironmcnt th.n contain~ onlr lacw~r ;ls an ~ncr~y 

source. Normal cells grow well in this envirnnmem. How could 

the «·searchers select cells on the hJsis of l.ick of i;rowrh? 

Screening Mutants-Replica Plating and 
Indicator Plates 
Replica plJring and i:rowth on indicator pl.tte., were key tech­

niques in the scJrdt for muranrs wirh defect< in I.mo« mc ­

raholism. Replica plating hcgins wit_h sprc,1din!! mutJf:eni,cJ 
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hactcri.1 nn ., plate that is filled with gelatinous agar containing 

glucose, a, illustrated in Figure 17.J. This plate is known as the 

master plate. The bacteria arc then allowed to grow, so that each 

,ell produces a single cnlnny. (A hact,·rial cnlnny consists of a 

large number of identical cells that arc descended from a single 

cell .) Next, a block CO\'ered with a piece nf sterilized ,·cl\'ct is 

pressed onrn the master plate. Because of the cont.1c1, cells from 

each colony on the master plate are transferred to the ,·el\'et. 

Then the \'eh•et is pressed nnto a plate ,omaining a medium that 

differ, from that nf the master plate by a single component. For 

instance, in Figure I 7.3, the sernml medium has only lactose as 

a source of carbon and energy. Cells from the l'd\'et stick to the 

plate's surface, producing an exact copy of the colonies on the 

master plate. This copy is called the replica plate. After these 

cells grow, an im·estigator can compare the colonies that thri\'e 

on the replica plate's m,·dium with those on the master plate. In 

this case, colonies that i:row on the master plate but that arc 

missini: nn the replica plate represent mutants deficient in lac­

tose metabolism. By picking these particular colonies from the 

master plate, researchers build a collection nf lactose mutants. 

~'lonod also used an alternarh·c strategy based on indicator 

plates, where mutants with metabolic deficiencies are obscr\'ed 

directly. Consider what happens when muragenized bacteria 

are grown on agar plates containing lactose and are then 

sprayed with a solution containing the colorless compound 

ONPG (o-nitrophenyl-tl-D-galactosidc). ONPG consists of 

two subunits-a galactosc molecule and a molecule called 

o-ni1rophenol-rha1 arc joined by the same /3-1,4 glycosidic 

linkage that joins the galactose and glucose subunits of lactose. 

Consequently, ONPG acts as an nlternative substrate for 

REPLICA PLATING 

One E. coll cell grows 
to produce a colony 

6 i q fi.:::fli 
Master plate Master plate 

, _ Grow a master plate of 
mulagenized 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 lo block. 

FIGURE 17.3 Replica Plating Is a Technique for Identifying Mutant Cells 

tl-galacrosidasc. When the enzyme clca,·cs ONPG, galactose 

and o-nitrophenol arc released. This is significant, because 

o-nitrophenol is intensely yellow. When colonies exposed to 

ONPG turn yellow, it means that the)' have /3-galactosidasc ac­

ti\'ity. Colonies that stay white arc unable to cle3\'e ONPG, 

meaning they ha,·c a defect in rhc cnz)·me or its production. 

Different Classes of Lactose Metabolism Mutants 
The initial mutant screen yielded the three types of mutants 

summarized in Table 17.L In one class, the mutant cells were 

unable to clea,·e ONPG C\'en if bctose was present inside the 

cells to induce production of the tl-galactmidase protein. The 

im·esrigarors concluded that these mutants must lack a func• 

tinning ,·ersion of the tl-galacrosidasc protein-meaning the 

gene that encodes tl-galactosidasc is dcfecti,·c. This gene was 

designated lacl, and the mutant allele lacz · . 
In the second class of mutants, the cells failed to accumulate 

lactose inside the cell. In contrast, the concentration of lactose 

in wild-t)'pe cells is about I 00 times that of lactose in the sur• 

rounding em•ironment_ To interpret this result, Jacob and 

Monod hypothesized that the mutant cells had defccrh·e copies 

of the membrane protein responsible for transponing Llctose 

into the cell. This protein was identified and named galactoside 

permease; the gene that encodes it was designated lacY_ 
The third and most surprising class of mutants did not reg· 

ubte expression of /3-galactosidase and galactoside permease 

normally. For example, when these mutant cells were grown 

on lactose alone and then sprayed with ONPG, the)' turned 

yellow just as normal cells do. But if they were grown on a 

medium that contained glucose but no lactose, they still turned 

Replica plate 

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

Replica plate 

4. After incubation, cellS 
that can use lactose as 
energy source grew into 
colonies. Pick cens on 
master plate that are not 
on replica plate. These 
cells are unable 10 
metabolize lactose. 

Repl ica plating, used here to isolate mutant E. coli cells with a deficiency in lactose metabolism. There are two 
keys to this technique : (1) The location of colonies on the master plate and replica plate must match exactly, 
and (2) the media in the two plates must differ by just one type of component. QUESTION H,,. .. " cc1 d )"" 
.· 11 :. ' t• ·,: r.r :J t :ir ::, 1 l e- 1:. ,:,1,H L- in ,t.111 1 ,f.. . ;. 11 J d -~ ' 1-:. ~ '' ()· ir :•1-;: cn:,\m!?: r rqu r f'd 10 !i) n 111L" : : ..:: ~•yol ~· r.'1 ."!"I ... 
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TABLE 17.1 Three Distinct Types of Mutants in Lactose Metabolism of E.coli 

Mutant Phenotype Interpretation 

Cells cannot cleave ONPG even if lactose No JJ-galactosidase; gene for IJ •galactosidase is defec, ive. Call th,s 

Inferred G1notyp1 

lacZ 

is present as an inducer. gene facZ. 

Cells cannot accumulate lactose inside No membrane protein (galactoside permease) required for import of 
the cell. lactose: gene for galactoside permease Is defectrve. Call this gene facY. 

lacY-

ONPG is cleaved even if lactose is Constitutive expression of lacZ and lacY; gene for regulatory protein 
absent (no inducer). that shuts down facZ and lacY is de!fect ive-it doH not need to be 

induced by lactose. Cell this gene lad. 

lac/ · 

rellow ofter being sproyed with ONPG. Normol cells. in con­

trast, do nor produce /3-goloaosidasc under these conditions. 

Normal cells remoin whi1e when i:rown on glucose and 1hen 

spra)'ed with ONPG. 

Cells 1h01 ore obnormol bccouse the)' produce• product 01 oil 

rimes arc c:ill('J constitutive mut1nts. Unlike normal cells, 1hcir 
produa is olwoys pan of the cell", cons1i1u1ion. The gene that 

mu1>1ed 10 produce consri1u1ive ll·i:abaosidase expression was 

nomed lac/. The use of •1· W>S oppropriore because these mu• 

ronts did not need an inducer to express /3-gobcrosidase or 

galactoside pcrmcasc. Recall rhot, in no~ol cells, the expn:ssion 

of these genes is induced by 1hc presence of bcrose. But in cells 

with a muronr form of lac/ (lac/ · mutontsl, gene expression oc­
curred with or without laaosc. This meant rhar lacr murants 
ha\·c a defect in gene regulation. In these mutants, the gene re­

mains "on" when it should be turned off. 

&sed on these obsen·otions, it is logicol to infer that the 

normol product of the lac/ gene pre,·enrs 1he 1ronscrip1ion of 

lacZ ond lacY when locrose is obsenr. Btcouse lactose acts as an 

inducer for the produaion of /l•gobcrosidose, it is reosonahle 

to expect thot the lac/ gene or gene produa inrer>crs with be­

rose in some W>)'. U.orer work showed rhot the inducer is• de-

Regulalo,y 
funct ion 

rivori,·e o f lo<1ose called allolactuse. for 1he sake of hi,rorical 

accuracy anJ simplicity, howc\'C:r, this Ji \i.:u,\ ion rdcrs to lac­

ruse irsclf as the inducer.I 

Several Genes Are Involved in 
Metabolizing Lactose 
Jacob ond ~lonod had succeeded in idcn1ifying three grnes in­

volved in lacrose metabolism: lacZ. lacY. ond lad. Thei· hod 

concluded that lacZ ond lacY code for proteins inrnlved in the 

merahnlism and import of lactose, while lac/ is responsible for 

some sort of regubrory function. The lac/ gene or gene produa 

repressed the expression of lacZ and lacY in the obsence of loc­

tosc-, bur wh('n lactose ,..,·as present, the opposiu: oc,urrc-d­
rronscriprion of lacZ and lacY w35 induced. 

When Jacob and Monod followed up on these experiments 

hr mapping the physicol locorion of rhe three genes on E. co/,·s 

circular chromosome, they found that the genes arc close ro­

gether (figure 17.41. This W3S a cruciol result, becousc it 

suggested 1h31 both lacZ ond lac\' might be controlled by 

lac/. Could one regulotor)' gene manage more than one 

protein -encoding gene? If so, how dnes lac/ octu>II)' work ? 

And whr do bcrose ond glucose h3\·e opposite effects on it? 

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

Sec~on ol f. coll lac/ pruct lacZ p\l /7ucl 

chromosome 'U!_1,0W114VVVM'-...,MW-..OV-C.OUW'ij,0~11,0il,O l~r ~ 11,0~_j:,O"°'\ 
lac/ lacZ lacY 

Observations about regulation 
ol lacZ and lacY: 

11) Laci pro1,,;n and glucose shul 
down transcription of 
lacZ and /acY. 

(21 Lactose Induces transcription 
ol lacZ and /acY. 

E. coli 

-----Chromosome 

FIGURE 17 .C Tho /,c Gones Aro In Close Physical Proximity 

____ .j __ .. --· 11-Galactos;dase 

·-;;;;'" ----- Plasma membrane 

' Lactose 

/ --­• Galactose 
Galactoslde 
permease 

Early expetiments or, lactose use in E. coli ldontified the lad, lacZ, and /acY genes , document~d the 
functlori of their protein products, and mapped their locations on the E. coli chromosome . 
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17 .3 The Discovery of the Repressor 

In princ,ple, then· .ir,· two ways rh.11 tr.in,criptinn can he rq:u· 
lated: , ·1;1 po,itiw rnnrrnl or ncg.11in, conrrnl. Positive control 1\ 

,n dfcct when somcthini; must he ad,kJ fnr tramcription to 
o,cur: negative control is in dfrct when smncthini; must he 
tJkcn Jway for trJtt\Cription to occur. In st :1rtin~ up n c.:;,r, pos­

im·c control occurs when you step on the gas pedJI, meaning 
rh.11 you add fuel; nci;ati,·c control nccurs wh,·n rh,· parking 
hr;1kc is set. Ir mrnrd 0111 that the l<1rZ and /11(\' >:cn,·s inf.. rnli 
arc cnnrrolk·d hy (101h a i;.1s pedal and a parkini; hrakt~rhat is, 
rhcr arc under positi\'c rnnrrol ,md nci;ari,·c comrnl. 

TI1c hyporhesis th.11 the l,1cZ and /,1,·Y genes might hr 1111der 
nei;ari,·c control originated with I.co Szilard in the late I 950s. 

Szilard suggested to Jacques ?'-.lonod that the Ide/ i:cnc codes for 
a product that represses rramcription of the l,1cZ and l,,cY i:encs. 
Rrcall from S,:ction I i.2 th.11, in lad ' murnnrs, the production 

(a) Repressor present (normal lac/ gene) 

of f.l-galacwsidase and galacwsidc pcrmcasc is constiruti\'e, even 
if lactose is not availahlc. Szilard proposed that regulation fails 
hccause the Laci· protein-which nonnall)' prerents enzyme 1 

srnthcsis-is inacril'c, S1J1cd anorhcr WJ)', the /ad gene pro­
duces an inhihitnr that cxens ncg.1ti\'C control m·er the lacZ and 
/,re\' i;erws. TI,is transcriprion inhibitor was called a repressor 

aml was 1houi:ht to hind directl)' 10 ONA near or on the pro­
moter for the /acZ and /,uY genes (Fii:urc 17.5a). To expl;1in 
how the presence of lactose triggers transcription in normal cell~, 
Szilard and l\lnnod proposed thar lactose interacts wirh the 
rcprcssor in a wa)' that makes the rcprcssor rdcasc from its 
hindini; sire (Figure Ii.Sh). The idea was rhat lactose induces 
transcriprion hy remo\'ing ncgati,·c control. Lactose releases 
1hr plrking brake. As Figure 17,5c shows, it was logical to 
ohscn·c thJt constirnti,·c transcription occurs in lacr mutants 
hccause a funcrional reprcssor is ahscnt-rhe parking brake is 
broken. 

Lactose absent tft.1''3 ~ 
No transcription occurs \...-r1 _ _ _ _ . . ,,.O't,, '\ 

t Repressor molecule .a""}. ~ ~ 
synthesized ~ ~ ~ 

i>O'i:,..?~~ W-.O~M-di' iQ Wo..?uO';:;o ~ b(•l';oOS>l'r.o 
lac/' 

(bl Repressor present (normal /ac/ gene) 

RNA polymerase 
bound to promoter 

lacZ lacY 

Lactose present; binds to repressor 
Lactose-repressor complex ~°1 ~ TRANSCRIPTION BEGINS 

cannot bind to DNA \J - ~ RNA II-Gal c1 ·c1as J p 
Trans.cription occurs (lactose acts t Repressor Lactose / ,::.LI·~~ m a osi e ermease 

as inducer) ~t ~ t t , .. 
~,:.,o~~ ~ M ~ wta!J·::. bl"'i:,,OW~~~ \>l'~~~ 

lac/' /acZ lacY 

(cl No repressor present (mutant lac/ gene) 
Lactose present or absent 
Transcription occurs 

RNA polymerase 
Lactose-repressor bound lo promoter 

complex 

t No funclional " 'f, 
repressor synthesized • rJ.,,.., ~ 

r,-
.0-..01;.0~~w~"'°u,'t:P 

TRANSCRIPTION BEGINS 
mRNA ll-Gatactosidase I Permease 

t t 
lac, 

FIGURE 17.5 The Hypothesis of Neg•tive Control 

M~~~oc'~ ~be'M\,l" 

RNA polymerase 
bound to promoter 

lacZ lacY 

The negative-control hypothesis maintains (a) that transcription of genes involved in lactose use is normally 
blocked by• r~pr?ssor molecule that binds to DNA on or near the promoter for facZ and JacY, (bl that lactose 
induces tr~nscript1on of facZ and /acYby interacting with the rcprcssor. and (cl that, when a functional 
repressor ,s absent, transcription proceeds. 
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How cou)d resc:archers 3ssess these hypotheses? This was 

no trh·ial r,sk. Bur in a ser of brilli,nr expcrimenr<. ea<h of 

rhe predictions of 1he neg•tive-conrrol hypmhesi, was rested 

and confirmed. The ker studies were based on cre,rin~ L rn/, 

cells th3t were diploid for the genes im·oh·ed in l,crose me­

tabolism. For example, consider an cxpcrimcnr that hcgin~ 

wi1h cells that arc haploid and have the gcnmrpe 

r lacz•IacY-. These cells lack rhe hrporhesizrd rcpressor bur 

have normal copies of rhe genes for /3-gal,crosidase ur g•lac­

toside pcrmeasc. As predicted by the hypothesis of negatin· 

conrrol, thcr produce IJ-galactosidasc constituth•dy. But what 

h•ppcns when these cells are made diploid hr the addition of 

DNA with the genotype I' lacz· /acY-? The second ser of genes 

codes for • functioning copr of rhe repressor, bur nor of 

/3-galactosid,sc or g•lactosidc permc,sc. Once the cells are 

made diploid, tl -gal,ctosidasc production declines and then 

stops. This result supporrs the hrpothcsis that the repressor 

codes for a protein that shuts down tromscriptiun. As predict­

ed, rhe reprcssor is rhc "parking hrake- on transcription. Bur 

if an inducer such as lactose is added to these diploid cells. 

IJ-ga1actosidast' acth·ity continues. This result supports rhc 

hypothesis rh,n lactose rcmO\'CS the rcprcssor-ir releases rhc 

p.uking br3kc. Sratrd anothrr way, lactose acts as an inducer ,,, 

by- removing negarive conrrol. 

The lac Operon 
Jacob :ind .Monod summarized the results of their experimenrs 

with 3 comprehensive model of nq;ati\·e control that was puh­

lished in I 961. In essence, their experimental data had con­

firmed the hrpothcscs illusrrared in Figure 17.5. One of their 

key conclusions was th:n the genes for J3-gafocmsiJase and 

galactosidc pcrmease arc controlled together. To capture this 

point, th~· coined the term operon for a set of coordinately reg­

ulated bacterial gen~ that arc transcribed togethrr into one 

mRNA. Logically enough, the group of genes in\'Oh·ed in lac­

tose metabolism was termed rhe g, operon. 

Three hypotheses arc central ro ,he jacoh-.\fonod model of 

lac opcron regulation: 

I. The /acZ and lacY genes arc adjaccor and are transcribed 

into one mRNA iniriarcd from the single promoter of the 

lac opcron. As a result, the expression o( th~ rwo gcnc-s is 

coordinated. 

2. The repressor is a protein encoded hr /ad that hinds to 

DNA and prevents transcription of /acZ and /JcY. The 

binding site- for the repressor is a section o( DNA in thr lac 

opcron called rhe operator. Jacob and ~tonod propo\Cd 

that lac/ is expressed constituli\·rl)· and that its product 

(the reprcssor) prevents tronscripr ion hy hlocking RNA 

polrmcrasc ·from making conracr with rhe promoter. 

3. The inducer IIJaosc) in1erac1s Jirecrl)' with the rern·ssor 

h)' hindin~ 10 it . As a result, the reprn\or ch3ngcs shape in 
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a wa r rhar cau,cs it rn drop off the DNA strand. Tron- :j 

scripuon is rhcn ahle ro proceed because RNA polrmcrasc 5 

can :icccsc;; rhe prnmorrr. Reca ll from Chapter 3 that this ~ -

form o( control u\·er protein function i, called alloster,c 9 

rtx11l:1tirm. \Vhl·n allo,trric rcj:ulation ocf."urs. a small mol• ~ 
rcule hinds Jire'11y rn a prorein anJ c.1u,ri ir ro chan,::e irs : 

sh:1pe :1nd :1c1iriry. \'(1hen rhe inducrr hinds 10 rhr rrpresior. 

ncgJti\·c control end,. 

Testing the lac Operon Model 
[)id Jacoh and ~lonod "i;cr ir right" ? After their model of ne)!· 

a1i1·c control was puhli,hed. j .,rnh and Mono<l confirmed the 

existence of rhe operator. The)' did 1hi, hr fi nding F.. ml, mu-

tJnts that exruessed lacZ constiturh·cly yet had normal form, 

of rhe reprcssor. In these new mutants. the reprcsr,or protrin 

was unable co function hl·c.1usc the nudc:utidc !K."4uc-ncc of 

rhe operator was altered. In I 967 Walter Gilbert and Benno 

.\Hiller-Hill were ahle to tai; copies of the repre5'or protein 

wirh 3 radio:icth·e atom. Thei r cxpcrimrnts showed th.1t the re· 

prcssor phrsicall r hinds ro rhe DNA sequence, of the operator. '[ , / 

TI1is result confirmed thar the operator is not a protein or an ~ 

RNA product, bur instead is part of rhc DNA ,cqucncc of rhe 

l.u operon. 

The only major modificarion of the ori,::inal /i1c opcron 

model is hased on the recent recognit ion that the rcrressor does 

nor physicallr hlock RNA polrmerose from contacting the pro­

motrr. as Jacoh and Monod had proposed. Instead. the rcprcs­

sor prc\·cnts the RNA polymerase holocnzrme from opening 

thr DNA helix once rh.11 enzyme has bound ro rhc promoter. ,u 
a result, rhe templa1e strand cannot be threadc.-d through rhc 

enzymc·s :1cti\·e site so that transcription c.1n be-gin. 

In addition, a third gene of the /;ic operon, l.icA, WJS di,­

CO\'ereJ afrer the original model o( neg.1ti\·C' control was puh• 

lished. The lacA gene is tightly linked 10 /Jc)' and /acZ and is 

transcribed as pan of rhe same mRNA strand that carries IacZ 

3nd lacY. The gene cod~ for the enzyme transacc-n·lasc, which 

transfers acetyl (CH 1Coo- ) groups to tl-i;alacr~sidc sugars. 

The protein•s function is prorecth·c in nature: The :icen·IJt ion 

srcp allows sugars thar cannot he mctaholized to bc ex.p<>nrd 

from the cell inste3d of :1ccumularing to d,mi:erous lcHls with­

in rhe cell. 

An mRNA like the one produced hy rhe /Jc opcron is 

known as 3 polycistronic mRNA. Polyclstronic mRNAs con• 

rain more than one protcin-encoJin~ se~ment . In most cJ scs. 

hacrerial J:enes that arc tr:rnscrihcd a, a polyci ;;tronic mRN . .\ 

coJr for products Jen11ed to a C"ommon cnJ. such as thc- lJ<Z 

.1nd l.,cY proJucrs rc:-qu ired for lactose.- metJNllism. Similarh·. 

1he pol)·cisuonic lrp (pronounced .. trip"'I operon in E. co.I, 

consists o( fi\·t genl's, each of which is ~quired for different 

step, in the S)'lllhrs i, o( the amino :acid tryp1oph .1 n. The trp 

opemn is :1lso unJer nr1,:ati\·e comrol-hur with :i tw i,t ex• 

plained in Box 17. t, p:i~c: 370. Hiolo.,:isn interpret rhc polr­

cisrron i,: Mrucrnrc- o( nuny hJnai:11 ~C'nc-s as an JJJ ptJtion 
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Almost Parallel Worlds: Similarities and Contrasts in Control of 
the trp and lac Operons 

The ,::cnes m rhc l11c opcron code for pro­
teins rhar arc responsible fur lm•,1kmi: 
down J compound in the cell, lacmse. 
Logic.illy cnoui:h, the expression of 
rh ese genes depends on rhc presence of 
lac10sc, the compound that is to he bro­
ken down. When the inducer, a lncrose 
dcril'atil'c, hinds to the reprcssor, the re­
pressor comes off rhe orc rJtor and tran­
scripr ion hcgins. 

Now imagine how a cell would rq:u ­
larc an opcron rhat is responsible for 
synthesizing a molecule instead of break­
ing ir down. In this case, the cell should 
srimulare gene expression when the mol ­
ecule is absent but should reduce tran­
scription when the molecule is pr<·scnt. 
To see how cells accomplish this task, 
let's explore how E. coli regulates the trp 

operon-:i set of fo·e corranscribed genes, 
each of-which is required for the symhesis 
of the amino acid rryptophan. 

If RNA polymerase binds IO the pro­
moter for the trp operon and bei:ins 
transcription, all fil'e trp operon genes 
arc transcrihed and translated rogether. 
Once translation is complete. the srnrhe­
sis of tryptophan commences. 

The trp operon is under negative con­
trol. It has an operator sequence that 
m·erlaps the promoter, and a repressor 
protein that binds to rhc opcraror IO pre­
l'Cnt rranscriprion-3s in rhc lac opcron. 

In the trp operon, tr)'ptophan hinds 
ro the repressor to rei:ubtc transcrip­
tion, just as allolactosc hinds ro rhe lac 
opcron's rcpressor ro regulate tran­
scription. There is a crucial difference 
in the twn S)'Stems, howel'er. If tr)'pto• 
phan binds to rhe repressor, ir means 
rhat tr)·ptophan is present in the cell 
and rranscriprion should not proceed, 

This is exactly what hioloi:im observe: 
.-\ s Fi~ure 17.6a shows, rhe tr{I rcprcs­
snr hinds operator DNA and exerts 
nq:ativc control only when the rcpres­
sor is complexed with lr)·ptophan. 
When rryprophan is ahscnr. the repres­
sor docs nm hind to rhc opernror and 
the operon is expressed consriruri,·ely 
(Figure 17.6b) . This is exactly the op· 
posirc of how the presence of lactose af­
fects the l11c repressor. And ir makes 
perfect sense for the trp operon: Bacter­
ial cells will hal'e higher fimc s~ if the 
operon is transcribed when tryprophan 
levels arc low hm shut down when 
tr)'ptophan is abundant . 

In addition to offering a new twist on 
negaril'e control, the trp opcron has pro­
\'idcd orher fascinating insights into gene 
regulation. Experiments ha,·c rcl'calcd 
thar negative control in rhc trf, opcron is 
supplemented br a regulatory mecha-

nism called attenuation. Attenuauon 
works like a dimmer swirch, because 
it superimposes fine -runcd control on 
whar would otherwise he a si mple on-off 
system. In rhe case of rhe trp operon. the 
dimmer is sensitive to rryprophan le,·rls. 
When tr)·ptophan lc,·cls arc high, artenu• 
ation cau\es transcription to terminate 
earl)' in rhe opcron. When trypmphan 
le,·cls arc low, rranscriprion proceeds 
through the entire opcron. Artenuation 
rhat is based on amino acid concentra­
tion is seen in manr other opcrons de­
,·oted ro amino acid synthesis. 

After considering how rhe lac and trp 
operons arc regulated in E. coli, ir's diffi. 
cult nor to hal'c new respect for "sim­
ple" forms of life. Bacteria may be small 
and unicellular, bur rhey perform fanras­
ticallr complex, finely controlled chem­
ist')·, Even rhe simplest cells are 
marvelous machines. 

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

RNA polymerase 
bound to promoter 

(bl When tryptophan is absent, transcription occurs. 

RNA polymerase 
bound to promoter 

5 genes coding for enzymes involved in tryptophan synthesis 

FIGURE 17 .6 The trp Operon Is under Negative Control 
(a) When tryptophan is present, it binds to a repressor protein. The tryptophan-repressor 
complex binds 10 the operator and shuts down transcription. which ends the synthesis of 
tryptophan. (b) The trp operon contains five coding genes. 

that increases the efficiency of gene expression, By hinding to 
one promorer, regularorr proteins can control rhc expression 
of scl'eral genes rhar arc requ ired for rhe same process. Pol r• 
cistronic mRN:\s arc common in bacteria hut rare or nonex­
isrem in mosr eukoryores. 

The Impact of the /ac Operon Model 
Regula tion of the l,,c operon prm·ided an immenselr impor­
ranr model sprcm in generics, partly because aspects of the 
model turned our to be important in many orhcr species, 
genes, and operons. For example, follow-up work has 
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shown that numerous bacterial genes are under ncgati\'c con• 
trol via repressor proteins. Even more important, the lac 
opcron model inrroduced the idea that gene expression is 
regularcd by physical contact between specific regions in 
regulatory proteins and specific regulatory sites in ONA. 
Sr•ted another way, the model inrroduced the idea that gene 
expression could be modified hy proteins 1ha1 bind direcrli· 
10 regulatory sequences in DNA. Publication of rhe lac oper­
on model was a watershed c,·en1 in the history of biological 
science. Its impact on thinking about gene regulation is hard 
to overestimate. 

As eleg;,nr as the model presented in Figure 17 .5 is, howC\·er, 
something is missing. Where docs glucose fit in? This is 1he 
final element of the regulatory S)'Slcm for lactose metabolism. 
As i1 turns out, it is also the clement 1ha1 is based on posi1i,·c 
control 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 ONA 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 promoter, and the three protein-coding 
genes; and (3) show what that operon looks like in the 
presence and absence of lactose. 

l•l Catabolism 

Larger reactant molecule 
Enzyme 

(bl Catabolite repression of the lac operon 

"~, 
OH 

X 
P-Galactosldase 

011 HOCH, 
Lactose 
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17 .4 Catabolite Repression and 
Positive Control 

\1:'hen glucose is present in rhe environment. transcription of the 
lac opcron is reduced. This is true even when lactose is avail­
able 10 induce /3-galacwsida<c expression . Gi,·cn that glucose 
is the preferred carbon source. this aspect of control over rhe lac 
opcron is loi:ical. Glucose i< produced when p -g;,lacrosidasc 
cleaves lactose. When glucose is present, ir is not necessary 
for rhe cell to clca,·e lactose and produce still more glucose. 

Recall from Chapter 9 rhar biologists use the term 
catal10/i$11110 refer 10 reactions rhar break lari:er molecules inro 
simpler subunits. The h)'drolrsis of lactose io10 its glucose and 
galac10se subunits is an example of carabolism (Figure 17.7a). 
In man)' cases, opcrons 1ha1 encode carabolic cnz)·mcs are in­
hibited when the end product of the reaction, the cai..bolite, is 
abundant. This form of end•product inhibition is caubolite re­
pression. In rhe case of rhc lac opcron, glucose is the caraholire. 
When glucose is a hundanr in rhe cell. transcription of the /Jc 
operon is decreased by catabolirc repression (Figure 17.7bl. 

How docs glucose prevent expression of the lac operon? 
An answer 10 rhis question beg.in 10 emerge when researchers 
disco .. cred a second major control clement in the lac opcron. 
This regula10ry switch consists of a DNA sequence known as 
1he CAP binding site, which is located just upstream of the lac 
promoter, and a regulatory protein called c.otabolite activator 
protein (CAP), which binds to this DNA sequence. 

To understand how CAP works, notice that nor all promorcrs 
arc created equal. Strong promorers allow efficient initiation of 
transcription b)' RNA pol)'merase; weak ones suppon much 
less efficient iniriarion of transcription. The lac promoter is 
weak. But when the CAP regulatory protein is bound 10 the 

Smaller product molecule 
(a c.otabolije) 

H~H 

~ 
OH 

Galactose 

+ 

+ 

Smaller product moiewle 
(a catabolite) 

Glucose 

J 
Presence of glucose /4-f' 
(a catabohlo) represses Y 
produc11on of p-gafnctosldase 

FIGURE 17.7 Yubolite Repression Is• Mechanism of Geno Regulation 
(,1) A generalized example of ut~bolism. (b) Catabolita repression occurs when one of the small product 
molecules repreues the production of the enzyme respons ible for the reaction. In the case of li1ctoie 
metabolism, the production of JJ•galactosidase is suppressed when glucose is present. 
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(a) When cAMP is present, it binds to CAP. The cAMP 

cAMP-CAP complex binds to DNA at the CAP 
site and increases binding of RNA polymerase 
to p romoter. Transcription occurs frequently. 

~bC'Mitr:'.',.,,· •.:.Ot;.0"-0 ~ 

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

CAP 
site 

RNA po!ymera,e bound 
tight/'( to p,omoter 

lacZ lacY lacA 

~M(i.Ob~·V,t W'"uOM~" 

FIGURE 17 .8 Positiv• Control of the lie Optron 

CAP 
site 

RNA polymerase bound 
loosely to p,omoter 

lacZ lacY lacA 

(a) When 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 glucose is abundant, cAMP lS rare in the cell and 

positive control does not occur. 

CAP site jusr upstream of the lire promoter, the protein interacts 

with RNA polym,·rasr in a way that allows transcription to 

begin much more frequently. CAP bindini: sreatly strcni:thens 
the l.,c promoter. In this way, CAP exerts positi1·e control of rhe 
l.1c operon. When CAP is acrire, rranscriprion increases. 

Researchers also discm·ercd rhar CAP, like the rcpressor pro• 

rein, is allostcricallr regulated. CAP changes shape when the 
rcsulatory molecule cyclic AMP (cAMPJ binds to ir. Only when 
cAMP is atrached to it ,an CAP hind to DNA (Figure 17.8a). 

The same rype of allosreric regul.uion goes nn wirh the repres­
sor and allolactosc during negative control, except rhar rhc re· 

pressor binds to DNA only in rhc absence of the inducer. 

During positil-e control, the CAP-cAMP complex hinds to the 

CAP binding site. As long as a repressor isn't bound to the op­

erator, the complex increases the efficient)' of transcription. If 
no cr\.\lP is bound to CAP, rhen CAP has a conformation thar 

docs not allow binding to the CAI' site !Figure 17.Sb). 

How Does Glucose Influence Formation of the 
CAP-cAMP Complex? 
Where does the clusi1·e molecule glucose fir into rhis scheme? 

Glu,osc's role in posi1i1·c conrrol of the lac opcron is indirect. 

.\(ore specifica lly, ir is mediated br rhc in0ucnce rhar glucose 

has on rhc concenrration of cAMP. Glucose le1·els ourside rhe 

crll and cAMP le1·el s inside the cell arc inl'crscly rclared. When 

exrraccllular slucosc conccnrrations arc high, inrracellular 

cAMP cnnccntrarinns are low; when extracdlular glucose con­

n·nrrarions arc low, inrracellular cA.\IP concentrarions are 

hii:h. TI1 i, see,aw i, drin:n hy the enzyme 1d1nylyl cyclase, 

which produces cAMI' from ATP (Figure I 7.9aJ. Adenrlrl er· 

clasc's activity is inhihircd hr exrracellul.11 glucose. To see rhe 

nm,rqurnc,·s of rhi, fact, imai-:ine a situJrion in which gluco,c 

is ahundanr outside rhe cell (Figure 17.9b). In rhi, ,tare, adeny-

lyl cyclase actil'ily is low. Therefore, cA.\IP lc,·cls inside the cdl 

arc: low. CAP is not in a CAP-cA.\·IP complex, so ir docs not 
ha1·e the conformation that allows ir to bind ro the CAP site 
,1nd srimulate lac operon transcription. Con1·ersely, when the 

exrracellular concenrrarion of glucose is low, rhere is an in­
crease in the intracellular le1·el of cA.\IP. In rhis case, the CAP­
cAMP complex forms, binds to the CAP site, and allows RNA 

polymerase to initiate transcription efficiently. As long as the 
reprcssor is not bound to the operator, transcription of the lac 
operon is iniriared frequently and lactose can be emplo~·ed as 
an alrcrnari,·e energy source. 

Ir is important to norc thar rhe CAP-cAMP system in0uenccs 

manr genes in addition to the lac opcron. CAP sites arc found 

adjacent to the promorers for se\'eral operons th.11 arc required 
for rhe metabolism of sugars other than glucose. When glucose 

lel'cls fall and cAMP concentrations rise, rhe effect on gene reg­

ulation is similar to ringing an almn bell. In response to the 

alarm, genes that encode enzymes required for rhe use of lac­

tose, malrose, glycerol, and other food sources may be turned 

on-bur only if rhe metabolite of a particular opcron is a,·ail­

able 10 the cell. Conl'ersely, cA.\IP lenls arc low when glucose 

supplies arc adequate. In this case, rhe genes for these enzymes 

are expressed onlr at low le,·els e1·cn when the appropriate 

metabolite is present. 
Figure 17.10 summarizes how positil'c conrrol and negath-e 

conrrol combine to regulate the lac operon. The general mcs­

sasc of this figure is thar inrcractions among rcgularory ele­
ments produce finely tuned control 01·cr gene expression. 

llccausc posi ti1·e am.I negaril-e conrrol elemenrs arc superim­

posed, F.. coli fully acri,·arcs the genes for la,-iose metabolism 

only when lacrosc is al'ailablc and glucose is scan:e or absent. 

In this WJ)', cunrrol ol'er gene expre_ssion increases the ability of 

these cell, to compcre, grow, and reproduce efficiently. 
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(a) Glucose inhibits the activity of the enzyme adenylyl cyclase, which produces cAMP from ATP. 
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(b) The amount of cAMP and the rate of transcription of lac operon are inversely related to the concentration of glucose . 
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FIGURE 17 .9 Cyclic AMP (cAMPI Is Synthesized Whon Glucose Levels Are Low 
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FIGURE 17.10 An Overview ol uctoso Use 
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✓CHECK YOUR UNDERSTANDING 

Positive control occurs when something must be added for 

transc6ption to occur. CAP e•erts 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 cAMP-a signaling molecule indicating that glucose 

levels are low. You should be able to (1) diagram 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 

The insights that biologists g.1incd from m1dying the /11c opcmn 
prowd to he relc\'ant to many mher genes and species. For ex­
ample, transcription nf hactcrial and eukaryoric genes is either 
constinui,·e or commlled. When regulation occurs, it is ncgati\'e, 
positi\·e, or hascd on a combination of nci:-1ti\'e and positi\'e fac­
tors. Ncgari,·c control is hascd on rcprcssor proteins, such as the 
lac/ product, whereas positive control depends on rranS\Tiprion 
acti,·ator proteins, such as CAP. In horh bacteria and eukaryotes, 
as in the lac operon, it is particubrly common for genes 10 be reg­
ulated hr a combination of se,·eral control systems. Cataholirc 
repn:ssion is also exrrcmcly common. 

Currcntly, hioloi,:isrs who art• interested in i,:enc rci,:ularion 
are trying to understand how DNA-binding proteins such as 
CAP and the rcprcssor can control transcription. Precisely how 
do these proteins interact with DNA? How do small rci;ubtory 
molecules such as cAMP and lactose induce changes in the con­
formation of these bri,:c DNA-hinding proteins? Once again, 

~' " :-. .. DNA Footprinting 

im•cstii:ators arc usini: the /,re npc:ron as a model sptem that of­
fers insights applicable to all cell\. 

lldnrc raking a derailed look at the rcprcssor and operator, let's 
Mcp hack nnd think about what is required for a DNA-hinding 
protein to control transcription. First, the protein must hind 10 a 
spt-cific DNA sequence associated with a sprcific gene or opcron. 
Often an investigator"s first task is to identify what that sequence 
is. Sc.-cond, the protein"s structure must allow it to hind DNA, in­
teract with a rrgulato~· molecule such as cAMP or lactose, and af­
fect RNA pnlrmcra,;c. What structural fe.Jturcs make each of th= 
functions possil,lc? As it rnrns out, the lac operon"s opcr.11or DNA 
sequence and rcprcssor protein structure have f.-arnrcs 1h.1t arc 
common to man)' r,gulato~· clements in hactcria and euka~·ot~. 

Finding the Operator 
To understand how the /,ic reprcssor controls transcription, a 
logical first S!Cp is to identify the DNA sequences it targets: 
the operator. Br mapping mutants with defects in the opera­
tor, researchers were able to confirm that the target sire is just 
downstream from the promorer. But what is the actual DNA 
sequence? 

ln\'cstigators use a technique called DNA foorprinting to 
find and characterize the sequences targeted by DNA-binding 
proteins. DNA foorprinting was used to characterize the first 
promoter ever discovered (sec Chapter 16); the technique is ex­
plained in detail in Box 17.2. 

Footprinting experiments with the lac repressor yielded 
two new discoveries. First, the lac opc:ron actually contains three 
sites where the reprcSsor protein may hind. As Figure 17. 12a 
shows, these sites are called 0 1, 0 1, and 0 1• When the repressor 
protein is hound to DNA, the protein simultaneously hinds Ot 
and one of the two other operators. This finding required a 
modification of the original Jacob-Monod model, which pro­
posed the existence of a single operator. Second, all three 

DNA footprintlng is used 10 characterilc 
DNA sequences that arc hound by regu­
latory proteins. Researchers hegin a 
footprinting study lir ohrainini; DNA 
from a re,::ion nf interest-the Inc opmm 
of E. coli, for example. Then the)' gener­
ate man)' copies of the sequence, using 
techniqu,·s introduced in Chapter 19. 

The idcmical DNA fr.1gme111s arc then 
radioacti,·clr labeled at one end (sec step I 
of Figure 17.11 ), Once lahcling is com­
plete, half of the frai:mcnt s arc mixed 
with the DNA-binding protein being 
studied-in this cas,·, the rcpressor-and 

half arc left without the DNA-hindiog 
protein (step 2). Both sets of fragments 
arc then treated with a nuclease-an 
enzyme that cleaves DNA in random 
locations. The concentration of nucle­
ase is so low and rhe exposure time is so 
short, however, that most fragments 
arc ne\'cr cut; those that arc cur arc cur 
just once. 1\s step .l shows, the nuclease 
treatment produces a population of 
DNA fragments of different lengths. In 
the sample containint,: the DNA-hinding 
protein, the hinding site is protected 
from the nuclcJ~c. 

The DNA fragments produced hr the 
nuclease treatment arc separated by gel 
electrophoresis and ,·isualized \'ia auto­
radiograph)' (sec Chapter 3) or orher 
techniques. As step 4 shows, the sample 
with the repressor lacks Jn)' cuts and 
thus any fragmrnts in the s,1:ment that 
was pro1c.:1ed hr th3t protein. The S3P 
in the seri~ of fragments is the Mfoor­
print" of J DNA-1,inJini; protein. By 
alii:ning the foorprinred region with the 
i;ene"s DNA sequence, researchers can 
identify the nucleotide sequence of the 
binding sire. 
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DNA FOOTPRINTING 

\...:...~ ~ 
Radioactive ~ . , f ,_'0"!. 
•= l jt .) 
No repressor ~ ~ Repressor 
protein present ~ ~ protein present 

FIGURE 17.11 DNA Footprinting Allows Researcher> 
to Identify Sites Where Proteins Bind 

~ "Upstream" 

ij ij 

00.~ 
:,...t::i;. ~

.~ 

tJ 
Largest 1, fragments 

(cut far 'Footprint" 

from label) l :~~!i 
, In the DNA 

• I region 

Smallest 
fragments 
(cut close 
to label) 

-

1

1 protected I by the 
• repressor. 
~ This region 

must be =-; the operator. 

o, o, 

1. Generate fragments 
from the DNA region 
of interest, such as 
the lac operon of 
E. coll. Attach 
radioactive label to 
end of fragments. 

2. Divide fragments 
Into two samples. 
Add repressor protein 
10 one sample. The 
repressor will bind to 
the operator. 

3. Cut fragments 
with nucJease to 
produce fragments 
of different lengths. 
Repressor protects 
operator ONA from 
nuclease cleavage. 

4. Load fragments 
Into rwo 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 sequence of the 
'footprint." 

.. Downstream·~ (a)Multiple 
binding sites 
for repressor ~O~l:lO-"° 

lacY lacA 

(bl Sequence at 0 1 is symmetrical. 

··--~-. 
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Plane of (approximate) symmetry 

FIGURE 17.12 Operator Sequences 

(1) The lac operon contains three operator sequences, called 0 1• 0 1, nnd OJ, where tho repressor can bind, A 
repressor ,imultanoously binds 0 1 and either 0 1 or O, . (b) Many sequences targeted by DNA-binding proteins are 

symmetrical. In this example, all but three bases are Identical on the rwo ,ides of tho plane ol ,ymmetry. 
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opcr.11<1r< h,ll'e a similar DNA sequence that has an unusual 

d1.1r.1,1eri,1ic: Ir conrains an axis of srmmclf)', To undcnrand 

wh.,r an axis uf symmctr)' in DNA is, look at the 0 1 sequence 

shown in Figure 17.12h (page 375). Note rhat if the sequence 

" ·er,· rowed 180°, it would he little chani:cd. This t)'pc 

of spnmctr)' is known as two-fold rotational symmetry or 

dyad symmetry. Follow-up work showed rhar rhe nucleotide 

sequences rccogni1.cd h)' man)' DNA-hinding proteim ha\'e 

two-fold rotational symmetr)', 

Nnw that we'"e examined the operator, we need to consider 

rhc reprcssor. How dues this DN:\-hinding protein recognize 

specific sequences ;1long rhc douhle helix? In parricular, wh)' is 

two-fold rotational symmetry imporranr? 

DNA Binding via the Helix-Turn-Helix Motif 

Like other proteins, the /,1c opcron 's rcprcssor resembles a hand 

tool in one important rcsp....:t: lloth ha,·e ,listinct regions or 

parts. Consider a screwdri\'er, which consists of a handle, a 

shaft, and a hlnde. foch of these pans has a distincti\'e three­

dimensional structure and function. Proreins also ha,·e regions or 

pans, called domains, that have a distincti\'e three-dimensional 

strucrure and function. Just as scrcwdri\'crs of \'arious shapes 

and sizes all ha,·c a handle, shafr, and hlade, it is common 10 oh­

ser\'e the same domain in proteins of \'arious shapes and sizes. A 

domain that is obser\'ed in man)' different proteins is known as 

a motif. Each discrete scrcwdri\'er has a handle domain, a shaft 

domain, and a hlade domain. As a group, screwdrivers arc char­

acterized b)' a handle motif, a shaft motif, and a blade motif. 

The handle and shaft motifs arc also found in hammers and 

socket wrenches, hut the blade motif is unique to screw-

dri,·ers. Hundreds of differrnt motifs ha\'e been characteriud 

in proteins. 
When im·estigarors analyied reprcssor proteins from differ­

rnt bactrria, ther discovered thar man)' of the hacteria con­

tainrd 1hr domain illustrated in Figure 17.13a. This structure i, 

a helix-turn-helix motif. As its name indicates, it consists of two 

a -hrlices connecrcd hy a shorr metch of amino acids that forms 

a turn. Physical models that were conmucrcd during the 1980s 

suggested that the helix-turn-helix region is the section of the 

repressor that hinds tu DNA. This h)·pothesis was later sup• 

ported by murniral studies hascd on X-ray crystJllograph)', 

To see how a helix-turn•helix domain works, recall from 

Chaprrr 4 that the exterior of the DNA douhle helix has a minor 

groove and a major groove (Figure 17.13b). A protein that has a 

helix-tum-helix domJin can hind 10 DNA because one of the he­

lices interacts with the sugar-phosphate backoone of a DNA 

srrand while rhc orher helix hinds to the base pairs in rhe major 

groo\'e (Figure 17.13c). DNA docs nor ha,·e to become single 

stranded for the helix-tum-helix domain of the reprcssor to hind 

to the operator. This observation holds for ncarl)' all proreins 

that recognize specific sequences of douhlc-stranded DNA. 

TI1e secrion of the helix-rum-helix domain that binds inside 

the major groo,·e is called the recognition sequence. The amino 

acid sequence of this section is crucial, because specific scqurnccs 

of amino acids bind to specific sequences of DNA. Each type of 

regulatory protein with a helix-tum-helix motif has a unique SC· 

quence of amino acids in its recognition sequence. As a result, 

each of these regulatory proteins binds to a unique regulatory 

sequence in DNA. In man)' cases, precise control m·er gene 

expression is based on a precise chemical interacrions between 

(a) Helix-turn-helix motif of DNA-binding protein 

Amino acid sequence 

(b) Grooves of DNA (cl Recognition sequence of 
helix-turn-helix motif binds to 
DNA sequences in major groove. 

forms a tum 

l Major 
groove 

FIGURE 17.13 Helix-Turn-Helix Motifs in DNA-Binding Proteins 
OU[STIO fl · I : r· ,. · t • - ' ,I ti· JI .! • • · I ·l , . I 1 \', 11 f , G'·J,\ • r ,11,.- I 11 · . , ,•~0:1., I ~., ... 
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the amino a1r.id ~quencc: in a rccoi:nirion \L"quen..-l· ;1nd rhe DNA 

sc-quL"nce in 1he m.1jor grocwe of J. rq;ubtnry sire. 

Biologists used X-rar crysullography to document the prc­

ci,c way that the l,1c rcprcssor hinds rn the [)Nr\ of thr opcrJ · 

tor. Consider the structure of 1he repres,;or alnnl". \h1m n in 

Figure 17.14:i. Note thJt the protein consi\tS n( four iJcnuc:il 

polrpcpti<lc chains. anJ thJt four hclix-turn -lu: hx dom.1im 

project from the m:tin ho<lr of rht molc-culc:. When rc\c:irchcro; 

:inaly1ed the structure of the reprt"Ssor while it w.H hound to 

the operator sequence? the~· confirmed thJt each of rhc\c helix • 
rum-helix motifs hinds operator DNA inside the m:ijor groove. 

Now rrcall that 1he orera10r tsscnti.111~· is cnmpmed of two 
srmmetrical hah·es. F..1.ch h.:tlf of the operator !ricqucn1r,.·e i\ 

bound h)· one of rhc rcprcs,;;or's helix-mm-helix motifs. Thl· 
major groon~s in the operator and the recognition hclin·s oi the 

rcprcssor can pJir up in this way hccJuse the operator is sym­

metrical :.1nd ht-c:iusc the reprl"ssor consists of idc.·nric.:al poly• 

(a) Structure of repressor protein 

One potypeptJde Four polypeplldes 

(c) Interaction of inducer and repressor 
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prptidt') 1h.1t ari: n1prt·J J so· w11h n·,pc.·( t to (',,ch Olhl'r. In JJ ­

dirinn, hcc.lll\C 1hc rcprc\\or cont.1in.., fnur hcl1x-1urn-hclix do­

m:,im and rwn of rhc four hinJ per opcr.nor. a 1111.1\ 11f two 
orc.•r.,ror,. cJn he.· l,ounJ !iiimuh.rnl'ou,I} hr cine rcrrc-.,or. \"\ 'hen 
thi\ 1Kcur-,, ., loop of ONA j,;; crt:,Ut·J l1t•t\H't'll 0 1 ;rnd whichl'\' • 
er other orl'rJlnr (02 or 0 11 j_.. ho11nJ ffi~urc 17.1-lhJ. Th1\ 
type nf DNA lonpin~ l'i oh\cr\'CJ JI m.111y other h.1crcr1.1I rrn ­

motrr'i .rnJ JI ,·irtuJII)· ;1II cuk.trynrr, pmrnotrf\ , 

(b) DNA binding of repressor 

Aepressor protein 

FIGURE 17.14 How Does the Reprenor lnteri1ct with the Operi1tor i1nd the Inducer? 
(ii) The repressor is a complex of four polypeptides, each a product of the lacl locus . (b) Thi!! repressor 
protein has four hel i1t- turn-helix motifs to bind ONA at 0 1 and either 0 2 or 0 1• (c) "Hinge heltCes" in the 
repressor exist only- when the inducer is not present (left). When the Inducer binds to the repreuor, the 
hinge helices relu and aus.e the protein to fall off the operator ONA (right) . 
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How Does the Inducer Change the Repressor's 
Affinity for DNA? 
Nei:ari\'C control of rhc be opcron occurs when rhe repressor 
hinds to rhc operator. In rhis ,rare, rhe hclix -rum-hdix motifs of 
rhc rcrrcssor arc arrached ro DNA. E\'Cn rhnui:h RNA polym­
erase c.i n hind ro rhe promnrcr m·.1rhr. rhc emrme cannor open 
rh,· double helix and lici:in rranscriprion. TI1i s physical interfer­
ence is rypical of how negative rq:ularors work. Pnsirive regula­
tors, in conrrasr, work by stabilizing the intera,1ion between 
RNA polymerase and the prom,m·r. 

Ncgari,·c cnnrrol continues as lnni; as rh,· reprcs,or is hound 
ro DNA. Rur when lacrose is present, the repressor di ssociates 
from rhe operator. How docs the inducer affecr rhe repressor in 
a way thar disrupts DNA binding? 

To answer this qm·srion, researchers analyzed rh,· three­
dimensional strucmre of the reprcssor when ir was hound ro a 
molecule called IPTG, which nc1s as an inducer in rhe Ille srs­
rem. Their data showed that IPTG binds at locations in rhe 
middle of rhe repressor and that it produces an important 
change in the shape of the protein near the helix-turn-helix do­
mains. To sec this change in shape. compare rhe Idr and right 
sides of Figure 17.14c (page 3ii). The diai:ram on the lcfr sum­
mari1.es the repressor's shape wirhour the inducer. Pay a11ention 
to the srrucrures labeled hlngf! hf!licf!s near the helix-mm-helix 
motifs. The hinge helices lock rhe DNA-binding morifs into 
place when they contact the operator. As the diagram on the 
right shows, however, the hinge helices uncoil when IPTG or 
the inducer binds !CJ the repressor. As a result, rhe two DNA­
hinding regions can'r bind ro rhe operator ar rhe same time, and 
the protein releases from the sire. 

The ~unhinging" of the hinge helices rhat occurs in the lac 
rcpn:ssor turns our ro be a unique mechanism for changing the 

acti\'ity of a rcgulawry protein. Still, several general lessons 
emerge from rhe study of this rcpressor. First, the shape and ac­
lil'ity of a protein may change when a small molecule binds to 

it. Allosreric shifts like rhat ohscn·rd in the lac repressor occur 
in thousands of different protein\. Second, key clements in 
rranscriprional control arc regulated at the post-transl1tlon1I 
level. For example, the repressor protein is alwars present be­
cause ir is transcribed and translated constitutivclr ar low le,·­
cls. When a rapid cliangc in 1"c opcron ac1i,·ity is required, it 
docs not occur \'ia changes in rhc transcription or translation of 
rhc repressor. Rather. the activir)' of the already translated pro­
tein is ahem!. In \'irtuallr all cases, the acriviry of key rei:ul310-
rr proteins is controlled by post-translational modifications. 

Future Directions 
Now rhar biologim understand rhe physical basis of negati,·c 
control and induction, what dOt'S rhe future hold? One promis­
ing line of research is focused on how the acti,·ity of many genes 
and opcrons is coordinated. For example, suppose rhat an 
L coli cell in your gut is faced wirh starvation. Does it adjust rhc 
acril'ity of hundreds or e,·cn thousands of irs genes in order to 

survil'e? If so, how arc changes in gene expression coordinated 
rhroughour rhe genome? lkcausc biologists ha,·e a fairly solid 
undemanding of how indi\'idual genes and operons arc regulat­
ed, the current challenge is 10 explore how multiple genes and 
operons arc controlled in a way that increases the limes.\ of bac­
terial cells. Answering these questions 1113)' be important to our 
undersr.,nding of how certain bacteria arc able to sustain infec­
tions that threaten human healrh and how some bacterial 
species are ahle m detoxify pollutants hy using them as food. 
Chapter I 9 introduces some techniques that biologisrs use to 
smdy coordinated changes in gene expression. 

ESSAY Control of Gene Expression in Bacterial Pathogens 

A staggering number of bacteria arc living in and on your hody 
right now. To gi,·c jusr one example, rhc number of bacterial 
cells in your mouth at this moment far exceeds the number of 
people who have ever lil'ed, including the world's current pop­
ulation of more rhan 6.4 billion. \r,rrually all of these bacteria 
arc commensal-meaning rhey li1·e in association with their 
host without causing hann. 

As you know, howe,·er, a few bacrerial species can cause dis­
ease. How arc certain hacrcria ahle ro invade and harm us? 
How arc disease-causing bacteria, or pathogens, transmined 
from person to person? And how can hacterial infections he 
conrrolled or prel'entcd? In many cases, the answers depend on 
an understanding of how the expression of key genes is con• 
1rolled. To drive rhis point home, consider Vibrio dmlrrae, the 
causatil'e agenr of cholera (Figure 17.15). 

Cholua is a disease characterized hy watery diarrhea that, if 
unm·atcd, can lead !CJ dehydration and death. The disease is 

currenrlr most pre,·alem in Africa and Asia, where 5 million 
cases occur each rear. Because \I, choler,u is rransmirred from 
person 10 person when diarrhea from an infected individual 
conraminares drinking water, cholera occurs primarilr in re­

A staggeri11g 
1111111ber of 
bacteria are 
li11i11g in and 011 

your body right 
1101{). 

gions with poor sanitation. 
Vi/,rio cholerae is extraordi­

narily flexible regarding the hahi­
rats it occupies. For example, 
near the confluence of the Ganges 
and Brahmaputra Ri\'ers in the 
Bengal region of India and 
Bangladesh, I( c/1oler,1e can be 
found as frn·-swimming cells, in­
side two different eukaryotes, in 

dense layers coaling rocks and other underwater surfac<-S, and 
inside humans. In the Bengal, most incidences of human infec­
tion occur during an outbreak that coincides with the end of 
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FIGURE 17.15 Vibrio cho/or,o. tho 

Bacterium That Causes Cholera 

(COr. Otnnis Kunkt1Msua'1 Unlimited). 

the monsoon rains in October 3nd Norember each year. This 

observation suggests that environmenl31 signals trigger \'. c/10/­

crac"s yearly emergence as a human pathogen. 

What genes 3llow V. c/10/erae 10 3CI as a human pathogen, 

3nd how are these genes regulated? Once it is ingested by a per• 

son, V. d,o/crae confronts an environment that is markedly dif• 

fcrent from its other habitats. In fact, most of the ingested 

bacteria arc killed in the harsh, acidic cnrironmem of the stom• 

ach. The few that survive enter the small intestine, where they 

encounter a thick layer of mucus that protects the intestinal 

cells. Then, in response to a still-unknown signal in the enri­

ronment, major changes in \( cholcrae gene expression occur. 

The new proteins that arc produced allow I( c/10/erac cells to 

move through the mucus layer and make contact with the in­

testinal cells. Each in,·ading cell then pnxluccs a short, hairlike 

projection called a pilus, which allows the I( c/10/crac cell ro at­

tach 10 an intestinal cell. The proteins required to create this 

structure result from the coordinately regulated transcription of 

pilus-spccific genes. 
Once the bacterial cells have anachcd to intestinal cells, 

V. cho/crae begins 10 manufacture and secrete a toxin composed 
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of two different polypeptide chains. When intestinal cells rake 

up 1he toxin, a de,·asra1ing chain of e,·ents occurs. The toxin ac-

1iva1es a hmr protein rhar stimulates human adenylyl cyclase. 

Massi,·c amounts nf cA:\IP arc produced in response, resulting 

in a flow of Cl' ions from the affected intestinal cells into the 

center flu men) of the small intestine . Water follows by osmosis. 

The result is the watery diarrhea sympromaric of cholera. 

Although rhe diarrhea can be fatal ro rhe hmr, ir increases 

the fitness of I( d10/rri1r cells in cm·ironmrnu where human 

sanitation is bad. Because I'. diult•ra,• cell, are shed in diarrhea, 

rhey can enter drinking-water supplies if sys tems for transport­

ing an<l processing humJn scwage arc in poor repair or noncx­

isrem. In this way, V. cholera, cell, rhar induce diarrhea arc 

efficiently rransmirrcd ro new hom. Vibrio clw lmu cells rhar 

ha,·e alleles responsible for diarrhea have higher fitness rhan du 

\'. dll!IL'rae cells that lack these alleles. 

The genes rhar encode the pilus proteins and cholera toxin 

are under the control of regulatory genes called the Tox ffor 

roxin) loci. As Figure 17.16 shows, ToxR produces a transcrip­

tion factor rhar responds ro • signal in the intestinal en,•iron­

menr. When rhe ToxR protein is acri,·ared, ir stimulates 

rranscriprion of rhe ToxT gene. The ToxT product, ToxT, is a 

ONA-binding protein rhar acri,·ares rranscriprion of sc,,·eral 

genes required for infection, including the genes rhar encode rhe 

cholera toxin subunits. These genes arc called ctxA and ctxB. 

As you might suspect, rhcy arc part of a polrcisrronic opcron. 

Biologists arc currenrlr tr)"ing ro translate research on gene 

regulation inro bener rools for fight ing cholera. For 1:.X3mple, 

blocking rhe acri,·iry of rhe ToxR or ToxT proteins should prr­

vent disease. This hypothesis has been supported by rhe ol>scr· 

varion rhar ToxR- mutants arc harmless. Researchers are now 

ancmpring 10 develop drugs thar pre,·enr ToxR from binding 

the signal molecule, that srop ToxR from activating ToxT, or 

rhar prevent ToxT from contacting DNA. 

The axiom "knowledge is power" applies here: Although 

drugs like those proposed earlier arc nor )"Ct a,·ailable, research 

on gene regulariun has pro,·ided se,·eral nO\·d and promising 

drug rargers. 

" 0 
ToxR protein ~ 

[inactive) 

Signaling molecule 
O O /ToxT protein"\ 

from human intestine 

c:cJ lAAUSCRIP IIQtl ACl tvATl()r, I? TR.ANSCR:POON ACTlVA.00~ 

~~ ~~~ 
ToxR protein To,Tgene ... ctxA ctxB 

(ocllve) ... and other genes n,quired fo, 
pilus formatK>n and toxin production 

FIGURE 17.16 In tho Choler• Bactorlum, tho Gones Roqulrod for lnloction Art Rogul•1td 

QUESTION fj .0 1c~ -; r!. h:wc r o t 1, r• n ;ib 1· tn 1d 1 ,, , ', 11-,,· ~ ri, 1 11 1 i 1ci:- 11• 11 1' ' "'l'l' · · ! '' C' ~ :· • :-: r' 
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380 Un,t 3 Gene Structure and E><pression 

. ·._I~ CHAPTER REVIEW 

Summary of Key Concepts 

Chang,-,; in gene expr<'isinn allow hartcrial cell, 10 respond 10 
cm·ironmcntal chanA••· 

Tran~cription in b.lCtcriJ is constituti,·c or inJuciblc. Consli­
mri\'c rxprcssion occurs in ~enc~ whose products :uc rrquin·J 
at all times, su,·h as genes 1ha1 cnrn,lc i:lycoly1ic rnzymcs. Ex­
pression of most i:cncs is induced hr cn\'ironmemal sii:nals, 
howc\'cr, so gene products arc produced nn demand. 

Precise rrgul.uion ewer gene cxpn·ssion is important to 
bacterial cells. For example. some ,p,-ci,·s switch he1ween dif­
ferent food sources 10 1.1kc ac.l\'antai:e ol the nutrient< current · 
I\' a\';1ilahle in their en\'ironment. Efficient use nl nutrients is 
beneficial hccausc cells arc usually cnmpe1iui: for access to rc­
sourn·s. In the i111es1 in;1I hac1erium L rn/i, for cxampl1·, 
changes in i:eue expression ,lluw cells to use lacmsc a, a fond 
source when i:lucnsc is not a,·,ibhlr. 

Gene exprt'isinn can be cnn1rolled 31 three IC\'cls: transcrip­
tion, translation, or pos1-transla1ion (protein ac1h·a1ion). 

Among the three levels of gene regulation, there is a trade-off 
hct1n-.!n the speed of response 10 changed conditions and 1he 
efficient use ol r<-,;ources. In pos1-transl.11ional control. for ex· 
,mplc, the ch,ngc in gene expression is extremely fast hm de­
mands a considerable in\'cstmcnt of rc.-sourccs to make and 
regulate the protein in question. 

Transcriptional control can be posi1h·c or negath·e. In the case 
of the genes for lactose metabolism in E. coli, posith·c control 
occurs when a regulawry protein binds to DNA and increast'i 

Questions 

Content Review 

t. Genes for C'Ol)"lTICS in glp.:ol~·si~ :uc rxprcsS,C"d constinirfrdy. '''hr? 
.1. Their rxpr~sion is comrollcJ .u 1hrtt lenls: tr3nscriprion,,I . 

1r.1m!Jtiun.ll, ;md ptJst-1ramb1ionJI . 
b. Glp:olpis occurs Jt .i ll rimes, so thq· need m srn1'11:si1c ATP­

producing enzymes conmm1ly. 
c. T r.mscription i, .1cti\·a1eJ only in rr~rnn.,t' to ,1µn:1l!i indicating 

thar ATP supplirs arr low. 
d. Thl')' do nor nccJ to he! txprl'sscJ when frrml'nt.ltiun insu.·.1J of 

cdlul.u n:spirat ion is t)(curring. 

2. Wh,· do rrs.c-.u'"hcr~ frcqm:ntl)· Ngin .1 st'arch for mut:tnts hy rxro!i· 
in~ orE!anisms ro UV liµht or X•ra,•!i.? 
a. Tht' trcJtmcnr au\es mutJnt!i. ro rum )'l'llow. 
h. Tht trcJtmrnt tn~i;:rrs gene cx1u,·ssion. 
c, Thr rn:armcnt c~roses com.ritutin· mut.1ms. 
J. ThC" UC'JUl\tnl incrC"asn 1hc mut:nion rJtt' b)' J.1n1Jging DNA. 

J. Wh.11 1s thl• gu.11 of 3 ~cnttk ~ rcen? 
a, to 1Jcntiiy mJi,·iJu.11,. th;n hnr mur:uion-. in ~C'OC'S that are re• 

&.1uircJ for ;a p.uticubr proc,·t:M 
h. rn produce a l.tr~l' number of mutJlll inJi,·iJu:tls, which ... -.111 l.nrr 

Ix- analrtcJ in dt"IJil 
c. rn <lc1cm1inr whether the nn11:1tions carried hr panicubr inJi,·id­

u.1ls arc in pro1rin-coJ1ng ~t·m~!i or rc::1,:ul ;uor)' dt:mcnt'i 
d. 111 llrtcrrninc 1hc firnc!!.s or ,·i,1hili1r of mutant inJi"iJuJI\ 

the 1ranscrip1ion rate. N~•ri,·e control occurs becau,e anoth­
er rcgulatori· protein mu\! be released before 1ran1crip1ion 
can occur. 
l'rotcin-wding genes invoh·cd in bw,se metabolism arc nor­
mally 1ranscrihcd ;11 low levds because a repressor protein 
binds 10 • DNA sequenct'-the 0J)<'ra1or-ncar their prommer. 
llu1 when presenr, l.,ctosc binds 10 rhe reprcssor and indue<s • 
rnnlormatinnal change that causes rhe reprcssor ID fall off the 
operator. Rapid transcription al the lac loci does not hcgin, 
hm,·c1·er, unb, Alucose is al,o lacking. When glucosc is 
scarce, cA~lr le,·cls rise in the cell. This is imponant bcc-ausc 
the rcgulamry protein CAP undergoes a conlorma1ion,I ch,nge 
when it is hound to cAMI'. The CAP-c~\IP complex binds to 
a comrol sequence near the lac promoter and increases tran­
scription hr facilillling hindini: hr RNA pol)·merasc. 

,\.lani· rcgularory prorcins bind 10 specific sites in DNA. Be­
cause dillerent regulatory proteins ha,·c different amino acid 
sequences, they hind to different ONA sequences. 

The regulatory proteins inrnh-eJ in negari,·c control and posi­
tive control arc often allos1erically rcgubred, mc,ning that the)· 
have the ability 10 switch between two different conlorm,tions 
in response 10 binding a small mol<Cul~ltcn • nutrient or 
producr allec1ed hy the gene being regulated. The change in 
conformation affccrs the protein's abiliry to hind to DNA. 

4. \l'hy art chc gents im·ohd in l.1ctc.nc mctal-olillim coruidcrcd to he ;in 
opcron? 
a. They occury JJjJccnt loc:nions on 1he E. (ol, chromosomt. 
b. They h:m: a simil.Jr function. 
c. llu·y 3re .:111 rcquirrd for normJI cdl function . 
d. Thry arc under tht control of 1hr s.:ime promot«. 

S. \l'h.:11 is c:naholitc repression:' 
.:1. J mn:hanism th;u turns off rhc synth~is of enzymes te"\ponsihlc 

for c.1tahol ic reactions whtn the proJuct is pr('SC'nt 
b. a mC'Ch ,mism that rums off thC' synthesis uf cn1ymn rcspomiblt 

for catJholic re.ictions when the rroduct is .1h-scnt 
c. reprc-s-.ion chJt occurs b«"3u~ or allo-sreric chan~e-s in a tt~LJ­

tory prorrin 
d. rtprt<Ssiun that OC(UU, b«ausc of ;1ll0\tcric ch;ini;cs in i1 D~A 

i.cqutm:t 

6. \'\'hat is a hclix-rum-hdi'<. motif? 
a. a protein Jonuin im·oh'cd in fnlJini: into the acti,·c cunform.niun 
b. ,1 protein Jonuin im·oh-td in inJunion 
c4 a prorcm Jmn.1in inn,l,·nl in D~A t,inJin~ 
J. a rrorcin Jnmain im·nh-nl in i;;n.iJy.,is 
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Conceptual Review 

I. Explain the c.Jiffcrrnce between posiri,•e 3nJ nc~Jtin~ ,unrrol nn·r 

transcription. \'\.'hy i-. it ad,·an t3grou.s for the l.1r npc:rnn in L <of, w 
be under both positiH~ control :md 11(1:J tivc- control? \X1h:i1 would 
h.1 ppcn if only nq:.11i,·t' control Ol"'Curre-J? \X1h;.n wuulJ hJrrcn if 
onlr po\iti,·c control occurnd? 

2. In£. coli, ri sin~ lrHls of cA~11' can he ;1 considered :i !ri t:irv:uion si~­
n,I. Expbin. 

3. [xpl:lin the role of rou-tr.1ml.uion.1I control in rhc lac nf'('ron. 

Group Discussion Problems 

I, You arc inrercsrrJ in ming h.1ctcria to metabol ize \\·as1c-s at :m olJ 
chemiol pbnt 3nJ com·cn them inrn h.umlt.si compound~. You 
find hJcteri.1 th.11 arc ahlc to tolerate high lcnls of the- toxic com­

pounds tolucnr and hcnzcnc, :ind )'OU suspect 1l1Jt ir is Jue ro the 

ability of the bJctr:ri.1 to break these compounds inrn les,-ruxic 
product,. If thJt i, true, these toluc-nc- and hcnzcnc·r~ist.1nt nr:ilns 
will be ,·Jlu.1blc for clcanini: up toxic sitt"S. How could you find out 
whether th~ hJC'teriJ hJ,·e enzrmcs 1hat allow them to mC'taholizc 

toluene? 

2. Assuming thJt the bJcteri.1 you c-xamineJ in Group Di~,~inn Prob­
lem 1 do ha,·c :m cnzym.1tic p.11hw.1y to brc:ak down tol uene, woulJ 
) 'OU predict rh.11 rhe ~rnes in\'oked are con\dtutin~lr exprc,.,cJ. 

unJcr po\it i,·c control, or unJer m:g;nin~ control? \X'hy? \X:h:1t rx­

pcrimrnts could you conduct to resr )·our hypothesis? 

J. The /ad mutants arc constiruti\'c hcousc rhc repr~\or fails m rC'C· 
ogni1c ;md hind to the opcr;itor rrgion. Other rcpre~so r mutJnts 
h3.,·c hren isobtrJ ch.3.t :u e oiled Lrc(• mut:.1n1s. Tht"\c rcpr~\or 

proteins continue to hind 10 the opcr31or, C\'tn in the pr~cncc of the 

inducer. How would 1his mutJtion .tfft\:t the func1iun of the Jue 

optrun? Specific.1llr, how well would /.ads mut:mrs do in :m em·i• 

ronmC'nt th:J.t hJs bcrose Js its sole su!!ar? 

4. X-S.11 is, colorlc:s,, bctose-like molecule that can be split into two 

fragnu.·nn by tJ-g.,bctosidase. One of th<>< product molecules i, 

blu~. The folluwini; phntogr,ph is a clo<c-up of f.. coli colonic, 

gro,\ing in a medium thar cont;iins bcrosc. 

Aniwcn 10 Multiple-Choice Questions I . h; 2. d; 3. a; ~- d; 

5. 3 ; 6. C 

" 1\"· l' rni lull.u 1111/ (r~·r 111.111 r, ,,,1,1 ~ .. 11 11 .._ lt 1r 1l tt 1t ,ll,, 1· 11 .. 

\\ !, l 111ur1.il n1 1\1t . ' ! 11 ·1, ll. I I ti r ( 1111 11 ,~ \ 11,.l t t , •11o
1 

r·1.H\ IU!. \ 1 ,., •. r, ! .t ( ;,11,q,r1· d Hn11·., ( J .11 11 11n ·. · \11lr111 

l, ; 111r f> 1,~ 11 .,11 , r1 l 'rol-1. r"~ ; \ n .. '.t i : , , I t :1 . rl I 11•: 11111 \~ 1• 

.rn l I '\ tf , J· , : .11 :d \ Jdr1 1111 ;, il 1i.,.1i l11 :;.:, .111d ll t••·ir ,._ h 
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~- CAP j._, aho known a\ 1he c:\~IP·rn:crtor prnlt.· in. Wh)·? 

5. Exrl:ain how the /Jc rcr,rc\\ nr hind, 10 0;'1,\ , Thm cxpl.lin 1hc rcb­

tiomhip ht'twccn llu: 1wo-fo ld n11 .11ion.1I \)"lllmclf)' uf 1hc opcr.nur 
:mJ the four-p.1n ,rructurC' of the rcprc,.,nr protein . 

6. The w-11J,10(,C rdra~I when JJ·i:::i l.1e111,iJ.Hl' cit·.,,~ IJctoi.c enter\ 
the ~l}nll)'ti(: p.1tln\'J)' in E. t ul1 on(c J ,cnci of cnl)mc -(;.11J lr1cJ re · 

.tctiom h.,, com·cncd the gJIJctn-.c 10 ~lucmc-<, -rho,ph.uc. \X'h)·, 

1hcn, i, i;::lucm(', nor !Jl"to\<.' , th r prcft~ri rll WJ!..H in F.. <11 11? 

DrJ\\' a line to thrt·e ..:olonies \\hoie ,ell\ h.n-e ium:tionmf: corio of 

JJ-~Jl.lctosid.1\e. Dr;iw a line to rhrcc colonic\ whn\r cd l1r, h ,lH' mu­
r~uions in rhc l.1cZ locus or in one of th~ ~ene\ inn1heJ in re}:ulJ1i u11 

of th~ l,uZ. Surpme ) 'OU could .1 n:1lpe the sequence of thC' 
JJ •g:il.lctosid.,se gene from eJch of the mur.mr colonies. How \\tiu!J 
the~e J31J heir you Ji\t ingui\h which cells :ire \tructurJI muum, 

and which :ue rC'~ul.nory murants? 
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18 Control of Gene 
Expression in 
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 transcription can occur. 

In eukaryotes, transcription 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 single gene 
to code for several different products. 

Cancer can develop when mutations 
disable genes that regulate cell -cycle 
control genes. 

A e uYa r; o t•c c t•l '·s ON •\ b-ei-r,~1 tr .1 ·,s cr i"':..~ ,i T···· h ..: : r-. ~.,I •·. :r:1·~d ,. 1h.~ ..... c::l" J . 1 • t.· r _,_ ..!.· .. .,•· 

1·, D \l i\ th£' ', ('! 10 ,•, !..tr;ir d ~ ,1 \; o . f.' ;rnd th: r, ,•, ,1 .1r, • m j:;;i',; t . ~ 

In hacteria, precise regulation of genes is essential for cells 

ro respond to changes in their en\'ironmcnt, ;1s Chapter 17 
indicated. In f.schcrichia coli, the genes that arc required 

to import and dca,·c lacwsc nrc rapidly expressed only when 

the cells ha\'e to rd)' nn bcrosc as a source of energy­

meaning glucose is absent and lactose is prescnr. l'ihriu drnlait,· 
.:an li,·e in a wide array of en\'ironmcnrs, hut the genes that 

allow the cdl1 to infect a human arc expre,,ed unlr when the 

cells find themselves inside SU lll<'Onc's small intntim·. 

Uni.:cllular eubryorcs focc similar challenges. Consider the 

)'CJ" S.1cc/1Jrri111yn·s ca1·1•isiae, which is used rxtensi\'CI)' in the 

production of beer, win<', and bread. In narurc, the cells lin: on 

the ,kins of grapes and orher fruit s. In the wild, \'Jriatiun in 

tcrnpcrJturc and humidity can he high. In addition, the sugars 

rl1Jt arc available ro the cells .:hange dramatically in t)·pe and 

wncenrrntion '!ls the fruit tlut they arc lil'ing on ripens, falls, 

and rots. Fur yeast cells ro grow and rcprodun· dficienrlr, gene 

exprc~sion has rube modifkd in response to these cnvironnwn· 

382 

tal chaoses. Further, the, offspring of a cell that li\'c<l on a grape 

may be hlown to a neJrhy orchard and take up r<sidcnce on an 

apple. The genes that are expressed in the cells oi grapes \'ersus 

those expressed in the cells of apples \'ary markedly. 

The cells that make up multicellular eubr)·otcs face an ncn 

sn·ater challcns<·. Cunsid<r that, at one time, your body con­

sisted of a single cell-a fertilized eg.g. Now you ha\'e trillions 

of cells, each of which has a specialized structure and function. 

You ha,·r h<·art muscle cell,, lung cells. ncr\'c cdls, skin cdls, 

and so nn. Even though these cdls look and hehave very differ· 

curly, each of them contains the same genes. Your hone cells arc 

differcnr from your hlood cells nnt hecause they cunrain differ• 

ent genn, hut because the)' rxpress diffrrenr genes. Your bone 

cell~ h.ive hlnnd cell ~cncs-they just don't transcribe them. 

]·low is it possible for the cdls inside your body to rxpress 

uniqm· sets of genes? The amwer is that your cell, respond ro 

change, in their co\'ironmcnr, just as h.1cteria and uniccllubr cu­

kar)·ores do. Uut instead of responding ro the pr<-sence of mole-
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cules such a~ glu1i.·ose or l:tctosc in rhe C'Xtcm.11 rm·ironmcnt, \·our 

cells rnpond to the presence of signJ ls from other cells-fro~ .1n 

intt'fflJI emironment. As a human llein~ or an o .lL: lfl'C' J.:\·clur,;, 

cells that arc locatl~ in different part-s of the org.,ni\m are ex• 

rosed to different signals. As a ~ulr, they expr~\ different ~enc\. 

Differential gene cxpn-ssion is n-sponsihli: for creating Jiffrrcnt 

ctll t)'pc-s.. arranging them into ti~sui:s, anJ coorJin:uintt 1heir a,-
! ti,·it)' m fonn the muhicellul.u sociery we call .in indi\'idual. 

1-fow does JII rhis happen? Unit 4 explores the narure of the 

sign;1ls rhat trigger rhc formation of muscle, bone, leaf, anJ 

nowcr cells in multicdlubr OT'}!Jnisms. Herc we nctJ ro focus 

on whJt h.1ppc-ns once .1 eul.arymic cell rc,cci\·es a siµ nal . Let\ 

beg.in hy sun·eyinµ the \·arious wars that gene cxpres\ion can he 
controlled ~md then plunge into a derai lc-J look at key puints in 

1=,cnc regulation. The ch.1ptcr doSt.-s with a look at how brr.1k­

downs in the conrro1 of gene cxpr~sion c.,n ht'lp triJ,!S;er cancer. 

18.1 Mechanisms of Gene Regulation-
an Overview 

Like b.1cteria. rukaryotc-s C30 control gene: r xpress ion :u thl• 

le\·d s or tr3nscriptio n, u:ms'3tion, :md pusr- transl;uio n (pm• 

tcin :1cti\·:1tion or inacth·Jtion). Bur :1s Figure 18.l shows, rwo 

:1ddi1ional le\'els or control occur in cub.ryores as genetic infor­

m3tion flows from DNA to proteins. The first le\'d im·oh·cs the 

DNA-protein complc..,: at the top of the figure. In euk3ryotes, 

DNA is wr3p~ around prOtt'ins to cre:ue 3 protein-DNA 

complex ailed chrom.atin. F.ukaryotic genes hne promoters, 

just as b.teterial genes do. Before tr3n~ription can begin in cu­

k3ryores, DNA nc3r the promoter must be rclc3scd from tighr 

interactions wirh proteins so th3t RNA polymerJse C3n m3ke 

conr.1ct with the promoter. To capture this point, biologists s:1r 

1h:1t chromatin remodeling must occur prior to transcription. 

The second ln·cl of r~ul1tion thJr is unique ro c-ularyotes in• 

,·oh·cs RNA proatUing--thc sreps required ro rroduce a marurc, 

p~ mRNA from a prim•,y RNA tr•nsaipt. the prclimin:1ry 

result of rr.mscriprion. Rtc11I from Chapter 16 dut introns hnc IO 

be spliced out of primary tr3nscripn. In some asc-s. c.arcfully or­

chestratrd 3ltrr.1tions in rhc- splicing p.,nem occur. \~rn the splic­

ing cnnu in a p.1nicul:1r prim:1ry RNA rranscripr ch.1ngc, a 

diffCTmt message- c-mcrgcs. The altcrrd mesS.1gc, in rum. lc.1ds to 

the producrion of a diffrrC"nt product. 

How m.1ny of the fi\·e poten1i3J control points shown in 

Figure 18.1 .:1re :ictu:111)' u~d? In .111 cells, ever)' one of them is 

employed .1.r ccn.iin rimes. The primJf}' focus of rhis chlptcr is to 

explore three or these kc)' rr:insition points: 111 control or p.1ck­

inJ.! DNA into chromJt in (control O\"cr chromatin remoJcling), 

(2) control o( tr.inscription, .1.nd (J) connol of RNA proces,ini;:. 

To 3pprcci31C' the breadth ;rnJ complexiry of gene rl~ul.11ion 

in eukaryotes, 1cr's follow rhe sr-rir, of e\·tnrs rhar occurs :is an 

emhryonic cell responds to .1 Je,·clopmcnral sit,tnJI. Suppo-.e 3 

moltculc .1rri,·cs that specifics 1hc: pro<lw.:1ion or a mu~cl~­

Spl-cific protein. What happens ntxr ? 
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FIGURE 18.1 In Euk•ryotes, G•n• Expression C.n Be Controll•d 

•t Many Diff•r•nt Steps 
Numerous steps occur during protein synthesis in euli.aryotes. Eich 

step provides an opportunity for re,gulation of gene upression. 
EXERC ISE Pl 'C l' ~•1cJ IJbl•I ;1 11._, • .' c"· .JI , l' ~ ... ·.r r• 1• ,. , 

(Ii :, :, .- ;:1 r• r-nJ rcn••cl 1:,'I .•ho,r- :-.(I~,. 

• ,•ri•.c• p • •· • JI C• • 1• t1· f 1 ! •1 01V ' 

18.2 Eukaryotic DNA and the 
Regulation of Gene Expression 

If 1he arri\'al of a sign.1ling molC'\.1.1lt' from oubiJC' rhc ,ell is ~uin~ 

to rnulr in rhe rr:mscription of .1 r.1nicul.1r genC", rhc ONA aruunJ 

rhc targC"t gene must ~ dr3'ilicall}' remoJr-k-J. To arpl"t'CiJtr wh~·. 

comiJcr 1hJt a rypic.al cell in ruu r boJy 1.."<mtJ ini .:1 huur 'lix hill,on 

h.1st JUirs of DNA. LlncJ up cnJ to cnJ, th~ nudc:01 iJc p.l in 

woulJ form a Jouhlt' hdi:c ;ihour 2 m (6.5 f1.-nl long. But d1c 

nudcui d1Jr hn!Js rhii ONA i~ thinne r 1h.1n .l sh1.·ct of p.1pcr. 

In cubryorrs, DNA i\ p.1dt"J m~iJ-.:- the nudn11\ so ti~htlr thJt 

RNA pol~·mcr.t~ C'Jn'1 J((l'S!I. ir. P.1n of 1hi~ pJd. in~ ,., J one h~· 

surcn.-oilin.:-mc;inin~ thl· D:'\:A Jouhll' heir~ i'> tWl)IC'J on m~4:lt' 
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111J11y 111t1L'" , 111 , t :1, in h.Ktcri.1I chrnmo~ome, (!ti<.'~ Ch.1p1l·r 7). ThL· 
,upn, llikJ 11 NA iound in hacicri.1 does 1101 ncl'.I to hr al1<·rl'd cx­
tl'll"' cly hriorl' it c.111 he tran,aiht·d, ho\\·,·1·,-r. Eubrymic f>Nr\ 
,, diffr rcnt-11 has to unde~n a s,·ric·, of ,ii:nificant phyS1l'al 

d1,111 f!,'' hd nrc tran<crtprion c,111 take pbce. Thr reason is that su­
r,,rcniling is just r ,m uf the p.Kking syst,·111 found in cubryu11·,. 

Chromatin Structure 
Th,• iir,1 J .11.1 on the physic tl nalltr<' oi r11k.tr,·111ic DN,\ Wl'rt' 
puhlish,·d in 1hr l'arly 1 'llllh, whrn ch,·mical analysl's ntah­
li,lll'J tlm cukaryotic DNA is inrimar,·ly ""ociat,·J with pro-
1,·ins. Later work do,mm·nrrd thar till' 1110,t ahu11Ja111 
DNA •,1"11, iatcd rrorcins hdong to a grmtr c.1lbl thc histones , 

In the 1970, 1·k-c1ron micrographs likr 1hr one in Figure 18.h 
rcn·akd rhat the rrml'in -DN,\ rn111pl,·x. or chromatin, ha, a 
rq.!ubr strm.·tun·. In somr: pn·paratiom, fur dL"(tron mii.:ros,upy~ 
d1roma1in ac111.1lly limk,·d like h,·aJs 1111 a string. Till' "ht·ads"" 
c.lnll' ro he c;1lled nucleosomes. ~!or,' details cmcrg,·d in 198-1 
when re,earchcrs dl'tcrmined till' three -dimcmional srructurc of 
cubryotic DNA by using X-ray crystallograrhy (a technique i11-
1roJ11cnl in Chapter-I) . The X-ray cry,1Jllographic d.11a indicat­
ed that each uudrnsume consists of DNA wrapped almost rwice 
,iruund a cun· oi ,·ight his1111w prot,·ins. ,h Figure I 8.2b indi­
c,11es, berwecn cad, pair oi nucleosomes the«· is a "linker" 
srrcrch of DNA as,ociarcd with a histone called H1. 

The intimare associlrinn herwcen DNA aod histones occurs 
in pan bt·,·ause DNA is nq:ari,dy charged and histoncs arc 
po,i1i1·dy ch,1rge1I. DNA has a negati,e charg,· because of its 
phospharc groups; hisrones .ire positivclr charged b,-caust· they 
conuin many lysine ,rnd/nr aq;inin,• residues (sec Chapter 3). 

~ lore recent work has shown rhar rhere is another layer of 
complexiry in cukaryuric DNA. As Figure 18.2c indicarcs, HI 
histones interact with each mhcr and wirh histones in other nu­
cleosnme, to produn· a tightly p,ll'kcd structure. llascd on its 
widrh, this srructurc i, called the JO-nanometer fiber. (lh·call 
d1a1 a nanometer is onc-hillionth oi a meter and is ahh«•l'iarcd 
nm.) Often, 30-nm fihers arc packed into still larger srrucrnrcs, 
wh ich organize DNA inside rhe nucleus. 

The dahoratc s1n1m1re of chrum.,rin does more than just pack­
af:C DNA inro the 1111,l,·u<. Chromatin ,1rm:111rt• has profound im­
plicarinns for the conrrol of ):enc expression. To drive this point 
hom,·, rnnsiJcr the J0-n,11111111e1er fiber illumared in figure I N.1c. 

If this tii:lnly p;ick,·d stretch uf DNA cnnrains a promoter, how can 
RN,\ pnlymera,c hind 10 it and initi.11,· transcription? 

Evidence that Chromatin Structure Is Altered 
in Active Genes 
Om.:c- the nuch:o, omc·h:b1.·d s1nu:turc o( dtromatin wa!, t!,tah­

lished, biologi,1, hrputhe,ized 1h,11 the close physic1I inr,·r­
action lwrween DNA and hi>tone, musr he ahcrcd for RNA 
polrmerasl' ro make contact with DNA. ~lore ,p,:cificallr, hiuln­
):ists hypothesized rh.11 a gene rnnld nm he transcribed until the 
chromatin ne;ir ii, rromotcr "'·" rcmnJcled . The idea was that 
the chromatin mu,1 he rd.1x,·d ur dccondemed fur llN,\ 

(a) Nuclco~omcs in chrom.ltin 

(b) Nucleosomc structure 

111 prote,n --lr--iAII- ~ I 
attached to 
11nker· ONA 

..-JO nm...,· 

FIGURE 18.2 Chromatin Has Several Levels of Structure 
(a) Electron micrograph of chromatin, showing that bead-like 
structures, called nucleosomes, .1re linked by short stretches of ONA. 

(b) X-ray crystallographic data revealed that nucleosomes consist of 
DNA wrapped around a coro of eight his tone proteins. The linker 
ONA is associated with a particular histone called H 1. (cl A model of 
rhe structure of the JO-nanometer fiber. It proposes that H 1 proteins 
form .1 core, in tho center of the fiber. Each ball here represents a 
group of eight histones, to mai(.e the overall structure of the 

30,nanometcr fiber clearer. 

polyrncr:m· ro hind to the promoter. If so, then chromarin re-
11111dclin~ would rcprt"Senr the first srcp in rhe control of cu­
bryotic t:enc expression. Two rypes uf srndics han· provided 
strong supporr for this hypothesis. 

The firsr rypc of e,idencc conws from srndi,·s with the cnzytm· 
DN.1,c, which ,uts DNA ar random locations. DNasc <~1111101 cur 
DNA dficic111ly if th,· mob::ulc i, ti):htly complexed with his-
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DNase assay for chromatin structure 

Condensed chromatin 
(with histones) 

Open ONA 
(few hlstones) 

n Treatment with U ONasel 

fBXlltlHf7 
Condensed chromatin Degraded DNA 

FIGURE 18.3 ONne Cannot Cut lnuct Conden<ed Chr<>rNtin 

ONase is an enzyme that cuts ONA at random locations. 

10nes. As Figure I 8.3 shows, the enzyme works effectively only if 

DNA is in the "open" configuration. HarolJ Weintraub anJ 

Mark Groudine used this observation to test the hypothesis that 

the DNA of actively transcrihed genes is in an open configura­

tion. They performed the test by comparing the structure of chro• 

matin in two genes of the same cell type: the tl·globin and 

ovalbumin genes of chicken blooJ cells. /3-Globin is a protein 

that is pan of the hemoglobin found in red blood cells; oval• 
1 bumin is a major protein of egg white. In hlood cells, the tl-glohin 

gene is transcrihed at high levels. The ovalhumin gene, in con• 

rrast, is not transcribcJ at all. After treating blood cells with 

DNasc and then analyzing the state of the /3•globin and ovalbu· 

min genes, the researchers found that DNasc cut up the /3-globin 

gene much more readily than the ovalbumin gene. They inter· 

pmed this finding as e,•idence that chromotin in hlood cells was 

in an open configuration at the tl•glohin gene but closed at the 

ovalbumin gene. Analogous studies using DNase on different 

genes and in different cell types yielded similar rrntlts. 

The second type of evidence in suppon of the chromatin-re· 

modeling hypothesis comes from swdics of mutant brewer•s 

yeast cells that do not produce the usual complement of his­

tones. Researchers found that many yeast genes that arc nor• 

mally ne,·er transcribed arc instead transcribed at high levels at 

all rimes in these mutant cells. To interpret this finding. biolu• 

gim hypothesized that the '3ck of histone proteins prevented 

the assembly of normal chromatin . If the absence of normal 

hisrone-DNA interactions promotes transcription, then the pres· 

ence of normal hisrone-DNA intrracrions must prevent it. 

Taken together, the data suggest that the normal or Jefauh 

state of cukaryo1ic genes is 10 he turned off. If so, then gene ex• 

prcssion depends on chrom,rin being opened up in the pro· 

motr:r region. 

How Is Chromatin Altered? 
Although much remains to he learned ahout how chromatin is 

opened up prior to transcription, rC"scarchrrs ha\'t' made impor• 
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rant progress recentl)·. One key findoni: is that rwo major types 

of protein arc involved in moJifrini: chromatin structure. One 

i:roup of protein, creates structures called chromatin-remodeling 

eompleus, which reshape chromatin throui:h a series of reac· 

tions thar arc dependent on ATP. It is not known exactly how 

these ATP-dependent cn1.ymes work, however. The second type 

of chromatin-modifying protein works hr adding small mole• 

culcs such as accrrl (Cl-l 1COOl·I) or methyl (Cl·li) group, 

to histoncs. These processes arc known as acotylation and 

mothylatlon, respt-ctively. 

Figure 18.4 shows how the enzymes called hlstono acotyl 

transferases (HATs) affect chromatin structure. HATs acerybre 

the positivelr charged lysine residues in hi,tones. When a HAT 

adds an acetyl i:roup to selected histonts, the number o f po,;. 

rive charges on the histooes is reduced. The result is 1,., cl°'· 

trostatic anracrion hcrwccn hisrnncs and the nega1i,·cly charged 

DNA. The association between nucleosomes and DNA is loos· 

cned and the chromatin dccondenses. 

figure 18.4 also shows how chromatin is ·rccondcnscd" by 

a group of enzymes called histone deacetylases (HOACs). which 

remove the acetyl groups added hy HATs. Hi,rone dr,cerylase 

activity reverses rhe effects of acerylarion, returning chromatin 

m its default condensed srate. If HATs arc an on swirch for 

transcription, HDACs arc the off switch. 

What happens once a section of DNA is opened up and ex· 

posed 10 RNA polymerase? In bacteria, rhe protein sigmJ binds 

10 RNA polymerase and allows it 10 contact the promoter. Then 

transcription begins if any required posith·e rei:ularors, such as 

CAP, are in place and ncgati\·e regulators, such as the repressor, 

arc absent. Docs anything similar happen in eukaryotes? 

Condensed chromatin 

Oecondensed chromal1n 

FIGURE 18 .4 Chromotin Oeconden .. tion and Condensation Aro 

Driven by Hlstone Acetyl Tr1nsferas11 ind Histone De1cetyl,1ses 

Histone acetyt transferases (HATs} cause chromatin to decondense. 

and histone deacetylases (HDACs} couse it to condense. EXERCI SE 
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